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ABSTRACT
Electrochemical methods can be used to study the structure and
properties of sol–gel-derived materials. In addition, they can be
used to create new materials and nanostructures. In this Account,
these methods and the resulting information and materials ob-
tained from them are described.


I. Introduction
Electrochemistry plays an important role in sol–gel-based
research.1–4 In chemical sensor development, an electrode
has often been used as the transducer to record the flow
of electrons when an analyte or reagent gets oxidized/
reduced. A well-known example is the preparation of a
glucose sensor where glucose oxidase is trapped in a
sol–gel-derived thin film. Glucose in solution diffuses into
the film to react with entrapped glucose oxidase to
generate hydrogen peroxide, which is then electrochemi-
cally oxidized.5 The current flowing through the electrode
relates to the concentration of glucose in solution. Elec-
trochemistry is also the driving force behind the develop-
ment of alternative energy devices. A specific unique
example involves the development of 3-D batteries by
merging sol–gel chemistry, templating, and electro-
chemistry.6–8 In the reverse case, sol–gel chemistry has
been invaluable to electrochemists because it provides a
simple means to fabricate stable, reusable electrodes for
electroanalytical applications.9–11 In a specific example,
Lev and coworkers prepared a viscous carbon powder sol
packed in a glass tube and polished flat to yield an
electrode with better properties than many traditional
electrodes.10,11 A number of recent reviews on the cross-
section of electrochemistry and sol–gel chemistry can be
found in the literature.1–4 Here, the focal point will be on
how electrochemistry can be used to study and create new
sol–gel-based materials. The specific focus will be on
recent electrochemical studies that aim to (1) understand
and control diffusion in sol–gel-derived gels and (2)


understand how the “ancient” technique of electrodepo-
sition can be used to create new sol–gel-based materials.


II. Electrochemical Characterization
A. Historical Perspective. Sol–gel-derived materials


have been around for more than a century.12 In the mid
1980s, it was shown that molecules can be entrapped in
the porous framework by simply doping them into a sol
prior to its gelation.13 The retained molecule was shown
to have many of the same properties that it did when it
was in a solution.14 Since this time, the field of sol–gel
chemistry has exploded with numerous studies on un-
derstanding the structure and gelation of these porous
hosts, as well as their applications in the areas of chemical
sensors, catalysis, and solid-state electrochemical de-
vices.14–21


A number of different electrochemical methods have
been used to obtain information about the gelation
process and the mobility and reactivity of entrapped
reagents including cyclic voltammetry (CV) and chrono-
amperometry (CA),22–32 ac impedance,33 and electrogen-
erated chemiluminescence (ECL).34–36 In many of these
studies, the hydrated gel serves as a “solid electrolyte”
allowing ions to freely move to and from the electrode
surface. By eye, these materials look like solids in that
when they are tilted or turned up side down, they retain
their original shape. However, microscopically, they be-
have as an open liquid. Murray and Zhang were among
the first to study the gelation process by inserting a 2-mm
diameter glassy carbon electrode into a sol containing a
redox active reagent (ferrocenylmethyltrimethylammo-
nium ion) and measuring the current that flowed before,
during, and after gelation.37 They used fluoride as the
catalyst (which results in fast gelation) and were able to
show that the current drops by a factor of ∼2 near gelation
and then reaches a steady state, followed by a further
small drop. The total time frame of the experiment was a
few days. Audebert and coworkers performed similar
studies around that same time in silica and titania gels.22,23


In their work, they also inserted an electrode assembly
into a sol and recorded the oxidation/reduction of fer-
rocene derivatives throughout gelation and drying. Ex-
amples of redox probes used in these studies included one
that would not interact strongly with the matrix (ferrocene
methanol, b), one that could be hydrolyzed and con-
densed with the alkoxide precursors (ferrocene trimeth-
oxysilyl derivative, a), and one that could coordinate with
the forming network (ferrocene–acetylacetone (acac), c).23


One inherent disadvantage (or complication) with
many of these studies is that a conventional-sized elec-
trode (metal diam g ∼1 mm, electrode diam ∼3–5 mm
when encased in plastic), along with a conventional-sized
reference (>1 mm) and auxiliary electrode (∼1 mm), was
used. The length of time that the gel can be dried was
limited because the gel cracked, separated, or both from
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these rather large electrodes. Furthermore, the measure-
ment of a diffusion coefficient independent of concentra-
tion, which becomes very important at long drying times
because of volume changes, cannot easily be done with
conventional-sized electrodes. The use of ultramicroelec-
trodes solved many of these problems.


B. Ultramicroelectrode Electrochemistry: An Intro-
duction. Electrochemistry with ultramicroelectrodes pro-
vides an enormously powerful way to measure the diffu-
sion coefficients of redox molecules in “nontraditional”
environments.38 With regard to sol–gel materials, the use
of ultramicroelectrodes (micrometer dimensions) has a
number of important advantages not found in conven-
tionally sized electrodes: (1) the diffusion coefficient (D)
of an entrapped redox molecule can be measured without
having to know the concentration (important since con-
centration changes during long-term drying); (2) their
small size (metal diam <0.05 mm, electrode size with
insulation ∼0.1–1 mm) minimizes gel cracking during
drying (important because the gels are rigid, unlike those
formed from organic polymers); (3) their reduced double-
layer capacitance enables high sweep rates to be utilized
(important to verify the integrity of the gel–electrode
interface); (4) reduced ohmic drop (reduces the need to
add supporting electrolyte to the sol–gel); (5) a two-
electrode geometry can be used (ultramicroelectrode and
reference (diam < 1 mm), which also helps minimize gel
cracking).


The Collinson group24–26,28,29 has predominately uti-
lized ultramicroelectrode electrochemistry to understand
how entrapped reagents diffuse and interact with the
complex surface of channels and pores in gels. The goals
have been to understand diffusion in constrained, hy-
drated solids and to develop ways to control it. Diffusion
in sol–gel-derived gels can be more complex than that in
fluids. Factors that can influence diffusion in these solids
include pore size, pore size distribution, tortuosity and
connectivity, and the type and extent of surface interac-
tions the entrapped molecules have with the walls of the
silica host.28,29,39–43 The manner in which entrapped
reagents move, interact with pore walls, and react with
other analytes is of utmost importance to their application
in chemical sensor development or as solid-state electro-
chemical devices.


C. Characterization of Dopant Mobility. In this elec-
trochemical system, the sol–gel containing an immobilized
ultramicroelectrode (typically Pt, radius ) 13 µm or
smaller) and a reference electrode (typically AgCl-pre-
coated Ag wire, radius < 0.5 mm) serves as the electro-
chemical cell. Supporting electrolyte (i.e., KCl) and a redox
probe (ideally a substance that is chemically and electro-
chemically reversible) are added to the sol along with the
electrodes prior to its gelation. Figure 1 shows a simplified
view of the electrochemical cell used in these experiments.


Cyclic voltammetric (CV) and chronoamperometic (CA)
curves are collected hourly or daily while it is still a sol
and then after gelation and during drying. Figure 2 shows
slow scan CV curves and a corresponding normalized CA
graph for gel-entrapped cobalt(II) tris(bipyridine).28 From
the electrochemical data, the diffusion coefficient of the
entrapped redox probe can be obtained. Specifically, cyclic
voltammetry at slow scan rates (<10 mV/s) provides the
steady-state limiting current (iss). The CA response when
normalized by the steady-state current and fit to an
appropriate equation44 provides D,
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where F is Faraday’s constant, C is concentration, r is
electrode radius, n is the number of electrons, and t is
time. Equations 2 and 3 are different forms of the same
equation. Either the data can be fit to eq 2 (or 3) or the
method of Bard and coworkers45 can be used whereby
eqs 1 and 2 are combined to yield eq 4 after simplifying
assumptions are made (valid at long times):
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A plot of iCA/iss vs t –1/2 yields a straight line with a slope
related to D and an intercept of 1. If the electrode starts


FIGURE 1. Schematic representation of the electrochemical cell and
an enlargement of a fluid-filled pore in the gel. Not drawn to scale.
The channels in the gel are much larger than the dimensions of the
ions and molecules.
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separating from the gel, the intercept in eq 4 starts
deviating from unity and the regression coefficient ob-
tained by fitting the data to eq 2 will be less than the
expected value of one (i.e., 0.95–0.97). By measuring the
diffusion coefficient of redox molecules with differing size
and charge and during different stages of drying, signifi-
cant information can be obtained about the importance
of size and charge on the diffusion of reagents in gels.


Examples of redox probes utilized by Collinson and
coworkers can be broken up into three main categories:
(1) those that are positively charged, (2) those that are
negatively charged, and (3) those that are neutral but able
to hydrogen bond with the matrix.25 Those that proved
to be the most interesting from a sol–gel perspective were
those molecules that were negatively charged, that is,
potassium ferricyanide (Fe(CN)6


3-) and potassium octa-
cyanomolybdate(IV) (Mo(CN)8)4-).24,25 When these were
doped in a matrix formed from tetramethoxysilane (TMOS),
the diffusion coefficient was found to be the same as it
was in solution, and furthermore, it did not change at all
through a 20–40 day drying period (slow drying under high
humidity).24,25 In contrast, cationic redox molecules showed
a ½ to 1 order of magnitude drop in their apparent
diffusion coefficient under a similar (or shorter) drying
period. These results suggest that diffusion is governed
by interactions between the entrapped cationic guest and
the negatively charged walls of the sol–gel host. Specifi-
cally, negatively charged molecules will reside in the
center of the fluid-filled pore and move at rates similar
to the rates at which they move in solution. Positively
charged molecules, however, will electrostatically interact
with the walls of the matrix (silica has a pI of ∼2 and
therefore the walls will be negatively charged under these
conditions) and not move as rapidly.25 Diffusional rates
will slow down as the gel dries and shrinks because the
entrapped reagents will be closer to the pore walls.


This hypothesis was supported by strategically modify-
ing the walls of the silica host with organoalkoxysilanes.26


The most convincing evidence came from hybrid gels
prepared using N-trimethoxysilylpropyl-N,N,N-trimethyl-


ammonium chloride (QAPS) or a polyamine (N+) poly-
mer.29 In these gels, it was shown that Co(bpy)3


2+, a large
positively charged molecule, diffused at the same rate as
it did in the sol and maintained that rate during a 3-week
drying period. In contrast, Fe(CN)6


3- showed an order of
magnitude drop in its apparent diffusion coefficient
during a few day drying period.29 Figure 3 shows normal-
ized diffusional rates of Fe(CN)6


3- and Co(bpy)3
+2 in


negatively charged gels prepared from TMOS and posi-
tively charged gels prepared in part from a polyamine (N+)
precursor. Figure 4 depicts a simple model that explains
these observations.


III. Electrodeposition: An Old Route To Form
New Materials


A. Historical Perspective and Background. Elec-
trodeposition (or electrolytic deposition) is a popular
method to produce metallic coatings on metal surfaces
via application of a sufficiently negative (or positive)
potential to a conductor immersed in a suitable bath.46


Developed in the early 19th century, electrodeposition has
been widely used to impart corrosion resistance, to
improve frictional wear, and to increase the decorative
properties of various materials including those used in
automobile parts, integrated circuits, and common house-


FIGURE 2. Cyclic voltammetric curves (2 mV/s) and normalized
amperometric response for cobalt(II) tris(bipyridine) encapsulated
in a sol–gel prepared from tetramethoxysilane using NaF as the
catalyst. The walls of the silica matrix will be negatively charged
under these conditions (pH> 3). Left panel: (D0) just prior to gelation,
(D15) 15 days after gelation and subsequent slow drying under a
high humidity environment (∼ 70% RH). Right panel: (a) 2 hours and
(b) 24 days after gelation and subsequent drying. The inset shows
the original current–time (CA) transients. Solid lines represent
nonlinear regression fit to the experimental data (points), R2 )
0.98.


FIGURE 3. Normalized diffusion coefficients (D/D0) as a function of
drying time for gel-encapsulated Fe(CN)6


3- (top) or Co(bpy)3
2+


(bottom). The gels were prepared from either TMOS only or a mixture
of polyamine (N+)/TMOS. D0 is the diffusion coefficient of the redox
probe obtained within the first hour after the sol was made. The
error bars represent the standard deviations in D for three to six
gels. Lines have been added to guide the eye.
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hold items.46 Electrodeposition has also seen increased
use as a means to prepare inorganic coatings primarily
because it is extremely versatile and relatively inexpensive
compared with modern lithographic methods. This method
has been used to fabricate thin films for chemical sensor
applications, materials for solid oxide fuel cells, biocom-
patible coatings, nanorods, and other nanostructured
materials.47–49


One of the most common methods for the preparation
of materials using electrodeposition involves the applica-
tion of sufficiently negative potentials to generate hydrox-
ide ions at the electrode surface. This leads to an increase
in pH at the electrode surface, which hydrolyzes metal
salts or precursors yielding colloidal particles that coalesce
to form the solid oxide.47,48 The properties of the deposit
depend on a number of variables including the current
density, the composition of the precursor solution, con-
centration of the precursor, and the cleanliness and
surface composition of the electrode.47–49 Below are
relevant electrochemical reactions that lead to the pro-
duction of hydroxide ions. In addition to these reactions,
it may also be possible to form hydroxide ions through
the reduction of nitrate or perchlorate ions.47,48


2H2O+ 2e-f 2OH-+H2 (5)


O2 + 2H2O+ 4e-f 4OH- (6)


O2 + 2H2O+ 2e-fH2O2 + 2OH- (7)


In addition to cathodic electrodeposition, the applica-
tion of positive potentials to decrease the pH at the
electrode surface to cause the coalescence of colloidal
particles to yield solid oxide structures has also been
reported, albeit less frequently.47,48 The relevant electro-
chemical reactions are given below. In addition to these,
it is also possible to decrease the pH at the interface
through the oxidation of ascorbic acid or another proton-
producing substance.


2H2OfO2 + 4H++ 4e- (8)


H2O2fO2 + 2H++ 2e- (9)


It is important to note that the pH at the electrode–so-
lution interface will be considerably different compared
with the bulk solution pH.47,48 In electrochemistry, all the
“action” happens at the electrode–solution interface and
extends into solution at a distance defined by the diffusion
layer thickness (i.e., (Dt)1/2). In the case where hydroxide
ions are electrochemically generated at the electrode, the
pH at the interface can be high (.8), while the bulk
solution is quite acidic (<4). Another point to consider is
the product that is formed at the other electrode (i.e., the
anode) and how it may impact electrodeposition at the
first (i.e., cathode). Often, a divided cell is used so that
the product of one electrode does not interfere with the
reaction occurring at the other.49 This is especially im-
portant if the electrodeposition times are long or the
solutions are stirred or both. When using a divided cell
containing a frit, however, caution needs to be used to
ensure that the frit does not clog due to condensation of
the alkoxysilanes in the pores.


Electrodeposition has been used to form films and
nanostructures starting with silicon, titanium, and zirco-
nium precursors, as well as other precursors containing
Ce, Al, Cr, Pb, etc.47–49 The field is too broad for the
context of this Account to discuss all the literature. Instead
the focus will just be on studies dealing with the cathodic/
anodic electrodeposition of silicon alkoxides and the
interested reader can refer to other reviews and articles
for more information on titanium and zirconia alkoxides
and the other precursors.1,47–51


B. Electrodeposition of Silica-Based Films. Silica thin
films are traditionally formed via spin coating, dip coating,
or spray coating a sol on a flat surface.12,52,53 In 1999,
Mandler and coworkers showed that it is possible to use
electrodeposition to create sol–gel-based silica thin films
on a conducting surface.54 In this example, the film was
prepared from a pre-hydrolyzed sol of methyltrimeth-
oxysilane. Hydroxide ions were formed by application of
a sufficiently negative potential to form methylated films
ranging in thickness from nanometers to micrometers.
The thickness of the films depended on the magnitude of
the applied potential and the nature of the electrode
surface. These authors showed that the formation of these
films was not “driven by an electrophoretic mechanism”,
but rather due to an “enhancement in sol–gel condensa-
tion” via electrogeneration of hydroxide.54 In 2003, Col-
linson and coworkers used electrodeposition to create thin
silica films on glassy carbon electrodes from sols prepared
solely from tetramethoxysilane.55 They also showed that
it was possible to trap reagents in the materials by simply
adding the reagent to the sol prior to film formation.55 At
the same time, Walcarius and coworkers showed that
electrodeposited films on gold can be prepared using a
sol containing mercaptopropyltrimethoxysilane.56


Since this time, a number of other papers have been
published.57–61 Films prepared by sols that contain a
number of different alkoxysilanes including phenyltri-
methoxysilane, 3-aminopropyltrimethoxysilane, mercap-
topropyltrimethoxysilane, and a pyridine alkoxysilane
precursor have been reported. Examples of conducting


FIGURE 4. Simplified representation of fluid-filled ammonium-ion-
modified pores. Co(bpy)3


2+ diffuses in the center of the pore at a
rate similar to what it does in the sol, whereas Fe(CN)6


3- is attracted
to the surface and diffuses at an order-of-magnitude slower rate.
Just the opposite is observed for gels prepared from TMOS only.
Not drawn to scale.
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surfaces (electrodes) that have been used include glassy
carbon, gold, indium tin oxide (ITO), and aluminum. To
form adherent films on gold, a molecular “glue” must be
used to attach the growing silica to the gold surface.56,57,61


The “glue” Walcarius and coworkers used was mercap-
topropyltrimethoxysilane: the thiol strongly adsorbs to the
gold whereas the hydrolyzed alkoxysilane groups (i.e.,
silanols) react with the growing silica network. The growth
of the films can be followed using the quartz crystal
microbalance, while the surface microstructure can be
examined using optical microscopy, scanning electron
microscopy, or atomic force microscopy. These sol–gel-
based films have been used as corrosion protectors,59 to
preconcentrate Cr(VI) for electrochemical detection,57 to
selectively determine cytidine,60 and to detect mercury.56


Electrodeposition of tetraethoxysilane in the 20-nm di-
ameter channels of anodic aluminum oxide membranes
to form solid silica nanorods or tubular structures de-
pending on the applied potential has also been recently
described.62


This “old” but “new” material preparation technique
has received such interest because it offers a number of
appealing attributes. It is versatile: films can be easily
formed on any conducting surface from sols that contain
an alkoxysilane, an organoalkoxysilane, or both. The
concentration of the alkoxysilane in the sol can be as low
as 1 mM, which can be attractive for biomolecule encap-
sulation. The films prepared can be potentially more
porous than those prepared from spin coating. During
spin coating, gelation and evaporation occur al-
most simultaneously in a very short period of time
(seconds).12,52,53 In electrodeposition, gelation and evapo-
ration are separated in time.55 The film forms first over a
few seconds to a 60 min or more time period, and then it
is removed to dry. Also, condensation (and hydrolysis, in
some cases) is base-catalyzed thereby yielding films that
are more “colloidal” like and subsequently more porous.
Figure 5 shows an AFM image of the surface of a film
formed by spin casting a TMOS-based sol on glassy carbon
and another of a film formed via electrodeposition.55 The
“colloidal nature” of the electrodeposited film can be
clearly observed. The thickness of the films, their porosity,
and the rate they are formed can be controlled by (1) the


magnitude of the electrode potential, (2) the time the
potential is applied, (3) the concentration of alkoxysilane
in the sol, and (4) the nature and type of the electrode
surface.54,55,61 Finally, patterning is possible because the
film will only form on conducting surfaces and not
adjacent insulating surfaces,54 providing that the diffusion
layer distance (which is time dependent) does not sig-
nificantly overlap with the insulating surface.


Most of the studies to date have focused on the
cathodic generation of hydroxide ions to cause the al-
koxysilane to immediately condense on the electrode
surface. The reason that electrodeposition works so well
is that the rate of condensation of silanols is fast under
basic conditions and slow under acidic conditions.12 That
is why at the electrode interface a gel forms while the bulk
solution is still a sol. Hydronium ions can be electro-
chemically generated as described earlier through the
oxidation of water. However, sols containing TMOS
generally do not produce films55 on the conducting
surfaces, likely because the condensation rate is very slow
under acidic conditions.12 One exception to this was
recently shown by Collinson and coworkers.63 Instead of
starting with a sol containing an alkoxysilane, a sol
containing colloidal particles stabilized under basic condi-
tions (i.e., Ludox colloidal silica or Stober silica) was used.
Application of a sufficiently positive potential to electro-
chemically generate protons decreases the pH of the sol
at the electrode surface. As a result, the surface SiO– on
the Ludox particles become neutralized, leading to co-
agulation and condensation of the surface SiOH groups
resulting in film formation. At the interface, a thin film is
formed, while the bulk solution is still a sol. Films
prepared in this fashion can be used to ion–exchange
cations from solution and appear to have more surface
porosity than those prepared from the traditional al-
koxysilanes.63 In a more recent example, electrodeposited
thin films on glassy carbon electrodes were prepared from
a pre-hydrolyzed/partially condensed sol containing
methyltrimethoxysilane (MTMOS) via application of suf-
ficiently positive potentials.64 Figure 6 shows a represen-
tative CV at a glassy carbon electrode and pictures of the


FIGURE 5. AFM images (5 × 5 µm2) of a film spin cast at 7000 rpm on glassy carbon from a base-catalyzed sol (left) and an electrodeposited
film on glassy carbon (right). The Z-scale of the spin cast film is 20 nm and that of the electrodeposited film is 100 nm.
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films that formed on it upon application of the given
potential for 30 min in an unstirred solution.


Another rather unique example where electrochemistry
has been used to form thin sol–gel-based films dates back
to the late 1970s and early 1980s.65,66 In this method, more
recently termed “electrochemically assisted polymeriza-
tion”,67 a certain reagent (i.e., methylene blue or viologen)
known to precipitate on an electrode surface upon reduc-
tion is first modified to contain silicon alkoxide function-
alities.67,68 When reduced, the derivative and its hydro-
lyzed or oligomerized forms precipitate on the electrode
surface. The locally high concentration of trimethoxysilyl
groups effectively accelerates condensation and cross-
linking to produce an “exceptionally insoluble film”.68


IV. Conclusions
Sol–gel-derived materials, while generally easy to make,
are complex both in terms of how the individual precur-
sors hydrolyze and condense and also in terms of their
molecular-scale structure. When alkoxysilanes are mixed
with organoalkoxysilanes, the chemistry becomes even
more complex. Electroanalytical techniques have provided
an important, relatively inexpensive means to unravel
some of this complexity. More information is now known
about how reagents trapped within this complicated
framework move and react with each other and how
diffusional rates can be manipulated. There is still much
to learn, however, about the reactions and formation of
the gel structure, as well as about other gels besides those
made out of silica. Electrodeposition, as it pertains to the
formation of films from alkoxysilanes, is still in its infancy
and provides an interesting, versatile way to create
materials on conducting surfaces. Patterning and the
creation of new composite materials and structures is
possible. There is still much to learn, however, about how
the films form, how reagents can be incorporated in the
materials, whether those entrapped reagents have the
same properties as they do in solution, and how these
materials can be applied to sensing and other related
applications.
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ABSTRACT
A large array of advanced solid state NMR (nuclear magnetic
resonance) techniques is presented in the frame of the structural
characterization of sol–gel-derived materials. These techniques
include the pertinent detection of 17O chemical shifts, MAS (magic
angle spinning) J spectroscopy in the solid state, high-resolution
1H spectroscopy, heteronuclear and homonuclear D (dipolar)-
derived multidimensional correlation experiments, and first-
principles calculations of NMR parameters. This spectroscopic
approach is suitable for the in-depth description of multicompo-
nent sol–gel derivatives, crystalline and amorphous biocompatible
silicophosphates, Al–O–P clusters, and templated porous materials.
It offers unique perspectives for the description of the hybrid
interfaces in terms of chemical and spatial connectivities.


Introduction
The tailoring of materials obtained by sol–gel methods is
now well-established and widely used for a large variety
of chemical, physical, and mechanical applications.1 These
materials include (i) numerous silica- and/or siloxane-
based hybrid derivatives, (ii) functional organic and
inorganic materials involving even biological components,
(iii) mesoporous materials synthesized in the presence of
surfactants or block copolymers, and (iv) host–guest
systems involving immobilized molecules in porous struc-
tures. All these systems can be considered as nanocom-
posites whose physical and chemical properties are related
to the homogeneity of the complex oxide network and to


the chemical nature of the interfaces between the involved
nanocomponents. The characterization of these materials
relies on the crucial notion of connectivity, which can be
further defined in terms of chemical connectivity and
spatial connectivity.


Recent developments in solid state NMR offer appeal-
ing perspectives for the detailed characterization of sol–gel
materials. This spectroscopic technique, which is a local
probe in nature, can establish “dialogs” between nuclear
spins for typical lengths ranging from several angstroms
to ∼100 nm.2,3 In that sense, solid state NMR is a perfect
tool for investigation of the interfaces in nanomaterials.
The versatility of the NMR approach relies on the fact that
it is possible to “play” with all NMR interactions, namely,
the chemical shift (δ), the scalar coupling (J), and the
dipolar (D) and quadrupolar (Q; I > 1/2) interactions, and
topredicttheNMRparametersbyfirst-principlescalculations.


Recently, spectacular improvements in resolution have
been achieved for the quadrupolar nuclei and for 1H by using
sophisticated methods such as the MQ MAS (multiple-
quantum magic angle spinning) experiment4 and ultrafast
MAS,5 respectively. Quadrupolar nuclei such as 27Al, 11B, and
51V are often present in sol–gel materials and can be
considered as spectroscopic spies. 17O (I ) 5/2) is obviously
a key nucleus for the description of complex oxide networks,
as well as 1H, which is present in all components of the
nanocomposite materials. Solid state J spectroscopy offers
new opportunities for the description of chemical bonding
in solids.6,7 This approach should be of paramount impor-
tance for the description of the covalent nature of grafting
on oxide nanoparticles. As we will show below, the δ and J
interactions are able to characterize the chemical connec-
tivities between species.


The spatial connectivities can be established by using
the dipolar interaction and the spin diffusion process. The
CP (cross-polarization) experiment8 establishes contacts
between dipolarly coupled spins. This interaction is
proportional to 1/r3, where r stands for the internuclear
distance. The CP approach is therefore a method of choice
for distance measurements and for the characterization
of hybrid interfaces through two-dimensional (2D) HET-
COR experiments (heteronuclear correlation).3 The dipolar
interaction can be strongly modulated by the mobility of
the involved species, leading to crucial dynamical data.


In the case of quadrupolar nuclei, alternative tech-
niques such as TRAPDOR (transfer of population in double
resonance)9 can be implemented, leading also to the
estimation of internuclear distances.


The strong 1H–1H dipolar interaction is of prime impor-
tance for the description of interfaces and can be used for
the description of proton spatial connectivities and H-
bonded networks. 2D double-quantum (DQ) experiments
(BABA or BAck to BAck)10 allow the selection of 1H–1H spin
pairs, thereby disentangling complex 1H spectra. The BABA
acronym comes from the presence of very closely spaced
pulses in the time domain (see Figure 8, bottom).
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In parallel to this experimental NMR approach, power-
ful first-principles calculations of NMR parameters11 can
act as an original way of improving the understanding of
the spectral data and can be safely transposed to the study
of ill-defined interfaces.12 The various aspects of the solid
state NMR approach are summarized in Figure 1. The core
of this approach corresponds to high-resolution experi-
ments, namely, MAS and MQ MAS. Starting from these
fundamental experiments, we are then able to focus on
each NMR interaction with a precise spectroscopic goal
in mind, as well as on the computer-assisted calculations
of NMR data.


During the past few years, several groups have com-
bined high-resolution 1H NMR spectroscopy [single-
quantum (SQ) and DQ], HETCOR experiments (1H–29Si
and 1H–27Al), spin diffusion, exchange spectroscopy, and
J spectroscopy for the characterization of hybrid ma-
terials,13–16 functionalized nanoparticles,17,18 and tem-
plated porous materials in powder as well as in thin film
forms.19–26


The aim of this Account is to illustrate the solid state
NMR approach applied to the characterization of chemical
and spatial connectivities in sol–gel materials. The chemi-
cal connectivities will be demonstrated by using the 17O
chemical shift as a probe for the study of multicomponent
sol–gel materials and by using the MAS J spectroscopy in
the case of silicophosphates and aluminophosphate clus-
ters. The silicophosphate gels are potential candidates for
biocompatible materials, whereas the Al–O–P clusters can


act as starting materials for aluminophosphate mesopor-
ous materials.27 The next section deals with 1H high-
resolution solid state NMR and CP experiments. Distance
measurement is demonstrated in the case of silsesquiox-
anes, which are precursors for materials with controlled
porosity.28,29 HETCOR and 1H DQ experiments will be
presented in the frame of the silica–surfactant interactions
in mesophases, whereas TRAPDOR experiments will il-
lustrate the study of silica–hydroxyapatite composites.
Finally, first-principles calculations will be applied to the
structural characterization of a surfactant-templated silica
framework in the absence of three-dimensional (3D)
crystallinity.


Chemical Connectivities
Two interactions are considered in this section: the
chemical shift (δ) and the scalar coupling J. We will focus
on the δ(17O) of oxo bridges in sol–gel derivatives and
MAS-J-INADEQUATE (incredible natural abundance double
quantum transfer experiment) and MAS-J-HMQC (het-
eronuclear multiple-quantum correlation) experiments in
the frame of silicophosphates and aluminophosphates.


17O MAS NMR Experiments. The degree of homogene-
ity of the multicomponent sol–gel materials depends on
the ability to favor co-condensation reactions between the
precursors, despite their intrinsically different reactivities
with respect to hydrolysis. Oxygen is a key chemical
element in sol–gel chemistry,30 and 17O solid state NMR
experiments appear to be a straightforward characteriza-
tion tool for probing the different oxo bridges. However,
one difficulty with this technique is its poor sensitivity due
to the low natural abundance of the 17O isotope (0.037%).
This problem can be overcome by using 17O-enriched
water for the hydrolysis step that ensures efficient incor-
poration of 17O into the growing oxide network. Another
difficulty results from second-order quadrupolar effects
(I ) 5/2), leading to broadened lines under MAS. Interest-
ingly, 17O NMR chemical shifts are very sensitive to
molecular structure and chemical environment. Coordi-
nation and bonding of oxygen atoms may be distinguished
due to a large chemical shift range (≈1500 ppm), as
illustrated in Figure 2a for Si–O–Si,31 Ti–O–Ti,32 Zr–O–Zr,33


Ta–O–Ta,34 Nb–O–Nb,35 Ge–O–Ge,36 V–O–V,37 Al–O–Al,38


and B–O–B39 bonds. Signals from co-condensed Si–O–M
species are expected at intermediate chemical shift values
between Si–O–Si and M–O–M shifts, as already reported
for M ) Ti,40,41 Ta,34 V,42 B,43 Al,38 Zr, Nb, or Ge.44


The 17O MAS NMR spectra of several polydimethyl-
siloxane (PDMS)–oxide nanocomposites44 prepared from
Me2Si(OEt)2 (dimethyldiethoxysilane) and metal alkoxides
M(OR)n, where M ) Ti, Zr, Nb, and Ta are presented in
Figure 2b. From Figure 2a, self-condensed Si–O–Si (∼0–100
ppm) and M–O–M (>250 ppm) bonds are evidenced.
Interestingly, several signals are observed for these latter
species, corresponding to the multiple coordination modes
of O atoms (with transition metal elements). In the
intermediate chemical shift range, co-condensed Si–O–M


FIGURE 1. Solid state NMR approach presented in this work.
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resonances were observed with large intensities. This
proves that good interconnection within the oxide network
is attained.


The identification of mixed Si–O–M oxo bridges where
M ) Al, Ge, or B is more difficult because of overlapping
signals (Figure 2a). In this case, the MQ MAS sequence4


has been succesfully applied to distinguish Si–O–Si from
Si–O–B bonds in a polyborosiloxane gel43 as well as
Si–O–Si from Si–O–Al bonds in an aluminosilicate.38 More
difficult is the identification of the various Si–O–Si oxo
bridges in siloxane–silica systems because of similar 17O
chemical shifts. Nonetheless, using 17O MQ MAS NMR
experiments, (T)–O–(T), (T)–O–(Q), and (Q)–O–(Q) units
could be distinguished in gels from mixtures of MeSi(OEt)3


and Si(OEt)4
16 (T and Q stand for C-SiO3 and SiO4 units,


respectively).
Such 17O studies can be extended to phosphonate


materials. Phenylphosphonate-functionalized titania have
been studied by 17O MAS NMR,45 showing the presence
of extensive Ti–O–P bonding in the materials.


J Spectroscopy in Solid State NMR. J-derived se-
quences have been extended to the study of crystalline
and amorphous derivatives (homonuclear INADEQUATE
and heteronuclear HMQC). The facile use of the J-derived
MAS experiments relies on the fact that the characteristic
lifetimes of the involved coherences are long enough for
efficient transfer of coherence or polarization.7,46 Crystal-


line phosphate phases and amorphous glasses have been
characterized by 31P–31P INADEQUATE, 31P J-resolved
experiments, and HMQC experiments.7,47 J spectroscopy
is obviously suitable for the structural characterization of
silicophosphates and aluminophosphates, in both the
crystalline and amorphous states.48 Figure 3a shows the
31P MAS spectrum of a complex mixture of SiP2O7 poly-
morphs and the Si5O(PO4)6 phase49 (atomic environments
are also presented). The 31P–31P homonuclear INAD-
EQUATE spectrum (Figure 3b), based on 2JP–O–P constants
(∼20 Hz), allows unambiguous assignment of the pairs
of atoms (PA and PB) corresponding to the various phases.
Such an experiment correlates a SQ MAS spectrum and a
DQ spectrum corresponding to the sum of the individual
chemical shifts. The INADEQUATE approach can be
extended to amorphous silicophosphate gels. In Figure 3c,
the one-dimensional (1D) INADEQUATE spectrum of a
gel [1:4:3 Si(OEt)4:EtOH:H2O, H4P2O7, 1:1 Si:P, T ) 136 °C]
is presented, showing the editing role of the sequence in
terms of P–O–P bonds versus τ.48 Here, the notation Q′N
stands for OP(OP)N(OX)3–N species where 0 e N e 3.


Figure 4 illustrates the heteronuclear MAS-J-HMQC
experiment, characterizing P–O–Si bonds in the complex
crystalline and amorphous silicophosphate mixtures.48,49


FIGURE 2. (a) 17O isotropic chemical shifts for M–17O–M oxo bridges.
(b) 17O MAS echo experiments for several PDMS–metal–oxo
nanocomposites.44


FIGURE 3. (a) 31P MAS spectrum of SiP2O7 polymorphs and
Si5O(PO4)6. (b) 31P–31P INADEQUATE. (c) INADEQUATE experiment
applied to a silicophosphate gel.48
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Cross-peaks indicate the chemical connections between
the 29Si nuclei and the corresponding pyrophosphate
groups or the unique P site in the case of Si5O(PO4)6


(2JP–O–Si ∼ 15 Hz).
Various Al–O–P secondary building units (SBU) of


zeolites have been described in the literature.
[Al4(HPO4)4(C2H5OH)12]Cl4·4C2H5OH50 (shown in Figure
4) can be described as a cubane-shaped cluster, involving
Al–O–P and P–OH bonds. The 27Al–31P MAS-J-HMQC
spectrum shows the correlation between the unique 27Al
site (broadened by second-order quadrupolar effects) and
the unique 31P site (2JAl–O–P ∼ 25 Hz).


Spatial Connectivities
In this section, the homonuclear and heteronuclear
dipolar interactions are used for spectroscopic purposes.
Such interactions involve mainly 1H, for which adequate
high-resolution techniques are required.


1H High-Resolution Solid State NMR. 1H nuclei are
mainly subjected to the homogeneous homonuclar dipolar
interaction. It follows that standard MAS experiments (νrot


e 15 kHz) are generally unable to achieve reasonable
resolution. Resolution has been greatly improved over the
past few years by a combination of fast MAS,5 Lee–Gold-
burg (LG) off-resonance decoupling,51 multiple-pulse ex-
periments,52 and tailored pulse schemes.53 Figure 5a
shows the dramatic increase in resolution for [Al4(HPO4)4-
(C2H5OH)12]Cl4·4C2H5OH50 by using fast MAS (B0 ) 14 T).


When νrot ) 35 kHz, four isotropic resonances are
observed corresponding to CH3CH2OH molecules and
P–OH groups. The same resolution is obtained by using
the CRAMPS-BR24 sequence54 (Figure 5b), as well as in a
2D 1H–1H experiment under LG irradiation during t1


(Figure 5c). Fast MAS at very high field is therefore an
acceptable alternative for high-resolution 1H NMR and has
been widely used for the in-depth description of sol–gel
materials and hybrid derivatives.13–15,55


Dipolar Interactions Assessed via CP, HETCOR, and
BABA Experiments. The CP MAS experiment8 increases
the magnitude of the signal of the low-abundance nuclei
(Y) from an abundant spin reservoir (X). It relies on the
heteronuclear dipolar interaction, allowing therefore the
measurement of distances between nuclei56 and the study
of local molecular motion. The basic CP MAS experiment
is presented in Figure 6, involving three blocks. Block 1
corresponds to a t1 evolution for X if 2D experiments are
performed (HETCOR). Homonuclear decoupling between
X nuclei can be applied. Block 2 corresponds to the CP
transfer (during the contact time tCP) under the Hartman–
Hahn (H-H) condition.57 Many improvements have been
proposed for the efficient broadening of the H-H condi-
tion under very fast MAS.58 LG irradiation of the X channel
can be implemented as well. Block 3 corresponds to the
acquisition of the Y signal under {X} decoupling. Spec-
tacular improvements in terms of heteronuclear decou-
pling have recently been achieved.59


FIGURE 4. (Top) 2D 29Si–31P MAS-J-HMQC experiment applied to
SiP2O7 polymorphs and Si5O(PO4)6.


49 (Bottom) 2D 31P–27Al MAS-J-
HMQC experiment applied to [Al4(HPO4)4(C2H5OH)12]Cl4·4C2H5OH.50


FIGURE 5. (a) 1H MAS SPE for [Al4(HPO4)4(C2H5OH)12]Cl4·4C2H5OH
for variable νrot values. (b) CRAMPS-BR24 experiment. (c) 1H–1H
correlation under LG irradiation.
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Figure 6a shows the 1D 1H–29Si LGCP MAS magnetiza-
tion versus tCP for the {Si8H8O12} T8H silsesquioxane.
Strong dipolar oscillations corresponding to the coherent
transfer of magnetization are observed and subsequently
Fourier-transformed. A pseudo-Pake doublet correspond-
ing to a dSi–H of 1.45 Å is obtained,60 in very good
agreement with neutron diffraction data.


The quantification of the CP experiment remains an
open question: extreme care has to be taken when
extracting quantitative data from CP curves (Figure 6b).60,61


The fits of the CP dynamics curves for the Qi (i ) 2, 3, or
4) sites present in silica and hybrid gels are generally based
on the following equation:8


M29Si
CP(tCP) ) γ1H ⁄ |γ29Si| M29Si [1 ⁄ (1- λ)] ×


[exp(-tCP ⁄ T1F
H) - exp(-tCP ⁄ THSi)](1)


where M29Si is the target and λ ) THSi/T1F
H (THSi, cross-


relaxation time constant; T1F
H, 1H relaxation time in the


rotating frame). Usually, λ , 1 for Q2 and Q3 units in silica
and hybrid gels. Quantitative data can then be extracted.
For weakly coupled Q4 sites, an independent measure-
ment of T1F


H is necessary for the correct estimation of M29Si


by using eq 1 (Figure 6b). In the case of homogeneous
TQ gels (involving both T and Q units), the direct


quantification of M29Si for the Q4 units is possible, as the
protons of the T units efficiently cross polarize the Q4


units.
A key NMR technique for investigating the organic–


inorganic interfaces is the 2D 1H–29Si HETCOR sequence.
Relevant examples can be found in the field of long-range
ordered silica obtained through the self-assembly of a
variety of amphiphilic templating agents with an inorganic
phase generated through the sol–gel process. Chmelka et
al. very nicely illustrated this by using 1H–29Si and 1H–27Al
HETCOR experiments to investigate the distribution of
PEO and PPO copolymer blocks within the silica matrix,19


the aluminum incorporation in MCM-41 mesophases,20


and the molecular proximities between the structure-
directing surfactant molecules and the crystal-like silicate
sheets in layered silicate surfactant mesophases.21 The
silica surfactant interactions in mesophases characterized
by 2D hexagonal p6m symmetry and prepared with
cetyltrimethylammonium bromide (CTAB) were investi-
gated. The 1H–29Si HETCOR experiment recorded on the
CTA+–SiO2 sample prepared under basic conditions (Fig-
ure 7a) shows clearly strong interactions between the
positively charged polar head groups of the surfactant and
the Si–O- surface sites (Q3), as well as the fully condensed
Q4 sites. Correlations are even present between the
protons of the surfactant chain and the Q3 and Q4 sites.
From this analysis, a schematic model for the surfactant–
silica interface can be proposed (Figure 7b).62


One can also use high-resolution 1H MAS NMR to look
for proximities between the Si surface sites and the
template molecules. The most sensitive experiment for
probing homonuclear dipolar couplings in solids is the
DQ NMR experiment under fast MAS with recoupling
schemes. The BABA sequence was used.10,63 Templated
silicas functionalized with vinyl groups have been studied
in characterizing the location of the vinyl groups in the
silica framework with respect to the polar head groups of
the surfactant molecules (CTA+). In the 1H DQ experiment
(Figure 8), coherences between the vinyl protons and the
N(CH3)3


+ head group of CTA+ molecules are observed,
which clearly indicates that most of the vinyl groups are
located at the surface. Interestingly, correlations are also
observed between the vinyl protons and those of the alkyl
chains. Reference 64 is an excellent review dealing with
1H DQ spectroscopy in the context of macromolecular and
supramolecular systems.


Finally, the CP process is strongly modulated by
molecular motions and can become rather inefficient
under some circumstances. Figure 9 presents the 13C NMR
study of entrapped ibuprofen molecules in MCM-41
materials65 (host–guest system). Due to fast reorientation
of the molecules, the 1H–13C CP efficiency is strongly
reduced when compared to that in the 13C MAS experi-
ment. Therefore, HETCOR experiments cannot be per-
formed in this particular case. At a low temperature (-50
°C), the rate of CP transfer obviously increases. A spec-
tacular improvement in the signal-to-noise ratio is ob-
tained by using the MAS-J-INEPT (insensitive nuclei
enhanced by polarization transfer) sequence.22 CP and


FIGURE 6. (a) 1H–29Si LGCP MAS experiment for T8H. (b) 29Si MAS
spectrum of a silica-based xerogel. CP curves (vs tCP) for the Q2,
Q3, Q4 units and the corresponding simulations at a fixed T1F


H of 20
ms.
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J-derived techniques are complementary for the complete
study of sol–gel-derived materials.


D-Mediated Experiments Involving Quadrupolar
Nuclei. The setup of the CP MAS experiment involving
1H and a quadrupolar nucleus (27Al, 17O, etc.)66,67 must
take into account the following points. (i) T1F


Q constants
are usually small for quadrupolar nuclei, restricting tCP


to rather small values. Consequently, the signal-to-noise
ratio can be very low. (ii) Low-power RF fields (down to a
few kilohertz) are required on the quadrupolar channel
for the manipulation of the central transition of the
quadrupolar nucleus as a fictive 1/2 spin.68 Under such
conditions, a pure quadrupolar line shape is obtained.
Otherwise, deformed line shapes may be observed.


In Figure 10a, a pure second-order quadrupolar line
shape is obtained via a 1D 1Hf 27Al CP MAS experiment
for the [Al4(HPO4)4(C2H5OH)12]Cl4·4C2H5OH cluster (at
ν27Al ) 12.5 kHz). The 2D LG HETCOR experiment with a
small tCP value (50 µs) shows a strong correlation signal


between aluminum and the proton signal at 8 ppm (OH
groups of ethanol molecules). More dipolar connections
are evidenced with larger tCP values. These experiments
show unambiguously that aluminum is coordinated to
alcohol molecules and not to ethoxy groups.


In nonfavorable cases (very short T1F
Q), the implemen-


tation of CP MAS experiments becomes almost impossible.
The TRAPDOR experiment is a simple and robust alterna-
tive technique, which also relies on the heteronuclear
dipolar interaction:9,69 under MAS conditions, the dipolar
interaction is reintroduced by applying a RF irradiation
during the first τ period (where τ ) k/νrot) of a spin echo
experiment 90°–τ–180°–τ–acq (Figure 10b). Consequently,
the magnitude of the signal of the observed nucleus
decreases when compared to that in the same experience
without irradiation, as soon as the detected and irradiated
nuclei are close in space. Usually, the analysis is done by
plotting (I0 – I)/I0 (where I and I0 are the signal intensities
with and without irradiation, respectively) versus τ. An
example of phase identification through the TRAPDOR
approach is shown in Figure 10b. The minor peak in the
31P MAS spectrum of a silica–hydroxyapatite composite


FIGURE 7. (a) 1H–29Si HETCOR experiment for a CTA+–SiO2
mesoporous derivative. (b) Schematic view of the interface interac-
tions.62


FIGURE 8. 1H–1H BABA sequence applied to vinyl-modified tem-
plated silica.
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is assigned to NaCaPO4 which is submitted to a strong
{23Na}–31P TRAPDOR effect.70 This is not the case for the
31P sites of the silica–HAP composite.


First-Principles Calculations of NMR
Parameters
Interpretation of high-resolution spectra can be a difficult
task, and in this context, first-principles calculations can
be extremely useful in providing accurate calculation of
the NMR parameters.


The quantum mechanical calculation of NMR param-
eters involving a detailed description of the electrons and
nuclei in the presence of B0 is a complex many-body
problem needing approximations.11 Density functional
theory (DFT) can be employed where the energy is
considered as a functional of the total charge density. A
possibility for describing infinite solids implies their
approximation by clusters which are terminated with
nuclei such as 1H. Alternative approaches involve the use
of periodic boundary conditions. Pickard and Mauri11


introduced a plane wave pseudopotential method for
calculating NMR parameters, and the calculated param-
eters for a variety of silica polymorphs were shown to be
in excellent agreement with experimental data.71


First-principles computations require a precise struc-
ture to be calculated, but sol–gel-derived oxide networks


are not usually well ordered. Nevertheless, the structure
of a surfactant-templated silicate framework without 3D
crystallinity could be established by using a combination
of solid state NMR spectroscopy, XRD, first-principles
calculations, and extensive modeling.12 Comparison be-
tween experimental and calculated 29Si NMR parameters
allowed confirmation of the proposed structure.


Conclusions
Solid state NMR offers a unique array of techniques
allowing the precise characterization of interfaces in
sol–gel-derived materials. All NMR interactions, ranging
from the isotropic chemical shift to the quadrupolar
interaction, can be used as spectroscopic spies. The key
experiments correspond to high-resolution techniques,
such as MAS and MQ MAS. Under fast reorientation of
the samples, a resolved dimension is usually obtained, in
connection with other spectral dimensions related to the
anisotropy of the interactions. We have shown that δ and
J parameters are able to establish chemical connectivities
between the nuclei, leading to the notion of chemical
homogeneity at a molecular level. Dipolar interactions can
establish spatial connectivities which are of prime impor-
tance for the description of hybrid interfaces.


FIGURE 9. 13C NMR study of ibuprofen molecules entrapped in
MCM-41 silica: MAS, 1H–13C CP MAS (at room temperature and
-50 °C), and 1H–13C MAS-J-INEPT. FIGURE 10. (a) 1H–27Al LGCP MAS experiment for [Al4(HPO4)4-


(C2H5OH)12]Cl4·4C2H5OH for variable tCP values. (b) 31P–23Na TRAPDOR
experiment for a silica HAP composite.
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We believe that in the near future, spectacular im-
provements in solid state NMR concepts and experiments
will emerge, leading to an even higher-performance
approach for investigation. The first-principles calculation
of NMR parameters for amorphous interfaces remains an
exciting challenge.


J. Maquet, G. Laurent, Dr. B. Alonso, and Dr. F. Fayon are
warmly acknowledged for technical assistance and helpful
discussions.
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ABSTRACT
The preparation of porous hierarchical architectures that have
structural features spanning from the nanometer to micrometer
and even larger dimensions and that exhibit certain functionalities
is one of the new challenging frontiers in materials chemistry. The
sol–gel process is one of the most promising synthesis routes
toward such materials because it not only offers the possibility to
incorporate organic functions into the porous host but also offers
the possibility to deliberately tailor the pore structure. In this
Account, the opportunities given by the application of novel diol-
modified silanes are discussed for the synthesis of hierarchically
organized inorganic and also inorganic–organic porous monoliths.


1. Introduction
For many applications, chemists in materials science seek
to copy the properties of natural materials. That is
especially true with respect to structural features of the
material, e.g., hierarchical organization of the network
from the nanometer up to the micrometer scale (as found
in almost all biominerals), and with respect to multifunc-
tionality, e.g., hydrophobicity, catalytic functions, etc. For
porous materials, a hierarchical organization of the pore
structure is desired for a broad variety of applications,
including chromatography and catalysis, because of the
multiple benefits that arise from each of the pore-size
regimes; e.g., uniform mesopores provide size or shape
selectivity and high specific surface areas and macropores
facilitate mass transport through the material and to the
active sites.


Despite the drastic progress in the synthesis of porous
inorganic and inorganic–organic hybrid materials with
control of pore sizes from angstroms to micrometers, the
preparation of materials with simultaneous tailoring of
morphology (monoliths, fibers, etc.) and pore structures
on different length scales still remains a challenging task.
Maximum control of the porous structure of oxidic
materials can be obtained by combining different syn-
thetic strategies, such as templating approaches and
sol–gel processing. Molecular templating is well-known
from the synthesis of the highly organized channel
structures of zeolites.1 In addition to single molecules as
templates, also supramolecular arrays of molecules, such
as lyotropic phases of amphiphilic surfactants or block
copolymers, can be used as structure-directing agents for
a deliberate design of pore systems in the mesoscopic
regime.1–3 Other approaches utilize latex spheres for
periodically arranged macropores,4,5 microemulsion drop-
lets,6 or other macromolecules, such as bacterial threads,
to name only a few of the possibilities.7


Sol–gel processing, thus, network formation via hy-
drolysis and condensation reactions of metal alkoxides,
very often plays the key role in the synthesis of these
porous materials because it provides an exceptional
control over the composition and morphology of the final
material. Over the last decades, this process has seen
major advances, not only with respect to the composi-
tional variety of the inorganic matrix but also with respect
to the almost unlimited possibilities given for the incor-
poration of biological and organic entities into the net-
work, as well as with respect to the different structures
(total porosity, pore size and shape, connectivity, etc.) and
morphologies formed. In the synthesis of porous (hybrid)
silica-based materials, hydrolysis and condensation reac-
tions of alkoxysilanes, such as the commercially available
tetramethoxy- or tetraethoxysilanes, represent the “master
key” reactions, offering a large variety of parameters, such
as the precursor concentration, pH value, temperature,
solvent, etc., to deliberately tailor the final network
morphology and pore structure (from polymeric to par-
ticulate, large or small particles, etc.). However, the sol–gel
process with these precursors is limited in its potential,
especially when it comes to the incorporation of biomol-
ecules or network formation in the presence of lyotropic
liquid crystalline (LC) arrangements, not only because of
the obligatory presence of the solvent as a compatibilizing
agent (typically an alcohol, which is often detrimental to
biomolecules, such as enzymes or proteins and LC phases)
but also because of the either basic or acidic pH condi-
tions that are necessary for network formation.


Diol- or polyol-modified silanes as substitutes for the
typically applied tetramethoxy or ethoxy derivatives
seemed to be better candidates, especially with respect
to the compatibility of the diol or polyol released upon
hydrolysis with LC surfactant phases and biomolecules.
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The reaction of silanes with diols/polyols was already
reported in the 1950–1960s; however, the hydrolytic
instability of these compounds was considered as a big
disadvantage for many applications in comparison to
other commercially available precursors. Only at the end
of the last century, in the 1990s, polyol esters of silicates
and siloxanes were identified as ideal precursor candi-
dates in bioencapsulation protocols into silica matrices
because of their high water solubility, the autohydrolysis
in aqueous media, and the fact that during hydrolysis
a nonvolatile and bioprotective alcohol is released,
which can also function as drying control chemical
additive.8 The benefits of diol/polyol-modified silane
precursors were also recognized by Hoffmann and
Sattler for their compatibility with lyotropic surfactant
phases.9 Since then, several groups started to use diol/
polyol-modified silanes for various applications; e.g.,
Brook and Brennan described the use of diglycerylsilane
as well as sugar- and polysaccharide-derived silanes as
precursors for silica monoliths with reduced shrinkage
levels during drying and as biocompatible precursors
for the entrapment of enzymes into sol–gel-derived
silica;10 Shchipunov et al. applied tetrakis(2-hydroxy-
ethyl)orthosilicate (EGMS) as a water-soluble precursor
in sol–gel processes;11,12 and our group reported the use
of EGMS and its glycerol and 1,2-propanediol deriva-
tives in the synthesis of porous monoliths with hierar-
chical network architecture.13,14 Figure 1 shows some
of the diol/polyol precursor molecules that have been
applied by the different groups. However, one must


keep in mind that the schematic drawing does not
represent truly isolated molecular structures but gives
only an indication of the molar composition (silicon to
diol/polyol), because in most cases, an equilibrium
between bridging and chelating species is present and,
in some cases, even hypervalent silicon species are
reported.


The focus of this Account lies on the application of diol-
modified silanes in the synthesis of inorganic and also
inorganic–organic hybrid monoliths that exhibit a hier-
archical organization of the pore structure on different
levels by sol–gel processing in the presence of a lyotropic
LC phase of an amphiphilic molecule. We will concentrate
on the novel opportunities given by the modification of
silanes with diols.


2. Nonconventional Silanes in the Synthesis
of Periodically Organized Monoliths
For many applications, e.g., for membranes, etc., mono-
lithic materials with a periodic organization of the pore
structure with attractive properties, such as large surface
areas, uniform pore sizes, and tunable periodic structures,
are desired. A “true-liquid crystal templating” (TLCT)
approach applying a preformed lyotropic LC phase pre-
pared with relatively high surfactant concentrations of
typically more than 30% in water presents one of the most
promising routes toward such highly ordered mesoporous
monoliths. However, one of the major problems related
to the synthesis of monoliths is the incompatibility of


FIGURE 1. Schematic representation of diol- or polyol-modified silanes used in materials syntheses.8,10,11,13
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many lyotropic surfactant phases with alcohols, which are
inherently released upon hydrolysis and condensation of
alkoxysilanes, such as tetraethoxy- or tetramethoxysilane.
Thus, only a limited number of examples of materials with
a high degree of mesoscopic order in combination with
well-defined macroscopic morphologies (e.g., as mono-
liths) is known.15,16 In these examples, the alcohol was
typically continuously removed by rotary evaporation
during hydrolysis and condensation reactions.


Alexandridis and coworkers investigated the phase
diagrams of a variety of nonionic block copolymer am-
phiphiles in different alcohols, such as ethanol or various
glycols.17 They could clearly show that the ethanolic
system comprises the largest area of an isotropic solution
phase, while highly polar glycols resulted in large areas
of lyotropic phases, such as hexagonal, bicontinuous
cubic, etc. On the basis of these results and the prelimi-
nary work by Hoffmann, in which the extraordinary
compatibility of the ethylene glycol-modified silane with
surfactants was demonstrated, the choice of glycol-modi-
fied silanes as optimal candidates in a TLCT synthesis
toward mesostructured monoliths is a logical con-
sequence.13,14 Figure 2 shows a typical synthesis protocol
applied for the formation of such monoliths. Diol- and
polyol-modified silanes can easily be prepared by the
direct transesterification reaction of tetraethoxysilane with
the corresponding diol/polyol at elevated temperatures
and upon continuous removal of the released monoalcohol.


First, a preformed lyotropic LC surfactant phase in
aqueous HCl is thoroughly mixed with the diol-modified
silane. Hydrolysis and condensation reactions start im-
mediately after contact with water, and in comparison to
conventional tetramethoxy- or ethoxy- silanes, the gel
times are very short. It is a remarkable feature of all glycol-
modified silanes that they can be condensed over the
whole pH regime, even in neutral conditions with a local
minimum in the rate of condensation around the point


of zero charge (PZC) of silica (pH 1.5–3). After gelation,
the resulting wet gels are typically aged in the mother
liquor for 7 days at 40 °C, followed by either supercritical
drying with carbon dioxide or ambient pressure drying
via surface silylation reactions. Interestingly, the obtained
clear gels turned white after gelation, thus indicating an
additional phase separation step on a larger length scale
than in the lower nanometer range. Structural investiga-
tions of the resulting gels by small-angle X-ray scattering
(SAXS), nitrogen sorption, mercury porosimetry, scanning
electron microscopy (SEM), and transmission electron
microscopy (TEM) confirmed that a hierarchical, low-
density network structure is formed, comprising not only
periodically organized mesopores with a repeating unit
distance of about 11 nm but also a cellular silica backbone
with macropores of 500–2000 nm in diameter (Figure 3).
The surface areas are very high and vary from 850 to 1000
m2 g-1, depending upon the amount and choice of the
diol-modified silane in the starting mixture. The structural
buildup of the network indicates that at least two compet-
ing processes occur simultaneously during network for-
mation: first, the sol–gel transition, thus, the formation
of the solid silica network, and, second, phase-separation
processes on different levels. On one hand, the desired
formation of supramolecular aggregates of amphiphilic
surfactant/silica assemblies takes place, resulting in me-
soscopic ordering; on the other hand, a macroscopic
phase separation into condensed silica/surfactant and
water/solvent-rich domains defines the later macroporous
structure of the gel. These processes cannot be viewed
independently, because the relative rates of phase separa-
tion and gel formation define the final gel structure, as
can be seen by the strong influence of the pH on the
macroscopic morphology (SEM images in Figure 3).


Similar gels without this pronounced degree of meso-
scopic ordering were prepared by the groups of Nakanishi
and Lindén.18–20 These two groups obtained highly porous
silica monoliths with a hierarchical organization of the
pore structure by applying an organic polymer [mostly
poly(ethylene oxide) (PEO)] as an additive to induce
macroscopic phase separation. Nakanishi et al. clearly
showed that the formation of these biphasic morphologies
is induced by the polycondensation reaction of the
network-forming silica species and is finally irreversibly
frozen by the sol–gel transition. Therefore, all of the
parameters that change the relative reaction rates will have
a profound influence on the architectural properties of
the final gel, including mesoporosity, interconnected
macroporosity, degree of macroscopic phase separation,
and thus the morphology of the material.18,19 To gain
more control over the mesopore structure, both groups
added cationic or nonionic surfactant molecules and
Nakanishi et al. showed that a well-organized mesopore
system is accessible by this approach as well.


For diol-modified silanes, the macroscopic phase sepa-
ration cannot only be influenced by the pH value as seen
in the SEM images (Figure 3) but also by the choice of
diol used for the modification. While with ethylene glycol
as the substituent, mainly cellular networks were obtained,


FIGURE 2. General scheme for templating of a preformed lyotropic
LC surfactant phase with a diol/polyol-modified silane precursor and
the following processing steps.
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a modification of the tetra-alkoxysilane with the less polar
propylene glycol followed by the same general processing
route as depicted in Figure 2, now resulting in more
particulate appearance of the network-forming units but
still exhibiting a multilevel pore system with well-defined
mesoscopic ordering.14 Gels prepared from a glycerol-
modified silane did not show any long-range ordering in
the mesoscopic range under the given synthesis condi-
tions and exhibit particulate structures typical for silica-
based sol–gel systems.


An additional hierarchical level is accessible by
simple variation of the templating agent. Applying a
block copolymer that still forms lyotropic LC phases but
is less miscible in the aqueous silane phase, such as a
polyether silicone derivative of the type ABA, with A
being a PEO block and B being a poly(dimethylsiloxane)
(PDMS) block, an emulsion is formed. Hydrolysis and
condensation reactions of EGMS in the presence of such
a block copolymer resulted in a gel that exhibited a
weakly ordered mesostructure in a cellular macroporous
network that again itself is part of a large emulsion
templated network (Figure 4). The final material exhibits
a rather high surface area with about 1000 m2 g-1 and
a monomodal mesopore-size distribution. An interest-
ing feature of the application of silicone-based block
copolymers as the structure directing agent is the
possibility to tailor the surface polarity of the final gel
by selective heat treatment.29 Si nuclear magnetic
resonance (NMR) studies have shown that, by calcina-
tion at 400 °C, the pore wall surface is covered with T
units (CH3SiO3) and thus exhibits partial hydrophobicity
in a now inorganic–organic matrix.


3. Hybrid Hierarchically Organized Materials
The structural features of a highly porous oxide material
prepared by wet chemical methods, e.g., the sol–gel
process, depend not only upon the synthesis parameters,
such as the pH, concentration of the precursors, temper-
ature, etc., but also to a great deal upon the drying
conditions. The rather compliant wet gel networks with a
random distribution of pores are very sensitive to large
capillary pressures exerted on the structure during drying,
very often resulting in the collapse of the gel body. These
so-called xerogels exhibit smaller pores, an increased
density compared to the original wet gel, and monolithic
structures that are very often destroyed upon drying. To
obtain highly porous monoliths, cracking is typically
prevented by drying with supercritical fluids (SCFs), e.g.,
carbon dioxide, to avoid the buildup of a gas/liquid
interface; hence, no capillary pressures evolve. However,
SCF extraction is expensive and time-consuming and
requires relatively high pressures sometimes even com-
bined with high temperatures.


Hybrid Monoliths via Postsynthesis Treatment. One
objective of our continuing research was to find alternative
routes to supercritical drying to remove the solvent and
possibly extract the block-copolymer template but still
avoid shrinkage and collapse of the pores. A very promis-
ing procedure for drying large silica gels relying on a
simple surface modification treatment with trimethylchlo-
rosilane was presented in the mid-1990s as an alternative
to supercritical drying.21 A similar approach also using
organochlorosilanes and organoalkoxysilanes as post-
treatment reagents was published recently not for drying
but for the extraction of ionic surfactants from self-
assembled silica-surfactant powders.22,23 As the driving


FIGURE 3. SEM images of samples prepared from EGMS in the presence of the block copolymer amphiphile P123 at different HCl concentrations
(left) and the corresponding TEM image for the sample prepared at pH 2.5. The scale bar for the SEM images corresponds to 1 µm.
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force for this reaction, the replacement of electrostatic
interactions at the inorganic–organic interface by covalent
siloxane bonds, that is the formation of Si–O–SiR3, was
named.


The same approach could also be used for the drying
of large hierarchically organized wet silica gels. Upon
treatment of the wet gel with trimethylchlorosilane in
petroleum ether, a surface silylation process takes place,
which completely reverses the surface polarity. The whole
gel is turned from a hydrophilic, water-containing system
to a nonpolar, hydrophobic one, thus resulting in an
almost complete extraction of the nonionic block copoly-
mer (P123) that was used as a structure-directing agent
(Figure 5). In addition, drying could now be performed
without cracking and with complete structural integrity
of the network by simply heating the gels to 150 °C. The
surface chemistry of the gels can be deliberately tailored
by this approach, resulting in hydrophobic gels after
drying. The most intriguing feature of this silylation
procedure is that it reduces the number of processing
steps and the time necessary for the production of these
hierarchically organized monolithic gels drastically.24


Large, low-density silica monoliths with multimodal
pore-size distribution are already high-performance ma-
terials. However, for many applications, the spectrum of
properties needs to be improved by additional functions,
e.g., hydrophobic groups, metal-coordinating groups, etc.,
without deteriorating the existing structural features, such
as porosity, periodic ordering, large surface area, etc.
Inspired by the successful simultaneous drying, surface


modification, and surfactant extraction of large silica
monoliths with a hierarchical network organization by a
simple surface silylation reaction of the wet gel structure,
weextendedthisapproachtootherfunctionalorganosilanes.


A variety of organofunctional silanes, such as
trimethylchlorosilane, 3-mercaptopropyl-trimethoxysilane,
phenyl-trimethoxysilane, 3-[(2,2-dimethyl-1-aza-2-silacy-
clopent-1-yl)dimethylsilyl]-1-propanamine, a cyclic sila-
zane resulting in aminopropyldimethyl-silyl groups on the
silica surface, and (methylmethacryloyl)dimethyl-meth-
oxysilane, has been successfully applied in the interfacial
modification of the silica surface of these wet gels. Figure
6 shows exemplarily the SEM and TEM images of a
methacrylate-modified hierarchically structured silica gel.
The delicate gel structure is completely retained during
the postsynthesis treatment, and a rather high bonding
density of functional groups to the silica surface with 2–4
mmol (g of SiO2)-1 is achieved.25 This approach can in
principle be extended to many more functional groups.
Even further reactions at the functional centers now
located on the pore wall are possible.


Hybrid Monoliths Prepared from Diol-Modified Or-
ganosilanes. An alternative approach toward hybrid in-
organic–organic silica-based materials is based on the co-
condensation between tetra- and organotrialkoxysilanes,
with the latter carrying an organic (functional) group
connected via a hydrolytically stable silicon–carbon bond
(a large variety of triethoxy- or trimethoxyprecursor
molecules is already commercially available). Many func-
tional materials, e.g., as coatings, have been prepared by


FIGURE 4. PEO–PDMS–PEO block-copolymer templated monoliths exhibiting a multilevel hierarchy. The monoliths are templated from an
emulsion, which is easily seen in A, with the closed macropores of about 50–200 µm in diameter. The walls of these closed pores are porous
themselves (B), composed of a cellular network structure of strands of about 800 nm in diameter, comprising pores of about the same size
(C). In addition, these strands exhibit another level of porosity, and in the SAXS pattern, indications of mesoscopic ordering with a repeating
unit distance of about 10 nm can be seen. The corresponding TEM image (D) however, shows a wormhole-like aggregation of the pores.
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just mixing these different silanes; however, one has to
keep in mind that the structure of the final material is
strongly influenced not only by the ratio of tetra-/
trialkoxysilane but also by the nature of the organo
(functional) group and the relative reaction rates of the
two precursors. This becomes especially important for
highly porous materials for which many materials proper-
ties are derived by the specific network structure that must
not be altered by the organic modification.26


When the glycol-modified silane (e.g., EGMS) is substi-
tuted by glycol-modified organo (functional) silanes, such
as the phenyl or methyl derivatives, tris(2-hydroxyethoxy)-
methylsilane or tris(2-hydroxyethoxy)phenylsilane, organic


groups can be introduced into the silica gel network. One
of the main questions here is to what extent does the
substitution of tetrafunctional silicon centers (with respect
to the degree of condensation) to trifunctional silicon centers
alter the network architecture because of changes in the
polarity, degree of condensation, different reaction rates, etc.
It was shown that the macroscopic gel morphology and
periodic ordering of the mesopore structure can be signifi-
cantly influenced by the choice of the pH, type and degree
of substitution with organic functionality, and Si/P123 ratio.
For each system, the optimal synthesis parameters have to
be fine-tuned to obtain optimal results with respect to long-
range periodicity of the mesostructure.27 As a general trend


FIGURE 5. Schematic depiction of the silylation of surface silanols with trimethylchlorosilane (top) and the corresponding photograph of the
spontaneous expulsion of P123/water/ethylene glycol droplets from a wet gel upon immersion in a petroleum ether (PE)/trimethylchlorosilane
mixture (bottom).


FIGURE 6. Well-ordered methacrylate-modified silica gel prepared from EGMS and treated with (methylmethacryloyl)dimethyl-methoxysilane
in the wet gel stage (SEM, TEM, and representative structural data).


Glycol-Modified Silanes Hartmann et al.


890 ACCOUNTS OF CHEMICAL RESEARCH / VOL. 40, NO. 9, 2007







for the preparation of gels of a mixture of EGMS and tris(2-
hydroxyethoxy)methylsilane in acidic media, a lower degree
of mesoscopic ordering is observed with increasing the
amount of organosilane in the starting solution for a given
pH value. In addition, the macroscopic morphology is
strongly influenced as can be seen in the SEM images in
Figure 7. Gels prepared from 100% tris(2-hydroxyethoxy)-
methylsilane or tris(2-hydroxyethoxy)phenylsilane did not
show any mesoscale periodicity under the given set of
synthesis parameters. The underlying notion of substituting
the alkoxygroups of conventional (organo)alkoxysilane pre-
cursors with ethylene glycol can be readily extended to other
organic functionalities. This method represents a versatile
tool to tailor the chemical functionality of monolithic
materials with well-defined, multimodal pore structures, thus
increasing their potential of application significantly.


In this case, the structural features of the resulting gels
are strongly dependent upon the amount of organically
modified silane that was used (varying from 10 to 100 mol
%, Figure 7) and upon the pH of the starting solution. The
SEM images reveal interconnected (open) macroporosity
but various morphologies for the different samples. Both
the pH and degree of substitution with methyl-Si groups
show a strong influence on the phase-separation process
and the resulting morphologies. A cellular network buildup
from rod-shaped aggregates of 2–3 µm in length and about
0.5 µm in diameter, very similar to the gels prepared from
pure EGMS at pH 2.5, is observed for 10 mol % substitu-
tion with the methyl-modified silane prepared at pH 6.
The sample with 25 mol % of the methyl-modified silane
prepared at pH 6 shows very small, aerogel-like structural
features in the nanometer regime; however, macropores
are also observed. When the gelling system was carefully
fine-tuned, hierarchically structured monoliths with pe-


riodically ordered mesopores were obtained for up to 25
mol % tris(2-hydroxyethoxy)methylsilane.


Only a very few studies report on the formation of
highly porous monoliths from pure silsesquioxanes, e.g.,
methyltrialkoxysilanes.28,29 This can probably led back to
the lower degree of cross-linking that is expected when
precursors are used with only three potential reaction sites
(resulting in long gelation times, Figure 8), as well as the
mechanical instability of the resulting gels because of the
lower connectivity and phase-separation phenomena of
oligomeric or polymeric silsesquioxanes because of the
polarity differences within the precursor molecule. As one
of the most remarkable features of the modification with
diols, it was shown that tris(2-hydroxyethoxy)methylsilane
and other organosilanes allow for the formation of gels
of very low density composed of 100% methylsilsesqui-
oxane (organosilsesquioxane) over a wide pH range and
even in a purely aqueous environment. Again, a minimum
in the condensation rate (thus, a maximum in the gel
time) is observed around pH 2.5.


Hybrid Monoliths Prepared from Bridged Diol-Modi-
fied Organosilanes. Bridged polysilsesquioxanes are a
family of hybrid inorganic–organic materials, in which the
organic groups are located within the channel walls as
bridges between two or more Si centers, thus serving as
an integral part of the inorganic network.30,31 The most
intriguing feature of these materials is the variability of
the organic spacer group with respect to the length,
rigidity, geometry of substitution, and functionality. Sol–
gel polycondensation reactions of these “hybrid” mono-
mers have led to a large variety of different porous hybrid
materials exhibiting specific structural properties, such as
high surface areas and functionality.


In 1999, the three groups of Stein, Inagaki, and Ozin
independently extended the polycondensation reactions
of these bridged polysilsesquioxane precursors to a novel
class of organic–inorganic nanocomposites with periodi-
cally arranged pore systems, the “periodic mesoporous


FIGURE 7. SEM images of the methyl silsesquioxane-substituted
monoliths (from 10 up to 100 mol % substitution with the methyl-
modified silane). Scale bars correspond to 1 µm.


FIGURE 8. Gelation times of the various ethylene glycol-modified
(organo)silanes (100%) at different pH without a surfactant.27 [EGMS,
tetrakis(2-hydroxyethyl)orthosilicate; MeGMS, tris(2-hydroxyethoxy)-
methylsilane; PhGMS, tris(2-hydroxyethoxy)phenylsilane; bEtGMS,
1,2-bis[tris-(2-hydroxyethoxy)silyl]ethane; bPhGMS, 1,4-bis[tris-(2-
hydroxyethoxy)silyl]benzene)].
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organosilicas” or so-called PMOs.32–34 These materials
were prepared with a very high degree of periodicity and
uniformity of the pores, applying bridged silsesquioxane
molecules of the type (RO)3Si–R′–Si(OR)3 as the sole
precursor for network formation in the presence of a
structure-directing agent. A multitude of different organic
spacers can be incorporated into periodically arranged
silica-based materials by this approach. When the syn-
thesis conditions and the organic spacer are carefully
chosen, even materials with semicrystalline pore walls can
be prepared. Through self-assembly of 1,4-bis(triethox-
ysilyl)benzene in the presence of a cationic surfactant in
basic conditions, a well-organized, mesoporous material
was obtained that exhibited molecular-scale periodicity
within the pore walls, probably induced by π–π and
hydrophobic interactions of the phenylene moieties.35


However, all synthesis protocols reported thus far de-
scribe only the fabrication of PMO powders or films and not
the fabrication of monolithic materials, although the ability
to mold porous materials into any desired shape and size
increases their range of applications significantly. In par-
ticular, the synthesis of monolithic materials with hierarchi-
cal pore structure is under extensive investigation, because
the combination of different pore size regimes within one
material leads to multiple benefits arising from each regime.
Only recently, the first papers on monolithic organosilica
materials with hierarchical architecture were published by
us and Nakanishi et al.36,37 When a 1,2-bis(triethoxysilyl)-
ethane was applied in the presence of a nonionic block-
copolymer structure-directing agent (P123) in combination
with 1,3,5-trimethylbenzene as a swelling agent that en-
hances the self-organization of the surfactant, a hybrid
silsesquioxane monolith with well-defined interconnected


macropores and periodically organized mesopores was
obtained by Nakanishi et al.


Again, diol-modified precursors represent another pos-
sibility to easily access phase-separated silica monoliths
with a hierarchical buildup of highly ordered mesopores
and interconnected, uniform macropores. Starting from
an ethylene glycol-modified bridged silsesquioxane pre-
cursor molecule, 1,4-bis[tris-(2-hydroxyethoxy)silyl]ben-
zene, which was obtained by a simple transesterification
reaction of the corresponding ethoxy derivative with
ethylene glycol in a molar ratio of 1:6, hydrolysis and
condensation were induced by the addition to a pre-
formed lyotropic LC phase of P123 in aqueous hydrochlo-
ric acid (as depicted in Figure 2). Large, low-density
(0.240 g cm-3) phenylene-bridged silica monoliths were
obtained (Figure 9).37 Interestingly, this is the first paper
on the stacking of the phenylene units to give semicrys-
talline pore walls in a mesostructured matrix that was
templated by a nonionic amphiphile. The final material
now shows four levels of hierarchy.


4. Conclusions and Future Perspectives
The greatest appeal but probably also the major chal-
lenge of sol–gel chemistry is the flexibility not only in
the design of the final network structure and morphol-
ogy but also in the choice of the precursors. Already, a
simple variation of an alcoholic leaving group from
ethanol to ethylene glycol opens completely new op-
portunities for the later properties and applications of
the materials. Diol- and polyol-modified silanes have
proven to be very attractive precursor candidates for
the synthesis of silica gels, because they cannot only


FIGURE 9. Hierarchy on four levels. The monolithic structure (photograph) exhibits an interconnected, uniform macroporous network (SEM
image) built from particles of about 200 nm in diameter, with a highly organized hexagonal mesopore system (TEM and SAXS) in addition to
molecular-scale periodicity of the phenylene groups in the pore wall [high-resolution (HR) TEM and XRD].


Glycol-Modified Silanes Hartmann et al.


892 ACCOUNTS OF CHEMICAL RESEARCH / VOL. 40, NO. 9, 2007







be processed in purely aqueous conditions without the
need of an acid or base catalyst but the diol released
upon hydrolysis shows a higher compatibility with many
biological species and lyotropic LC phases of surfactants
or amphiphilic block copolymers. Thereby, not only
access to a large variety of novel biomolecule-doped
silica networks is gained but also access to hierarchical
organized silica architectures by performing the hy-
drolysis and condensation reactions in the presence of
structure-directing amphiphiles. The few examples
presented in this Account give just a few glimpses of
the possibilities that are available in a deliberate
materials design. For the given systems, the further
development of the chemical modification of the pore
walls as well as the possibilities of impregnation with
functional moieties, such as biological entities, e.g.,
proteins, living cells, etc., will broaden the potential
applications of these hierarchical porous materials. The
large variety of functional silanes in combination with
the huge amount of different diols/polyols that are
available allows for the formation of many different
functional hybrid porous architectures. One of the
biggest prospects of diol-modified organosilanes lies in
the possibility to process them as the sole precursor in
the formation of monolithic silsesquioxane gels in
reasonable fast gelation times, thereby resulting in 100%
substitution with organic moieties.


Modification with diols/polyols is in principle not
only limited to siliceous precursors but can also be
extended to nonsiliceous materials, e.g., titanium alkox-
ides, etc., and novel materials with higher levels of
complexity, e.g., as hierarchically organized monoliths
that will be accessible.


Much room is left for innovative preparation strategies
to materials with an even higher level of organization and
functionality.


Many important contributions have been made in this field by
a number of creative and hard-working coworkers: C. Raab, C.
Fritscher, P. Kaiser, S. Geist, R. Potzmann, and V. Torma. We
gratefully acknowledge the continuous support by H. Peterlik,
especially for his help in SAXS-related problems.
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ABSTRACT
Mesoporous silica nanoparticles (MSNs) are introduced as chemi-
cally and thermally stable nanomaterials with well-defined and
controllable morphology and porosity. It is shown that these
particles possess external and internal surfaces that can be
selectively functionalized with multiple organic and inorganic
groups. On the basis of these characteristics, the biocompatibility
of silica, and their efficient uptake by mammalian cells, MSNs are
proposed as the basis of nanodevices for the controlled release of
drugs and genes into living cells.


Introduction
The discovery of highly ordered mesoporous silica materi-
als by scientists at the Mobil Corporation in 1992 was
quickly recognized as a breakthrough that could lead to a
variety of important applications.1 Uniform cylindrical
pores with diameters tunable in ranges between 2 and 30
nm and, consequently, the large surface area of these
materials (700–1500 m2/g), along with the high chemical


and thermal stability and easy functionalization of silica,
make them ideal for use as supports for adsorption,
catalysis, chemical separations, and biotechnology de-
vices. After the discovery of the above-mentioned materi-
als, MCM-41 (Mobil Crystalline of Materials), significant
research efforts have been underway to achieve control
over the characteristics of mesoporous silica with special
emphasis on pore size and morphology. Through this vast
research, new families of mesoporous silica material, such
as SBA,2 MSU,3 and FSM,4 were developed with charac-
teristic porosities and particle shapes. Most of those
materials consisted of particles with sizes in the micro-
meter scale. Recently, mesoporous silica nanoparticles
(MSNs) with well-defined and controllable particle mor-
phology were developed in our research group in the
pursuit of biocompatible materials to be used in controlled
release and drug delivery systems.5 This Account describes
our synthetic approach to obtain functional MSNs and
the henceforth controlled release and biological relevant
applications and the relevant contributions of ours and
other research groups to attain such a goal.


Synthesis and Functionalization of MSNs
The synthesis of mesoporous silica is based on the
formation of liquid-crystalline mesophases of amphiphilic
molecules (surfactants) that serve as templates for the in
situ polymerization of orthosilicic acid. The synthesis can
be performed either in acidic or basic conditions, and the
source of silica can be fumed silica, sodium silicate, or a
tetra-alkyl oxide of silane. The first material reported by
the Mobil researchers (designated as MCM-41) was mi-
crometer-sized particles with hexagonally ordered meso-
pores. The morphology of the particles was variable, with
a very small amount of hexagonally shaped nanoparticles.6


Later works were performed to control the morphology
of the particles by manipulation of the pH during syn-
thesis7 or by the addition of cosolvents.8 We developed a
simple and fast alternate route to MCM-41 that leads to
uniform nanosized spherical particles (MSNs).9 The syn-
thesis of MSNs is performed at a low surfactant concen-
tration to make the assembly of the ordered mesophases
strongly dependent upon the interaction between the
cationic surfactant and the growing anionic oligomers of
orthosilicic acid, which in turn limits the assembly of
mesophases to small sizes. In the synthetic procedure, the
surfactant cetyltrimethylammonium bromide (CTAB) is
initially dissolved in basic aqueous solution and the
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mixture is vigorously stirred at elevated temperature.
Tetraethylorthosilicate (TEOS) is added, and the solution
is kept stirring at an elevated temperature for 2 h. After
the reaction is complete, the as-synthesized product is
filtered and washed with abundant water and methanol.
After drying under vacuum, the organic surfactant is
removed by either acid wash or calcination. The inorganic
silica framework that is left may have a hexagonal,
disordered, or cubic pore structure, depending upon the
specific synthetic conditions.


When a material is made of discrete, small, and
uniform particles, it is possible to clearly distinguish two
large surfaces: an internal and an external one. The most
popular way of covalently functionalizing MSNs is by
grafting the nanoparticles postsynthesis with organotri-
alkoxysilanes or organotrichlorosilanes. This reaction is
performed on surfactant-removed mesoporous silica in
nonpolar anhydrous solvents to avoid a reaction of the
organosilanes with anything but the silica material. The
reaction takes place between the silanol groups on the
surface of the silica and the organoalkoxysilanes/organ-
otrichlorosilanes. Unfortunately, it has been found that
materials functionalized via this grafting method contain
an inhomogeneous surface coverage of organic functional
groups.10 Silanols located on the exterior surface and at
the openings of the mesopores are kinetically more
accessible than silanols located on the interior pore walls;
thus, most organic functional groups added to meso-
porous materials through this postsynthetic grafting method
have been shown to be located on the exterior surface or
congregated at the mesopore opening. However, this
method of functionalizing silica is particularly advanta-
geous for exterior surface selectivity. Given the special
characteristics of the method of synthesis of the MSN, it
is possible to selectively functionalize these surfaces.11


This is especially the case when the grafting is performed
before the surfactant is removed from the mesopores.
After the grafting has been performed, the surfactant can


be removed by acid wash or, in the case of certain
functionalities, by controlled calcination.12 This control
over the location of grafting, i.e., selective for the external
surface, may enable the interaction of the MSN with the
environment through the surface functionalization while
not influencing the pore surface properties.


The other common method for synthesizing organically
functionalized mesoporous silica materials is the co-
condensation method. This functionalization method is
a direct synthesis method, in which the organoalkoxy-
silane is introduced to the basic, aqueous CTAB and TEOS
solution during the condensation, therefore named the
co-condensation functionalization method. With this
synthetic approach, it is possible to control the morphol-
ogy of the particles by the addition of functional co-
condensing reagents (Figure 1). We showed that the
degree of functionalization and particle morphology is
dependent upon the concentration, molecular size, and
hydrophobicity/hydrophilicity of the co-condensing re-
agents. In fact, the use of 12.8 mol % co-condensing
reagents led to MSNs with homogeneously distributed
functional groups with surface coverages varying between
13 and 33% as determined by solid-state nuclear magnetic
resonance (NMR) of 29Si.13 The co-condensing reagents
are organo-substituted trialkoxysilanes (organoalkoxy-
silanes), and their influence on particle morphology
depends upon the abilities of their organic groups to
stabilize or destabilize the micelles during the formation
of the MSN (Scheme 1). Nonpolar groups tend to stabilize
the formation of long individual cylindrical micelles by
intercalating their hydrophobic groups into the micelles,
interacting with the hydrocarbon tails of the surfactant
templates, and thereby reducing the charge density of the
head groups. This interaction favors the condensation
between the “micelle-oriented” trialkoxysilyl groups in the
basic aqueous solution. The resulting “side-on” growth
of the silicate-coated cylindrical micelles gives rise to rod-


FIGURE 1. Field emission scanning electron microscopy (FESEM) images of (a) 3-aminopropyl-MSN, (b) N-(2-aminoethyl)-3-aminopropyl-
MSN, (c) 3-[2-(2-aminoethylamino)ethylaminopropyl-MSN, (d) 3-ureidopropyl-MSN, (e) 3-isocyanatopropyl-MSN, (f) 3-cyanopropyl-MSN, (g)
allyl-MSN, and (h) nonfunctionalized MSN. All images are presented using the same scale, with the scale bar ) 3 µm. Reproduced with
permission from ref 9. Copyright 2003, American Chemical Society.
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like nanoparticles (see Figure 1a). When the nature of the
functional group of the co-condensing organoalkoxysilane
reagent is more hydrophilic, there is no further stabiliza-
tion of the micelles. The polar groups are not favored by
the interaction with the surfactants; therefore, they tend
to show little “side-on” condensation, which in turn
inhibits the formation of long micelles and renders small
spherical particles resembling the ones obtained in the
absence of the co-condensing agent. In addition to the
organoalkoxysilane reagents having an effect on the
particle morphology, the pore structure is dependent upon
the co-condensing reagent.


With this method, it is also possible to obtain mono-
dispersed, multifunctionalized MSNs with the ability to
tune the relative ratios of the functional groups of interest
(Figure 2).14 As mentioned before, the degree of hydro-
phobicity of an organoalkoxysilane precursor in basic
aqueous solutions of CTAB does not only influence its
loading in the resulting MSN under this co-condensation
condition but also determines the pore and particle
morphology of the final mesoporous material. The use of
two organoalkoxysilanes with different structure-directing
abilities as precursors of our co-condensation reaction
allows us to use the precursor with the stronger structure-
directing ability to create the desired pore and particle
morphology and employ the second precursor for achiev-
ing the functionality of interest. We achieved this goal by
synthesizing multifunctional MSNs with two organic
functional groups: 3-[2-(2-aminoethylamino)ethylamino-
]propyl- (AEP) and 3-cyanopropyl- (CP) trialkoxysilanes
(TMSs). As monofunctional organic precursors, AEP forms
large spherical MSNs, while CP formed smaller rod-shaped
MSNs (Figure 1). By varying the ratio of AEP to CP, we
determined that AEP had the stronger structure-directing


ability. All of the particles synthesized with both functional
groups were spherical; no rod-shaped MSNs were mea-
sured. In addition to directing the particle morphology,
the AEPTMS precursor affected the pore properties and
structure. As monofunctionalized MSNs, CP had a hex-
agonally ordered pore structure and AEP had a disordered
pore structure. When co-condensed together, a disordered
pore structure was measured, providing further evidence
that pore morphology is sensitive to the presence of
AEPTMS. To quantify the chemically accessible structure-
directing functional group, we incorporated the chelating
ability of AEP for Cu+2. With this approach, it is possible
to synthesize a wide array of multifunctionalized meso-
porous silica materials with control of both morphology
and functionalization.14


When the particle morphology and both the degree and
type of functionalization are controlled by the co-
condensation method, it is also desirable to control the
surface concentration of organic functional groups. We
reported a new synthetic method to generate organically
functionalized MSNs using disulfide-containing organo-
trimethoxysilanes with different anionic functional groups
to electrostatically interact with the cationic surfactant


Scheme 1. Reproduced with Permission from Ref 9. Copyright 2003,
American Chemical Societya


a R, methyl or ethyl groups; R1, hydrophilic functional groups; R2,
hydrophobic functional groups.


FIGURE 2. FESEM images of (a) N-(2-aminoethyl)-3-aminopropyl-
MSN (AEP-MSN), (b) 3-cyanopropyl-MSN (CP-MSN), (c) 5:5 AEP/
CP-MP, (d) 3:7 AEP/CP-MP, and (e) 1:9 AEP/CP-MP. Scale bar ) 1
µm. (f) Cross-polarization magic-angle spinning (13CPMAS) spectra
of AEP/CP-MPs. Arrows show the resonances that are unique for
each species and thus were used for quantitative analysis. The
numbers represent the molar ratio between two components used
for preparation and obtained from analysis of NMR spectra.
Reproduced with permission from ref 14. Copyright 2003, Royal
Society of Chemistry.
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template, cetyltrimethylammonium bromide.15 We inves-
tigated the electrostatic matching effects of thiolate-,
carboxylate-, and sulfonate-containing organoalkoxy-
silanes (MSN–SH, MSN–COOH, and MSN–SO3H, respec-
tively) to CTAB micelles and the effect that matching has
on the functional group surface concentration (Figure 3).
Upon reduction of disulfide-containing organotrimeth-
oxysilanes, the chemically accessible functional groups
were quantified. We determined that the surface concen-
tration of chemically accessible functional groups in-
creased in the order of MSN–SH < MSN–COOH <
MSN–SO3H. We concluded that the greatest concentration
of chemically accessible functional groups occurred in the
MSN–SO3H sample because the sulfonate anion is the
least hydrated of the three anionic organotrimethoxysilane
precursors. With this study, we showed that the surface
concentration of organic functional groups in MSNs can
be fine-tuned by matching the interfacial electrostatics
between the surfactant head groups and desired organic
functional groups. It is based on these features that we
propose MSNs as agents for controlled delivery and
catalytic applications. The internal mesopore surface can
serve as a microenvironment in which molecules can be
loaded and protected from any contact with the external
environment.


Mesoporous Silica-Based Controlled Release
Systems
As mentioned above, the structural and chemical proper-
ties of MSNs allow for the design of nanodevices capable
of transporting, in a protected microenvironment, mol-
ecules of interest for their controlled release in a specific
target. The discovery that mammalian cells take up and
internalize MSNs without cytotoxic effects opened the
door to the use of this material as a drug/gene delivery
system.5,16 In addition to us, Mou and co-workers dis-


covered that various mammalian cells are able to actively
internalize MSNs through endocytosis and the nanopar-
ticles are able to escape from endosomes to reach the
cytosol.17,18 Moreover, we discovered that the function-
alization of the external surface of the nanoparticles can
affect both the efficiency and the mechanism of their
uptake by cells.18 The types of cells that internalize MSNs
include HeLa, Chinese hamster ovary (CHO), rat liver,
endothelial, human mesenchymal stem cells, and
3T3-L1.5,16–19


To employ MSNs as an intracellular delivery system, it
is important to be able to release the cargo molecules in
a controlled manner in the targeted site. Any premature
release of guest molecules20 poses a serious problem. In
the ultimate scenario, the delivery of toxic antitumor drugs
will require “zero release” before reaching the targeted
cells or tissues. Unfortunately, the release mechanism of
many current biodegradable polymer-based drug delivery
systems relies on the hydrolysis-induced erosion of the
carrier structure. The release of encapsulated compounds
usually takes place immediately upon dispersion of these
composites in water. Also, such systems typically require
the use of organic solvents for drug loading, which could
sometimes trigger undesirable modifications of the struc-
ture and/or function of the encapsulated molecules, such
as protein denaturation and aggregation. In contrast, the
surface functionalized mesoporous silica materials offer
several unique features, such as stable mesoporous struc-
tures, large surface areas, tunable pore sizes and volumes,
and well-defined surface properties for site-specific de-
livery and hosting molecules with various sizes, shapes,
and functionalities.


Release by Nonfunctionalized MCM-41
Since the beginning of the current decade, there have been
several examples of MCM-41-type silicas used for drug
delivery and controlled release. In 2001, scientists in
Europe loaded ibuprofen into MCM-41 materials with
different pore sizes and studied the drug release in a
simulated body fluid.21 This report demonstrated that the
unique MCM-41 mesoporous structure with channel-like
pores packed in a hexagonal fashion could be used for
loading large quantity of drugs while controlling the rate
of release of drugs.


To investigate how the pore and particle morphology
of mesoporous silica materials would impact the con-
trolled release properties, we developed a series of room-
temperature ionic liquid (RTIL) containing MSN materials
with various particle morphologies, including spheres,
ellipsoids, rods, and tubes. When the RTIL template was
changed, the pore morphology was tuned from the MCM-
41 type of hexagonal mesopores to rotational moiré type
of helical channels and wormhole-like porous structures.
These materials were used as controlled release delivery
nanodevices to release antibacterial ionic liquids against
Escherichia coli K12. Our results indicated that the rate of
RTIL release from the MSN material is governed by the


FIGURE 3. Schematic representation of the use of anionic orga-
noalkoxysilanes for controlling the functionalization of the MSN
materials. The MCM-41-type mesoporous channels are illustrated
by the parallel stripes shown in the transmission electron microscopy
(TEM) micrograph of the MSN–SH material. Reproduced with
permission from ref 15. Copyright 2005, Royal Society of Chemistry.
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particle and pore morphology, leading to different anti-
bacterial activity.


Stimuli-Responsive Controlled Release from
Capped MSNs
As mentioned previously, it is highly desirable to design
delivery systems that can respond to external stimuli and
release the guest molecules at specific sites. To achieve
this goal, our group developed a series of stimuli-
responsive, MCM-41-type MSN-based controlled release
delivery systems.16,22,23 As depicted in Figure 4, the
mesopores loaded with guest molecules were capped by
CdS nanoparticles via a chemically cleavable disulfide
linkage to the MSN surface. Being physically blocked,
guest molecules were unable to leach out from the MSN
host, thus preventing any premature release. The release
was triggered by exposing the capped MSNs to chemical
stimulation16 that could cleave the disulfide linker, thereby
removing the nanoparticle caps and releasing the pore-
entrapped guest molecules.


We first prepared a disulfide amine functional meso-
porous silica nanosphere material (linker–MSN) following
our reported co-condensation method.24 After synthesis,
these spherical nanoparticles were loaded with adenosine
5-triphosphate (ATP) and vancomyocin and the pores
were covalently capped with acid functional 2.0 nm
diameter CdS nanoparticles as chemically removable caps.
Loading efficiency of the drug molecules were 83.9 and
30.3 mol %, respectively. Two different reducing agents,
dithiothreitol (DTT) and mercaptoethanol (ME), were
employed as chemical stimuli to reduce the disulfide
linkage, uncap the pores, and release the drug molecules.
This system demonstrated negligible premature release
in the absence of a reducing agent. The majority (85%) of
the total loaded drug molecules were released within the
initial 24 h. In addition, we showed that drug release was
dependent upon the reducing agent concentration, indi-
cating the rate of release is dictated by the rate of cap
removal.


To demonstrate biocompatibility, we cultured neuron-
free astrocyte type-1 cells in the presence of our ATP-
encapsulated CdS-capped MSNs. Cells were treated with
Ca+2-chelating fluorescent dye. Upon perfusion applica-
tion of ME, we observed a pronounced increase in the
intracellular calcium concentration. The application of ME
triggered the uncapping of the pores and the release of
ATP, hence giving rise to the corresponding ATP receptor-
mediated increase in the calcium concentration.


To introduce site-directing capability to the MSN-based
delivery system, we designed a MSN material capped with
superparamagnetic iron oxide (Fe3O4) nanoparticles.22


Similarly, linker–MSN material was synthesized and loaded
with fluorescein as a proof-of-principle guest molecule.
Once loaded, the pores of the MSNs were covalently
capped with 10 nm diameter Fe3O4 nanoparticles (mag-
net–MSN) (Figure 5a).


Magnetic site direction was demonstrated using cu-
vettes and simple laboratory magnetic retrievers. The
magnet–MSNs were directed to one wall of the cuvette,
and DTT was dissolved in the buffer in the cuvette.
Pictures recorded at 12 and 96 h after the addition of DTT
showed uncapping of the pores and release of the loaded
fluorescein. The kinetics of release of fluorescein from
magnet–MSN by DTT and cell-produced antioxidant
dihydrolipoic acid showed similar behavior as in the CdS-
capped MSNs explained above.


To investigate biocompatibility of this system, HeLa
(human cerical cancer) cells were incubated in the pres-
ence of magnet–MSN to allow for the internalization of
this material. The cells that internalized magnet–MSN
were isolated and controlled site direction was demon-
strated by using a magnet to move these magnet–MSN
internalized HeLa cells across a cuvette (panels b–d of
Figure 5). To confirm that the magnet–MSNs were inter-
nalized, we examined the cells with confocal fluorescence
microscopy. We observed green fluorescence in the same
plane of the cell as the nucleus, indicating that the
magnet–MSNs (loaded with fluorescein) were indeed
internalized and had released fluorescein from the pores.


FIGURE 4. Schematic representation of the CdS nanoparticle-capped
MSN-based drug/neurotransmitter delivery system. The controlled
release mechanism of the system is based on chemical reduction
of the disulfide linkage between the CdS caps and the MSN hosts.
Reproduced with permission from ref 16. Copyright 2003, American
Chemical Society.
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We investigated the release kinetics and mechanism
of an ATP-loaded MSN system by applying a series of
disulfide-reducing chemicals as triggers to uncap the
mesopores. The concentration of the released ATP in
solution was monitored by a well-established ATP-induced
luciferin/luciferase chemiluminescence assay.23 Real-time
ATP chemiluminescence imaging was used to monitor the
release of the ATP by detecting the ATP-induced chemi-
luminescence of firefly luciferase in situ. Upon the addi-
tion of 5 mM DTT, significant levels of ATP were released
from the MSNs in approximately 2 min after stimulation.
These results suggested that the majority of release occurs
in the first few minutes after disulfide reduction. We also
compared the disulfide reduction capabilities of DTT and
tris(2-carboxyethyl)phosphine (TCEP). We determined
that DTT released more ATP quicker than in the case of
TCEP. We attributed this difference to the superior reduc-
ing power of DTT.


While we demonstrated chemically stimulated con-
trolled release from MSNs in an aqueous environment,
Tanaka and co-workers demonstrated the ability of cou-
marin-modified mesoporous silica to be used as a photo-
controlled reversible guest molecule release vehicle in an
organic solvent.25 They showed that the uptake, storage,
and release of organic molecules using coumarin-modified
MCM-41 can be regulated through the photocontrolled
and reversible intermolecular dimerization. The coumarin
was covalently attached to the MCM-41 pore walls by
postsynthesis grafting, and the pores were loaded with the
steroid cholestane, followed by photodimerization of the
coumarin by exposure to light greater than 310 nm. The


resulting photodimerization led to the isolation of pores
by blocking the pore entrance with cyclobutane dimers
spanning the pore diameter. The cholestane-loaded pho-
todimerized material was then exposed to UV light with
a wavelength of 250 nm to cleave the cyclobutane rings
of the coumarin dimers, and the subsequent release of
the stored cholestane molecules was observed. The report
was the first to demonstrate a photocontrolled release of
guest molecules from MCM-41 material by reversible
photoresponsive dimerization techniques.


In addition to the use of inorganic nanoparticles as
caps, we have demonstrated that large organic molecules
can also be used to modify the surface properties of
mesoporous silicas to achieve controlled release.5 Our
report was also the first uptake study of MCM-41-type
mesoporous silicas into eukaryotic cells. Functional MSNs
were capped with second generation (G2) PAMAM den-
drimer via the disulfide linkage explained above, and this
G2-PAMAM-capped MSN (G2-MSN) was complexed with
plasmid DNA that codes for enhanced green fluorescent
protein (GFP) (Figure 6a). It was determined that the G2-
MSN could bind with plasmid DNA to form stable
DNA–MSN complexes and protect the DNA from enzy-
matic digestion. Transfection efficacy was demonstrated
by incubating the DNA–MSN complex with CHO cells,


FIGURE 5. (a) Schematic representation (above) of the superpara-
magnetic iron oxide nanoparticle-capped mesoporous silica nanorod
material (magnet–MSN). Panels b–d are single frames of HeLa cells
with Fe3O4-capped fluorescein-loaded MSNs traveling across the
cuvette, propelled by a magnetic force. Reproduced with permission
from ref 22. Copyright 2005, Wiley-VCH Verlag GmbH and Co. KGaA.


FIGURE 6. (a) Schematic representation of a nonviral gene trans-
fection system based on a Texas Red (TR)-loaded, G2-PAMAM
dendrimer-capped MSN material complexed with an enhanced GFP
(Aequorea victoria) plasmid DNA (pEGFP-C1). (b) TEM micrographs
of G2-MSN–DNA complexes (black dots) endocytosed by CHO cells.
Reproduced with permission from ref 5. Copyright 2004, American
Chemical Society.
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measuring the expression of GFP, and comparing it to
commercially available transfection reagents. Transmis-
sion electron micrographs of post-transfection cells also
provided direct evidence that a large number of G2-
MSN–DNA complexes were internalized (Figure 6b).


Mou and co-workers17,19 studied the mechanism of
cellular uptake of fluorescein-labeled MSNs in 3T3-L1 and
mesenchymal stem cells, showing that the endocytosis of
the material was time- and concentration-dependent and
clathrin-mediated. In a recently published communica-
tion, we reported the cellular uptake of surface function-
alized fluorescein-labeled MSNs and discovered that
surface functionalization may have an effect on the
mechanism of cellular uptake and the more negatively
charged MSNs were able to escape from endosomes, while
less negatively charged MSNs remained trapped within
endosomes (parts a and b of Figure 7).18


Very recently, we reported the internalization of or-
ganically and inorganically surface-functionalized MSNs
by plant cells and the delivery of DNA and chemicals.26


We loaded the pores with a chemical inducer, capped the
mesopores with gold nanoparticles, and coated the exte-
rior with a plasmid that codes for GFP when induced by
the chemical inducer. These Au-capped MSNs were
internalized by plant cells by bombardment; the surface-


bound plasmid DNA was released; and with the addition
of a chemical uncapping trigger in the media, the inducer
was released. Gene expression was observed 48 h after
bombardment.


Apart from the chemical stimuli, an efficient electro-
chemical redox-activated system based on mesoporous
silica was developed by Zink, Stoddart, and co-workers.27


The investigators demonstrated a supramolecular nano-
valve tethered to the opening of the mesopores that can
be turned on by redox chemistry. The mesopores were
loaded with a fluorescent molecule and contained these
molecules by using a pseudorotaxane as a gatekeeper. The
opening of the nanovalve was stimulated by the addition
of an external reducing agent, which causes the pseudo-
rotaxane to disassemble. After this report, Zink, Stoddart,
and co-workers further developed a reversibly operated
nanovalve that can be turned on and off by redox
chemistry.28 This reversible nanovalve is similar to the
original nonreversible, but in this case, a large molecule
caps the free end of the tether, thus keeping the cyclo-
phane in contact with the tether. This movement of the
cyclophane uncaps the pore and allows for the free
movement of guest molecules. Reduction of the oxidizing
molecule by ascorbic acid permits the return of the
cyclophane to the mesopore opening and recapping. This
was the first report of a reversibly operating nanovalve
that can be turned on and off by redox chemistry.


Conclusion and Outlook
This Account describes in detail the recent progress of
synthesizing and functionalizing MSNs and using these
nanomaterials as controlled release and biological cell
delivery vehicles. With the synthesis and functionalization
techniques discussed here, it is now possible to synthesize
functionalized MSNs with control over particle and pore
morphology and degree of functionalization. The studies
reported here established the ability to load drugs and
analytes into the mesopores and release by controlling the
morphology and stimuli responsiveness. The studies
reported here have also shown that numerous pore-
capping agents can be incorporated to encapsulate drugs
and chemicals in the mesopores, both organic and
inorganic.


As progress continues with the synthesis of different
functional mesoporous nanomaterials, there is a need to
tailor these novel materials for studying the numerous
chemical pathways of biological systems. One such avenue
is investigating selective endocytosis of functionalized
MSNs in mammalian and plant cells. If selective endocy-
tosis is achieved, then drugs may be able to be delivered
to selective cell types. Also, intracellular controlled release
is a significant avenue of research that needs to be
addressed, if biogenic molecules, such as drugs, genes,
and imaging agents, can be released by intra- or extra-
cellular stimuli after selective endocytosis. Furthermore,
if the pore sizes of MSNs can be increased, the controlled
release of therapeutic proteins, enzymes, and large poly-
nucleotides can be achieved. The loading and release of


FIGURE 7. Schematic representation of the endocytosis of organi-
cally functionalized MSNs by a human cervical cancer cell line
(HeLa). (a) TEM image of a fluorescein-functionalized MSN (FITC-
–MSN). (b) � potentials and ED50 for the cellular uptake of the MSNs.
Reproduced with permission from ref 18. Copyright 2006, American
Chemical Society.
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these large biomolecules could lead to therapeutics and
metabolic applications. These research breakthroughs may
lead to new treatments for gene therapy, protein deficien-
cies, and metabolic disorders.


The authors thank the U.S. National Science Foundation (CHE-
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ABSTRACT
Nanocasting conformal polymer coatings on preformed three-
dimensional assemblies of nanoparticles, macroscopically classified
as aerogels, reinforces the interparticle necks and increases the
strength of the bulk material dramatically. For example, specific
compressive strengths are reported to be higher than those for mild
steel and aluminum, while the ability to store energy may surpass
that of armor grade ceramics. Specific chemistries have been
developed for cross-linking skeletal nanoparticles with polyureas
and polyurethanes, epoxies, and polystyrene, while the technology
has been demonstrated with 30 different nanoparticle networks
in addition to silica.


1. Introduction
From a materials perspective, nanotechnology uses mo-
lecular science (chemistry and physics) to manipulate
matter in the 1–100 nm size regime in order to furnish
useful macroscopic properties. In that regard, improve-
ments in performance in terms of strength, modulus, and
wettability are accomplished by, for example, introducing
nanoparticles as fillers in plastics.1 Materials compatibility
is improved by chemical bonding of the filler with the
polymer, enhancing properties beyond what is obtained
by simple mixing.2,3 Going a step further, that is if both
the dopant and the matrix consist of particles with similar
sizes, we may realize distinct advantages in certain ap-
plications, for example, in catalysis.4 On the basis of this
background, if the dopant and the matrix (i.e., the filler
and the polymer) are not only sized similarly, but also if
the relative amounts are comparable, their roles can be
reversed. Then, if the filler, or one of its forms, possesses
interesting properties of its own, those properties could
be enhanced by chemical nanocasting of a conformal


polymer coating around the filler, fusing the filler particles
together. For reasons that become evident below, we refer
to this process as cross-linking, and as such a “filler,” we
identified silica in its lowest bulk-density form, the silica
aerogel.


Silica aerogels are mesoporous materials5 made by
supercritical fluid (SCF) drying of wet gels..6–9 The latter
are prepared via the so-called sol–gel process,6–8 which
usually involves acid- or base-catalyzed hydrolysis and
condensation of silicon alkoxides:


where R is CH3 for TMOS and R is CH3CH2 for TEOS.
Just before drying, gelation solvents filling the meso-


pores are exchanged with liquid CO2 in an autoclave,
whose temperature is then raised above the critical point
of CO2 (32 °C, 73.8 bar), turning the entire volume of the
liquid into a SCF, which is vented off isothermally (e.g.,
at 40 °C). That process circumvents evaporation and
prevents formation of a liquid–gas interfacial meniscus
retreating through the pores of the wet gel. Hence, since
no surface tension forces are ever exerted on the skeletal
framework, as for example via evaporation during ambi-
ent-pressure drying, SCF drying leaves the geometric
dimensions of the wet gel unchanged, and the resulting
materials are very low density objects (0.003–0.8 g/cm3).


Microscopically, typical base-catalyzed silica aerogels
consist of randomly distributed pearl-necklace-like strings
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FIGURE 1. Scanning Electron Micrographs (SEM) at random spots
in the interior of fractured monoliths of: (A) a native base-catalyzed
silica aerogel with bulk density Fb ) 0.169 g/cm3; and, (B) a similar
sample whose skeletal framework has been coated conformally with
a diisocyanate-derived polymer by a process referred to herewith
as cross-linking, Fb ) 0.380 g/cm3. Reprinted in part with permission
from ref 16. Copyright 2002 American Chemical Society.
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of nanoparticles (Figure 1A).6–8 Because of that microstruc-
ture, silica aerogels can be considered as quasi-stable three-
dimensional assemblies of nanoparticles pursued because
of useful properties above and beyond those of their
individual building blocks. Those properties are traced to
the internal voids (dark areas in Figure 1A) and include a
very low thermal conductivity (<0.020 W m-1 K-1),8 a low
dielectric constant (as low as 1.5),10 and a high impedance
to acoustic waves (with speeds of sound as low as 100 m/s).11


Despite those attractive properties, however, aerogels
have found only limited use in some very specialized
environments, for example, as Çerenkov radiation detec-
tors in certain nuclear reactors, as collectors of hyper-
velocity particles in space (NASA’s Stardust program), and
as thermal insulators of the electronic boxes aboard all
three NASA Mars rovers (Sojourner in 1997, Spirit in 2004,
and Opportunity also in 2004). Wider commercial use of
aerogels has been difficult because of their fragility,
environmental instability (hydrophilicity), and the need
for SCF drying.8 We could conceivably survive with the
first two issues, but the fragility problem imposes severe
limitations in terms of handling and long-term use.


This account summarizes our efforts to improve the
mechanical properties of aerogels with minimal penalty
in the internal void space.


2. Mechanically Strong Silica Aerogels by
Cross-Linking with Isocyanate-Derived
Polymers
Formally, aerogels are low-density foams, and as such, they
comprise a subcategory of cellular solids, the strength of
which is related to their pore size,12 increasing with the wall
thickness and decreasing with pore diameter. However, the
pore walls of base-catalyzed silica aerogels have well-defined
weak points, the interparticle necks (Figure 1A). Therefore,
although grafting material on the surface of the skeletal
nanoparticles will increase stiffness (resistance to bending),
to impart a significant increase in strength the grafting
material should also bridge the particles at the necks with
covalent bonds. This line of reasoning is akin to processes
taking place during aging of wet gels, where Ostwald ripening
with dissolution and reprecipitation of silica at surfaces with
negative curvature (i.e., at surfaces that cross all tangent
planes at every point of those surfaces, e.g., the necks) result
in mechanically stronger frameworks.13,14 In our first attempt
to address the aerogel fragility issue, this logic was applied
by bridging nanoparticles using polyurethane chemistry
where the hydroxyl-rich surface of a preformed (from TMOS)
silica framework plays the role of a polyol that reacts with a
di- and a triisocyanate (e.g., Desmodur N3200 and N3300A,
respectively, from Bayer) dissolved in the pore-filling solvent,
forming carbamate (urethane).15–17 As it turns out, the cross-
linking reaction requires heating at whatever temperature
is allowed by the solvent (e.g., 50 °C with acetone, 70 °C with
CH3CN, and 100 °C with propylene carbonate); results,
however, do not seem to depend on the cross-linking solvent
or the specific temperature. At the end, after SCF drying and
despite a bulk density increase by a factor of 2.2, the smallest


features in the SEM of a native sample (Figure 1A) are still
visible in the SEM of the corresponding cross-linked sample
(Figure 1B), leading to the conclusion that the new material
covers the skeletal nanoparticles conformally.15–17 Nitrogen
sorption porosimetry yields typical type IV isotherms for both
native and cross-linked samples, ensuring that the material
remains mesoporous. As demonstrated in Figure 2, this


behavior is typical for all types of aerogels investigated in
these studies. The pore size distribution of silica aerogels
determined by the BJH method shows a shift toward larger
average pore diameters (from 13.4 nm for native aerogels
with a bulk density Fb of 0.17 g/cm3 to 21.9 nm for cross-
linked samples with a Fb of 0.39 g/cm3), suggesting that
access to the smaller crevices on the superstructure has been
blocked.15–17 Consistent with this model is also the decrease
in the BET surface area (969 ( 30 m2/g before to 277 ( 30
m2/g after cross-linking at a Fb of 0.399 g/cm3) with a
simultaneous decrease in the C parameter (from 80–90 to
46–48), indicating a decrease in surface polarity, as expected


FIGURE 2. N2 sorption isotherms and the corresponding BJH
(desorption) pore size distribution data for typical native and cross-
linked aerogel monoliths: (b) adsorption and (O) desorption. The
specific data are for Gd aerogels (see Section 3.b), where before
cross-linking, Fb ) 0.18 g/cm3 and σ ) 383 m2/g, while after
crosslinking, Fb ) 0.44 g/cm3 and σ ) 171 m2/g).
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for the coating of silica with an organic polymer.18 It should
be pointed out though that in spite of the apparent sub-
stantial changes taking place at the nanoscopic level, the
accessible (i.e., useable) porosity from a macroscopic view-
point has not been compromised significantly: NMR imaging
(MRI, Figure 3) followed by gray scale analysis shows that
the void space available to a solvent (acetone) has been
reduced by only ∼5%.17


The amount of material incorporated into silica can be
controlled to a certain extent by the concentration of the
isocyanate in the cross-linking bath, and although the
density of a typical cross-linked aerogel monolith may
increase by a factor of 3, the strength at breakpoint through
a short beam three-point bent test method increases by a
factor of up to 300.19 Typical load-deformation curves and
cumulative strength data are summarized in Figure 4. Thus,
a typical native sample fails with less than 100 g of vertical
force, while a cross-linked sample can withstand in excess
of 30 kg (Figure 4A). In fact, cross-linked wet gels can
withstand capillary forces, and they can be dried from low-
surface tension solvents (e.g., pentane) under ambient
pressure, practically without loss of porosity or surface area.19


Now, as the density (i.e., the amount of material ac-
cumulated) increases, cross-linked monoliths become not
only stronger (they can withstand more load before reaching
the breakpoint) but also stiffer (the initial slope of the load-
deformation curve increases) and tougher (they can store
more energy as the area under the load-deformation curve
also increases). Figure 4B shows that strength increases faster
by addition of cross-linker onto the preformed skeletal
framework than by use of more TMOS in the sol. In other
words, in terms of strength, it is better to achieve a given


density with a silica–polymer combination rather than with
silica alone.


Chemically, the situation turned out somewhat more
complex than originally planned. CP-MAS 13C NMR
(Figure 5) shows that the accumulated material contains
both carbamate and urea, and Scheme 1 summarizes the
mechanistic interpretation: cross-linking involves not only
formation of carbamates with surface silanols but also
formation of urea by hydrolysis of dangling isocyanates
into amines, which in turn react with more isocyanate in
the mesopores.17 On the basis of density increase con-
siderations, the average polymeric tether (from N3200) is
∼5 monomer units long. The hydrolysis of dangling
isocyanates is carried out by gelation water remaining
adsorbed on silica even after numerous solvent exchange
steps. No unbound polymer is formed in the cross-linking


FIGURE 3. Cross-sectional MRI of (A) a cylindrical native silica wet
gel monolith [diameter of ∼1 cm, bulk density of the resulting aerogel
(Fb) of ∼0.18 g/cm3] and (B) a similar isocyanate polymer-cross-
linked wet gel monolith (diameter of ∼1cm, Fb of ∼0.55 g/cm3), both
solvent-exchanged and filled with acetone. Smaller dark circles (at
two different sizes) surrounding the wet gels are empty capillary
tubes helping the monoliths stand straight up. The bright circle at
the top is a capillary tube filled with water. The average dark pixel
density around the perimeter of the native gel is 160 ( 8 and that
of the cross-linked gel 152 ( 8. The background is 193 ( 10.
Reprinted from ref 17, Copyright 2004, with permission from Elsevier.


FIGURE 4. Mechanical properties (by a short beam three-point
bending, see the inset) of isocyanate-cross-linked aerogels and their
non-cross-linked (native) counterparts: (A) (a) 0.63, (b) 0.44, (c) 0.38,
and (d) 0.28 g/cm3. Native samples are not shown because they do
not register on the load force scale shown. (B) Cumulative data.
Blue triangles and the dark blue line concern two-step aerogels
(see the text). All other samples use one-step base-catalyzed silica.
Multiple lines for cross-linked samples correspond to different di-
and triisocyanate cross-linkers. Reprinted from ref 17, Copyright 2004,
with permission from Elsevier.
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bath under the same conditions. All containers develop
pressure during the cross-linking reaction, and the identity
of the evolving gas (CO2) was confirmed by FTIR. In
certain experiments involving two-step gels (acid-cata-
lyzed hydrolysis followed by base-catalyzed gelation20),
reducing the amount of gelation water hampered the
ability of wet gels to cross-link.17 On the other hand,
cutting down the number of postgelation wash steps had
the opposite effect, yielding denser gels with a progressive
loss of porosity.21 Of course, our data do not exclude the
possibility that a certain amount of polymer is surface-
bound by one end only. Cross-linked aerogels, however,
do not contain free isocyanate (by 13C NMR and IR),
suggesting that all dangling tethers are eventually hydro-
lyzed and terminated with amine.


The cross-linked aerogels described above are distinctly
different from reinforced sol–gel materials by interpen-
etrating organic polymers with no provisions for covalent


bonding between the two components.22 By the same
token, however, it is also noted that the benefit from
developing even weak hydrogen bonding between an
interpenetrating polymer (e.g., poly-2-vinylpyridine) and
surface silanols has not gone unnoticed.23 On the other
hand, polymer cross-linking as defined here is conceptu-
ally related to Einarsrud’s work on reinforcing aerogels
by rendering interparticle necks wider via postgelation
treatment of silica with TEOS.24 Nevertheless, although
silica itself has a high compressive strength, reinforcing
silica with silica does not realize the synergistic benefit of
reinforcing necks with a high tensile strength material like
a polymer. In this context, rubbery materials produced
by reactive incorporation of hydroxyl-terminated poly-
dimethylsiloxane (PDMS) in both xerogels and aerogels
have been discussed by Mackenzie in terms of three
models; at one extreme, silica particles separated from one
another are yet connected by PDMS, while at the other
extreme, silica particles are in contact with each other and
also bridged (cross-linked in our terminology) with
PDMS.25,26 The shortcoming of using a sol incorporating
a cross-linker that competes for the same functional
groups (Si-OH) involved in gelation is that it provides no
control for tuning-in high stiffness and strength versus
rubbery behavior. This kind of issue was encountered
when the isocyanate was included in our sol: gelation was
retarded tremendously (days instead of minutes), while
the mechanical properties of the resulting aerogels did not
improve significantly.16


3. Three Degrees of Freedom in the Design of
Cross-Linked Aerogels
Once it was evident that interparticle tethers consist of
polyurea, the immediate question became whether urea
formation can be induced from the attachment point on


FIGURE 5. CP-MAS 13C NMR characterization of the carbonyl region of (A) N3300A (CDCl3), (B) the product of the reaction of N3300A with
methanol (CDCl3), (C) the product of the reaction of N3300A with isopropylamine (solid sample), (D) the product of the reaction of N3300A and
water (solid sample), and (E) the N3300A cross-linked aerogel with a Fb of ∼0.38 g/cm3 (solid sample). Reprinted from ref 17, Copyright 2004,
with permission from Elsevier.


Scheme 1. Mechanism of Cross-Linking a Silica with a Diisocyanatea


a Reprinted from ref 17, Copyright 2004, with permission from Elsevier.
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the skeletal framework. Of course, that requires amine-
rich mesoporous surfaces, but once we found ourselves
willing to consider modification of the surface functional-
ity, we also realized that actually there are three degrees
of freedom in the design of cross-linked aerogels (Figure
6): (a) the nanoparticle surface chemistry, (b) the chemical
identity of the cross-linker, and (c) the network morphol-
ogy. Surface and cross-linking chemistries are intimately
related and are reviewed together in section 3.a, while
section 3.b discusses the effect of the network morphology.


3.a. Cross-Linking of Amine-Modified Silica. Amines
were introduced into silica by cogelation of TMOS with
aminopropyltriethoxysilane (APTES) in a 3:1 volume ratio


(4.8:1 molar ratio). The amount of gelation water was left
at approximately the same ratio that was used for the one-
step base-catalyzed TMOS gels of the previous section,
namely at a 2.2:1 H2O:(TMOS+APTES) molar ratio. The
preferred gelation solvent was acetonitrile. We will refer
to this sol formulation as “standard”. The resulting amine-
modified silica wet gels were cross-linked with iso-
cyanates,21,27–29 epoxies,30 and styrene31 as outlined in
Figure 7. Cross-linked wet gels were dried with SCF CO2.


APTES amines catalyze the sol–gel process, and our
TMOS/APTES system gels almost instantaneously upon
mixing. To allow time for pouring into molds, sol precur-
sors are cooled in an ice/water or dry ice/acetone (pre-
ferred) mixture. Gelation into clear gels takes place in less
than a minute while the sol is still cold. It is known that
under basic conditions hydrolysis of R-Si(OCH3)3, where
R is a nonbase group, is slower than hydrolysis of TMOS,
resulting in a stepwise sol–gel process, whereas R is grafted
onto TMOS-derived silica particles.7 However, because of
the fast reaction (reported as precipitation) of TMOS in
the presence of APTES, the TEOS/APTES system has been
studied more thoroughly, and it has been reported that
hydrolysis of TEOS and APTES take place at similar rates,
resulting in gels in which APTES is incorporated into the
silica network.32 In our CP-MAS 29Si NMR studies (Figure
8), silicas derived from the TMOS/APTES system show
clearly that silicon from TMOS is divided between Q4, Q3,
and Q2 sites (participating in four, three, and two Si–O–Si
bridges, respectively), while practically all the APTES/
silicon form is bound through three Si–O–Si bridges (T3


silicon at -65.1 ppm) and could be either buried in the


interior or located at the particle surface.29 The fact,
however, that gelation of the TMOS/APTES system is
extremely fast while APTES itself apparently hydrolyzes
on a time scale of TEOS (10–50 min) suggests that APTES
in our TMOS/APTES system is simply grafted on the
surface of TMOS-derived particles. The BET specific
surface areas, σ, of standard TMOS/APTES aerogels (top
of Figure 9, Fb ) 0.190 ( 0.014 g/cm3) are ∼740 m2/g,
larger than values reported for TEOS/APTES gels (<300
m2/g).32 On the basis of skeletal densities of TMOS/APTES
aerogels (Fs ) 1.74 g/cm3), the particle radius (r ) 3/Fsσ)
is calculated to be 2.3 nm, which is significantly smaller
than what has been reported based on SAXS for the TEOS/
APTES system (6.0-6.3 nm). The reaction-limited mono-
mer–cluster growth mechanism for gelation in basic media
prescribes fast condensation and large particles.7 The
small particles observed herewith are attributed to hy-
drogen bonding stabilization of the relatively more acidic
TMOS-derived Q-hydroxyls by APTES amines.32


3.a.1. Cross-Linking with Isocyanates.27–29 Wet gels
made using the standard TMOS/APTES formulation fol-
lowed by (a) four CH3CN washes to remove excess gelation
water, (b) equilibration in a concentrated isocyanate bath
(24 h) and oven heating in fresh CH3CN for 3 days at 71
°C, and (c) SCF CO2 drying resulted in translucent (as
opposed to opaque) aerogels with densities in the range
of 0.48 ( 0.01 g/cm3 (Figure 9, middle), thermal conduc-
tivities (∼0.041 ( 0.001 W m-1 K-1) comparable to that
of glass wool, and an average specific compressive strength
at ultimate failure (77% strain, Poisson ratio ) 0.18) at
3.89 × 105 N m kg-1, that is 2.8 and 3.2 times higher than
that of 4031 steel and of 2024 T3 aluminum, respectively.33


Clearly, the combination of mechanical and thermal
properties of those materials is promising for practical
applications. More recent studies have focused on two
objectives: (a) exploring properties of low-density cross-
linked aerogels (Fb < 0.1 g/cm3) and (b) studying the effect
of the preparation protocol on the properties of the final
product. To minimize the number of samples required for
those studies, we made extensive use of statistical design-
of-experiments (DoE) methods, whereas a subset of
experimental runs fully capable of capturing with a high
degree of confidence the relationships between properties
and preparation conditions is computer-generated from
all possible candidate experiments.30 Here we summarize
results that shed light on the chemical composition of the
materials.


Low-density APTES-modified aerogels were prepared
by reducing the concentration of total silica (TMOS and
APTES) while keeping the TMOS:APTES volume ratio at
3:1. Since APTES-modified silica reacts with isocyanate
even at ambient temperature, cross-linking was carried
out and investigated at two temperature extremes: 71 and
25 °C.28 Low-density cross-linked aerogels (∼0.05 g/cm3),
irrespective of preparation conditions, are flexible, and
microscopically, they include more empty space than
denser versions (bottom vs middle of Figure 9) with
porosities in excess of 95%. It is instructive to consider


FIGURE 6. Design space of crosslinked X-aerogels.
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the DoE-predicted variation of strength with density for
the same initial TMOS/APTES concentration at the two
processing temperatures (Figure 10).28 As dimensions do
not change during processing, aerogels made with the
same amount of silica and having the same final density
contain the same amount of polymer, but aerogels cross-
linked at 71 °C are consistently weaker (by up to 40%) than
those made at room temperature (albeit making the latter
takes longer). Therefore, the chemical makeup of the two
polymers should be different. Given that native APTES-
modified silica carries via TMOS Q3 silicon atoms with
hydroxyl groups (Figure 8B), and that TMOS-derived silica
reacts with isocyanate reasonably fast only at elevated
temperatures,16,17 it is suggested that under standard


FIGURE 7. Selected cross-linking possibilities for amine-modified silica.


FIGURE 8. CP-MAS 29Si NMR of aerogels made with TMOS (A) and
a 3:1 TMOS:APTES volume ratio (B).


FIGURE 9. Comparative SEM of a standard (see the text) native
TMOS/APTES aerogel (top), a higher-density cross-linked sample
(middle), and a lower-density cross-linked sample (bottom). Middle
and bottom panels reprinted from ref 28, Copyright 2006, with
permission from Elsevier.
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processing conditions (∼70 °C) isocyanate most probably
binds to APTES-modified silica via both carbamates and
ureas.


Studies of the effect of the preparation conditions on
the properties of cross-linked aerogels were partly moti-
vated by the practical need to reduce the preparation time
by reducing or eliminating the number of postgelation
washes. In one school of thought, this may be ac-
complished by reaching a balance between the (TMOS/
APTES):isocyanate and (TMOS/APTES):H2O ratios. CP-
MAS 13C NMR of cross-linked aerogels has shown that as
the number of postgelation washes is decreased from four
to none, the length of the polymer may increase from
three hexamethylene repeat units (four washes) to more
than 600 repeat units (no washes).21 The porosity (by SEM)
may also decrease as the amount of material taken up
increases,21 supporting the role of the gelation water in
the cross-linking process.


3.a.2. Cross-Linking with Epoxies. In analogy to iso-
cyanate cross-linking that mimics polyurethane chemistry,
we have also imitated “epoxy glue” chemistry where
amine-modified silica plays the role of the hardener
reacting with a multifunctional epoxide.30 Epoxy-cross-
linked aerogels based on the standard TMOS/APTES
formulation may have a density of up to 0.49 g/cm3 with
a BET surface area of 314 m2/g and an average pore
diameter of 14.7 nm. CP-MAS 13C NMR excludes inter-
particle tethers from ring opening homopolymerization
of epoxides, supporting the cross-linking mechanism of
Scheme 2. Again DoE studies were used to investigate the
role of parameters such as the “valency” of the epoxide
in materials properties. Figure 11 summarizes data for
density, ultimate strength, and modulus (by a three-point
bend test) as a function of preparation conditions. Con-
sistently, triepoxide-cross-linked aerogels exhibit higher
density, strength, and stiffness for almost all preparation
conditions. This may be related to either the reactivity of
the epoxide or its structure. Interestingly, for all epoxides,
density and modulus vary in a similar fashion, indicating
that the elastic modulus increases monotonically with


density for any formulation. This is rather expected as
interparticle necks become stiffer when material ac-
cumulates on the particles. On the other hand, however,
the stress at failure shows a clear maximum, presumably
corresponding to the maximum degree of interparticle
cross-linking. Strength and modulus data taken together
have been considered as strong evidence of the role of
building interparticle tethers for strength. Similar trends
with analogous inferences have been reported recently for
aerogels cross-linked with isocyanate derived polymers.21b


3.a.3. Cross-Linking with Polystyrene. Although iso-
cyanate and epoxy-cross-linked aerogel monoliths are much
less hydrophilic than native silica, they are not hydrophobic:
for instance, in contact with water, they are quickly filled
with the liquid and sink within minutes. This is not surpris-
ing because both polyurethanes and epoxies have polar
groups able to hydrogen bond with water. To impart
hydrophobicity, nonpolar cross-linkers such as polystyrene
and polypentafluorostyrene were considered.31 The cross-
linking process was rather lengthy (Scheme 3). First, amines
of standard APTES-modified silica reacted with p-chlorom-
ethylstyrene; subsequently, styrene or pentafluorostyrene
and a free radical initiator (AIBN) were introduced into the
mesopores, and the samples were heated. The free radical
process initiated in the mesopores engages surface-bound
styrene, and when radicals at the tips of polymer chains
growing out from the surface meet, the radical process is
terminated, yielding molecular interparticle tethers. In fact,
this process is not in principle different from the peroxide-
initiated copolymerization of methacrylate with surface-
bound methacrylate [introduced by cogelation of an ep-
oxysilane, methacryloxysilane, and T(OR′)4], described in the
mid-1980s by Schmidt for contact lens applications.34 In our
case, however, unbound polymer formed in the mesopores
was removed by post-cross-linking washes, and wet gels
were dried to aerogels.31 Polystyrene-cross-linked aerogels
are strong mechanically in analogy to their isocyanate and


FIGURE 10. Predicted plots of maximum stress vs density using
model-generated data points at 12% (red) and 24% (blue) of total
silane (TMOS/APTES) (v/v) in CH3CN. Empty symbols depict data
for aerogels made at 25 °C; filled symbols depict data for aerogels
made at 71 °C. Monoliths produced at 71 °C are predicted to be
always weaker than monoliths of the same density (i.e., along the
vertical lines) made at 25 °C. Reprinted from ref 28, Copyright 2006,
with permission from Elsevier.


Scheme 2. Cross-Linking APTES-Modified Silica with a Triepoxidea


a Reprinted with permission from ref 30. Copyright 2005 American
Chemical Society.
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epoxy counterparts. Typical monoliths with a bulk density
of 0.47 g/cm3 show a relative high BET surface area
(370 m2/g), pore diameters of ∼11.5 nm, and a thermal
conductivity of 0.041 W m-1 K-1. The average surface-bound
polymeric tether consists of 15 monomer units (determined
by both 13C NMR and density change considerations) with
a polydispersity of 2.05 (determined by GPC), which is higher
than that of the free polymer formed in the mesopores (1.50),


reflecting a bimodal radical termination process in which
surface–surface and surface–solution radical combination
events form shorter and longer polymer chains, respectively.


Water droplets on isocyanate-cross-linked aerogel disks
form a contact angle of 59.7 ( 1.3° and are absorbed by
the pores within 5 min. With polystyrene-cross-linked
disks, the contact angle is 121.4 ( 0.9°, and with poly-
pentafluorostyrene, it is 151.3 ( 1.8°. Those contact angles
do not change with time, and polystyrene-cross-linked
aerogel monoliths float on water for months.31


3.b. Effect of the Network Morphology on Strength.
Acid-catalyzed silica aerogels have a polymer-like (fi-
brous), as opposed to the colloidal (particulate) texture
of their base-catalyzed counterparts,6 and they are twice
as stiff.35 Therefore, it was reasoned that by varying the
chemical identity of the aerogel framework, we could
potentially realize not only materials with variable optical,
electrical, magnetic, and chemical (e.g., catalytic) proper-
ties without a need for external doping,36 but also different
elements that would yield network morphologies that
could dissipate load forces differently, resulting in yet
stronger materials. In that context, we were aware of the


FIGURE 11. Response surface models for density, modulus, and
stress at failure (via a short-beam bending test method) of epoxy-
cross-linked silica aerogels vs APTES and epoxide concentration
with cross-linking time and bath temperature held constant at the
predicted optimum value for stress at failure.


Scheme 3. Cross-Linking of APTES-Modified Silica Nanoparticles
with Polystyrene31


Mechanically Strong Aerogels Leventis


VOL. 40, NO. 9, 2007 / ACCOUNTS OF CHEMICAL RESEARCH 881







wormlike texture of vanadia aerogels.37 Thus, in addition
to silica, we prepared and isocyanate-cross-linked aerogels
based on 30 other elements from the periodic table (Al,
Sc, Ti, V, Cr, Mn, Fe, Y, Zr, Nb, Ru, In, La, Pr, Nd, Sm, Eu,
Gd, Tb, Dy, Ho, Er, Tm, Yb, Lu, Hf, Ta, W, and Re). As it
turns out, even gels prepared from hydrated metal chlo-
rides via a nonhydrolytic route38 are surface-terminated
with OH groups and retain coordination water so that they
are able to develop conformal polymer coatings by reac-
tion with di- and triisocyanates in analogy with silica. Rare
earth (RE) aerogels were studied in greater detail because
of their dielectric and paramagnetic properties.40 They are
nonstoichiometric amorphous materials with moderately
high surface areas (368 ( 14 m2/g before and 156 ( 19
m2/g after cross-linking). The percent metal content (58.0
( 2.3%, w/w) is significantly lower than that of pure oxides
(85.4–87.9%, w/w). Even native RE aerogels contain a
significant amount of carbon, mostly as carbonate (9.0 (
2.4%, w/w), presumably formed during SCF drying. The
gram magnetic susceptibility, �, is a sensitive probe of the
skeletal contribution to the materials properties. Aerogels
have � values lower than those of the corresponding
xerogels, because of the higher carbonate content. Cross-
linked aerogels exhibit � values lower than those of both
xerogels and aerogels, reflecting spin dilution by the
polymer (Figure 12A). Despite their stoichiometric com-
plexity, the magnetic susceptibility of RE aerogels varies
linearly with the susceptibility of the pure oxides (Figure
12B), as if RE aerogels were pure compounds themselves,
a property potentially very useful from an applications
design perspective.


Microscopically, with the exception of vanadia, all non-
silica aerogels look very similar to one another, consisting
of nanoparticles, pretty much like the base-catalyzed silica
of Figure 1, and the mechanical properties track those of
cross-linked silica. Vanadium aerogels consist of entangled
wormlike nanosized objects assembled into a bird nest-
like structure (Figure 13A). 37 Cross-linking vanadia aero-
gels with isocyanate yields a conformal coating (Figure
13B).


Cross-linked vanadia aerogels possess very interest-
ing mechanical properties (Figure 14).41 Isocyanate-
cross-linked APTES-modified silica aerogels (0.48 g/cm3)
fail at 77% strain under ∼30 ksi compression, but
vanadia (0.38 g/cm3) does not fail even at 95% com-
pressive strain under 100 ksi. Samples do not buckle,
and swell only at the very last stages of compression
(Poisson ratio ) 0.18). The material is practically
absorbed by its own porosity. Samples recovered after
testing show a complete loss of their internal surface
area. From an applications perspective, a very important
property of those materials is their ability to store
energy, particularly at high strain rates. Thus, the
specific energy absorption density of isocyanate-cross-
linked vanadia (0.52 g/cm3) is 1.3 × 106 N m kg-1. By
comparison, the energy absorption density at the fail
point of isocyanate-cross-linked silica (0.48 g/cm3) is
7.3 × 104 N m kg-1, and that of armor grade SiC-N


ceramics is 3.5 × 104 N m kg-1, namely ∼50 times lower
than that of the 0.52 g/cm3 cross-linked vanadia aero-
gels.39


FIGURE 12. Room-temperature gram magnetic susceptibilities, �,
of rare earth sol–gel materials as a function of the atomic number
showing the expected trend for pure compounds (A). Those �-values
in fact correlate linearly with the susceptibilities of the pure oxides
(B), reflecting the stoichiometric similarity within each series of
materials. Slopes are proportional to the relative abundance of the
metal ions. The inset in panel A shows the X-dysprosium aerogel
powder picked up by a 1 cm diameter Nd-Fe-B magnet. Reprinted
with permission from ref 40. Copyright 2007 The Royal Society of
Chemistry.


FIGURE 13. SEM of (A) a native vanadia aerogel (Fb ) 0.078 g/cm3)
and (B) a vanadia aerogel cross-linked with diisocyanate (Fb ) 0.428
g/cm3).
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4. Summary and Outlook
Templated nanocasting of polymeric cross-linkers on the
skeletal superstructure of typical aerogels is emerging as
an efficient method for imparting strength with minimum
compromise in the internal porosity. Polymer-cross-linked
aerogels are clearly multifunctional materials that com-
bine at the very least high mechanical strength with low
thermal conductivity. In terms of strength, there is a clear
correlation with the nanostructure morphology (case of
silica versus vanadia), which must be understood via
theory and simulation for more efficient materials design.
Nevertheless, even from a purely phenomenological per-
spective, it appears that cross-linked aerogels already
compete favorably with other strong materials. The ques-
tion then is whether the technology is ready for produc-
tion. Currently, the major practical concern is the length
of the preparation process that still involves several time-
consuming solvent exchange steps. That may limit use to
high-value-added applications, for example, in monolithic
separation media (HPLC columns and filtration mem-
branes) or perhaps even guided drug delivery (the case
of magnetic rare earth aerogels). Large-volume applica-
tions, such as architectural thermal and acoustic insula-
tion, would require a shorter preparation process. In our
view, streamlined processing is intimately related to
chemistry, and the major issue then is to deconvolute the
cross-linking from the gelation chemistry so that all
reagents will be mixed together from the beginning.
Furthermore, our preferred approach to free ourselves
from having to develop a new surface chemistry for every
new polymer under consideration is, instead of decorating
the inorganic framework with monomers, to create a
generic surface that under carefully controlled conditions
will bind all available monomer, eliminating the need for
time-consuming post-cross-linking washes. Overall, there
is plenty of room for creative thinking and a lot of practical
potential for this new class of materials.


Support from the NASA GRC Science Advisory Board and the
University of Missouri Research Board is gratefully acknowledged.
I also thank my many collaborators at the University of Missouri,
NASA GRC, and Oklahoma State University who have made cross-
linked aerogels (X-aerogels) possible: Antonella Alunni, Lynn


Capadona, Joe Counsil, Paul Curto, Amala Dass, Eve Fabrizio,
Abigail Hobbs, U. Faysal Ilhan, J. Chris Johnston, Jim Kinder,
Hongbing Lu, Linda McCorkle, Mary Ann Meador, Sudhir Mulik,
Anna Palczer, Abdel-Monem Rawashdeh, Samit Roy, Dan
Scheiman, Jennifer Schnobrich, Chariklia Sotiriou-Leventis, Jeff
Thomas, Plousia Vassilaras, Xiaojiang Wang, and Guohui Zhang.


References
(1) Thayer, A. M. Nanomaterials. Chem. Eng. News 2003, 81, 15–22.
(2) Ahmad, Z.; Mark, J. E. Polyimide-ceramic hybrid composites by


the sol-gel route. Chem. Mater. 2001, 13, 3320–3330.
(3) Mitchell, C. A.; Bahr, J. L.; Arepalli, S.; Tour, J. M.; Krishnamoorti,


R. Dispersion of functionalized carbon nanotubes in polystyrene.
Macromolecules 2002, 35, 8825–8830.


(4) Rolison, D. Catalytic nanoarchitectures: The importance of nothing
and the unimportance of periodicity. Science 2003, 299, 1698–1701.


(5) According to IUPAC, mesopores fall in the range of 2–50 nm: Sing,
K. S. W.; Everett, D. H.; Haul, R. A. W.; Moscou, L.; Pierotti, R. A.;
Rouquerol, J.; Siemieniewska, T. Reporting physisorption data for
gas/solid systems with special reference to the determination of
surface area and porosity (recommendations 1984). Pure Appl.
Chem. 1985, 57, 603–619.


(6) Brinker, C. J.; Scherer, G. W. Sol-gel science. The physics and
chemistry of sol-gel processing; Academic Press: New York, 1990.


(7) Husing, N.; Schubert, U. Aerogels-airy materials: Chemistry,
structure, and properties. Angew. Chem., Int. Ed. 1998, 37, 22–45.


(8) Pierre, A. C.; Pajonk, G. M. Chemistry of aerogels and their
applications. Chem. Rev. 2002, 102, 4243–4265.


(9) There are notable exceptions where SCF drying has been replaced
by freeze-drying or ambient-pressure drying of hydrophobic aero-
gels via the so-called spring back effect. See for example: Prakash,
S. S.; Brinker, C. J.; Hurd, A. J.; Rao, S. M. Silica aerogel films
prepared at ambient pressure by using surface derivatization to
induce reversible drying shrinkage. Nature 1995, 374, 439–443.


(10) Hrubesh, L. W.; Poco, J. F. Thin aerogel films for optical, thermal,
acoustic and electronic applications. J. Non-Cryst. Solids 1995, 188,
46–53.


(11) Gross, J.; Fricke, J. Ultrasonic velocity measurements in silica,
carbon and organic aerogels. J. Non-Cryst. Solids 1992, 145, 217–
222.


(12) Gibson, L. J.; Ashby, M. F. Cellular solids: Structure and properties,
2nd ed.; Cambridge University Press: Cambridge, U.K., 1997.


(13) Hæreid, S.; Anderson, J.; Einarsrud, M. A.; Hua, D. W.; Smith, D. M.
Thermal and temporal aging of TMOS-based aerogel precursors
in water. J. Non-Cryst. Solids 1995, 185, 221–226.


(14) Lucas, E. M.; Doescher, M. S.; Ebenstein, D. M.; Wald, K. J.; Rolison,
D. R. Silica aerogels with enhanced durability, 30-nm mean pore-
size, and improved immersibility in liquids. J. Non-Cryst. Solids
2004, 350, 244–252.


(15) Leventis, N.; Sotiriou-Leventis, C. Methods and compositions for
preparing silica aerogels U.S. Patent Application 20040132846
2004.


(16) Leventis, N.; Sotiriou-Leventis, C.; Zhang, G.; Rawashdeh, A.-M. M.
Nanoengineering strong silica aerogels. Nano Lett. 2002, 2, 957–
960.


(17) Zhang, G.; Dass, A.; Rawashdeh, A.-M. M.; Thomas, J.; Counsil,
J. A.; Sotiriou-Leventis, C.; Fabrizio, E. F.; Ilhan, F.; Vassilaras, P.;
Scheiman, D. A.; McCorkle, L.; Palczer, A.; Johnston, J. C.; Meador,
M. A. B.; Leventis, N. Isocyanate-crosslinked silica aerogel mono-
liths: Preparation and characterization. J. Non-Cryst. Solids 2004,
350, 152–164.


(18) Lowen, W. K.; Broge, E. C. Effects of dehydration and chemisorbed
materials on the surface properties of amorphous silica. J. Phys.
Chem. 1961, 65, 16–19.


(19) Leventis, N.; Palczer, A.; McCorkle, L.; Zhang, G.; Sotiriou-Leventis,
C. Nanoengineered silica-polymer composite aerogels with no
need for supercritical fluid drying. J. Sol-Gel Sci. Technol. 2005,
35, 99–105.


(20) Brinker, C. J.; Keefer, K.; Schaefer, D. W.; Assink, R. A.; Kay, B. D.;
Ashley, C. S. Sol-gel transition in simple silicates. II. J. Non-Cryst.
Solids 1984, 63, 45–59.


(21) (a) Meador, M. A. B.; Capadona, L. A.; Vassilaras, P.; Leventis, N.
Effect of processing conditions on chemical make-up of di-
isocyanate crosslinked silica aerogels. Polym. Prepr. (Am. Chem.
Soc., Div. Polym. Chem.) 2006, 47, 384–385. (b) Meador, M. A. B.;
Capadona, L. A.; McCorkle, L.; Papadopoulos, D. S.; Leventis, N.
Structure-property relationships in porous 3D nanostructures as
a function of preparation conditions: Isocyanate cross-linked silica
aerogels. Chem. Mater. 2007, 19, 2247–2260.


FIGURE 14. Comparative quasi-static compression data for silica
(Fb ) 0.48 g/cm3) and vanadia-cross-linked aerogels (Fb ) 0.38
g/cm3).


Mechanically Strong Aerogels Leventis


VOL. 40, NO. 9, 2007 / ACCOUNTS OF CHEMICAL RESEARCH 883







(22) Ellsworth, M. W.; Novak, B. M. Mutually interpenetrating inorganic-
organic networks. New routes into nonshrinking sol-gel composite
materials. J. Am. Chem. Soc. 1991, 113, 2756–2758.


(23) Novak, B. M.; Auerbach, D.; Verrier, C. Low-density, mutually
interpenetrating organic-inorganic composite materials via super-
critical drying techniques. Chem. Mater. 1994, 6, 282–286.


(24) Einarsrud, M. A.; Kirkedelen, M. B.; Nilsen, E.; Mortensen, K.;
Samseth, J. Structural development of silica gels aged in TEOS.
J. Non-Cryst. Solids 1998, 231, 10–16.


(25) Kramer, S. J.; Rubio-Alonso, F.; Mackenzie, J. D. Organically
modified silicate aerogels, “aeromosils”. Mater. Res. Soc. Symp.
Proc. 1996, 435, 295–300.


(26) Hu, Y.; Mackenzie, J. D. Rubber-like elasticity of organically
modified silicates. J. Mater. Sci. 1992, 27, 4415–4420.


(27) Katti, A.; Shimpi, N.; Roy, S.; Lu, H.; Fabrizio, E. F.; Dass, A.;
Capadona, L. A.; Leventis, N. Chemical, physical and mechanical
characterization of isocyanate-crosslinked amine-modified silica
aerogels. Chem. Mater. 2006, 18, 285–296.


(28) Capadona, L. A.; Meador, M. A. B.; Aluni, A.; Fabrizio, E. F.;
Vassilaras, P.; Leventis, N. Flexible, low-density polymer crosslinked
silica aerogels. Polymer 2006, 47, 5754–5761.


(29) Luo, L.; Lu, H.; Leventis, N. The compressive behavior of isocyanate
crosslinked silica aerogels at high strain rates. Mech. Time-Depend.
Mater. 2006, 10, 83–111.


(30) Meador, M. A. B.; Fabrizio, E. F.; Ilhan, F.; Dass, A.; Zhang, G.;
Vassilaras, P.; Johnston, J. C.; Leventis, N. Crosslinking amine-
modified silica aerogels with epoxies: Mechanically strong light-
weight porous materials. Chem. Mater. 2005, 17, 1085–1098.


(31) Ilhan, F. U.; Fabrizio, E. F.; McCorkle, L.; Scheiman, D. A.; Dass, A.;
Palczer, A.; Meador, M. A. B.; Johnston, J. C.; Leventis, N.
Hydrophobic monolithic aerogels by nanocasting polystyrene on
amine-modified silica. J. Mater. Chem. 2006, 16, 3046–3054.


(32) Hüsing, N.; Schubert, U.; Mezei, R.; Fratzl, P.; Riegel, B.; Kiefer, W.;
Kohler, D.; Mader, W. Formation and structure of gel networks from


Si(OEt)4/(MeO)3Si(CH2)3NR2′ mixtures (NR2′ ) NH2 or NHCH2-
CH2NH2). Chem. Mater. 1999, 11, 451–457.


(33) Shigley, J. E.; Mischke, C. R. M. Mechanical Engineering Design,
6th ed.; : New York, 2001; p 1206.


(34) Philipp, G.; Schmidt, H. New materials for contact lenses prepared
from Si- and Ti-alkoxides by the sol-gel process. J. Non-Cryst.
Solids 1984, 63, 283–292.


(35) Woignier, T.; Phalippou, J.; Vacher, R. Parameters affecting elastic
properties of silica aerogels. J. Mater. Res. 1989, 4, 688–692.


(36) Morris, C. A.; Anderson, M. L.; Stroud, R. M.; Merzbacher, C. I.;
Rolison, D. R. Silica sol as a nanoglue: Flexible synthesis of
composite aerogels. Science 1999, 284, 622–624.


(37) Sudant, G.; Baudrin, E.; Dunn, B.; Tarascon, J.-M. Synthesis and
electrochemical properties of vanadium oxide aerogels prepared
by a freeze-drying process. J. Electrochem. Soc. 2004, 151, A666–
A671.


(38) Gash, A. E.; Tillotson, T. M.; Satcher, J. H., Jr.; Hrubesh, L. W.;
Simpson, R. L. New sol-gel synthetic route to transition and main-
group metal oxide aerogels using inorganic salt precursors. J. Non-
Cryst. Solids 2001, 285, 22–28.


(39) Luo, H.; Chen, W.; Rajendran, A. M. Dynamic compressive response
of damaged and interlocked SiC-N ceramics. J. Am. Ceram. Soc.
2006, 89, 266–273.


(40) Leventis, N.; Vassilaras, P.; Fabrizio, E. F.; Dass, A. Polymer
nanoencapsulated rare earth aerogels: Chemically complex but
stoichiometrically similar core-shell superstructures with skeletal
properties of pure compounds. J. Mater. Chem. 2007, 17, 1502–
1508.


(41) Luo, H.; Gitogo, G.; Lu, H.; Schnobrich, J.; Hobbs, A.; Fabrizio, E. F.;
Dass, A.; Mulik, S.; Leventis, N. Physical, chemical and mechanical
characterization of isocyanate cross-linked vanadia aerogels.
Submitted.


AR600033S


Mechanically Strong Aerogels Leventis


884 ACCOUNTS OF CHEMICAL RESEARCH / VOL. 40, NO. 9, 2007












Sol–Gel with Phase Separation.
Hierarchically Porous Materials
Optimized for High-Performance
Liquid Chromatography
Separations
KAZUKI NAKANISHI*,† AND NOBUO TANAKA‡


Department of Chemistry, Graduate School of Science, Kyoto
University, Kitashirakawa, Sakyo-ku, Kyoto 606-8502, Japan,
and Department of Biomolecular Engineering, Graduate
School of Science and Technology, Kyoto Institute of
Technology, Matsugasaki, Sakyo-ku, Kyoto 606-8585, Japan


Received November 29, 2006


ABSTRACT
Sol–gel processes for fabricating oxides or metalloxane polymers
with controlled porous structures have been reviewed. Gel materials
having controlled macropores are synthesized by polymerization-
induced phase separation and concurrent sol–gel transition in a
variety of chemical compositions. Several variations of tailoring
mesopore structures within the macroporous materials are intro-
duced, which enable one to design hierarchically porous metal
oxide and metalloxane polymer materials. Applications of mono-
lithic silica gels having hierarchical macro/mesoporous structure
to the separation media of high-performance liquid chromatog-
raphy, HPLC, are described.


1. Introduction
Fifteen years have past since the first systematic study of
monolithic porous silica with controlled macropores via
the sol–gel method accompanied by phase separation was
reported.1 Sol–gel oxide materials characterized by the
well-defined macropores were out of any existing category
of inorganic gels. They were, however, very similar in
morphology to the porous glasses prepared via metastable
phase separation in immiscible glass-forming oxide sys-
tems followed by selective leaching of one of the separated
phases.2 With regard to the morphology formation process
as a competition between dynamics of polymerization-
induced phase separation and steep chemical sol–gel


transition, the dependence of macroporous morphology
on various synthesis parameters has been consistently
interpreted. The experimental system has been readily
extended to organo-silicon and silica-based multicompo-
nent oxide systems. It has been found only recently,
however, that pure titanium, zirconium, and aluminum
oxides with well-defined macropores can also be fabri-
cated. It has been further found that irrespective of the
kind of precursors, whether they are metal alkoxides,
metal salts, or a colloidal dispersion of oxides, a common
structure-formation process has been confirmed. In this
Account, porous materials designed by a sol–gel process
accompanied by phase separation are reviewed, using
polysiloxane systems as major examples. Their application
to monolithic high-performance liquid chromatography
(HPLC) columns is described in the last part.


2. Background and Principles
With the systems containing tetraalkoxysilane and ap-
propriate additives as a starting point, the polymerization-
induced phase separation, especially the spinodal decom-
position, has been extensively utilized to generate well-
defined heterogeneous structures.3 Typical examples of
applicable precursors and additive components are sum-
marized in Tables 1 and 2, respectively. In most cases,
the hydrolysis is conducted under acidic conditions where
a relatively narrow distribution of growing oligomers can
be obtained.4 Although the polymerization reaction is
conducted at a constant temperature, the phase separa-
tion is induced by the polymerization reaction itself.5 The
simplified free energy change of mixing multiple constitu-
ents in a solution, ∆G, can be written as


∆G)∆H-T∆S (1)
When the sign of ∆G becomes positive, the thermody-
namic driving force for phase separation is generated. The
polymerization among any constituents usually reduces
the ∆S term by decreasing the freedom in chemical
configurations, whereas the physical cooling of the system
is expressed by the reduction in T. In either case, the
absolute value of the T∆S term decreases and the phase
separation is equivalently induced (Figure 1).6 The po-
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FIGURE 1. Schematic representations of physical vs chemical
coolings.
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lymerization can be regarded as a “chemical cooling”
process in this respect. In practice, poor solvents of the
oligomers, several kinds of water-soluble polymers, and
surfactants can be used as an inducer of the phase
separation driven by the polymerization reaction.


Sol–gel systems depicted here undergo a phase separa-
tion to generate micrometer-range heterogeneity com-
posed of gel and fluid phases. After the solidification
(gelation) of the whole system, the fluid phase can be
removed relatively easily to leave pore spaces on the
length scale of micrometers. In many cases of thermally
induced phase separation in metallic alloys, polymer
blends, and multicomponent glasses, the kinetics of phase
separation can be externally controlled through temper-
ature. One can quench the shape and size of the develop-
ing phase domains simply by cooling the system. On the
other hand, the structure formation process has a more
or less spontaneous nature in the present sol–gel systems.
Both the onset of phase separation and sol–gel transition
are governed by the kinetics of chemical bond formation.
With a predetermined composition, the homogeneously
dissolved starting constituents are just left to react at a
constant temperature in a closed condition (to avoid
evaporation of volatile components). As shown in Tables


1 and 2, it is noteworthy that not a few gel-forming
systems exhibit common features of concurrent phase
separation and sol–gel transition, irrespective of the
difference in the origins of their gel-forming reactions.


When the phase separation is induced in the unstable
region of a phase diagram (a temperature-composition
region within the spinodal curve), a specific process called
spinodal decomposition occurs. With comparable volume
fractions of conjugate phase domains without crystal-
lographic or mechanical anisotropy, a spongelike structure
called a co-continuous structure forms (Figure 2, top). The
co-continuous structure is characterized by mutually
continuous conjugate domains and hyperbolic interfaces.


The final morphology of the spinodally decomposed
phase domains is strongly governed by the dynamics
driven by the interfacial energy.7 As shown in Figure 2,
the well-defined co-continuous structure of the spinodal
decomposition is a transient one, which coarsens self-
similarly for a limited duration of time and then breaks
up into fragments. To reduce the total interfacial energy,
the system reorganizes the domain structure toward that
with less interfacial area and less local interfacial energy.


Table 1. Precursors and Their Variations of Sol–Gel Systems Accompanied by Phase Separation


general
classification


precursor type/
applicable element


possible
variations


possible
combinations refs


tetrafunctional alkoxide Si, Ti, Zr, Al-alkoxide Si(OMe)4, Si(OEt)4,
Ti(O-i-Pr)4, Ti(O-n-Pr)4,
Zr(O-i-Pr)4, Al(O-sec-Bu)3


Si-Ti, Si-Zr, Si-Al, Si-colloidal
particles


1, 3, 8, 10, 19–21


trifunctional alkoxide alkyltrialkoxysilane RSi(OR′)3, R2Si(OR′)2 R ) methyl, ethyl, vinyl, allyl,
and others; R′ ) methyl or ethyl


9


bridged alkoxide bis(trialkoxysilyl)alkane (R′O)3SiRSi(OR′)3 R ) methylene, ethylene,
propylene, diethylbenzene,
and others; R′ ) methyl or ethyl


9, 33


colloidal dispersion silica, titania acid or base stabilized 14
polysilicate solution water glass


(alkaline silicate)
– 13


metal salt aluminum chloride/
nitrate


iron(III), chromium(III) additions of yttrium salt for
YAG, magnesium salt for spinel;
doping rare earth salts for
luminescent properties


12


Table 2. Reaction Conditions, Additives, and Phase Relations in Various Systems


precursor
hydrolysis/


polycondensation
conditions


additives
(except water) gel phase fluid phase refs


tetraalkoxysilane water/Si < 2 polar solvent siloxane solvent mixture 3, 8
alkyltrialkoxysilane water/Si < 3 alcohols siloxane solvent mixture 9
bis(trialkoxysilyl)alkane water/Si > 10 none siloxane solvent mixture 9, 33
tetraalkoxysilane water/Si > 4 strongly hydrogen


bonding polymer,
nonionic surfactant,
cationic surfactant


siloxane with
polymer


solvent mixture 3, 19–21


tetraalkoxysilane water/Si > 4 weakly hydrogen
bonding polymer,
anionic surfactant


siloxane solvent mixture
with polymer


1


water glass destabilization by acid weakly hydrogen
bonding polymer,
anionic surfactant


polysilicate solvent mixture
with polymer


13


titania colloid destabilization by base strongly hydrogen
bonding polymer


titanoxane with
polymer


solvent mixture 14


titanium alkoxide water/Si > 4 titanoxane with
polymer


solvent mixture 10


zirconium alkoxide water/Si > 4 zirconoxane with
polymer


solvent mixture unpublished


aluminum chloride water/Si > 4 strongly hydrogen
bonding polymer


aluminoxane solvent mixture
with polymer


12
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Within the regime of self-similar coarsening (Figure 2,
bottom), the geometrical features of the developing
domains remain unchanged except the characteristic size.
Then it is followed by the fragmentation of either of the
continuous domains, which results in the dispersion of
one phase within the other continuous phase.


Sol–gel transition is a dynamical freezing process that
occurs via cross-linking reactions. If any transient (dy-
namic) heterogeneity is present in a gelling solution, it
will be arrested in a gel network if the time scale of a
sol–gel transition is short enough to take the “snapshot”
of the transient heterogeneity. The “frozen” structure
depends, therefore, on the onset of phase separation
relative to the “freezing” point by sol–gel transition. The
earlier the phase separation is initiated relative to the
sol–gel transition, the coarser the resultant structure
becomes, and vice versa. For example, a higher reaction
temperature normally increases the mutual solubility of
the constituents and hence suppresses the phase separa-
tion tendency, and in parallel, it accelerates the hydrolysis/
polycondensation reactions. As a result, the onset of phase
separation is retarded and the solution is solidified earlier
by the sol–gel transition. Due to these duplicate effects,
gels with drastically finer phase-separated domains are
obtained at higher temperatures. With an appropriate
choice of the reaction parameters such as starting com-
position and temperature, the pore size (domain size) and
pore volume of the gels can be designed over a broad
range.


3. Examples of Materials with Controlled
Macropores


3.1. Pure Silica. As extensively listed in Table 2, pure
silica formulations have been exploited to give every
possible morphology, material shape, and doped compo-
sition. In the presence of a limited amount of water, using
especially tetramethoxysilane (TMOS) as a precursor, the
phase separation is induced just by adding polar solvent.8


In the presence of a higher molar ratio of water to silicon,
the phase separation is induced by polymeric or am-


phiphilic additives. Polymers or surfactants having no
specific attractive interaction with silanol surfaces, e.g.,
poly(acrylic acid) or anionic polymers and surfactants,
tend to be distributed to the “fluid phase” so that the
amount of additives is directly related to the volume
fraction of macropores. On the other hand, due to the
strong hydrogen bonds between silanols and polyoxyeth-
ylenes, additives having -CH2-CH2-O- repeating units,
poly(ethylene oxide) (PEO) and Pluronic or Brij families,
are always distributed to the “gel phase”, while the solvent
mixture becomes a majority in the fluid phase. Similarly,
cationic surfactants are preferentially distributed to the
gel phase. In these cases, the volume fraction of the fluid
phase can be controlled mostly by the amount of solvent,
while the domain size is determined by the additive
concentration which dominantly governs the phase sepa-
ration tendency. This implies that one can independently
design the volume and size of macropores by the con-
centrations of solvent and additive, respectively (Figure
3). For the gels prepared in a macroscopic mold followed
by evaporation drying and heat treatment at 600 °C, the
typical porosity (v/v) covers 40–80% with the median pore
size ranging from 0.5 to 10 µm.3 In addition, the strong
attractive interaction between silica and additive molecule
makes it possible to template the mesoscale structures of
the structural unit of the gels by surfactants.


3.2. Siloxane-Based Organic–Inorganic Hybrids.
Among the silicon alkoxides having trialkoxysilyl ligands,
a clear distinction can be made between alkyltrialkoxysi-
lanes, represented by methyltrimethoxysilane (MTMS) and
bis(trialkoxysilyl)alkanes, represented by bis(trimethoxy-
silyl)ethane (BTME). Due to the strong tendency to form
cyclic species in their polycondensation stage, gels ob-
tained in a MTMS system often retain high density of
methyl groups on the surface of the oligomers. On the
other hand, gels prepared in a BTME system exhibit
apparently higher surface hydrophilicity comparable to
that of pure silica gels probably because ethylene bridges
between the silicon atoms are buried in the network rather


FIGURE 2. Time evolution of a spinodally decomposing isotropic
symmetrical system.


FIGURE 3. Schematic relations between starting composition and
resultant gel morphologies in a pseudoternary [silica/poly(ethylene
oxide)/solvent] system. Reproduced with permission from ref 24.
Copyright 2001 American Chemical Society.
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than exposed on the surface of the oligomers. It has also
been experimentally confirmed that MTMS-derived oli-
gomers phase-separate in a relatively less polar solvent
composition; however, BTME hardly phase-separates even
in highly polar solvent compositions.9 Due to the presence
of Si–C bonds, gels from both MTMS and BTME precur-
sors exhibit much higher alkaline resistance than pure
silica gels. Similar to the pure silica case, the BTME-
derived gels with silanol-rich surfaces can be templated
by surfactants to exhibit mesopores with well-defined size
and shape.


3.3. Other Oxides. Alkoxides of titanium and zirco-
nium generally exhibit much higher reactivity toward
hydrolysis/polycondensation than those of silicon, mainly
due to the difference in the partial charge of the metals
in their respective oxygen-coordinated environments.
Well-defined macroporous titania and zirconia have been
very difficult to synthesize in monolithic form. Very


recently, Konishi et al. reported that the use of titanium
n-propoxide instead of i-propoxide at high concentrations
of HCl enabled one to control the hydrolysis/polycon-
densation kinetics in an experimentally feasible time scale,
where gelation occurs in a tens of minutes to a few
hours.10 The reaction can be well-controlled with a
relatively limited amount of water against complete hy-
drolysis so that titania oligomers rich in unreacted alkoxy
groups separate from a polar solvent mixture containing
formamide. An appropriate amount of PEO can also be
incorporated for an adjustment of phase separation
dynamics to obtain better defined macroporous structures
(Figures 4 and 5). Macroporous titania gels thus obtained
are composed of a microcrystalline anatase phase even
in the wet-gel stage. Via control of the grain growth of
the anatase crystallites during the aging and heat treat-
ment, the interstices of the crystallites form sharply
distributed mesopores in the size range of 5–10 nm (Figure
6). Monolithic pure zirconia with controlled macropores
can also be prepared with further care on synthesis.
Zirconia tends to form gels with amorphous structural
units and transforms via monoclinic into tetragonal as the
heat treatment temperature increases. On the basis of the
methods reported by Gash et al.,11 the polymerization-
induced phase separation has been successfully combined
with the gel-forming reaction assisted by the ring-opening
reaction of propylene oxide.12 An addition of high-
molecular mass (>100 kDa) PEO was found to be effective
in slowing and precisely regulating the phase separation
dynamics. The added PEO is mainly distributed to the
fluid phase and has a minor effect on the mesopore
formation. Macroporous morphologies and pore size
distributions of R-alumina ceramics thus obtained are
shown in Figure 7. On heat treatment, the monolithic gels
transformed from amorphous via γ-alumina to R-alumina
crystalline form without damage being done to the
macroporous framework. Silica13 and titania14 gels with


FIGURE 4. (a–e) SEM images of dried TiO2 gels prepared with varied water/TiO2 molar ratios in the overall starting 1:0.5:0.5:f Ti(OnC3H7)4:
HCl:formamide:water composition: (a) f ) 20.50, (b) f ) 20.75, (c) f ) 21.00, (d) f ) 21.25, and (e) f ) 21.50. (f) Photo image of monolithic TiO2
gels prepared in Teflon tubes and a coin. Reproduced with permission from ref 10. Copyright 2006 American Chemical Society.


FIGURE 5. Pore size distribution of the dried TiO2 gels measured by
the mercury intrusion method: (0 and 9) f ) 20.75, (2 and 4) f )
21.00, and (O and b) f ) 21.25. Reproduced with permission from
ref 10. Copyright 2006 American Chemical Society.
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controlled macropores can also be prepared from colloidal
dispersion of corresponding oxide particles with appropri-
ate additives.


3.4. Characterization of Macropores. The three-
dimensional observation of macropores and conjugate gel
skeletons by laser scanning confocal microscopy (LSCM)
has recently been developed. This method can improve
the underestimation of the pore size by the conventional
mercury intrusion often reported with networked pores.
From the precise three-dimensional configurational in-
formation about the skeletons and pores, more detailed
analysis of the interfacial morphology can be performed.15


The technique has also been applied in the examination
of anisotropic phase-separated skeleton structures in the
vicinity of container walls16 and in the determination of
the macroporosity with higher accuracy to be correlated
with the liquid flow behavior through monolithic gels.17


4. Tailoring Mesopores To Obtain Hierarchical
Pore Structures


4.1. Post Gelation Aging of Oxide Gels. Since the
interconnected macropores enhance the material trans-
port within the bulk gel sample, the exchange of pore
liquid with an external solvent can be performed much
faster than for the case with gels having only meso- to
micropores. Conventional methods of tailoring mesopore
structure by aging wet silica gels under basic and/or
hydrothermal conditions can be suitably applied to the
monolithic macroporous silica gels without essentially
disturbing the well-defined macroporous structure (Figure
8). Experimentally, the as-gelled wet monolithic specimen
is immersed in an excess amount of an external solvent


such as an aqueous ammonia solution. Alternatively, one
can add urea in the starting composition of the gel
preparation and subsequently heat the wet gel in a closed
vessel to generate aqueous ammonia in situ. The prefer-
ential dissolution of gel network sites with small positive
curvature and subsequent reprecipitation onto those with
small negative curvature results in the reorganization of
smaller pores into larger pores (the so called Ostwald
ripening mechanism). In pure silica cases, the NMR and
SAXS (small-angle X-ray scattering) measurements proved
that the chemical reorganization of an initially mi-
croporous network into that with sharply distributed
mesopores takes place on the time scale of a few hours.18


It is noteworthy that the gel with much lower solubility
in external aqueous solutions can also be treated under
hydrothermal conditions to give enlarged and well-defined
mesopore structures. Although the structural evolution
under hydrothermal conditions is not known in detail,
there may be a mechanism of structural reorganization
by the cooperative motion of the network as a whole. In
any case, these mesopore formation processes take place
within the preformed micrometer-sized gel skeletons so
that the size of mesopores can be controlled in a manner
independent of the macropore size unless the local
dissolution of the gel skeletons causes significant defor-
mation of the whole macroporous framework during the
solvent exchange.


4.2. Supramolecular Templating of Mesopores. The
supramolecular templating is an attractive alternative to
the postgelation aging process for obtaining mesopores
with higher degrees of order in pore size, shape, and
spatial arrangement. It has been found that several kinds


FIGURE 6. Mesoscale characterizations of the TiO2 gels prepared with f ) 21.00. (a) Nitrogen adsorption–desorption isotherms of the dried
gel (O) and the gel heat-treated at 300 °C (0). The curve of the gel heat-treated at 300 °C is shifted upward by 50 cm3/g for clarity. (b) Pore
size distribution of the dried gel (O and b) and the gel heat-treated at 300 °C (0 and 9). (c) FE-SEM image of the gel heat-treated at 300 °C.
(d) Higher-magnification image of panel c. Reproduced with permission from ref 10. Copyright 2006 American Chemical Society.
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of surfactants can be used to induce the phase separation
concurrently with the sol–gel transition.19–21 With an
appropriate choice of surfactants suitable also for the
supramolecular templating of mesopores, materials have
been prepared with crystal-like long-range ordered me-
sopores homogeneously located in the micrometer-sized
well-defined gel skeletons.


The key to combining phase separation and gelation
with supramolecular templating and precipitation is that
both processes include a kind of polymerization-induced
phase separation. It has been established that cooperative
assembly between surfactant micelles and oligomeric
oxides enhances the ordered arrangement of the micelles.
Highly ordered mesostructures are organized by such a
cooperative assembly mechanism in generally amorphous
oxide networks. Due to relatively strong attractive interac-
tions between micelles and oxides, submicrometer- to
micrometer-sized particles are precipitated out of the
solution in dilute systems under a closed condition.


Starting from a composition favorable for the formation
of co-continuous macroporous structure containing a
triblock copolymer Pluronic P123 (EO20–PO70–EO20; EO,
ethylene oxide; PO, propylene oxide), we introduced an
additive, 1,3,5-trimethylbenzene (TMB), known to pref-
erentially be distributed to the hydrophobic cores of
micelles, to enhance long-range ordering of mesophases
in both BTME22 and TMOS-derived23 systems. Alterna-
tively, a large amount of water together with a high


concentration of P123 was used. In heat-treated gels, the
long-range ordering of cylindrical pores in two-dimen-
sional hexagonal symmetry has been confirmed by XRD
measurements that indicate sharp peaks comparable to
single-crystal-like SBA-15.23 Further, the real-space ob-
servations have been performed by SEM and TEM (Figure
9). It is noteworthy that the shape of gel skeletons is
affected by the anisotropy of mesopores contained in the
skeletons; that is, those with cylindrical mesopores exhibit
fibrous features.


5. Applications and Products
5.1. Monolithic Silica HPLC Columns. One major area


of application for hierarchically porous pure silica materi-
als is liquid chromatography (LC) as a column packing
material. Monolithic silica columns having co-continuous
structures can provide better total performance than
conventional columns packed with particles that have
been used for LC for more than 100 years.24–26 The thin
skeletons lead to high efficiency based on fast equilibra-
tion of solutes between a mobile liquid phase and a
stationary solid phase on the mesopore walls, while the
large macropores contribute to high permeability. In this
section, the highest-performance monolithic silica col-
umns and their future possibilities will be discussed.


In LC, the efficiency (N, a number of theoretical plates)
of a column (length L) is given by eq 2,27 where H stands
for a plate height and σ2 a variance of a Gaussian-shaped
solute band the solute acquires during the migration
through the column. N is usually calculated from retention


FIGURE 7. Pore size distribution of macroporous alumina prepared
from aluminum chloride and before and after heat treatment at 1100
°C for 5 h. Starting composition: 2.16 g of AlCl3·6H2O, 1.55 g of
propylene oxide, 1.97 g of EtOH, 2.5 g of H2O, and wPEO g of PEO.


FIGURE 8. Pore size distribution of porous silica with hierarchical
meso- and macropores optimized for monolithic HPLC columns.
Reproduced with permission from ref 3. Copyright 1997 Springer.


FIGURE 9. SEM and TEM photographs of a heat-treated gel sample
with highly ordered two-dimensional hexagonal mesopores.
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time of a solute (tR) and the base peak width (tW ) 4σ; σ,
standard deviation).


N) L2/σ2 ) 16tR/tW (2a)


H) σ2/L) L/N (2b)
Plate height H is dependent on particle size (dp) and


mobile phase linear velocity (u) as shown in eq 3, where
CE, CD, and CS are the coefficients indicating the contribu-
tions of the eddy diffusion, molecular diffusion, and slow
mass transfer to band broadening, respectively. The
smaller dp gives the higher efficiency by the faster mass
transfer based on the shorter diffusion path length inside
and outside the particles, whereas the small dp causes a
large pressure drop due to the small interstitial flow paths
(eq 4; η, solvent viscosity), where φ (a flow resistance
factor) is commonly 700–1000 for a particle-packed col-
umn.28


H)CEdp +CD/u+CSdpu (3)


∆P) φηuL/dp
2 (4)


High efficiency (large N) and low pressure (small ∆P)
are desirable for high resolution and high speed. Separa-
tion time is dictated by L, and the smaller dp allows the
use of a shorter column. Actually, H is approximately 2dp


at optimum linear velocity. Recently 1.7–2 µm particles
have started to provide greatly enhanced N per unit
time29,30 compared to conventional 3–5 µm particles,
although accompanied by high pressure in proportion to
1/dp


2. Their optimum performance can be obtained with
a specially designed instrument. Common HPLC equip-
ment possesses a 35–40 MPa pressure limit.


Monolithic silica columns having co-continuous struc-
tures can simultaneously provide higher column efficiency
and lower pressure than a particle-packed column.24–26


Figure 10 shows the plot of the through-pore size against
the size of the silica skeleton for monolithic silica columns
prepared in a test tube (MSR)31,32 or in a capillary
(MSC).33,34 Through-pore size/skeleton size ratios in the
range of 1–2 have been obtained for all the monolithic
silica columns that are much larger than those of particle-
packed columns at 0.25–0.4 (the range indicated as bars
in Figure 10).35 The particle size dictates the size of
interstitial voids for particle-packed columns, while the
structures can be designed for monolithic columns.


Commercially available MSR columns (4.6 mm diam-
eter, 1–10 cm length) clad with PEEK resin, possessing 2
µm through-pores, 1–1.5 µm skeletons, and a relatively
wide distribution of mesopores around 13 nm36 result in
a back pressure equivalent to that of 7–10 µm particles
and an efficiency equivalent to that of 3.5–4 µm par-
ticles.37,38 Performance better than that of commonly used
5 µm particles in either respect is made possible by the
large-sized through-pores and the small-sized skeletons.
The column efficiency, however, was much lower than
expected from the skeleton size, presumably due to the
presence of large through-pores. Similar results have been
obtained for monolithic silica capillary columns.33 The
porosity and through-pore size of monolithic silica pre-
pared in a capillary tend to be large, because the silica
must be covalently attached to the capillary wall to
prevent shrinkage of the whole structure. It is necessary
to reduce the size of through-pores and skeletons of
monolithic silica to achieve similar or higher efficiency
compared to that of the most advanced particles of 1.7–2
µm.


In a series of experiment, the columns listed in Table
3 were prepared from TMOS.34 Columns MS(100)-A–C (a
group of columns, MSC-1, in Figure 10) were prepared in
an effort to examine the effect of the porosity, or the effect
of the TMOS concentration in the feed on the structure
and performance. The reaction was carried out with
adjusted poly(ethylene glycol) (PEG) concentrations to
synchronize phase separation and gelation. The lower
reaction temperature slowed the polymerization which
resulted in slower phase separation and gelation. The
higher TMOS concentrations cause the faster gelation,
while the increased PEG concentrations result in the
slower phase separation. Similarly, columns MS(100)-D–F
(MSC-2) were prepared with the varied PEG concentra-
tions in an effort to examine the effect of domain size on
column efficiency at constant porosity. Along with each
series, columns G and H were prepared with lower TMOS
concentrations as in a previous study33 that resulted in
inhomogeneous aggregated skeletons, as shown in Figure
11a.34 Figure 10 indicates that an increase in the TMOS
concentration resulted in the larger skeleton size and
smaller through-pore size, as expected (MSR-1 and MSC-


FIGURE 10. Plots of through-pore size against skeleton size for
monolithic silica columns.


Table 3. Composition of the Feed Mixtures for the
Preparation of Monolithic Silica Columns in a 100 µm


Capillary, MS(100), and Size of Domains and Silica
Skeletons of the Products34


column
(symbol in
Figure 10)


TMOSa


(mL)
PEGa


(g)
domain size


(µm)
skeleton size


(µm)


MS(100)-Gb 40 12.4 3.6 1.5
MS(100)-Ac 56 11.8 2.6 1.0
MS(100)-Bc 64 10.4 2.8 1.3
MS(100)-Cc 72 8.4 2.5 1.2
MS(100)-Hb 40 12.8 3.0 1.2
MS(100)-Dc 56 11.7 3.1 1.3
MS(100)-Ec 56 11.8 2.6 1.0
MS(100)-Fc 56 11.9 2.2 0.9


a The amount of TMOS and PEG used with urea (9.0 g) and
CH3COOH (100 mL). PEG, polyethylene glycol, chemically equiva-
lent to PEO with terminal OH groups. b Prepared at 30 °C. c At
25 °C.
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1). With a fixed amount of TMOS, an increase in the
amount of PEG resulted in a decrease in domain size with
almost constant through-pore size/skeleton size ratios
(MSR-2, MSC-2, and MSC-3).


As shown in Figure 11, MS(100)-B (as well as columns
A and C) prepared at 25 °C with reduced porosity
possesses a much higher homogeneity of co-continuous
structures and resulted in a much higher N than MS(100)-G
prepared at 30 °C. Since the structural inhomogeneity is
expected to result from the disturbed coarsening process
of the phase-separating domains, the lower temperature
contributed to the suppression of the coarsening via the
increased viscosity of the whole system. It has been
predicted that a decrease in porosity and an increase in
homogeneity would improve the performance of mono-
lithic columns.39 Actually, all columns (A–F) prepared at
a lower temperature and with a lower porosity were shown
to possess much higher homogeneity than columns G and
H. For columns D–F, the increase in PEG concentration
in feed resulted in the smaller domain size. The increase
in a skeleton volume, or the increase in the TMOS content
in the feed, is reflected in the greater solute retention
observed for columns A–F than for G or H, as shown in
Figure 11.


Column F, having the smallest domain size, exhibited
a slightly higher column efficiency, N, than column D or
E by 5–10%. The total performance, (N/t0)(N/∆P)(t0, a
column dead time), of column F, however, was found to
be lower than that of column D by ca. 30%, implying that
optimum reaction conditions for each TMOS concentra-
tion are very narrow. In other words, one set of feed


compositions with a change in the concentration of one
component could not produce a wide range of monolithic
structures with desirable homogeneity. The adverse effects
of inhomogeneous structures are reported to be pro-
nounced at the smaller domain sizes.40 In fact, monolithic
silica columns A, B, and D–F were shown to provide faster
separations than any particle-packed column for a region
of N greater than ca. 25 000.34 The greatest advantage of
a monolithic column such as columns D–F is that the
efficiency of 2–2.5 µm particles can be obtained with a
pressure drop of 5–6 µm particles. Figure 10 also suggests
that performance equivalent to that of 1.5 µm particles
can be expected somewhere around 1 µm through-pore
size and 0.8 µm skeleton size.


The use of a long monolithic silica capillary column is
an easy and viable approach to increasing the number of
separated peaks per unit time. (It is difficult to pack a long
capillary column with small-sized particles.) In a LC–mass
spectrometry (MS) system, the use of a monolithic silica
capillary column resulted in better resolution by LC and
the detection and identification of a greater number of
peaks by MS. Figure 12 shows a comparison of chromato-
grams for the gradient elution of methanol extracts of
Arabidopsis thaliana leaf using 30–90 cm monolithic silica
capillary columns.41 The major factor for the improved
resolution and detection of the cell content is the increase
in column efficiency with the increased column length,
resulting in a reduction in the extent of ion suppression.
It is known that the less easily ionizable solutes in an
unresolved solute band tend to be suppressed from
ionization. The small amounts of sample and mobile


FIGURE 11. SEM images and chromatograms obtained for monolithic silica capillary columns.34 Chromatograms were obtained for uracil (the
first peak) and alkylbenzenes [C6H5(CH2)nH, where n ) 0–6]. Column: (a) MS(100)-G and (b) MS(100)-B, 100 µm inside diameter and 25 cm
long (effective length of 20 cm). Mobile phase: 80:20 methanol/water. Temperature: 30 °C. Reproduced with permission from ref 34. Copyright
2006 American Chemical Society.
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phase required in addition to compatibility with a nano-
electrospray ionization interface are features of capillary
HPLC. It was possible to detect 200 components by using
software for the separation shown in Figure 12c. The
extremely high separation capability was also shown very
nicely in a proteomic study using a 20 µm inside diameter,
70 cm monolithic silica capillary column providing a peak
capacity of 420 in 210 min.42


The generation of ultrahigh efficiency by long capillary
format41,42 will need high extraskeleton porosity (ca. 0.7
or above),39 while high-speed separations with an N of
10000–30000 need small-sized domains and the lower
porosity (ca. 0.4–0.6).34,39 The development of monolithic
silica columns having controlled domain size and porosity,
and most importantly high homogeneity, will be crucial
for high-speed and high-efficiency LC separations in the
future, if one recognizes the advantages of monolithic
columns over conventional particulate columns. The
preparation of these materials for LC requires preparation
conditions more rigorously controlled than those of


common sol–gel products. Optimum reaction conditions
can be found in a narrow range of concentrations of each
component. Chromatography is such a delicate means of
testing the size and homogeneity of co-continuous struc-
tures. Facile preparation of polar-modified surfaces43 and
stability against high flow rate required for multidimen-
sional applications44 make monolithic silica even more
attractive, in spite of the disadvantages related to the silica
preparation and the chemical modification in individual
columns.


5.2. Future Challenges and Additional Applications.
Monolithic materials with highly controlled inner surfaces
such as well-defined hierarchical pores can be used in
many of the areas where the particle-packed structure has
been playing an important role. The low liquid-flow
resistance (high permeability) and enhanced accessibility
to the nanoscale surfaces of monolithic hierarchically
porous materials are advantageous to every reaction/
separation/purification process. However, for the full
utilization of the potential of monolithic columns, further


FIGURE 12. Replicate injections of an Arabidopsis leaf methanol extract on capillary monolithic C18 columns in positive ionization full-scan
MS, given as base peak chromatograms. Column: (a) 0.2 mm × 300 mm, (b) 0.2 mm × 600 mm, and (c) 0.2 mm × 900 mm. Mobile phase A,
6.5 mM ammonium acetate (pH 5.5, adjusted by acetic acid); moblie phase B, acetonitrile. Cycle: (a) from 5 to 20% B from 0 to 15 min, to 70%
B from 15 to 22 min, and to 100% B from 22 to 57 min, at 2.6 mm/s; (b) from 5 to 20% B from 0 to 15 min, to 70% B from 15 to 23 min, to 100%
B from 23 to 75 min, at 2.6 mm/s; and (c) from 5 to 20% B from 0 to 16 min, to 70% B from 16 to 23 min, to 100% B from 23 to 110 min, at 1.8
mm/s. Reproduced with permission from ref 41. Copyright 2003 American Chemical Society.
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improvement in the structural homogeneity on the sub-
micrometer length scale is needed.


Liquid-phase catalytic reactions can be enhanced in a
device composed of immobilized enzyme or catalyst in
general.45 Kato et al.46 recently prepared a flow-through
bio-reactor made of a macroporous silica monolith sup-
port incorporated with immobilized trypsin. The pipette
tip-type device for rapid digestion by trypsin has also been
reported. Similarly, materials for solid-phase extraction
(SPE) purposes can be easily designed to exhibit superior
permeability and extraction efficiency.47–49


After the establishment of pure silica, the chemical
compositions have been continuously extended to various
pure oxides and complex oxides, organic–inorganic hy-
brids, and even fully organic polymers.50 Depending on
the field of application, the appropriate chemical com-
position can be tuned in terms of mechanical and chemi-
cal stability as well as surface chemistries.


6. Conclusions
Polymerization-induced phase separation in oxide sol–gel
systems is unique in that a wide variety of transient
multiphase structures are frozen in the gelled samples.
Recent success in inducing concurrent phase separation
and sol–gel transition in many oxide systems and from
various types of precursors implies that the phenomenon
is independent of the mechanism of gelation (chemical
polymerization or physical aggregation). The very essential
requirement is simply “competitive” phase separation and
sol–gel transition both in length scale and in time scale.


With an extension of the material shape and size, the
effect of spatial confinement on the structure development
becomes significant. A deeper understanding is still
needed to completely control the morphology, especially
in the miniaturized spaces. Further development of
chemical modification of the pore surfaces as well as
impregnating functional molecules will enhance the ap-
plication of the well-defined hierarchically porous mate-
rial. Continuous efforts are being made to integrate a wide
variety of highly ordered mesophases into well-defined
assemblies in longer length scales with extended chemical
compositions.
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ABSTRACT
Sol–gel routes to metal oxide nanoparticles in organic solvents
under exclusion of water have become a versatile alternative to
aqueous methods. In comparison to the complex aqueous chem-
istry, nonaqueous processes offer the possibility of better under-
standing and controlling the reaction pathways on a molecular
level, enabling the synthesis of nanomaterials with high crystallinity
and well-defined and uniform particle morphologies. The organic
components strongly influence the composition, size, shape, and
surface properties of the inorganic product, underlining the
demand to understand the role of the organic species at all stages
of these processes for the development of a rational synthesis
strategy for inorganic nanomaterials.


1. Introduction
Within the broad family of functional materials, metal
oxides are particularly attractive with respect to applica-
tions in catalysis, sensing, energy storage and conversion,
optics, and electronics.1 For decades they have been
extensively investigated by solid-state chemists.2 However,
to obtain metal oxides as nanoscale materials with well-
defined shape, size, and composition, traditional solid-
state synthesis based on the reaction of powder precursors
is unsuitable. In contrast to these high-temperature
processes, soft-chemistry routes, and in particular sol–gel
procedures, feature advantages such as the possibility of
obtaining metastable materials, achieving superior purity
and compositional homogeneity of the products at mod-
erate temperatures with simple laboratory equipment, and
influencing the particle morphology during the chemical
transformation of the molecular precursor to the final
oxidic network.3 Although aqueous sol–gel approaches
were highly successful in the synthesis of bulk metal
oxides,4,5 they brought some major limitations forward
when it came to the preparation of their nanoscale
counterparts. Aqueous sol–gel chemistry is rather com-
plex, mainly due to the high reactivity of the metal oxide
precursors and the double role of water as ligand and
solvent. In many cases, the three reaction types (hydroly-
sis, condensation, and aggregation) occur almost simul-
taneously (and are difficult to control individually), so


slight changes in experimental conditions result in altered
particle morphologies, a serious issue regarding the
reproducibility of a synthesis protocol.6 Furthermore, the
as-synthesized metal oxides are often amorphous, and it
is difficult to retain full control over the crystallization
process during any additional annealing step. All these
parameters might be controlled well enough for the
preparation of bulk metal oxides; they, however, represent
a big challenge in the case of nanoparticle synthesis.


Nonaqueous (or nonhydrolytic) sol–gel processes in
organic solvents under exclusion of water are able to
overcome some of the major limitations of aqueous
systems. The advantages are closely related to the mani-
fold role of the organic components in the reaction
mixture. They not only act as the oxygen-supplying agent
for the metal oxide but also strongly influence particle size,
shape, surface and assembly properties, and, in selected
cases, even composition and crystal structure. The slow
reaction rates, mainly a consequence of the moderate
reactivity of the C–O bond, in combination with the
stabilizing effect of the organic species lead to the forma-
tion of highly crystalline products that are often charac-
terized by uniform particle morphologies and crystallite
sizes in the range of just a few nanometers. Furthermore,
nonaqueous sol–gel processes clearly benefit from the fact
that the chemistry of the C–O bond is well-established in
organic chemistry. This aspect is of utmost significance
considering the fundamental role of organic reaction
pathways in these synthesis approaches.7 Parallel to the
formation of the inorganic nanoparticles, also the initial
organic species (i.e., solvent and organic constituent of
the precursor) undergo transformation reactions that are
often based on elementary organic chemistry principles.
Identification and quantification of these organic byprod-
ucts provide valuable information about the chemical
reaction mechanisms leading to the nanoparticles. In
contrast to aqueous systems with nearly indefinable
composition, the characterization of the organic com-
pounds in organic media can easily be performed with
standard techniques like nuclear magnetic resonance
(NMR) spectroscopy or gas chromatography–mass spec-
trometry (GC–MS). By retro-synthetical analysis, it is
possible to correlate the processes leading to these organic
species to the growth mechanisms of the oxide nanopar-
ticles, offering a powerful tool toward the development
of a rational synthesis strategy for a broad family of
inorganic nanomaterials.


Although nonaqueous routes to bulk metal oxides never
became as popular as aqueous sol–gel approaches, it
seems that in nanoparticle synthesis the general trend
goes in the other direction, as indicated by the rapidly
growing number of papers on nonaqueous sol–gel app-
roaches.7,8


Nonaqueous processes can be divided into two general
methodologies, namely, surfactant- and solvent-controlled
preparation routes. This Account provides a short over-
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view of these two strategies, highlighting advantages and
limitations as well as elaborating some general reaction
principles based on selected examples from the literature.
It must be pointed out that by definition some of the
processes discussed here are not strictly based on sol–gel
chemistry. However, as most of them involve the chemical
transformation of molecular precursors into the oxidic
compound, they are regarded as such in a broader sense.


2. Nonaqueous Sol–Gel Chemistry
The sol–gel process can roughly be defined as the conver-
sion of a precursor solution into an inorganic solid by
chemical means. In general, the precursor is either an
inorganic metal salt or a metal organic species like a metal
alkoxide or acetylacetonate. In aqueous systems, metal
alkoxides are the most widely used precursors, and their
chemical transformation into the oxidic network involves
hydrolysis and condensation reactions.5 In aqueous sol–
gel processes, the oxygen for the formation of the oxidic
compound is supplied by the water molecules. In non-
aqueous systems, where intrinsically no water is present,
the question of the origin of the oxygen for the metal oxide
arises. Analogous to the nonhydrolytic preparation of bulk
metal oxide gels,9 the oxygen for nanoparticle formation
is provided by the solvent (ethers, alcohols, ketones, or
aldehydes) or by the organic constituent of the precursor
(alkoxides or acetylacetonates). The most frequently found
condensation steps in the formation of a metal–oxygen–
metal bond are summarized in Scheme 1. Equation 1
displays the condensation between metal halides and
metal alkoxides (formed upon the reaction of metal
halides with alcohols) under release of an alkyl halide. One
of the early examples was the preparation of anatase
nanocrystals from titanium isopropoxide and titanium
chloride.10 Ether elimination (eq 2) leads to the formation
of a M–O–M bond upon condensation of two metal
alkoxides under elimination of an organic ether. This
mechanism was reported for the formation of hafnium
oxide nanoparticles.11 The ester elimination process in-
volves the reaction between metal carboxylates and metal
alkoxides (eq 3), as reported for zinc oxide,12 titania,13 and
indium oxide.14 Analogous to ester eliminations are amide
eliminations. Reacting metal oleates with amines, for
example, enabled the controlled growth of titania nano-
rods.15 In the case of ketones as solvents, the release of
oxygen usually involves aldol condensation, where two
carbonyl compounds react with each other under (formal)


elimination of water. The water molecules act as the
oxygen-supplying agent for metal oxide formation (eq 4).
Literature examples include the synthesis of ZnO16 and
TiO2


17,18 in acetone.
However, another more sophisticated pathway has


been reported for BaTiO3, where a C–C coupling mech-
anism analogous to the Guerbet reaction occurred.19 In
comparison to the “standard” reaction of metal alkoxides
in alcohols, which usually proceeds through ether elimi-
nation, the only difference from the experimental point
of view is the dissolution of metallic barium in benzyl
alcohol prior to the addition of the metal alkoxide (step 1
in Scheme 2). Obviously, the presence of benzyl alcoholate
induces a different reaction pathway (step 2 in Scheme
2), involving formation of a C–C bond between the
isopropoxy ligand of titanium isopropoxide and benzyl
alcohol, followed by the formal release of the hydroxyl
group from benzyl alcohol. The thus generated Ti-OH
group promotes further condensation to the metal oxide
under release of 4-phenyl-2-butanol.19


The synthesis route to BaTiO3 nanoparticles in benzyl
alcohol represents an instructive example for revealing


Scheme 1. Condensation Steps Leading to M–O–M Bonds in Nonaqueous Sol–Gel Processes [alkyl halide elimination (eq 1), ether elimination
(eq 2), ester elimination (eq 3), and aldol-like condensation (eq 4)]


Scheme 2. Proposed Reaction Mechanism Involving Formation of a
C–C Bond for the Simultaneous Generation of BaTiO3 Nanoparticles


and 4-Phenyl-2-butanol (according to ref 7)
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and highlighting some basic principles of nonaqueous
sol–gel processes. The presence of 4-phenyl-2-butanol as
the main species and the near absence of organic ethers
in the final reaction solution prove that the formation of
the metal oxide does not involve an ether elimination
process. The retro-synthetical analysis of 4-phenyl-2-
butanol provides a mechanistic model on a molecular
level, how the oxygen is formally transferred from the
solvent benzyl alcohol to the titanium center, finally
building up the metal oxide unit. On the other hand, the
high crystallinity of the nanoparticles is most likely a direct
consequence of the complex organic reaction pathway,
which leads to the slow and controlled release of the
hydroxyl group as a condensation agent. Finally, informa-
tion about the synthesis parameters that direct the reac-
tion along a specific pathway can be obtained. If only
Ti(OiPr)4 is reacted with benzyl alcohol under equal
experimental conditions, anatase nanoparticles are formed
via ether elimination. However, addition of alkaline spe-
cies such as Na(OEt) or K(OtBu) to the reaction mixture
results in nanoparticle formation involving the C–C cou-
pling mechanism, clearly underlining that “alkaline”
conditions are a prerequisite for the occurrence of this
reaction pathway in the Ti system.


3. Nonaqueous Sol–Gel Routes to Metal
Oxide Nanoparticles


3.1. Surfactant-Controlled Synthesis of Metal Oxide
Nanoparticles. In 1993, Murray et al. published the
synthesis of monodisperse CdX (X ) S, Se, or Te) nano-
crystallites in molten trioctylphosphine oxide (TOPO).20


This work provided the basis for the so-called hot-
injection method, which involves the injection of a room-
temperature solution of precursor molecules into a hot
solvent in the presence of surfactants.21 The use of
surfactants, generally consisting of a coordinating head
group and a long alkyl chain, offers several advantages.
The coating of the nanoparticles prevents agglomeration


during synthesis and results in good colloidal stability of
the final product in organic solvents. Dynamic adsorption
and desorption of surfactant molecules onto particle
surfaces during particle growth, sometimes combined with
selectivity toward specific crystal faces, enables control
over particle size, size distribution, and morphology.22


Moreover, the surfactants can be exchanged against other
ones in a postsynthetic step, allowing the chemical
modification of the surface properties of the nanoparticles.


The technologically important class of magnetic nano-
particles such as iron oxides and ferrites represents a
particular track story of surfactant-controlled reaction
approaches.23 The control over particle size has reached
such a sophisticated level that it is possible to prepare iron
oxide nanoparticles in the size range of 6–13 nm in one
nanometer increments.24 In the case of ferrite MFe2O4


(M ) Fe, Co, or Mn) nanoparticles, not only size but also
shape control was achieved.25,26 The synthesis involved
the nonhydrolytic reaction of metal acetylacetonates as
precursors with 1,2-hexadecanediol, oleic acid, and oleyl-
amine. The particle size was determined by the amount
of precursor; i.e., a higher concentration of acetylaceto-
nates led to larger ferrite nanocrystals. Whereas Song et
al. started from spherical CoFe2O4 seed particles 8 nm in
diameter (Figure 1a) and transformed them into cubelike
nanocrystallites with an edge length of 10 nm (Figure 1b)
by adjusting the heating rate,25 Zeng et al. systematically
varied the surfactant-to-iron acetylacetonate ratio, which
resulted in cubelike (Figure 1c) or polyhedron-shaped
(Figure 1d) MnFe2O4 nanoparticles.


Panels e–h of Figure 1 present TEM images of selected
examples of nanoparticles with elongated and branched
particle shapes. The thermal treatment of zinc acetate in
dioctyl ether, trioctylphosphine oxide, and oleic acid,
followed by the addition of 1,12-dodecanediol, resulted
in the formation of ZnO nanocrystals with a conelike
morphology with an average size of 70 nm (base) ×


FIGURE 1. TEM images of (a) 8-nm-sized spherical CoFe2O4 nanoparticles used as seeds and (b) cubelike CoFe2O4 nanoparticles. Reproduced
from ref 25. Copyright 2004 American Chemical Society. TEM images of (c) cubelike and (d) polyhedron-shaped MnFe2O4 nanoparticles.
Reproduced from ref 26. Copyright 2004 American Chemical Society. (e) TEM image of conelike ZnO nanocrystals (inset, dark field TEM image
of one crystal). Reproduced from ref 12. Copyright 2005 Wiley-VCH. (f) TEM image of TiO2 nanorods. Reproduced from ref 13. Copyright 2006
Wiley-VCH. (g) TEM image of MnO multipods (inset, hexapod). Reproduced from ref 27. Copyright 2005 American Chemical Society. (h) TEM
image of tungsten oxide nanorods. Reproduced from ref 28. Copyright 2005 American Chemical Society.
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170 nm (height) (Figure 1e).12 In the case of titania
nanorods, the synthesis involved the solvothermal reaction
of titanium butoxide, linoleic acid, triethylamine, and
cyclohexane.13 The titania nanorods exhibit uniform
diameters of 3.3 nm, and a length of up to 25 nm, often
with a spherical nanoparticle attached to one side of the
rod (Figure 1f). MnO multipods were synthesized from a
manganese oleate complex in oleic acid and oleylamine
(Figure 1g).27 The dissolution of WCl4 in oleic acid and
oleylamine yielded after heat treatment at 350 °C tungsten
oxide (W18O49) nanorods, 4.5 nm in width and 28 nm in
length (Figure 1h).28


These examples on one hand nicely illustrate the
potential of surfactant-controlled synthesis approaches in
achieving complex crystal morphologies with outstanding
uniformity but, on the other hand, reveal the major
limitation of these methodologies. In most of the cases,
the synthesis routes are isolated efforts without any
generally valid basic concepts or mechanistic principles
that would allow a rational synthesis strategy. This state-
ment is supported by a closer look at the chemicals
employed in these procedures: five different metal oxide
precursors and more than half a dozen of surfactants,
often two or three of them in the same reaction batch.
However, especially in surfactant-directed synthesis routes
with their high content of organic compounds, it is crucial
to have a closer look at the organic reaction pathways. In
this context, it is not surprising that several research
groups started to investigate the organic side reactions also
in the synthesis of colloidal group II–VI semiconductor
nanocrystals.29,30


3.2. Solvent-Controlled Synthesis of Metal Oxide
Nanoparticles. In comparison to the synthesis of metal
oxides in the presence of surfactants, the solvent-
controlled approaches are considerably simpler. The initial
reaction mixture just consists of two components, the
metal oxide precursor(s) and a common organic solvent.
The small number of reactants simplifies the characteriza-
tion of the final reaction solution and, related to that, the
elucidation of the chemical reaction mechanisms. The
synthesis temperature is typically in the range of 50–
200 °C, which is notably lower than that in the hot-
injection method. But the main advantage of surfactant-
free synthesis methods clearly lies in the improvement in
product purity. Whereas surface-adsorbed surfactants


influence the toxicity of nanoparticles31 and lower the
accessibility of the nanoparticle surface in catalytic and
sensing applications, these problems are not an issue in
nanopowders obtained by surfactant-free routes.


The surfactant-free synthesis methodologies developed
in the last few years make use of a large variety of metal
oxide precursors such as metal halides, acetates, acetyl-
acetonates, and alkoxides and also include mixtures of
different precursors in the case of both compositionally
more complex oxides and doping experiments.7,32,33 Po-
tential solvents are oxygen-containing organic solvents
such as alcohols, ketones, or aldehydes as well as oxygen-
free solvents like amines or nitriles with short alkyl chains.
Even “inert” solvents such as toluene or mesitylene can
be used. The choice of the appropriate solvent mainly
depends on its role during nanoparticle growth and also
on the targeted morphological as well as compositional
characteristics of the final product. Whereas oxygen-
containing solvents generally supply the oxygen for the
formation of the oxidic compound, nonoxygenated sol-
vents rely on the use of oxygen-containing precursors that
are chemically transformed into the metal oxide. The
organic solvent and/or the organic species formed during
the reaction course act as capping agents, which bind to
the particle surface and thus limit the crystal growth and
influence particle morphology as well as assembly behav-
ior. Highly stabilizing organic species on the one hand
suppress crystal growth and on the other hand can show
selectivity toward the binding to different crystal facets,
which leads to anisotropic crystal growth. Moreover, the
redox properties of the organic solvent can have a strong
effect on the chemical composition of the inorganic
component.


The simplest nonaqueous and surfactant-free synthesis
route to metal oxide nanoparticles involves the reaction
of metal halides with alcohols.34 Many metal chlorides
readily react with ethanol or benzyl alcohol to the corre-
sponding metal oxides.7 In the case of SnO2, the obtained
nanoparticles are well dispersible in tetrahydrofuran
without any additional stabilizing agent (Figure 2a), which
enables their use as crystalline nanobuilding blocks for
the preparation of mesoporous materials by evaporation-
induced self-assembly (Figure 2a, inset).35 In general, the
reaction between metal halides and alcohols occurs at low
reaction temperatures, which makes this synthesis system


FIGURE 2. (a) TEM image of SnO2 nanocrystal sol (inset, TEM image of mesoporous SnO2 after calcination). Reproduced from ref 35. Copyright
2005 Wiley-VCH. (b) TEM image of BaTiO3 nanocrystals (inset, HRTEM image of one crystal). (c) TEM image of indium tin oxide (10 wt % SnO2)
nanocrystals (inset, HRTEM image of one crystal). Reproduced from ref 42. Copyright 2006 American Chemical Society.
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particularly useful in cases where organic ligands are
required either to functionalize the surface,36 to modify
the particle morphology,37 or to control the assembly
behavior.38,39


If halide impurities in the final oxidic product are a
problem, synthesis routes based on the reaction of metal
acetates, acetylacetonates, or alkoxides with alcohols or
amines represent a halide-free alternative.7 The glyco-
thermal method involving the reaction of metal alkoxides
or acetylacetonates in 1,4-butanediol is a versatile ap-
proach to various metal oxides.40 Another powerful reac-
tion system is based on the use of metal alkoxides and
benzyl alcohol, which can be applied to a wide range of
binary and multi-metal oxides.7,32 As a representative
example, a TEM overview image of BaTiO3 nanocrystals
is displayed in Figure 2b, together with a HRTEM image
of one particle as an inset.41 The well-developed lattice
fringes prove the high crystallinity. The synthesis of metal
oxides containing two or more metals is generally a
delicate issue due to the different reactivity of the metal
oxide precursors. In contrast to aqueous systems, where
this problem is particularly pronounced, the slower reac-
tion rates in organic solvents facilitate the search for metal
oxide precursors with the same reactivity toward a specific
solvent. The use of chemically different precursors rep-
resents an elegant method for the preparation of phase-
pure multi-metal oxides with complex composition, as
shown for indium tin oxide nanoparticles, where indium
acetylacetonate and tin tert-butoxide were reacted with
benzyl alcohol.42 This process enabled the variation of the
dopant concentration in a broad range of 2–30 wt %. The
nanoparticles exhibit a spherical morphology with diam-
eters of 5–10 nm (Figure 2c) and high crystallinity (Figure
2c, inset). Without additional annealing, these nano-
powders exhibited good electrical conductivity.


Alcohols as solvents are not suitable for metal oxides
containing cations that are sensitive toward reduction to
the respective metals (especially copper- and lead-
containing compounds). Ketones and aldehydes represent
a nonreductive class of solvents that can be used for such
and other oxidic materials like ZnO,16 BaTiO3,43 TiO2,17,18


In2O3,33 BaSnO3,32 PbTiO3, Pb(Zr,Ti)O3, and PbZrO3.44


Interestingly, the synthesis of metal oxide nanoparticles
can also be performed in oxygen-free solvents provided
that the precursor contains oxygen atoms. Zirconium and
titanium alkoxides were transformed into the respective
oxides by thermal decomposition in inert organic solvents
like toluene.45,46 Other reaction systems make use of
nitrogen-containing solvents. The reaction of metal acetyl-
acetonates with benzylamine yielded nanocrystalline iron,
zinc, indium, and gallium oxide,47 whereas acetonitrile as
a solvent led to indium and zinc oxide.48


4. Remarks on the Role of the Organics
The investigation and classification of the chemical reac-
tion mechanisms leading to metal oxide formation in
solvent-controlled processes provide a big step forward
in the development of a rational synthesis strategy for


inorganic nanoparticles. However, as long as general
concepts for the correlation of a particular synthesis
system with the final particle morphology are missing, this
progress cannot unfold its full potential. The difficulty and
complexity of finding answers to this crucial question are
shown in this section using selected examples, where
seemingly simple reaction mixtures lead to not only
spherical nanoparticles but also well-defined organic–
inorganic nanostructures.


Yttrium and lanthanide isopropoxides (Ln ) Gd, Sm,
Nd, or Er) react with benzyl alcohol to form ordered
nanohybrids consisting of thin crystalline oxide layers
(∼0.6 nm) equally separated from each other by an
organic layer of intercalated benzoate molecules.49,50 A
mechanism in which hydride-transfer reactions form
benzoic acid and toluene from benzyl alcohol via ben-
zaldehyde, catalyzed by the growing metal oxide species,
was proposed. The benzoate molecules obviously restrict
the growth of the metal oxide and direct their assembly
into the hybrid structure. As a representative example,
Figure 3a shows TEM images of the neodymium oxide–
benzoate nanohybrid.50 However, benzoate molecules
formed in situ are also able to induce the growth of
nanoparticles with a one-dimensional morphology. The
reaction of lanthanum isopropoxide in a mixture of benzyl
alcohol and 2-butanone in the presence of potassium
permanganate yielded La(OH)3 nanoparticles with a fi-
brous shape (Figure 3b). The anisotropic particle growth
is presumably a direct consequence of the benzoate
molecules that bind selectively to specific faces of the
lanthanum hydroxide crystal. The reaction of tungsten
isopropoxide with benzyl alcohol represents an example
in which another oxidation product of benzyl alcohol
played the critical role in determining particle shape and
assembly behavior.51 The as-synthesized tungsten oxide
consists of nanowire bundles that are held together by
intercalated benzaldehyde molecules. The bundles can be
split up into individual nanowires with uniform diameters
of 1 nm by the addition of formamide to a dispersion of
the nanobundles in ethanol (Figure 3c). In spite of the
tiny diameter and the high structural flexibility, the
nanowires are well crystalline as proven by the selected
area electron diffraction (SAED) pattern (Figure 3c, inset).


The sensitivity of the morphological characteristics of
the final inorganic product to slight chemical changes in
the solvent is nicely illustrated in the case of tungsten
oxide nanoplatelets. Whereas the reaction of tungsten
chloride with benzyl alcohol yielded tungstite nanoplate-
lets with a relatively broad size distribution in the range
of 30–100 nm (Figure 3d),34 the same process in 4-tert-
butylbenzal alcohol resulted in the formation of a fibrous
network (Figure 3e).52 A TEM image at a higher magnifi-
cation reveals that these ribbonlike structures consist of
parallel columns with uniform diameters of 4 nm (Figure
3f). Each nanocolumn is composed of self-aligned nano-
platelets 1 nm thick and facing each other along the entire
length of the nanostack. The individual nanostacks are
nearly monodisperse in diameter as a consequence of the
uniform-sized platelets, which leads to an outstanding
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alignment on two levels of hierarchy. It is intriguing to
see the tremendous effect of 4-tert-butylbenzyl alcohol on
the crystal growth and assembly of the building blocks in
comparison to benzyl alcohol, although these two solvents
differ only in the presence of a tert-butyl group. Obviously,
4-tert-butylbenzyl alcohol fulfills a number of roles that
are directly related to its chemical structure. Like benzyl
alcohol, the alcohol group provides the oxygen for the
formation of tungstite, and its solvation power supports
the formation of extended flat nanoplatelets. But in
contrast to benzyl alcohol, 4-tert-butylbenzyl alcohol with
its terminal tertiary butyl group can sterically control both
the size of the nanoplatelets and the distance between
them.


Another major obstacle on the way to a rational
synthesis strategy for inorganic nanoparticles is the fact
that the crystallization process of nanoscale materials is
still poorly understood. Although crystallization has been
studied for decades, it seems that pathways other than
just the simple attachment of ions, atoms, or molecules
to growing nuclei exist.53 The study of the crystallization
of indium tin oxide nanoparticles in benzyl alcohol shed


light on some interesting details and also proved that the
organic components were directly involved in the pro-
cess.54 Panels a–c of Figure 4 display TEM images of
indium tin oxide nanoparticles after 3, 6, and 24 h of
reaction time. It was found that the crystallization process
did not proceed along a simple nucleation and growth
pathway but involved a two-step process.54 First, an
intermediary phase was formed, consisting of nanocrys-
tallites that were stabilized by an organic matrix. As a
representative example, the sample after 3 h is shown in
Figure 4a, with inorganic crystallites of 2–3 nm embedded
in an extended, ramified organic network. After 6 h, the
sheetlike ribbons seemed to be more compact with larger
crystallites (5 nm) and less organics, and the crystallites
formed oriented, two-dimensional arrays (Figure 4b).
Although the nanoparticles were aligned into superstruc-
tures in this organic–inorganic network, they did not
exhibit any crystallographic orientation with respect to
each other. After 12 h, the intermediate was abruptly
transformed into indium tin oxide nanoparticles with the
bixbyite structure and with crystallite sizes of 8–12 nm.
This step was accompanied by the disappearance of the


FIGURE 3. (a) TEM image of a neodymium oxide–benzoate nanohybrid. (b) TEM image of lanthanum hydroxide nanofibers. (c) TEM image of
tungsten oxide nanowires (inset, SAED pattern). Reproduced from ref 51. Copyright 2006 Wiley-VCH. (d) TEM image of tungstite nanoplatelets
synthesized from tungsten chloride in benzyl alcohol. (e and f) TEM images of tungstite nanoplatelets prepared from tungsten chloride in
4-tert-butylbenzyl alcohol at different magnifications. Panel 3e reproduced with permission from ref 52. Copyright 2006 The Royal Society of
Chemistry.


FIGURE 4. TEM images of growing indium tin oxide nanocrystals after (a) 3, (b) 6, and (c) 24 h of reaction time.
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organic phase and the loss of the superstructure. The final
product after 24 h consisted of disordered agglomerates
of nanocrystals of 8–15 nm (Figure 4c).


5. Conclusion
The synthesis of metal oxide nanoparticles in organic
solvents, making use of the well-known chemistry of the
carbon–oxygen bond, opens the possibility of adapting
reaction principles from organic chemistry to the synthesis
of inorganic nanomaterials. The thus obtained reaction
mechanisms provide answers to the following questions.
(i) What is the origin of the oxygen for oxide formation?
(ii) How is the oxygen transferred from the source to the
metal center? (iii) Which organic species are formed
during nanoparticle growth that potentially act as coor-
dinating, size- and shape-controlling ligands? (iv) Which
organic species are a result of redox reactions that
determine the oxidation state of the metal ions? However,
they do not offer any solutions concerning the relationship
between a particular synthesis system and the particle
morphology. Therefore, the ultimate goal of a rational
synthesis strategy, where a sequence of synthesis steps
leads to nanoparticles with the desired composition,
structure, size, and shape intentionally and in a predicted
way, is still not in sight. Although the organic species
strongly influence the structural, compositional, and
morphological characteristics of the inorganic product and
thus offer a versatile tool for tailoring particle size, shape,
composition, and surface properties, this is only possible
on an empirical basis as long as the organic–inorganic
interface is not completely understood on a molecular
level and as long as there is no detailed information
available about how organic molecules bind and pack on
nanocrystal surfaces.55
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ABSTRACT
Metal or semimetal alkoxides substituted with nonhydrolyzable
organic groups are important precursors for inorganic–organic
hybrid materials. Understanding the chemistry and structural issues
of such precursors is a prerequisite for a rational materials design.
Examples are given in this Account, mainly from the chemistry of
titanium and zirconium alkoxides, which show that modified metal
alkoxide precursors sometimes have an unexpected and unpredict-
able stuctural chemistry. Furthermore, chemical consequences of
the Lewis acidity of the metal alkoxides are discussed, such as
adduct formation, ligand exchange reactions, or organic side
reactions.


Introduction
The development of inorganic–organic hybrid materials,
which have already found numerous applications,1 is one
of the big achievements of sol–gel science. The notion is
to create materials with new combinations of properties
by combining inorganic and organic building blocks on a
molecular level. In the so-called class I materials,2 the
organic and inorganic entities interact only weakly, while
they are linked through strong chemical bonds in class II
hybrid materials. Preparation of class II sol–gel materials
requires precursors being substituted with hydrolytically
stable organic groups which either provide a chemical link
between the inorganic and organic network structures or
introduce pending organic groups.


The development of class II hybrid sol–gel materials
was fostered by the availability of alkoxysilanes of the type
R′Si(OR)3, where the organic group R′ is directly bonded
to the silicon atom. R′ groups may range from simple alkyl
or aryl groups to coupling sites or polymerizable groups
and complex organic or organometallic units, such as
chromophores, catalytically active groups, biomolecules,


etc.3 Upon sol–gel processing, the Si(OR)3 unit is inte-
grated into the gel network to which the organic group R′
is grafted (eq 1).


The development of inorganic–organic hybrid materials
is often labeled as “materials design”, because a certain
level of rationality is possible via an appropriate combina-
tion of precursors (molecular building blocks). The num-
ber of possibilities for such materials design would be
tremendously increased by the broader availability of
hydrolyzable inorganic groups carrying functional or
nonfunctional organic groups, based on elements other
than silicon but with otherwise similar chemical proper-
ties, viz. compounds of the type R′-M(OR)n.


As opposed to alkoxysilanes, the organic R′ groups
cannot be linked to the metal atom by metal–carbon
bonds, because most of these bonds are not hydrolytically
stable. However, the development of such precursors can
be based on what is known as “chemical additives” to
moderate the reactivity of nonsilicate metal alkoxides
during sol–gel processing. Acetic acid or acetylacetone is
mainly used, but also other compounds, such as R-amino
acids, hydroxycarboxylic acids, phosphonic and phos-
phinic acids, sulfonic acids, and various �-diketones and
�-ketoesters, amino alcohols, oximes, etc. The common
feature of such additives is that they are protic compounds
and are thus able to substitute one or more OR groups of
M(OR)m with concomitant ROH elimination. Furthermore,
the corresponding anions act as bidentate (or multiden-
tate) ligands, which are more strongly bonded than
monodentate ligands because of the chelate effect. Reac-
tion of such protic compounds (BL-H) with metal alkox-
ides results in new, modified precursors M(OR)m–x(BL)x,
where BL is the (anionic) bidentate ligand (eq 2).


M(OR)m + xBL-HfM(OR)m-x(BL)x + xROH (2)


The replacement of one or more OR groups with BL
has several chemical and structural consequences for
sol–gel processing. (i) The new precursor M(OR)m–x(BL)x


has a reactivity different from that of the parent alkoxide
M(OR)m. (ii) The degree of cross-linking of the gel network
is decreased, because of the smaller proportion of hydro-
lyzable OR groups. (iii) The substitution of monodentate
alkoxy group with bi- or multidentate BL lowers the
connectivity of the molecular building blocks. This favors
the formation of gels instead of crystalline precipitates.
(iv) The polarity change by the organic groups probably
has a similar effect on the network structure than changing
the polarity of the solvent. (v) The complexing ligands may
stereochemically direct the hydrolysis and condensation
reactions because the site trans to an organic group has
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a reactivity different from that of the cis sites. (vi) Organic
functionalities could be introduced via the BL, an option
which is hardly exploited.


Despite the widespread use of “organically modified
metal alkoxides” in sol–gel processes and their huge
impact on the formation and structure of the resulting
gels, there are few systematic investigations on their basic
chemistry, i.e., their structures and the initial reaction
steps when water is added. In most practical sol–gel
protocols, the modified precursors are just prepared in
situ by adding a compound BL-H to the metal alkoxide
and are processed without paying attention to what is
happening at the molecular level. This Account is about
rendering sol–gel processing of organically modified metal
alkoxides more rational by better understanding chemical
and structural issues of the alkoxide precursors. This is
an important and necessary step toward real materials
design. The focus is on some of our recent efforts in this
area with a strong emphasis on titanium and zirconium
alkoxides.4 It turns out that the chemistry and the
structural issues of M(OR)m–x(BL)x compounds are less
straightforward than it may appear on paper and than has
been reported in the literature.


Metal Alkoxides as Lewis Acids
The Lewis acidity of the metal in metal alkoxides is much
higher than that of silicon in silicon alkoxides, and all the
structural and reactivity differences can be traced back
to that. A first effect of the higher Lewis acidity is the
tendency of metal alkoxides to form oligomers [M(OR)m]n


with alkoxo bridges between two or three metal atoms,
i.e., by interaction of the Lewis basic alkoxo groups with
the metal centers. It is well known that the physical
properties as well as the chemical reactivity of the metal
alkoxides are influenced by the degree of oligomerization.5


As a matter of fact, any other Lewis base may also
interact with the metal centers. The most obvious Lewis
basic molecules in sol–gel systems are solvent molecules,
such as alcohols. Complex equilibria may exist due to
competition between solvent coordination and formation
of alkoxo bridges. A few alcohol adducts were isolated and
characterized by single-crystal X-ray diffraction. An ex-
ample is Zr2(OiPr)8(iPrOH)2 (Scheme 1),6 where the metal
atoms are octahedrally coordinated because of both
formation of alkoxo bridges and coordination of alcohol
molecules.


The coordinated alcohol in Zr2(OiPr)8(iPrOH)2 under-
goes hydrogen bonding with the neighboring alkoxo
ligand. This turned out to be more important with regard
to the stability of the adducts than originally thought.
We recently isolated a series of amine adducts
M2(OiPr)8(NH2R)2 (M ) Ti or Zr) which have the same


overall structure as Zr2(OiPr)8(iPrOH)2 (Scheme 1) (eq 3).
One might expect that stability of the adducts increases
with an increase in the basicity of the amine. However,
adduct stability depends to a large extent also on the
hydrogen-donor ability of the amine.7 Thus, secondary
amines R2NH result in less stable adducts; although they
are more basic than primary amines, they are weaker
hydrogen donors in NH · · · O bonds.


The seemingly simple fact that adducts can be formed
has several far-reaching chemical consequences. First,
when several bases are present at the same time, the bases
compete with each other. For example, Ti(OR)4 can reach
its preferred coordination number of six either by addition
of two Lewis base molecules (LB), i.e., formation of
Ti(OR)4(LB)2, or by addition of one base molecule per
titanium atom with concomitant formation of alkoxo
bridges, i.e., formation of Ti2(OR)8(LB)2. For simple alkoxo
ligands, only the latter has been observed so far. However,
when the basicity of the alkoxo groups is lowered by using
fluoroalkoxo groups, the monomeric bis adducts
Ti[OCH(CF3)2]4(LB)2 (LB ) NCMe or THF) were obtained;
i.e., addition of a second solvent molecule becomes more
favorable than formation of alkoxo bridges.8


Second, adduct formation must be taken into account,
whenever Lewis basic compounds are co-reacted with metal
alkoxides in sol–gel processes. A particularly illustrative
example is the adduct Ti2(OiPr)6(OEt)2[NH2(CH2)3Si(OiPr)3]2


[eq 3, where M ) Ti and R ) (CH2)3Si(OiPr)3] obtained from
Ti(OiPr)4 and (EtO)3SiCH2CH2CH2NH2 [Figure 1; adduct
formation is accompanied by an alkoxo group exchange
between Si(OEt)3 and Ti(OiPr)4].9 The amino-substituted
alkoxysilane is sometimes co-reacted with metal alkoxides
in sol–gel formulations. If this is done, one must be aware
of adduct formation which may “neutralize” the amino
group and, furthermore, influence the hydrolysis and con-
densation rates of the metal alkoxide. The same is true for
base “catalysts” sometimes used in sol–gel reactions involv-
ing metal alkoxides. Due to the fact that such molecules will
coordinate to the metal alkoxides, they will hardly exhibit
any catalytic activity.


Third, adduct formation may result in a proton exchange
reaction, if the added base contains an exchangeable proton,
such as alcohols, primary and secondary amines, etc. The
alcohol adducts (Scheme 1) are probably intermediates in
alkoxo group exchange reactions, where addition of R′OH
to the metal center of M(OR)m is followed by transfer of a
proton from R′OH to OR and elimination of ROH. Although
hydrogen bridges are also observed in the amine adducts,
the proton remains bonded to the nitrogen (i.e., H is not
transferred to OR), because the HNR2 group is less acidic
than the HOR group. However, such addition–proton trans-
fer–elimination reactions are the basis for the modification


Scheme 1
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of metal alkoxides by bidentate ligands (BL), which are
discussed in the next section. When metal alkoxides, M(OR)m


are reacted with compounds BL-H, which are more acidic
than the ROH group to be eliminated, modified precursors
M(OR)m–x(BL)x are obtained. The anionic BL ligand is more
strongly bonded (due to the bidentate coordination) and
thus retained at the metal.


Adduct formation can result in coordination polymers,
when compounds with more than one Lewis basic center
are employed, such as diamines (eq 4) or triamines.7,10


The general structure of the titanium alkoxide groups is
the same as that shown in eq 3, with the di- or triamine
ligands bridging the Ti2(OiPr)8 units. An example of a
chain structure (where X ) C6H4) is shown in Figure 2.
The polymeric structures can be extended in a second
dimension when triamines are used. Thus, puckered
layers of condensed six-membered rings of [Ti2(OiPr)8]3-
[N(CH2CH2NH2)3]2 were formed when Ti(OiPr)4 was re-
acted with tris(2-aminoethyl)amine.10


At this point the questions of whether coordination of
the amines is retained in solution and the extent to which
the solid-state structure of the amine adducts represents
the solution chemistry of metal alkoxides arise. This is not
just an academic question, but also important for sol–gel
processes, where coordination of amines may influence
the reactivity of the metal alkoxides, or where metal
alkoxides might be pre-organized prior to hydrolytic
polycondensation by di- and triamines. Most amine
adducts can be recrystallized, which is already a strong
indication that they are relatively stable. However, this


does not exclude the existence of coordination equilibria
in solution. A clearer picture was obtained from two-
dimensional (2D) NMR experiments for several Ti(OiPr)4/
amine combinations.10 For example, when bis(2-amino-
ethyl)amine was added to a CD2Cl2 solution of 2 molar
equiv of Ti(OiPr)4, the initial NMR spectra were those of
the precursors. However, over a period of 2 weeks, the
NMR spectra changed completely (Figure 3). The reso-
nances of the starting compounds decreased in intensity
and eventually disappeared, and new NMR signals evolved,
the number and intensity of which corresponded to the
symmetry of crystalline [Ti2(OiPr)8(H2NCH2CH2NHCH2


CH2NH2)]∞ (this compound has the same overall structure
as that shown in Figure 2; only the NH2 groups are
coordinated to Ti, but not the NH group).


Although CD2Cl2 solutions certainly do not completely
model the situation in sol–gel systems (where ROH is
present), the NMR results clearly show that the amine


FIGURE 1. Molecular structure of Ti2(O
iPr)6(OEt)2[NH2(CH2)3Si(OiPr)3]2


(green for Ti, blue for nitrogen, red for oxygen, and gray for carbon).


FIGURE 2. Polymeric structure of [Ti2(O
iPr)8(H2NCH2C6H4CH2NH2)]∞.
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adducts are persistent enough that they could play a role
in the sol–gel chemistry of metal alkoxides.


The formation of either adducts or oligomers by alkoxo
bridging is one consequence of the Lewis acidity of metal
alkoxides. Another is that organic side reactions may be
catalyzed. For example, hydrodeacylation of �-diketones
may occur (eq 5). This reaction is especially likely if the
�-diketone is substituted in the 3-position,11 but it was
also observed in rare cases for unsubstituted acetylace-
tone.12,13 The extent of this side reaction also depends on
the Lewis acidity of the metal alkoxide; the cleavage
reaction can be suppressed when the reaction of �-dike-
tone with the metal alkoxide is carried out in an alcoholic
solution. Another example for an organic side reaction is
metal alkoxide-catalyzed lactame formation from lysine
competing with coordination of the amino acid to the
metal alkoxide.14


Modification of Metal Alkoxides by
Nitrogen-Containing Bidentate Ligands
While the modification of metal alkoxides by �-diketonate,
�-keto ester, or carboxylate ligands has been investigated
well, less attention has been paid to derivatives with
nitrogen-containing anionic ligands, such as aminoalco-
holate, oximate, or hydroxamate ligands, although such
derivatives were prepared rather early, mainly by the
group of R. C. Mehrotra.5 These ligands could be interest-
ing alternatives to the use of oxygen-containing ligands,
and some of the chemical problems encountered there
can be possibly avoided. We therefore started to investi-
gate the structural chemistry of group IV alkoxide deriva-
tives with aminoethanolate and oximate ligands, which
turned out to be less straightforward than anticipated.


It was claimed that all OR groups of Ti(OR)4 can
successively be replaced with dialkylaminoethanolate


ligands, i.e., that the whole series of Ti(OR)4–x(OCH2CH2-
NR2)x derivatives (x ) 1–4) can be obtained.5 Variable-
temperature NMR spectra indicated a monomer–dimer
equilibrium for Ti(OiPr)3(OCH2CH2NMe2) in a benzene
solution.15 We were able to crystallize several NH2-
substituted derivatives Ti(OR)3(OCHR′CHR′′H2) (x ) 1),
viz., Ti2(OR)6(OCH2CH2NH2)2 (R ) iPr or Et),16


Ti2(OiPr)6(OCHMeCH2NH2)2, and Ti2(OiPr)6(OCH2CH-
MeNH2)2 (eq 6).17 The compounds turned out to be
dimeric in the solid state, and the structures were related
to that of Ti2(OR)8(NH2R)2 discussed above. The NH2


group of the aminoalcoholate ligands occupies the same
position as the amine ligands in the amine adducts and
is again stabilized by NH · · · O hydrogen bonding to
neighboring OR ligands (Figure 4).


The bis-substituted derivative Ti(OiPr)2(OCH2CH2-
NMe2)2 was shown to be monomeric both in solution and
in the gas phase.15 We were not able to obtain the
corresponding NH2 derivative Ti(OiPr)2(OCH2CH2NH2)2 by
reaction of Ti(OiPr)4. Even with an excess of ethanolamine,
the dimer Ti2(OiPr)6(OCH2CH2NH2)2, with a Ti:aminoeth-
anolate ratio of 1, crystallized from the reaction mixture.
However, the bis-substituted derivative Ti2(OiPr)4(OCH2-
CH2NH2)4 was formed, when NaTi(OiPr)5 was reacted with
an excess of aminoethanol.17 From simple structural
considerations, one would expect monomeric compounds
Ti(OR)2(OCH2CH2NR′2)2, where the titanium atom reaches
its preferred coordination number of six by two chelating
aminoethanolate ligands. However, as discussed above,
monomeric structures Ti(OR)4L2 where R ) alkyl and L )
R′NH2 are apparently not stable. Thus, “Ti(OiPr)2(OCH2-
CH2NH2)2” is dimeric with only one chelating OCH2CH2-
NH2 ligand per Ti atom (Figure 5). The alkoxo bridge is
formed by the second OCH2CH2NH2 ligand, the amino
group of which does not coordinate to the titanium atoms.


When Zr(OiPr)4 was reacted with aminoethanol under
the same conditions as Ti(OiPr)4, a colorless precipitate
was obtained in an exothermic reaction. From the CH2Cl2


solution of this precipitate, only small amounts of


FIGURE 3. 1H NMR spectra of Ti2(O
iPr)8(NH2CH2CH2NHCH2CH2NH2)


in CD2Cl2: (top) mixture of Ti2(O
iPr)8 and NH2CH2CH2NHCH2CH2NH2,


(middle) solution after 1 week, and (bottom) solution after 2 weeks.
Reprinted with permission from ref 10. Copyright 2007 Wiley-VCH.


FIGURE 4. Molecular structure of Ti2(OEt)6(OCH2CH2NH2)2.
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Zr(OCH2CH2NH2)4 crystallized after extended periods. The
Zr atom in this compound is eight-coordinate due to four
chelating aminoethanolate ligands.17 However, when Zr(O-
Bu)4 was reacted instead, a crystalline compound of the
overall composition “Zr(OBu)3(OCH2CH2NH2)” was ob-
tained (eq 7).17 While the mono-aminoethanolate deriva-
tive of Ti(OR)4 (R ) Et or iPr) is dimeric, viz.,
Ti2(OR)6(OCH2CH2NH2)2 (see above), the corresponding
derivative of Zr(OBu)4 has a completely different structure.
The compound turned out to be a hexamer Zr6(OBu)18-
(OCH2CH2NH2)6 (Figure 6) with a complicated cen-
trosymmetric structure. The outer Zr atoms of the hex-
amer are not substituted with aminoethanolate ligands;
they are instead Zr(OBu)4 units which interact with the
central part of the structure by two OBu bridges each. The
compound is thus better represented by the formula
Zr4(OBu)10(OCH2CH2NH2)6·2Zr(OBu)4. All OCH2CH2NH2


ligands are µ,η2, with bridging oxygen atoms. The reason
for the surprising difference between the structure of
Ti(OR)3(OCH2CH2NH2) and Zr(OR)3(OCH2CH2NH2) could
be that the Zr atoms in the Zr4(OBu)10(OCH2CH2NH2)6


part of the structure become seven-coordinate in this
particular arrangement.


Oximes R2CdN-OH are characterized by a protic OH
group and a weakly basic nitrogen atom. Oximate ligands
are ambidentate with the possibility of end-on coordina-
tion of the oxygen, side-on coordination of the NO group,
or bridging coordination. Although several derivatives
Ti(OR)4–x(ONdCR2)x were reported in the early literature,5


no structural information was available. We now isolated
crystals of the bis-substituted compound Ti2(OiPr)4-
(ONdC5H8)4 (Figure 7) when Ti(OiPr)4 was reacted with
1 or 2 equiv of C5H8dNOH (in the 1:1 reaction, only the
yield was lower) (eq 8).18 Both oximate ligands are side-
on coordinated, with Ti–N distances [209.2(5) and 211.6(5)


pm] that are longer than Ti–O distances [194.9(4) and
195.9(4) pm]. The structure of Ti2(OiPr)4(ONdC5H8)4 is
similar to that of dimeric Ti2(OiPr)8,10 with all axial OiPr
groups replaced with side-on coordinated oximate ligands.
The nitrogen atoms are approximately trans [N–Ti–N angle
) 164.3(2)°], and the five oxygen atoms are arranged in a
distorted trigonal bipyramid around the Ti atom, with the
terminal and one bridging OiPr group in the apical
positions [169.5(2)°].


Although we were not yet able to isolate an alkoxide
derivative with a Ti:oximate ratio of 1, i.e., Ti(OR)3-
(ONdCR′2), we obtained a partial hydrolysis product with
this metal:ligand ratio. Surprisingly, all oximate ligands
in Ti6O6(OBu)6(ONdC5H8)6 are bridging (Figure 8).18 The
structure of the oxo cluster is related to that of the
carboxylate derivatives Ti6O6(OR)6(OOCR′)6,4 where the
Ti6O6 core is a hexagonal prism of alternating titanium
and oxygen atoms, and the bridging ligands (oximate or
carboxylate) span the four-membered Ti2O2 rings of the
prism.


Comparison of the structures of Ti2(OiPr)4(ONdC5H8)4


(Figure 7) and Ti6O6(OBu)6(ONdC5H8)6 (Figure 8) shows
that oximes could be especially interesting for the modi-
fication and functionalization of metal alkoxides. They are
easily prepared, and oximate ligands exhibit coordination
behavior much more versatile and adaptable than that of
any other simple ligand.


Modification of Metal Alkoxides by Carboxylate
Ligands
Reaction with carboxylic acids is a common way of
modifying metal alkoxides for sol–gel processing. How-
ever, this reaction is considerably more complex that the
reactions with other acidic compounds discussed before.
The reason is that one or more OR groups can be
substituted with carboxylate ligands, but in addition, the
Lewis acidic metal alkoxides catalyze formation of an ester
between the employed carboxylic acid and the eliminated
alcohol. The thus generated water gives rise to partial
hydrolysis of the metal alkoxides, and carboxylate-
substituted oxo/hydroxo clusters MaOb(OH/OR)c(OOCR′)d


may be obtained instead of carboxylate-substituted metal
alkoxide derivatives Ma(OR)b(OOCR′)c (eq 9). Since two
carboxylic acid-consuming reactions (substitution and
ester formation) compete with each other, the relative
reaction rates determine the kind of product that is
obtained. Another point to be considered is that the
substitution reactions are equilibria while the hydrolysis
reactions are not. Thus, even if the equilibrium is on the
side of the substituted metal alkoxide Ma(OR)b(OOCR′)c,
a lower solubility of the clusters could shift the substitu-
tion equilibrium.


M(OR)m +R′COOHfMaOb(OH ⁄ OR)c(OOCR′)d +
R′COOR (9)


FIGURE 5. Molecular structure of Ti2(O
iPr)4(OCH2CH2NH2)4.


Organically Modified Transition Metal Alkoxides Schubert


734 ACCOUNTS OF CHEMICAL RESEARCH / VOL. 40, NO. 9, 2007







Two contrary examples may illustrate the complexity
of the carboxylic acid reactions. When Y(OCH2CH2OMe)3


was reacted with methacrylic or acetic acid, the crystalline
yttrium carboxylate Y(OMc)3 (OMc ) methacrylate ) or
Y(acetate)3·0.5H2O, respectively, was obtained; i.e., the OR
groups were completely substituted with carboxylate
groups, and no oxo cluster was formed.19 The fact that
the acetate was obtained as a hemihydrate shows that
despite the formation of water in the reaction of the
yttrium alkoxide this was not consumed by hydrolysis
reactions. This could be due to the insolubility of the
carboxylates. Although no carboxylate-substituted yttrium


oxo/alkoxo clusters were obtained, mixed-metal clusters
with yttrium as one of the components, viz., Ti4Y2O4-
(OMc)14L2 (L ) MeOCH2CH2OH or McOH) and
Ti4Y2O4(OMc)12(OCH2CH2OMe)2(McOH)2, were formed
when a mixture of Ti(OPr)4 and Y(OCH2CH2OMe)3 was
reacted with methacrylic acid.20


The situation is quite different for the reaction of
titanium or zirconium alkoxides with carboxylic acids. A
spectroscopic analysis of the reaction of Ti(OBu)4 with an
equimolar quantity of acetic acid revealed that the acid
was completely consumed and that butanol was formed.
No ester was observed.21 Spectroscopic evidence sug-
gested that the acetate ligands in Ti(OBu)3(OOCMe) are
bridging. With the given preference of titanium for an
octahedral coordination, the smallest possible structure
is the dimer Ti2(OR)6(OOCR′)2 with bridging carboxylate
ligands (Scheme 2), although cyclic or linear trimers with
OBu and acetate bridges would also be in line with the
spectroscopic data. Only a single compound of this type
was structurally characterized, viz., Ti2(OCH2CMe3)6(OOC-
CMe3)2.22 Apart from this exceptional case, only oxo/
alkoxo clusters TiaOb(OR)c(OOCR′)d of various composi-
tion were isolated from reactions of titanium alkoxides
with carboxylic acids, especially when more than 1 molar
equiv of R′COOH was used. The rich structural chemistry
of the clusters was recently reviewed.4


The influence of the two competing acid-consuming
reactions on cluster formation, i.e., substitution of OR
ligands and ester formation, is impressively seen in a series
of methacrylate-substituted oxo zirconium clusters. Dif-
ferentclustertypes,viz.,Zr6O2(OBu)10(OMc)10,23Zr6(OH)4O4-
(OMc)12, and Zr4O2(OMc)12 (Figure 9),24 were obtained
when only the methacrylic acid:Zr(OBu)4 ratio was varied
(from 1.6 to 4 and 7, respectively). The Zr6O2 cluster is
only formed in small yields, and the latter two clusters


FIGURE 6. Molecular structure of Zr6(OBu)18(OCH2CH2NH2)6·2BuOH.


FIGURE 7. Molecular structure of Ti2(O
iPr)4(ONdC5H8)4.


FIGURE 8. Molecular structure of Ti6O6(OBu)6(ONdC5H8)6.


Scheme 2
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are formed in quantitative yields. The three clusters differ
(i) by the average number of methacrylate ligands per Zr
atom, which increases from 1.67 in Zr6O2(OBu)10(OMc)10


to 3 in Zr4O2(OMc)12, and (ii) by the degree of condensa-
tion (the number of oxo groups per Zr atom), which has
a maximum for Zr6(OH)4O4(OMc)12, i.e., for a medium
acid:Zr(OBu)4 ratio. When only a small proportion of acid
is employed, most of the acid is consumed for substitution
of part of the OR groups. A relatively open cluster with
residual OR ligands is thus formed, i.e., Zr6O2-
(OBu)10(OMc)10, because only a small amount of acid is
available for ester + water formation. An open structure
is also obtained with a large excess of acid, but for a
different reason. Each Zr atom in Zr4O2(OMc)12 is sub-
stituted with an average of three bidentate carboxylate
groups. Due to the high degree of substitution, only a few
coordination sites are left for condensation reactions
(formation of oxo bridges). The most highly condensed
cluster, i.e., Zr6(OH)4O4(OMc)12, is thus obtained for a
medium acid:Zr(OBu)4 ratio. Under these conditions, the
substitution of the Zr atoms with two methacrylate ligands
still leaves enough coordination sites empty to allow the
condensation of the Zr polyhedra by oxo bridges, and a
sufficient amount water can be generated in situ by ester
formation.


The carboxylic acid:metal alkoxide ratio is thus the key
parameter that determines which kind of cluster is formed
in a given system. If this parameter is kept constant, the
same cluster is reliably obtained even in reactions on a
larger scale, and mostly in very high yields. Vice versa,
changing this parameter allows synthesis of clusters of
different size and shape. However, as the example of the
above-discussed yttrium alkoxides has shown, the relation
between substitution of OR groups with carboxylate
groups and ester formation is difficult to foresee. Further-
more, it is different for different metal alkoxides and/or
acids (most probably also for different OR ligands).
Therefore, a rational control or prediction of the cluster
size and shape is not yet possible.


Although cluster formation may appear to be a com-
plication in the chemistry of metal alkoxides and mostly
prevents the formation of simple carboxylate derivatives
of metal alkoxides, the formed clusters are themselves
valuable (nanosized) building blocks for materials syn-
theses. When the carboxylate groups covering the cluster
surface contain reactive organic groups, the clusters can
be employed in organic polymerization reactions. A new


type of inorganic–organic hybrid material is obtained,
where the clusters are preformed nanosized building
blocks. Thus, several acrylate- or methacrylate-substituted
mono- or bimetallic oxo clusters were co-reacted with
unsaturated organic monomers, such as styrene, methyl
methacrylate, or methacrylic acid, in free radical poly-
merizations.25 The resulting inorganic–organic hybrid
polymers have interesting thermal, thermomechanical,
and mechanical properties, due to an interplay of efficient
cross-linking and inorganic (nano-)filler properties of the
clusters.26,27 An alternative polymerization method involv-
ing organic double bonds is ring-opening metathesis
polymerization (ROMP). ROMP of norbornene in the
presence of the cluster Zr6O4(OH)4(5-norbornene-2-car-
boxylate)12 also resulted in highly cross-linked polymers.28


Core-shell morphologies with the cluster as the inorganic
core were obtained by atom transfer radical polymeriza-
tion (ATRP) using the clusters Ti6O4(OOCR)8(OiPr)8,
Zr5O4(OOCR)10(OPr)2(PrOH)4, and V3O3(OOCR)6(HOiPr)
where R ) CBrMe2 as macro-initiators.29


Conclusion and Outlook
The substitution of metal alkoxides with chelating or
bridging organic ligands offers tremendous, largely un-
exploited possibilities for the development of new func-
tional precursors for sol–gel processing. However, as the
examples in this Account have shown, many chemical
issues are still unresolved. Open questions beyond the
ones addressed in this article are, for example, how the
partly complex precursor structures or the complex equi-
libria in solution influence the structural evolution of the
networks formed during sol-gel processing, or how organic
functions can be integrated in the organic part of the
modified precursors. Thus, the structures of (partial)
hydrolysis products need to be studied in detail. Precur-
sors with functional organic groups must be prepared, and
potential interactions of organic functionalities with the
metal centers must be investigated, etc.


One may argue that these issues are not important for
materials developments. This is true for simple materials,
which can be empirically developed and where the
structural organization on a molecular level may not have
an overly strong influence on the materials properties.
However, these issues will play a role for the next
generation of sol–gel materials which can be rationally
designed for highly specialized applications. The dream


FIGURE 9. Structures of the clusters Zr6O2(OBu)10(OMc)10 (left), Zr6(OH)4O4(OMc)12 (middle), and Zr4O2(OMc)12 (right) emphasizing the condensed
Zr coordination polyhedra.


Organically Modified Transition Metal Alkoxides Schubert


736 ACCOUNTS OF CHEMICAL RESEARCH / VOL. 40, NO. 9, 2007







is to construct materials according to a chemical blueprint
by connecting specially designed molecular or nanoscale
building blocks in a deliberate manner. To achieve this, a
sufficiently large set of chemical Lego pieces must be
developed, where each piece has a special shape, con-
nectivity, and function and is equipped with suitable sites
that allow connection (bonding) to other chemical Lego
pieces.


I thank the Fonds zur Förderung der wissenschaftlichen
Forschung (FWF), Wien, for continuous support of our work, and
all co-workers mentioned in the references.
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ABSTRACT
Encapsulation of light to small spheres ensures the highest quality
factor (Q factor) to enhance the interaction between light and
materials. In this Account, we describe the fabrication of micrometer-
sized spherical particles of organic–inorganic hybrid materials to
study the potential ability as a spherical cavity laser. The spherical
particles prepared by the vibrating orifice technique included those
of nondoped and doped with organic dyes and rare-earth-metal
ions, and some of them were cladded with low-index-coating
hybrid materials. Coating of the spheres was carried out by aiming
at practical applications: high refractive index spheres from nD )
1.72 to 2.5 prepared by the technique and glass spheres of nD )
1.93. They were pumped by second harmonic pulses of a Q-
switched Nd:YAG laser (532 nm wavelength) and CW Ar+ laser (514
nm wavelength) to investigate as spherical cavity microlasers. The
emission from spheres originated from the photoluminescence of
dopants and Raman scattering of matrix materials. Lasing or
resonant light emission from these spheres were performed by the
direct-laser-light-pumping and the light-coupling techniques using
an optical waveguide coupler.


1. Introduction
Encapsulation of light in the cavity structures has been
an essential requirement for small-sized optical devices.
Conventional optical fibers, fiber lasers, and semiconduc-
tor lasers are successful examples of the light encapsula-
tion in one- and two-dimensional cavities. Recently, there
has been a considerable interest in a spherical cavity of
micrometer size: light encapsulation in three-dimensional
cavity. Spherical particles are expected to have potential


uses, such as a light source of multiwavelengths,1 com-
ponent of photonic crystals,2 a low-threshold laser,3 and
so on. In Figure 1, a lasing action from a sphere is
illustrated. In a sphere, activated light by a laser pumping
forms whispering gallery modes (WGMs) by total internal
reflection along the curved boundary between the sphere
(refractive index n1) and the surrounding medium (index
n2). Quality factor Q of WGM depends upon the diameter
and relative refractive index nr ) n1/n2 of the sphere. High
nr is inevitable to accomplish the spherical optical cavity
structure in micrometer-sized spheres. WGM enables us
to perform a strong interaction between laser light and
materials and results in superior effects in a small volume.
Using the WGM resonance, lasing can be achieved at a
much lower excitation intensity than within the corre-
sponding bulk materials,4 and recently, spherical cavity-
based Raman lasers were performed with ultrahigh-Q
silica microspheres using fiber-taper couplers.5


A brief history of spherical cavity research, especially
lasing demonstration, is presented in Figure 2. The first
spherical laser was reported in a Sm2+ in a CaF2 sphere
of millimeter size in 1961.6 It is well-known that the
Fabry–Perot-type conventional lasers have been developed
rapidly and enormously. In the field of spherical lasers,
however, fundamental research continued for a long time
because of the difficulties in fabricating micrometer-size
spheres and controlling the laser actions. The previous
investigations are classified into two groups: (1) from
liquid droplet to dye-doped spheres where the sizes of
spheres progressively decreased for years and (2) high-
quality factor (high-Q) solid spheres of relatively large
sizes, along with the improvement in coupling efficiency
of pumping laser light into spheres.


In the first research flow, in 1984, lasing from dye-
dissolved ethanol droplets in 60 µm diameter was re-
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FIGURE 1. Schematic illustration of the excitation of WGMs in a
dye-doped microsphere. In a sphere, fluorescence light excited by
a laser pumping forms WGMs by total internal reflection along the
boundary between the sphere (refractive index n1) and the sur-
rounding medium (index n2).
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ported,7 which is the revival of the spherical-laser research.
After the report, lasing from various dye-doped spherical
particles have been demonstrated by many authors:
plastic particles of ∼10–20 µm in diameters8,9 and or-
ganic–inorganic hybrid particles of 6 µm in diameter.10,11


We have reported lasing from dye-doped hybrid spherical
particles made by the “vibrating orifice technique”, which
gave us size-controlled particles within (1% accuracy in
diameter.12 Using these dye-doped particles, we can
choose suitable dye content and low pumping power, and
the photostability under laser action was improved re-
markably.13 From a practical point of view, for preventing
surface contamination and maintaining the ability of
optical performances, the microspheres should be coated
with clad materials of lower refractive index than those
of spheres. Thus, to meet the requirement of the high
relative refractive index nr (nr > 1.5) as a spherical cavity,
high index spheres ncore > 2.0 are needed.14


In the second flow, much attention has been directed
at investigating optical resonances (WGM) of glass mi-
crospheres.15 Long confinement time (high-Q for high-
purity silica glass spheres: Q ) 1010) achieves a strong
interaction of light and materials with enormous photo-
stability.16,17 To excite high-Q microspheres, we need to
couple laser light into them effectively. Various techniques
for achieving sufficient coupling have been tried using
prism couplers, fiber tapers, side-polished fibers, hybrid
fiber-prism couplers, slab waveguides, and so on.18,19


Recently, Silica-glass microspheres and microtroids pumped
by fibers taper have been demonstrated as superior
resonators of high-quality factor and high optical perfor-
mances.20


Microcavity-based Raman lasers are highly attractive
for extending the wavelength range of the existing laser
sources. Early works showed that the stimulated Raman
scattering is possible in water droplets of 60 µm in
diameter.21,22 Recently, a Raman laser was performed with
ultrahigh-Q silica microspheres (40–70 µm in diameter)
using fiber-taper couplers.5 The fiber taper is efficient for
optical coupling, but it requires delicately drawn fiber of
a few micrometers in diameter suspended in air. More-


over, the refractive index of high-purity silica glass is as
low as 1.458. A lower index than that for the cladding is
not readily available. Therefore, we recognize the urgent
issues for high-Q microspheres as (a) high refractive index
spheres, (b) coating of spheres, and (c) efficient coupling
to spheres for meeting the requirement in practical
devices.


We describe three topics in our laboratories using
organic–inorganic hybrid materials: (1) lasing from dye-
doped spherical particles (nD ) 1.5) and the improvement
in photostability, (2) fabrication of high refractive index
(nD > 2.0) spheres and measurement of optical properties
of Eu ion-doped spheres, and (3) coating and pumping
by laser coupling of the coated high-index spheres.


2. Fabrication of Spheres
Spherical particles were prepared by the vibrating orifice
technique as illustrated in Figure 3.12 Starting reagents
phenyltriethoxysilane (PTES) and diphenyldimethoxysi-
lane (DPhDMS) were hydrolyzed and polymerized in
hydrochloric acid solution. For high-index particles, tita-
nium tetra-n-butoxide (TTBu) was added at 3 °C for
controlling its high reactivity.14 Laser dyes, such as
rhodamine 6G (R6G) and 4-dicyanomethylene-2-methyl-
6-p-dimethylaminostyryl-4H-pyran (DCM), were added to
the starting sol. In the fabrication of doped spheres, the
good affinity between the dopant and the materials of the
sphere is always very important. For example, phenyl
groups connecting in the matrix network are inevitable
to incorporate organic dyes in the sphere,23 because the
hydrophobic–hydrophilic relation between the matrix and
dopant materials decides the affinity. For Eu ion doping,
europium(III) thenoyltrifuoroacetonate [Eu(TTFA)3] was
chosen as a doping reagent, which is easily dissolved in
an ethanol solvent and uniformly incorporated in the
sphere matrix. If inorganic salts of Eu were adopted,
undesirable coagulation occurred because of the mis-
matching of dopants and the hybrid matrix. The starting
solution diluted with alcohol was supplied to the liquid


FIGURE 2. Brief research history of spherical mivrocavity, especially
lasing demonstration. FIGURE 3. Fabrication of spherical particles by the vibrating orifice


technique.
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droplet generator using a constant-flow syringe pump. A
cylindrical liquid jet of diluted hybrid raw materials
dissolving the dopants passing through an orifice (20 µm
in diameter) breaks up into equal-sized droplets by
mechanical vibration. Then, the solvent was evaporated
during flying with carrier gas, and subsequently, these
droplets solidified into hybrid microspheres in ammonium
water. Dodecyl benzene sodium sulfate (DBSS) was added
into the trapping container to avoid coagulation of
particles. By choosing the following parameters, we can
control the sizes of the sphere precisely in the range of
4–10 µm, solute concentration in the starting solution,
feeding speed into the orifice, and the frequency of the
orifice vibration.12,24 The scanning electron microscopy
(SEM) photograph of spherical particles and those ob-
served by an optical microscopy are shown in Figures 4
and 5. Narrow size distribution is remarkable, and the dye-
doping efficiency is nearly 100% in the content of
∼10-7–10-4 mol/g.


The hybrid optical waveguide was fabricated on a silica
glass substrate using sol–gel lithography techniques.
3-Methacryloxypropyl-trimethoxysisilane (MOPS) was hy-
drolyzed in hydrochloric acid solution; then tetrameth-


oxyorthosilicate (TMOS) was added; and finally titanium
tetraisopropoxide (TTIP) was titrated into the sol. Photo-
initiator of IRGACURE 184 (CIBA) was added into the
resultant sol, and films of 10–15 µm in thickness were
prepared by the dip-coating technique under a dry N2 gas
atmosphere. Because the sol–gel hybrid films are sensitive
to moisture in air, a dry gas atmosphere is inevitable to
avoid the formation of cellular patterns in sol–gel coating
process.25 Suitable conditions should be chosen to carry
out the precise photolithography, especially prebaking
condition, UV power, and content of photoinitiator.26 The
films were prebaked and exposed UV irradiation through
a fused silica chromium photomask. Samples were then
soaked in 2-propanol to remove the unexposed area,
followed by the postbaking.


Commercially available high-index glass spheres of 30
µm in diameter, made by the flame spray technique, were
used for the coating experiments. The composition of the
glass spheres was BaO–SiO2–TiO2, and their refractive
index and specific gravity are 1.93 and 4.1 g/cm3, respec-
tively. In the flame spray technique, where small pieces
of glass cullet were melted in the flame, glass spheres with
a smooth surface were formed by the surface tension. The
smooth surface by the melting process is essential to the
high-Q spherical cavity. Coating material was silicone
oligomer (GR100), having methyl and phenyl groups of a
2:1 molar ratio, with a refractive index of 1.49 and specific
gravity of 1.3 after curing. The silicone oligomer was
diluted with an acetone solvent, and the alkali reagents
were added to accelerate the polymerization. The glass
spheres dispersed in a GR100–acetone solution were
sprayed with air-spray equipment on a Teflon sheet
substrate. Coated spheres were dried at room temperature
followed by heating up to 130 °C. Sol–gel-derived high-
index spheres of 80TTBu-20DPhDMS (after heating at
550 °C) were also coated using GR100 solution. Typical
properties of coated high-index spheres are refractive
index n ) 2.5 for the core and 1.49 for the cladding
(nrelative ) 1.7), core diameter of 5 µm, and outer diameter
of about 15 µm. Coating thickness was influenced by the
affinity between the core and clad materials and the solute
concentration in the solvents.


SEM photographs of the coated-glass spheres prepared
from the starting sols containing the GR100 reagent of 5
and 40 mass % are shown in parts a and b of Figure 6. As
shown in Figure 6a, below 20 mass %, glass spheres were
coated uniformly. Up to 40 mass %, as shown in Figure
6b, coated glass spheres having one flat side were ob-
tained. Because the attached side to the Teflon sheet
surface shows the flat portion similar to a terrace, we
called it the “terrace microsphere” from their impressive
shapes.


3. Optical Characteristics of Spherical
Particles


3.1. Laser Emission from Dye-Doped Spherical Par-
ticles. Because the matrix of the spheres was chosen to
have good affinity with organic dyes, the incorporated


FIGURE 4. SEM photograph of spherical particles made by the
vibrating orifice technique.


FIGURE 5. Photographs of dye-doped microspheres by an optical
microscope.
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dyes showed only a monomer-like absorption spectrum,
which is similar to that dissolved in ethanol (known as
the good solvent for the laser dyes). Spherical particles
were set on a glass plate under an optical microscope in
air, and one of them was pumped by a second harmonic
pulse of a Q-switched Nd:YAG laser.13 Pulses were at 532
nm wavelength, 10 Hz repetition rate, and 5 ns duration
time. A notch filter eliminated the pumped laser light, and
then the emission was measured by an image-intensified
charge-coupled device (CCD) array with an electric gate.
Photodegradation of the laser emission from various dye-
doped spherical particles was measured by pulse pumping
up to 100 000 shot numbers.


A typical example of the emission spectrum from a
R6G-doped sphere and the emission intensity as a func-
tion of the pumping power are shown in Figure 7. The
wavelength region of the emission was ∼570–600 nm.
Peaks in the figure corresponded to WGMs, and the
number of modes depended upon the particle diameter.
The wavelength region of the emission peaks was deter-
mined spontaneously by incorporated dye species and its
content, because the overlap region of the absorption and
the fluorescence bands did not show the laser emission,
and thus, the emission was observed at longer wave-
lengths than the overlap region.


With an increase of the R6G content, a rapid decrease
of emission intensity was observed. On the other hand,


the threshold intensity decreased with an increasing dye
content, which means that we can decrease the pumping
power. Because the most stable lasing conditions are
obtained by choosing the lower dye content and the lower
pumping power, we should determine the cross-point
conditions for achieving high-degradation-resistant dye-
doped spheres from these contradictory results. In Figure
8, the typical example of photodegradation of DCM-doped
spheres is shown. By extrapolation, we know that after
260 000 shot irradiation the emission consumes 50% of
the initial intensity. Because the lifetime (50% consump-
tion of the initial intensity) of laser emission in dye-doped
hybrid bulk materials is several thousand pulses,27,28 the
result in Figure 8 is remarkable.


In parts a and b of Figure 9, the photographs of a
spherical particle pumped by an optical waveguide are
shown. Figure 9a showed a photograph of a sphere just
placed with a waveguide (not pumping). CW Ar+ laser light
(514.5 nm) was introduced into an optical waveguide, and
evanescent coupling light pumped a dye-doped sphere
placed in contact with an optical waveguide. When the
pumping light was removed using an edge filter, emitted


FIGURE 6. SEM photographs of the coated glass spheres prepared
from the starting sols containing a GR100 silicone oligomer of (a) 5
mass % and (b) 40 mass %.


FIGURE 7. Typical example of an emission spectrum from a R6G-
doped sphere (a) and the emission intensity as a function of the
pumping power (b). The diameter of the sphere was 6.2 µm, and
the R6G content was 1 × 10-6 mol/g.


Sol–Gel-Derived Spheres for Spherical Microcavity Shibata et al.


916 ACCOUNTS OF CHEMICAL RESEARCH / VOL. 40, NO. 9, 2007







light was clearly detected by the CCD array. Ring-shaped
bright light was observed at the surface of the spherical
particle (see Figure 9b), which confirmed the optical
resonance effect of the dye-doped sphere.26 The emission
spectrum showed the resonance peaks corresponding to
WGMs.


3.2. Emission from Coated Spheres.
3.2.1. High-Index Sol–Gel-Derived Spheres: Eu Ion-


Doped Spheres. The change in the refractive index of
80TTBu-20DPhDMS samples is plotted in Figure 10 after
heating at various temperatures. The index was estimated
by two different techniques: (a) the optical interference
method for thin films prepared from the same starting
sol as the spheres (b)24 and (b) the mode spacing of the
resonant emission from Eu-ion-doped spheres (O). The
refractive index increased with an increasing heating
temperature, and nD ) 2.6 was attained after heating at
550 °C. Such high-index values are attributed to the high
content of the TiO2 component in the sphere. With an
increasing temperature, the diameter of the spheres was
decreased: typically, from 5.2 µm at room temperature to
3.8 µm after 550 °C of heating. In the heating process, the
solvent evolved completely and the organic groups in the
hybrid spheres decomposed. A high content of TiO2


increased the resultant refractive index. Such a high index
is not surprising, because TiO2 is known to be as high as
nD ) 2.6–2.9 in the rutile form.29


Emission spectra from Eu-ion-doped high-index spheres
after heating at 400 and 550 °C are shown in Figure 11.24


A periodic sharp ripple attributed to MDRs was observed
in the spheres heated up to 400 °C. The bands at 200–1000
and 2000–4000 cm-1 originated from Raman scattering
of titania–silica matrix30 and the fluorescence of 5D0 f
7F2 and 5D0 f


7F1 transitions of Eu3+,31 respectively. A


FIGURE 8. Typical example of photodegradation for the sample under the most suitable conditions (DCM-doped particles; pumping, 0.7 nJ
particle-1 pulse-1).


FIGURE 9. Photographs of a spherical particle pumped through a waveguide, which was made from sol–gel hybrid materials by photolithography.
(a) Sphere placed with a waveguide. The waveguide width is 4 µm, and the diameter sphere is 7.2 µm, with R6G content of 1 × 10-6 mol/g).
(b) Sphere pumped by CW Ar+ laser light (514.5 nm) through the optical waveguide (pumping light of 514.5 nm was cut by an edge filter).


FIGURE 10. Change in refractive index of high-index hybrid spheres
after heating at various temperatures. A typical composition of the
high-index spheres was 80TTBu-20DPhDMS. Indices were estimated
by the optical interference method (b) and the mode-spacing method
for the resonant emission from Eu-ion-doped microspheres (O).
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plausible explanation for the difference between the
spectra at 400 and 550 °C is the coexistance of Eu2+ and
Eu3+ in the 400 °C sample. Organic groups, such as phenyl
in the starting spheres (confirmed from the Raman bands
of phenyl groups of 600, 1000, and 1600 cm-1), disap-
peared above 250 °C; thus, evolution of carbon induced
the reduction of the Eu ion. It is also noteworthy that both
of the Raman and fluorescence bands are observed in the
same spectra of high-index spheres under the resonant
condition.


3.2.2. Coated High-Index Spheres. From a practical
requirement for preventing surface contamination, mi-
crospheres should be coated with low-index clad materi-
als. To achieve laser emission from the spherical cavity, a
high refractive index difference (nrelative > 1.5) between
the microspheres and surrounding medium is inevitable.
In the previous papers,1,5,10 the pumping experiments
were generally carried out in air to meet the requirement


of the high-index difference. We have perceived that high-
index microspheres (high-TTBu-content hybrid spheres
of nD > 2.0) were fabricated by the vibrating orifice
technique, with subsequent heating.14 High-index Eu-
doped spheres (after heating at 550 °C) were coated with
a silicone oligomer (GR100) and excited with an Ar+ laser.
Typical sizes of the core and the outer diameter are 3.8
and 5.1 µm, respectively, and the relative refractive index
nr (nr ) ncore/nclad) was 1.74. A similar emission spectrum
as those in Figure 11 with the WGM-mode ripples was
obtained.32 The WGM resonant emission was also con-
firmed from the coated Eu3+-doped high-index spheres.


Another experiment was carried out for coated high-
index glass spheres. Raman emission spectra of the
“terrace microsphere” with various irradiation points are
shown in Figure 12.33 The corresponding laser pumping
spots (from A to E) are illustrated at the right side of the
figure. The various points on the sphere were irradiated
and excited by the laser, and the changes in emission
spectra were studied. When the terrace point (spot B) was
pumped, the coated sphere showed the remarkable
increase of the emission intensity, as shown in the figure.
On the other hand, at the opposite point E (the uniformly
coated area), we cannot observe the resonant emission.
Above the threshold input power at about 4 mW, the
stimulated Raman emission from terrace microspheres
showed lasing action. To achieve the resonant condition
inside the sphere, the excitation at the tangent line is
suitable, but under the perfect spherical condition, the
light cannot penetrate into the sphere and almost all of
the energy will be reflected. The contradictory conditions:
lowering the reflection at the surface and matching the
angle for the resonant condition seem to be satisfied by
the terrace structure.33 Although commercially available
glass spheres were used in the experiments, we now
developed a new fabrication technique to prepare super-


FIGURE 11. Emission spectra from Eu-ion-doped high-index spheres
after heating at 400 and 550 °C. Excitation was carried out using a
CW Ar+ laser (514.5 nm wavelength and 35 mW power).


FIGURE 12. Raman emission spectra of the “terrace microsphere” with various irradiation points. Glass spheres have a refractive index
nD ) 1.93 and 30 µm in diameter. The corresponding Ar+ laser pumping spots (from A to E) are illustrated on the right side of the figure. The
pumping laser intensity was 10 mW, and the spot size was 1 µm in diameter.
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spherical glass and confirmed the WGM resonant emis-
sion as an optical resonator.34,35


4. Concluding Remarks
Among various cavity structures, a spherical cavity of
several ten micrometers in size shows the highest Q value
(Q ) 1010 of WGM in silica glass microspheres).17,20


Therefore, we recognize that transparent spheres have the
ability to confine laser light within the small volumes to
enhance the enormous interaction between light and
materials, which leads to low-threshold lasers and optical
small devices using nonlinear optical effects, such as
stimulated Raman scattering. The fiber-taper coupling is
known to be the noble and elaborate technique in
laboratory-scale experiments to investigate optical encap-
sulation studies. Unfortunately, however, it could be
difficult for commercial applications, because of the poor
mechanical strength of the taper-shaped portion and the
contamination problem caused by the setup suspending
in air. Thus, the urgent issues for commercial use of
high-Q microspheres are the fabrication of high refractive
index spheres, coating, and efficient optical coupling of
laser light for meeting the requirement in practical de-
vices.


We started the investigation from the development in
fabricating microspheres of hybrid materials, because we
have accumulated the knowledge in sol–gel technology
to make spheres, and the vibrating orifice technique (used
in “an ink-jet printer”) for preparing equal-sized hybrid
spheres. Dye-doped microspheres are highly efficient for
photoluminescence; thus, they have been tried in the early
stage of our investigation. Dye-doped particles of 4–10 µm
were prepared, and the improvement of the lifetime of
doped dyes was demonstrated. Pumping dye-doped
spheres through an optical waveguide was one of the
successful results. They could be useful in the biology
research area as high-sensitive probes.


At the second stage, we have tried to develop high
refractive index spheres >2.0 for preparing the coated
spheres by low-index cladding to adapt them to stable
optical performances. Moreover, another demand to the
spheres is the development of a new optical coupling
technique available for such high-index spheres. The
terrace microspheres to several ten micrometers in di-
ameter are one of the elaborate optical coupling tech-
niques, which also satisfy the coating requirement. From
the practical viewpoints, the terrace structures are re-
markable because they are applicable to the integrated
circuits using the planar waveguide technology.33 The
terrace microspheres also have potential to be used as
filters, light sources, and optical switches. The combina-
tion of high-index spheres by the sol–gel technique and
the terrace microspheres will be the answer to open a new
way for commercial optical-cavity devices.
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ABSTRACT
Mesostructured non-silicate oxides, with well-defined organization
on the 2–50 nm size scale, may play a pivotal role in advancing
vital disciplines such as catalysis, energy conversion, and biotech-
nology. Herein, we present selected methodologies for utilizing the
sol–gel process, in conjunction with organic-directed assembly, to
synthesize a variety of mesostructured oxides. The nature of the
inorganic precursor is critical for this process. We discuss the
development of general routes for yielding stable, nanoscopic,
hydrophilic, inorganic precursors compatible with organic co-
assembly. In particular, we highlight the use and characterization
of organic-acid-modified transition metal oxide sol–gel precursors
that allow for the synthesis and processing of designer mesostruc-
tured oxides such as titania hybrids for optical applications and
porous multicomponent metal oxides useful for catalysis.


Introduction
The ability to sculpt inorganic materials in three dimen-
sions at the nanoscale using the cooperative interactions
of large amphiphilic organic molecules and soluble inor-
ganic precursors has given birth to a large family of
mesostructured materials.1 Mesostructured materials, de-
fined by compositional organization on the 2–50 nm size
scale, have the potential to impact fields such as hetero-
geneous (photo)catalysis, energy, integrated optics, and
biotechnology.2,3 For example, mesostructured inorganic–


organic hybrids can act as advanced optical materials due
to the efficient incorporation of light-active dye mole-
cules.4,5 The removal of the amphiphilic organic molecules
from mesostructured composites yields mesoporous ma-
terials with ultrahigh internal surface areas (often >1000
m2/g) useful for catalysis.6


The history of mesostructured materials begins with
zeolites, an older class of aluminosilicate framework
structures with crystallographically defined subnano-
meter-scale organization. Zeolites are often synthesized
utilizing organic templates, molecules that cocrystallize
within the aluminosilicate framework.1 Upon removal of
the organic template, ordered pores commensurate in size
with the template are left throughout the material. Efforts
to enlarge pore sizes for catalytic applications led to the
discovery that supramolecular assemblies of amphiphilic
organic molecules, in contrast to isolated molecules
employed for zeolite synthesis, could act as templates for
larger-pore inorganic frameworks.7,8 These micelle-form-
ing organic molecules, termed structure-directing agents
(SDAs), come in a variety of forms; ionic surfactants,7,9


block-copolymers,10 and even biomolecules like phos-
pholipids11 have been shown to template mesostructured
oxides. The essential feature of SDAs is the presence of
chemically bonded hydrophobic and hydrophilic compo-
nents that phase segregate on the nanoscale. The hydro-
phobic component can solubilize organic species, while
the hydrophilic component interacts with charged inor-
ganic precursors to direct the formation of the inorganic
framework. When the structure of the inorganic frame-
work, defined by the geometry of the SDA, exhibits
mesoscale (2–50 nm) periodicity, these materials are
termed ordered mesostructured materials.


Herein, we describe methods for synthesizing meso-
structured inorganic oxides that are not based on a silicate
framework (so-called non-silicate mesostructured materi-
als) by controlling inorganic precursor chemistry in the
presence of SDAs. We briefly review the critical aspects
of mesostructure synthesis derived from experiments, on
both silicate and non-silicate materials. The main portion
of this Account focuses on the evolution of our use of
inorganic and organic acids to yield stable transition metal
oxide (TMO) precursors for the synthesis of designer
mesostructured oxides. Initially, this research led to the
development and detailed characterization of easily pro-
cessed high-index-of-refraction glasslike titania–polymer
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hybrids for optical applications.5,12 Recently, this class of
chemistry has enabled the synthesis of a diverse array of
mesoporous multicomponent metal oxides that can also
be simply processed in large quantities.13 We conclude
with several opportunities for the application of meso-
structured materials in the areas of catalysis, solar energy,
and biotechnology.


From Ordered Mesostructured Silicates to
Transition Metal Oxides
The introduction of supramolecular templating of silicate
frameworks by Mobil and Japanese scientists in the early
1990s marked the beginning of ordered mesostructured
materials.7,8 Since then, silica has been the most widely
studied mesostructured material because, compared to
that of the majority of inorganics, the sol–gel chemistry
is simple to control. Silica-based mesostructured powders
are generally synthesized from tetraethylorthosilicate
(TEOS) and SDAs in either basic7 or acidic9,10,14 water/
ethanol mixtures. The pH of this solution is critical for
organic–inorganic co-assembly; reaction of the inorganic
precursor with water to liberate alcohol (hydrolysis) and
yield hydrophilic hydroxysilicate monomers should be
fast, but the linkage of two monomers via an oxide bridge
(condensation) must be slow enough for co-assembly with
the SDA rather than precipitation of bulk silica or disor-
dered composites.15 Furthermore, the charge of soluble
inorganic species, dependent on the solution pH and
inorganic isoelectric point, dictates the type and degree
of interactions with the SDAs.14 Consequently, the highest-
quality ordered mesoporous silicas are synthesized in
either basic media (pH ∼13) or acidic media (pH <2)
where molecular silica species are stable and negatively
or positively charged, respectively. Charged inorganic
species strongly interact with charged surfactant head
groups or block-copolymer hydrophilic components, ei-
ther directly or through counterion and hydrogen bond-
mediated pathways. These important interactions have
been integrated into a generalized cooperative assembly
mechanism: soluble inorganic species and surfactant
molecules combine to form hybrid intermediates that are
the building blocks of the final mesostructured hybrid
(Figure 1).9,14


Non-siliceous mesostructured systems, such as transi-
tion metal oxides (TMOs), are often of greater interest than
silicate mesostructures due to varied framework properties
potentially useful for (photo)catalysis, sensing, optics,
energy conversion, etc. However, there are two additional
challenges for TMO synthesis. First, metal oxide precursors
(generally chlorides or alkoxides) are much more reactive
than silica-based analogues; uncontrolled condensation
yields macroscopic phase segregation. Strategies for con-
trolling the hydrolysis–condensation rates of TMO precur-
sors include utilizing specific pH ranges, stabilizing ligands,
nonaqueous media, preformed nanoclusters, controlled
hydrolysis, or some combination thereof. Second, redox
reactions, phase transformations, and crystallization can
collapse the framework at elevated temperatures. To


address this problem, block-copolymer SDAs that yield
thicker inorganic walls and careful heat treatment are
often employed.


The first approaches to the synthesis of TMOs were
based on successful silica preparations; a series of meso-
structured TMO powders were synthesized by controlling
pH under aqueous conditions.9 However, upon removal
of SDA via thermal treatment, the mesoporous structures
were unstable. Pinnavaia and co-workers reported a three-
step assembly pathway to synthesize mesostructured
alumina with crystalline walls, but the method was


FIGURE 1. Critical aspects of sol–gel chemistry and mesostructure
assembly.
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restricted to alumina.16 The next important development
in the synthesis of mesoporous TMOs was the work by
Ying and Antonelli, who developed a modified sol–gel
route using acetylacetonate chelators.17,18 The resulting
mesostructured TiO2 and Nb2O5 were thermally stable but
with amorphous pore walls.


Evaporation-induced self-assembly (EISA) described
by Brinker and colleagues for mesostructured silicates
has proven to be an extremely useful process for both
controlling macroscopic form (thin films, membranes,
and monoliths) and enabling the synthesis of mesos-
tructured TMOs.19,20 Here, the evaporation of a volatile
solvent (usually ethanol) following deposition concen-
trates the surfactant molecules and inorganic precur-
sors, driving their co-assembly to form ordered meso-
phases. Subsequent aging, heat, or chemical treatments
induce inorganic precursor condensation and lock in
the mesostructure. The power of this process is twofold.
First, the macroscopic morphology of the product can
be tailored into application-specific geometries. Second,
the co-assembly of the surfactant and inorganic precur-
sors can be decoupled from the condensation reactions
of the inorganic precursors, which is particularly useful
for mesostructured TMO synthesis.


Porous TMOs with semicrystalline frameworks were
realized by utilizing EISA with inorganic precursors in
highly acidic alcoholic solutions.21,22 The addition of metal
chlorides to an alcohol (usually ethanol) generates HCl
in situ, yielding stable chloroalkoxy precursors. The slow
introduction of moisture from the ambient environment
causes these precursors to partially hydrolyze. These
stable, hydrophilic precursors are arranged by a block-
copolymer SDA (PEO20PPO70PEO20, Pluronic P123) by
EISA upon dip coating. We have improved this synthesis
by replacing highly reactive metal chlorides with less
reactive metal alkoxides.23 In this case, the controlled
addition of aqueous hydrochloric acid (HCl) yields precur-
sors identical to those generated in the first route. In both
cases, further heat treatment locks in the mesostructure,
combusts the SDA, and induces crystallite nucleation in
the pore walls. The ability to crystallize the wall structure
is primarily dependent on two factors. First, the use of
large block-copolymer surfactants yields thick pore walls.
Second, the controlled removal of water and small HCl
molecules during heat-induced condensation facilitates
the nanocrystal nucleation. Crystallized frameworks are
important in exploiting the semiconducting properties of
TMOs.4


Variations on this approach have been implemented
by groups around the world for the synthesis of a variety
of metal oxides in assorted forms.24–27 Notably, Sanchez
and co-workers have not only demonstrated that this
chemistry is useful to produce thin films of a variety of
mesostructured oxides, but have also worked out in
detail the chemical and physical processes that transpire
throughout the synthesis.26,27 Zhao and colleagues
extended this method by selecting acid–base pairs as
precursors to yield multicomponent mesostructured


minerals, including metal phosphates, metal borates,
and mixed-valence metal oxides.28


Titania-Based Hybrid Optical Materials
The cooperative assembly of stabilized inorganic precur-
sors and SDAs has made possible the design of dye-
doped mesostructured hybrids for optical applications
such as low-threshold waveguide microlasing.5,12,29,30


Here, nanoscopic organic pockets, created by the SDA,
selectively solubilize organic dye molecules so that they
can efficiently absorb and emit light. The rigid inorganic
framework provides mechanical strength and determines
the average index of refraction. Such “nanocomposites”
drastically outperform each of the individual components:
organic dyes in inorganic hosts are poorly solubilized and
form nonluminescent aggregates, whereas organic hosts
have poor mechanical stability and a low index of
refraction.


For optical applications, mesostructured hybrids must
be easily processed into stable glasslike structures at room
temperature because organic dyes degrade at elevated
temperatures. This is easily achieved by utilizing silica-
based hybrids because condensation occurs at room
temperature under mildly acidic conditions.29 Unfortu-
nately, the index of refraction is limited by the low bulk
index of silica (n ∼ 1.4), which makes the fabrication of
optical waveguides integrated on substrates challenging.
When the framework is replaced with a material with a
larger bulk index of refraction, such as titania (n ∼ 2.4),
light is more effectively confined within the waveguide
structure.


We have achieved this goal by tuning the sol–gel
process to fabricate stable titania-based mesostructured
composite waveguides with an n of 1.6–1.7 integrated
directly onto silica substrates.5 Importantly, these materi-
als can be formed via room-temperature processing into
smooth (surface roughness of ∼3 nm), optically transpar-
ent films with thicknesses ranging from hundreds of
nanometers to tens of micrometers while maintaining a
highly ordered mesostructure. The key to this synthetic
methodology is the use of a mixture of trifluoroacetic acid
(TFAA) and aqueous HCl to stabilize titania precursors in
ethanolic solution with a block-copolymer SDA. We have
chosen TFAA because it is a strong acid (pKa ) 0.3), whose
carboxylate anion [trifluoroacetate (TFA)] could form
strong chelating or bridging bonds to titanium species
both in the precursor solution and in the final hybrid
material. The controlled addition of HCl and water
partially hydrolyze and charge the TFA-modified titania
precursor, essential for enhancing the affinity for the
hydrophilic block of the surfactant template. Without
aqueous HCl, well-defined mesostructures are not obtained.


Because the chemical interactions among ligands,
metal alkoxide precursors, and SDAs are critical for all
modified sol–gel processes, we have characterized each
step in the TFA-modified process using a series of X-ray
scattering, IR/Raman spectroscopy, NMR spectroscopy,
and electron microscopy experiments.12
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Inorganic Stabilization and Molecular Interactions.
The bonding mode (Figure 2A) of carboxylate ligands can
be identified from the difference between carboxylate
asymmetric and symmetric stretching frequencies, ∆ )
νas - νsym.31,32 Generally, monodentate complexes exhibit
∆ values much larger than that of the corresponding ionic
structure (i.e., NaTFA). Bidentate chelating complexes
exhibit ∆ values significantly smaller than the ionic values,
and bridging complexes have values less than, but close
to, the ionic value. Analysis of the IR spectrum for the
TFA–titania hybrid (Figure 2B) yields a ∆ of 189 cm-1,
much smaller than the ∆ for isolated hydrogen-bonded
dimers (345 cm-1) or the sodium salt (∼252 cm-1). This
establishes that TFA binds to the titanium center in a
bidentate bridging or chelating fashion. Because chelation
will strain the ∼120° free carboxylate O–C–O bond angle,
we suspect the TFA ligands predominantly bridge adjacent
titanium atoms within the hybrid material. The strength
of these TFA–titania interactions is deduced from the
observation that high temperatures (>400 °C) are needed
to fully remove TFA. Therefore, TFA modification is
unsuitable for the preparation of mesoporous materials.


It is also important for hybrid synthesis that TFAA be
volatile, with a boiling point of 72.4 °C (for comparison,


the nonfluorinated analogue, acetic acid, has a boiling
point of 118.1 °C), so that excess TFAA evaporates along
with ethanol at room temperature after structures are
fabricated; IR shows free TFAA vibrations (1781 cm-1) in
freshly dipped films that completely disappear within 20
min of drying. Raman peaks centered from ∼600 to ∼280
cm-1 (Figure 2B) can be assigned to the Ti–O network and
confirm octahedral oxygen coordination of the titanium
centers.


Growth of the Modified Titania Precursor. The struc-
ture, growth, and assembly of stabilized inorganic species
can be probed by small angle X-ray scattering (SAXS). The
scattering intensity, I(q), as a function of the scattering
vector (q ) 4π sin θ/λ) from the ethanolic precursor
solution prepared without the structure-directing polymer
(Figure 2E) exhibits typical Porod and Guinier scattering
regions.33 The low-q Guinier region, for which the ap-
proximation


I(q))∆neexp(-q2R g
2 ⁄ 3) (1)


holds, is useful for analysis of particle sizes. Rg is defined
as the radius of gyration of the modified titanium precur-
sors, and ∆ne is the electron density contrast between
these precursors and the ethanolic solution. A plot of the


FIGURE 2. (A) Carboxylate metal ion chelating modes. (B) IR/Raman spectra of the hybrid material. TFA carboxylate stretches indicate bidentate
bridging and/or chelation of the titanium center. (C) 13C solid-state NMR spectrum of hybrid material. J coupling from the 19F in the TFA is
responsible for the splitting of the TFA carbon peaks. (D) In situ SAXS patterns obtained following dip coating. (E) Scattering data (log–log
scale) showing typical scattering regimes for three 1 h time segments after solution preparation. (F) Linearized scattering data and the fits
used to determine Rg. (G) Structural model showing hexagonal architecture due to polymer nanophase segregation between PPO cores (red)
and PEO (blue) interacting with the TFA–titania framework (gray).
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low-q data as the natural log of intensity versus q2 yields
linear plots whose slope is Rg (Figure 2F). As the sol
solution ages, Rg grows from 3.6 ( 0.1 to 4.3 ( 0.1 Å over
3 h. This size is consistent with a molecular precursor
consisting of approximately four to five Ti atoms con-
nected by oxo/hydroxo linkages and bridging TFA mol-
ecules, suitable for assembly by SDAs.


Co-Assembly of Inorganic and Organic Components.
The assembly of the stabilized titania–oxoacetate oligo-
mers into ordered nanostructures by the block-copolymer
can be followed using in situ two-dimensional (2D) SAXS
(Figure 2D). The X-ray beam is aligned such that it strikes
the planar surface of the thin film at a grazing angle
(typically <2°) as the mesostructure assembles. The scat-
tered radiation is collected by a 2D detector. Such
measurements can clarify both the kinetics of mesostruc-
ture formation and the pathways by which these processes
take place.26,34 Following dip coating, the films were
immediately placed in a humidity-controlled sample
chamber [relative humidity (RH) ) 75%], and data col-
lection was started. Solvent evaporation after deposition
concentrates the precursor solution and induces me-
sophase formation.19,20 After 30 min, the intensity of the
hexagonal (11) peaks slowly grew and second-order peaks
were observed after ∼12 h. During the next week, the
structure continued to organize, as evidenced by increas-
ing peak intensities and the appearance of higher-order
peaks. The fact that the hybrid nanostructure forms over
several days suggests that TFA strongly inhibits extended
condensation, even in a humid environment.


Local Structure and Interactions in the Final Hybrid
Material. Once a hybrid material has been assembled,
solid-state NMR is an excellent tool for analyzing local
structure. Although we have performed an array of solid-
state NMR experiments using three active nuclei (19F, 1H,
and 13C) to develop a model of the local structure,12 here
we present the information that can be obtained from
simple 1H-decoupled 13C magic-angle-spinning experi-
ments (Figure 2C). Films were scraped from glass slides
and packed to fill a NMR rotor. A standard pulse sequence
is used to remove the coupling of the 13C nuclei to
surrounding protons, and the sample is spun at 14 kHz
to sharpen the resonances by averaging dipolar coupling
interactions. Because the ratio of block copolymer to
titanium precursor is unchanged in the final film from
what was added to the precursor solution, the Ti:TFA ratio
can be calculated from the ratio of polymer to TFA 13C
NMR signal integrations. The polymer peaks are labeled
PEO for the hydrophilic polyethylene oxide block and PPO
for components of the hydrophobic polypropylene oxide
block. The obtained Ti:TFA ratio is 1.7:1, meaning that
∼40% of the TFA added to the precursor solution re-
mained within the composite material. TFA accounts for
50 wt % of the “inorganic network”, and each pair of Ti
atoms is cross-linked by at most one TFA unit.


The width of the polymer 13C resonances also yields
information about the interactions between the polymer
blocks and the inorganic TFA–titania matrix. In general,
sharp resonances correspond to nuclei with large degrees


of molecular motion, whereas broad resonances indicate
rigidity. Decomposition of the spectrum reveals that the
PEO resonances (71.2 ppm) have a full width at half-
maximum nearly an order of magnitude larger than that
of the corresponding PPO resonances. The lack of a sharp
component to the PEO resonance is evidence of the
incorporation of the entire PEO block within the “rigid”
titania–TFA matrix.


Remarks. A detailed understanding of how inorganic
precursors that have been modified with organic ligands
that influence their network-forming behavior and hy-
drophilic character interact with, and are arranged in
space by the SDA hydrophillic/hydropohobic domains, is
important for the design of new inorganic–organic hybrid
materials. For instance, the demonstrated compatibility
of modified precursors with block-copolymer assembly
suggests additional functionality can be engineered into
the metal oxide frameworks. Furthermore, the modifica-
tion of inorganic precursors with strongly binding ligands
for the preference of the formation of a “glasslike”
inorganic component should be quite general and able
to be extended to a variety of other inorganic precursors
to enhance stability, processability, and optical quality of
mesostructured hybrids.


A Modified Sol–Gel Process for
Mesostructured Mixed Metal Oxides
Guided by our understanding of the chemical interactions
dictating the TFA-modifed sol–gel/mesostructure co-as-
sembly process,12 and by early studies of acetic acid-
modified titanium alkoxides for non-mesostructured sol-
–gel processing,35 we have recently developed a more
general sol–gel system composed of acetic acid, aqueous
HCl, ethanol, and metal alkoxides (AcHE) suitable for the
synthesis of non-silicate mesoporous mixed metal oxides
(MMMOs).13 Similar to the TFA ligand, nonfluorinated
acetate groups bind to the metal core in a bidentate
fashion, thus also controlling hydrolysis and condensation.
Again, controlled quantities of HCl and water serve to
partially hydrolyze and charge the modified precursor.
Compared to the TFA-modified system, in which small
oligomers, containing approximately four to five metal (Ti)
atoms, are formed in solution, weaker-binding acetate
ligands allow the growth of larger nanometer-sized inor-
ganic precursors. Because acetate ligands are both smaller
and weaker-binding, they are therefore more readily
removed during heat treatment to yield mesoporous
oxides. Notably, this methodology is efficient at controlling
the sol–gel chemistry of many different precursors; single
and/or mixed inorganic alkoxides in the AcHE solution
form stable, hydrophilic nanoparticle precursors with
similar sizes and growth rates, which allow for nanopar-
ticle co-organization with amphiphilic block-copolymers
into highly ordered mesostructures (Figure 3).


Controlling the Growth of MMMO Precursors. Dy-
namic light scattering (DLS) was employed to follow the
growth of inorganic precursors in solutions exposed to the
ambient environment. DLS analysis yields hydrodynamic
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particle radii that include a solvent shell. This size is larger,
and generally less well-defined, than particle size descrip-
tions from SAXS. However, DLS allows for good time
resolution without the use of synchrotron X-ray sources.
As expected, metal chlorides in alcoholic solution do not
form clusters with diameters larger than 0.6 nm (instru-
mental resolution). Metal alkoxides, however, exhibit
diverse condensation behaviors. Al(OBu)3, Nb(OEt)5, and
Ta(OEt)5 are highly reactive toward water with growth
rates in alcoholic solution in the range of 40–500 nm/min,
4–5 order of magnitudes faster than the growth rate of
Si(OEt)4. Alternatively, Ti(OBu)4 and Zr(OBu)4 form stable
nanometer-sized inorganic particles for 1–2 h under
ambient conditions but then rapidly grow into macroscale
precipitates (Figure 3B).


In contrast to such varied condensation behavior, metal
alkoxides in the AcHE solution exhibit uniform condensa-
tion and particle-growth behavior (Figure 3B). In each
case, nanosized metal–oxoacetate particles form rapidly
in the AcHE solution. These nanoparticles are stable and
grow slowly due to the introduction of water from the
ambient environment and the esterification of acetic


acid.36 Importantly, all metal species form metal–oxoac-
etate particles with similar diameters in the range of
1.6–8.0 nm and normalized growth rates from 2.8 × 10-4


to 1.2 × 10-2 nm/min.
Mixed-composition nanoparticles can be fabricated in


AcHE solution by simply mixing two or more metal alkoxide
precursors. For example, isolated Ta and Zr species in the
AcHE solution exhibit distinct particle sizes of 8.0 and 2.4
nm, respectively, but the AcHE solution containing the same
total concentration of a mixture of Ta and Zr yields a single,
intermediate size (5.0 nm at 200 min) and growth rate (9.7
× 10-3 nm/min) (Figure 3C,D). Such behavior is consistent
with the formation of a new mixed-composition nanoparticle
precursor in which the Zr and Ta are interconnected via oxo/
acetate bridges. We have observed similar behavior for all
the mixed metal precursor systems that have been studied,
suggesting that the AcHE solution is a general route for
stabilizing multicomponent oxide nanoparticle precursors
that will be useful for the fabrication of multicomponent
nanostructured materials.


Mesostructure Assembly and Processing. A variety of
ordered MMMOs were synthesized by first combining


FIGURE 3. (A) Optical images of mesostructured CuO–TiO2/Brij76 membrane (top) and PbO–TiO2/F127 monolith (bottom). (B) Size evolution of
metal alkoxides in EtOH (left) and AcHE solutions (right), both under ambient conditions. (C) Size distribution and evolution of individual metal
alkoxides (Ta and Zr) and (D) their mixture in AcHE solution measured by DLS. (E) TEM images of MMMOs from the AcHE method. The scale
bars are 50 nm.
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metal alkoxides with metal and/or rare earth cations (e.g.,
Li, Mg, Ca, Cr, Co, Ni, Cu, Yb, and Ho) and a block-
copolymer SDA in the AcHE solution. Following film
deposition, drop casting, or monolith molding, MMMOs
were aged at 60 °C for ∼24 h to remove excess acetate
groups and induce limited inorganic condensation. Com-
plete acetate and surfactant removal at 350 °C causes cell
shrinkage of ∼30%. Nitrogen sorption data confirm that
all metal oxides have characteristics typical of mesoporous
materials: uniform size distribution, high surface area, and
high porosity. The high regularity of mesoporous struc-
tures in these multicomponent systems is apparent from
the TEM images (Figure 3E). While many compositions
yield mesostructures with amorphous frameworks, certain
cases, such as TiO2, yield semicrystalline frameworks. For
catalytic applications (vide infra), the ability to introduce
multiple catalytic metal oxide components into accessible
wall structures may be more relevant than framework
crystallization.


Remarks. There are several advantages for the prepa-
ration of mesostructured materials via AcHE solution over
the conventional sol–gel process. (1) IR spectroscopy
suggests that acetate groups act as bidentate ligands,
which are directly bonded to the metal ions via chelating
and/or bridging modes. These linkers, compared to
conventional µi-O bridges, enhance the topological flex-
ibility of the metal–oxoacetate frameworks, an advantage
when constructing highly curved mesoscopic organic–
inorganic interfaces that should allow new pore geom-
etries. (2) The ability of acetate groups to bind and/or
stabilize a range of transition and rare earth metal ions
allows the synthesis of a diverse variety of MMMOs. (3)
Unlike many of the related methods which are only
suitable for the fabrication of thin films,7,21,27 MMMOs
synthesized via the AcHE method are easily processed into
thick films, free-standing membranes, and monoliths
(Figure 3A). This is important for commercial applications
where large quantities of material are required, such as


heterogeneous catalysis, energy storage, and nanostruc-
tured photovoltaics.


Conclusion
Harnessing the sol–gel chemistry of inorganic precursors
is crucial for the synthesis of mesostructured oxides. Once
stable, hydrophilic, nanometer-sized precursors are formed,
a structure-directing agent can be chosen to yield the
desired mesostructure. For silica-based inorganics, the
chemical structure of the precursor can be simply con-
trolled by adjusting the solution pH. The case is more
difficult for non-silicate oxides where the most suitable
sol–gel process depends on the desired product. For
obtaining thin films with crystalline frameworks, metal
chlorides in alcoholic solutions are optimal.21,22,26,27 How-
ever, when multicomponent mesostructured metal oxides
or large amounts of material are required, we find the
AcHE method preferable.13 For optical hybrid materials,
strongly binding organic additives such as trifluoroacetic
acid are useful in obtaining glasslike hybrids at room
temperature.12


Outlook: Non-Silicate Mesostructured Oxides
in Catalysis, Energy, and Biotechnology
Fundamental studies have revealed the synthetic aspects
critical for the assembly of a wide variety of mesostruc-
tured materials. With these in mind, we conclude with
selected opportunities for the synthesis and application
of mesoporous oxides in the vital fields of catalysis, energy,
and biotechnology (Figure 4).


Energy-Saving Catalysis. Well-defined pore sizes, tun-
able wall compositions and structures, large surface areas,
and possibilities for internal functionalization make meso-
porous oxides promising catalysts for chemical transfor-
mations.2,6 For example, we have studied the gas-phase
oxidation of benzyl alcohol to benzaldehyde over a


FIGURE 4. Schematic representation of the role of mesostructured oxides with controlled composition, nanostructure, and macroscopic
morphology in several vital applications.
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mesoporous CuO-TiO2 catalyst prepared from the AcHE
sol–gel system.37 The mesoporous catalyst exhibited nearly
75% benzaldehyde conversion at 200 oC. Copper oxides
loaded on zeolites or other supports exhibit less than 5%
conversion under similar conditions.38 For such applica-
tions, the ability to introduce multiple catalytic metal
oxide components into accessible wall structures should
allow the design of heterogeneous catalysts for a variety
of chemical reactions.


Harvesting Solar Energy. Precise control over compo-
sition and three-dimensional structure at the nanometer
scale using self-assembly could have a profound impact
on inexpensive and efficient solar technology by ensuring
that each photon is absorbed near an interface where
charge separation occurs. For example, nanocrystalline
metal oxide frameworks covered with a monolayer of
light-absorbing dye molecules function as electron ac-
ceptors in photoelectrochemical cells,39 and reports of
such cells utilizing surfactant-templated mesoporous ti-
tania show improved performance.40 Alternatively, solid-
state solar cells can be fabricated with interpenetrating
nanostructures. Mesoporous titania infiltrated with light-
absorbing conjugated polymers is one example from this
class of cells.41 Another promising route may be to back-
fill a mesoporous semiconducting oxide with a visible-
light-active semiconductor, such as CdTe or PbS, by
utilizing nanoparticle precursors to fabricate all-inorganic
solution-processed photovoltaics.


Each of these nanostructured photovoltaic concepts
would benefit from advances in mesostructure synthesis.
Ideal mesoporous oxides for nanostructured photovoltaics
should have (1) large (d ∼ 20 nm) interconnected pores
that facilitate incorporation of light-absorbing material
and effective hole transport, (2) a fully crystallized semi-
conducting wall structure to enhance electron transport,
and (3) a macroscopic film structure 1–10 µm in thickness
to allow for total solar absorption.


Biotechnology. Mesoporous oxides are useful in bio-
applications because they can contain pores that are
similar in size to, and chemically compatible with, bio-
logical macromolecules.3 For example, we have recently
investigated the activation of blood clotting by porous
inorganic oxides for hemorrhage control.42,43 It has been
determined that clotting rates can be increased by utilizing
highly negatively charged surfaces that accelerate protein
absorption and by the codelivery of ions, such as Ca2+,
directly involved in the blood clotting process. Further-
more, we believe that the large surface areas of porous
oxides increase the number of protein binding sites and
thus also stimulate clotting. These findings should guide
the design of highly effective mesoporous oxide blood-
clotting agents with controlled ion release, surface charge,
and pore geometries for life-saving applications.
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ABSTRACT
Special attention has been focused on photo-imageable sol–gel
hybrid (SGH) materials because of their synergetic effects, such as
high photosensitivity and transparency, as well as mechanical and
chemical durability resulting from the presence of polymer and
silica networks in the hybrid structure. Photo-induced migration,
which accompanies photopolymerization and photolocking in
these materials, allows for the formation of convex micropatterns
with a higher refractive index than the original film through
exposure to UV radiation. Controlling the parameters affecting this
photo-induced migration can permit modulation of the size and
shape of such microstructures for the simple and cost-effective
direct photofabrication of micro-optical elements, such as micro-
lenses and microlens arrays.


1. Introduction
The phenomenon of photosensitivity and, in particular,
the possibility of inducing a permanent change in the
refractive index and/or volume of a medium by exposing
it to light have attracted attention because of their
potential application in the direct photofabrication of
micro-optical elements, such as microlenses, microlens
arrays,opticalwaveguides,anddiffractiveopticalelements.1–22


To date, micro-optical elements have most commonly
been fabricated using multistep methods, such as litho-
graphic or etching techniques.23 These methods, however,
are often complex and require several steps to be under-
taken before the desired surface structure is revealed, thus
placing limitations on the prospect of the straightforward,
low-cost production of micro-optical elements. The in-
troduction of photosensitive materials, which could be
patterned by simply exposing them to light, offers the


prospect of a considerable improvement over conven-
tional methods. As a result, the characteristics of many
photosensitive materials, such as inorganic glasses,7–10


photopolymers,1–4 and azopolymers,6 have been investi-
gated. The photosensitive inorganic glasses, however,
exhibit very small changes in the refractive index and
volume, thereby limiting their application in the manu-
facture of optical elements. On the other hand, photo- and
azopolymers would need to be modified in such a way
that they demonstrate higher thermal stability and optical
transparency than they currently possess if they are to be
used in the production of micro-optical elements.


An alternative can be found in recent reports on the
use of newly developed photo-imageable sol–gel hybrid
(SGH) materials for practical applications.11–22 These
materials have been demonstrated to exhibit high sensi-
tivity to UV radiation, a property which can be directly
exploited to permit the fabrication of micro-optical ele-
ments. In comparison to other photosensitive materials,
SGH materials exhibit higher photosensitivity levels and,
perhaps even more importantly, these levels are control-
lable to a significant degree. This control is achieved
through the deliberate variation of parameters, such as
the composition of the material, the UV wavelength used
during the exposure process, and other process param-
eters. In addition, synergetic effects as a result of interac-
tions between the inorganic and organic components in
the materials have been shown to enhance various
characteristics of SGH materials.12 The photo-excitation
of the azobenzene group in SGH materials by polarized
light can create surface relief gratings on the films with a
high birefringence.11 However, in the photo-imageable
SGH materials, various mechanisms based on the pres-
ence of an inorganic siloxane group and a polymerizable
organic group or doped photo-active organic monomers
have been proposed to explain different types of photo-
induced self-structuring on the material surface. The most
common suggestions are that either a combination of
organic polymerization14,15 and inorganic condensation
or a process of densification13 is responsible. Either of
these could cause the observed behavior of volume
shrinkage accompanied by an increase in the refractive
index. However, the different behavior of volume expan-
sion with a refractive index increase has also been
observed in combination with various surface modula-
tions when photo-imageable SGH materials are exposed
to UV radiation. In the first instance, the combination of
volume expansion and a large increase in the refractive
index was found in SGH materials that had been doped
with a large quantity of photo-initiator.16 This was ex-
plained through a proposed “photolocking” mechanism,
which involved the attachment of photodecomposed
radicals from the photo-initiator to the host SGH matrix.
This mechanism can explain the observed refractive index
increase, which is a linear function of the photo-initiator
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concentration, but it does not sufficiently explain the
observed high level of volume expansion that occurs when
the material is selectively illuminated. As a result, some
researchers have proposed the migration of constituents
from exposed areas to unexposed areas in SGH materials
because of the presence of a chemical composition
gradient induced by photo-induced reactions that, of
course, occur only in the exposed area.18–22 This behavior
had already been observed in photopolymers,1–5 which
mainly consist of a polymerized binder matrix, a photo-
active monomer, and a solvent. In this case, however, the
extent of the migration was low because the gradient in
the chemical composition between the exposed area and
the unexposed area was small because of the presence of
the polymerized binder matrix within the photopolymer.
Moreover, the practical application of photo- and azopoly-
mers in the creation of micro-optical elements was
restricted because of their low thermal durability and poor
optical transparency.


Photo-imageable SGH materials should not experience
the problems associated with photopolymers, and they
exhibit extensive photo-induced migration as a result of
the various photo-induced reactions mentioned above.
However, thus far, the existence of a photo-induced
migration mechanism has not been confirmed either in
photosensitive SGH materials or in photopolymers. This
Account describes the first observation of in situ micro-
structural evolution as a function of UV exposure dosage,
thus demonstrating identifiable migration behavior in a
photo-imageable SGH material. Also, the impact of changes
in the parameters affecting this photo-induced migration
on the microstructural evolution of the material is dis-
cussed, particularly with reference to the possibility of
manipulating these parameters to control the shape of
microstructures that could be used in the photofabrication


of micro-optical elements, such as microlenses and mi-
crolens arrays.


2. Design and Synthesis of Photo-imageable
SGH Material
Because it is reasonable to expect many photo-induced
reactions in materials containing methacrylate, it has been
common to synthesize methacrylate SGH materials using
3-trimethoxysilylpropyl methacrylate (MPTS). Our photo-
imageable SGH material was newly designed and synthe-
sized with an eye toward inducing high levels of photo-
induced migration of monomers and oligomers in sub-
sequent fabrication processes.18,22 A large quantity of a
photochemical monomer (i.e., a photo-initiator or other
photodecomposable monomer) and a photo-active mono-
mer (i.e., a polymerizable acrylate monomer) was added
to enhance photo-induced reactions in the SGH material.
Figure 1 illustrates schematically the major components
of this photo-imageable SGH material. MPTS, heptadeca-
fluorodecyltrimethoxysilane (PFAS), zirconium n-pro-
poxide (ZPO), and methacrylic acid (MAA) were used as
starting materials for the formation of fluorinated meth-
acryl-oligosiloxane in the solution. On the basis of the
sol–gel reaction, hydrolysis of alkoxysilanes in the exist-
ence of water followed by condensation of hydroxyl
groups forms the siloxane.24 The reaction is sensitive to
the alkoxysilane composition, amount of water, catalysis,
and temperature. Here, PFAS was used to improve the
optical transparency of the material through fluorination
of the methacryl-oligosiloxanes, and ZPO was used to
catalyze the sol–gel reaction and thus to encourage the
formation of highly condensed oligosiloxanes. Also, when
the amount of PFAS and ZPO used in the reaction is
controlled, it is possible to tune the refractive index of the


FIGURE 1. Schematic diagram of major components and synthesis of photo-imageable SGH material.
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fabricated SGH material as required. For our study, the
MPTS and PFAS were first hydrolyzed with 0.75 equiv of
0.01 M hydrochloric acid (HCl). ZPO was then reacted with
MAA in a molar ratio of 1:1 to form a chelating complex
in a N2 atmosphere. After that, the chelated ZPO solution
was added to the prehydrolyzed MPTS and PFAS solution
and stirred for 1 h to advance hydrolysis and condensa-
tion. The mixed solution was reacted with additional water
for 20 h to complete the hydrolysis and condensation
reactions. The total amount of water contained 1.5 equiv
of total alkoxides in the solution. After the reaction to
synthesize the fluorinated methacryl-oligosiloxane solu-
tion, any residual products (such as alcohols) were
removed at 50 °C with an evaporator. Solid benzyldi-
methylketal (BDK) (a photochemical monomer) dissolved
in methylmethacylic acid (MMA) (a photo-active mono-
mer) was added to the fluorinated methacryl-oligosiloxane
solution. Here, the photochemical monomer, BDK, has
roles in both the initiation of the photopolymerization and
doping of the photolocking agent after its photodecom-
position. The photo-active monomer, MMA, acts as either
a polymerizable group in areas of the material exposed
to UV radiation or as a diffusible group in unexposed
areas. It also acts as a solvent for the large BDK content.
The resulting photo-imageable SGH material is optically
transparent because of the highly condensed fluorinated
methacryl-oligosiloxane base structure and is highly pho-
tosensitive because it contains high levels of both the
photo-initiator and the acrylate monomer. The polymer-
ized SGH material is dense, without the presence of
micropores, enough to be used in optics because of the
additional cross-linking of oligosiloxanes. The glass transi-
tion has not been found below the decomposition tem-
perature, which is over 300 °C, and the negligible bire-
fringence (<10-2) can be reserved during heating and
cooling.25 These robust characteristics can allow SGH
material to be used in many optical applications.


3. Photosensitivity of Photo-imageable SGH
Materials
Figure 2 shows the changes in the refractive index (a) and
thickness (b) of various SGH films as a function of the
UV exposure dose and BDK content. Regardless of the
BDK content, both the refractive index and the film
thickness increase rapidly for short UV exposures and then
become saturated. Their saturated values provide a mea-
sure of the photosensitivity of the material. Photopolym-
erization as well as photolocking accompanied by pho-
todecomposition of the BDK is fast for UV illumination
with high power ratings. Generally, photopolymerization
induces volume shrinkage along with a small increase of
the refractive index. As we have demonstrated in previous
reports,16 the main cause of the observed increases in both
the refractive index and film thickness in SGH materials
is a photolocking mechanism that fixes the photodecom-
posed radicals from the BDK into the methacryl-oligo-
siloxane matrix. This was established by comparing the
refractive index and thickness of films, whose photode-


composition products (highly polar radicals) are fixed in
exposed areas to the thickness and refractive index of
unexposed film in which BDK is volatilized during thermal
baking. It has become clear that increases in the refractive
index and film thickness are each enhanced in a way that
is proportional to the BDK content (see Figure 2). In other
words, considerably higher photosensitivity can be ob-
tained in these materials if their composition is modified
to contain high levels of BDK. In the past, the restricted
solubility of BDK in the organo-oligosiloxane solution has
been a limiting factor in the ability to dope sol–gel films
of this sort with large amounts of BDK. In this study,
however, large quantities of BDK were dissolved in MMA,
which is a photo-active monomer, to participate in the
photopolymerization of the methacrylate and to act as a
source of mobile (and hence able to diffuse and migrate)
monomers. We have found that a composition that made
use of 25 wt % BDK dissolved in 15 wt % MMA exhibits
the highest photosensitivity. That is, such films demon-


FIGURE 2. Changes in the refractive index (a) and thickness (b) of
UV-exposed SGH films as a function of the UV dose and BDK
content. The films were baked at 150 °C for 3 h after UV exposure.
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strate the largest changes in both the refractive index (over
10-2) and film thickness (about 30%) upon UV exposure
(see Figure 2).


4. Photo-imaging of SGH Materials
4.1. Photo-induced Migration Mechanism. Figure 3


is a schematic diagram of the photoinduced migration
mechanism in photo-imageable SGH materials. Whether
the selective UV illumination is accomplished using a
photomask or direct laser writing, the exposed area
experiences various photo-induced reactions. First of all,
BDK is readily decomposed to two radicals that initiate
the photopolymerization of the methacryl-oligosiloxanes
and MMA. This photopolymerization includes processes
such as oligopolymerization, low-order polymerization,
homopolymerization, and copolymerization. Also, the
photodecomposed radicals are fixed in the methacryl-
oligosiloxane matrix or undergo a dimerization process
in which two benzoyl radicals form benzil molecules, as
described in a previous study.26 The cross-linking and
attachment of doped molecules in the UV-exposed area
of the SGH film differentiate these areas from the mixed
state of oligomers and monomers in the unexposed areas.
This structural distinction causes substantial differences
between the concentration of unreacted molecules in
exposed and unexposed areas, as well as in the diffusivity
and the molecular size and weight of the constituents in
these areas. The result is a chemical composition gradient
between the exposed and unexposed areas, making it
thermodynamically preferable for unreacted oligomers or
monomers to migrate into the exposed area, where they
then react via photopolymerization or photolocking. This
migration will continue until all available sites for polym-
erization and photolocking in the exposed area are
consumed or until the diffusivity of the oligomers or
monomers in the unexposed area drops below the level
necessary to drive it. Thermal baking of the SGH film after
the UV exposure stabilizes the film, allowing it to be
imaged clearly. The heating may polymerize the methacryl
oligomers and MMA monomers in the film and may also
remove any nondecomposed BDK in the unexposed area
by evaporation.17 This latter process is likely to occur


because of the intrinsic high diffusivity and volatility of
BDK. In any case, thermal baking hardens the surface of
the exposed regions, preventing further migration of either
oligomers or monomers. In this way, stabilized surface
structures with expanded volumes and higher refractive
indices are formed in the exposed region.


To further elucidate the processes proposed in this
schematic, changes in the molecular structure of the films
in micropatterned areas were mapped using a Fourier
transform infrared spectroscopy (FTIR) microscope in
combination with an IR spectroscope and an optical
microscope. Figure 4a shows an optical micrograph of a
circular microstructure of approximately 80 µm in diam-
eter detected using white-light illumination and the FTIR
microscope. A FTIR step scan was conducted across the
circle with a scanning length of approximately 110 µm and
8 spectral steps. The results are shown in Figure 4b.
Because the photo-imageable SGH films had not been
dried prior to the scan, it was assumed that any observed
changes in the molecular structure were only due to
photoreactions. It appears that the intensity of the νCdC


peak at 1638 cm-1 reduces, and the νCdO peak at 1719
cm–1 shifts to longer wavenumbers as the IR-scanning
position moves from the edge of the circle to its center.
This represents the consumption of CdC bonds and the
loss of conjugation with the CdC bond because of
photopolymerization or photolocking and is proportional
to the variation in the intensity distribution of the original
UV exposure. On the other hand, the integrated area of
the νCdO band at 1719 cm-1 remains constant. The
conversion degree of the CdC bond calculated from the
integrated peak intensities of the νCdC and νCdO bands27


was plotted against the scanning position, as well as the
νCdC peak intensity (see Figure 4c). The conversion degree
of the CdC bond increases up to 96% in the center of the
exposed region, indicating intensive photo-induced reac-
tions and affirming the modulation of the molecular
structure that will result in a substantial chemical com-
position gradient. Because this modulation follows the
intensity profile of the UV beam used for the original
exposure, it follows that the gradient should follow this
profile as well and, subsequently, induces the migration
of unreacted monomers or oligomers from unexposed
areas (low-conversion degree) to exposed areas (high-
conversion degree).


The modulation in the grade of the photo-induced
reactions depending upon the UV exposure intensity may
produce the refractive index profile across the photofab-
ricated pattern. The refractive index modulation of the
pattern was measured using a near-field scanning optical
microscope (NSOM) in reflection mode with an Ar laser
(λ ) 488 nm) as the probing source. Figure 5 shows some
2D NSOM line profiles of the optical intensity of the
reflection (which represents the refractive index modula-
tion of a photofabricated object) on the SGH films. Three
differently shaped regions were exposed. Figure 5a shows
a microstructure in the shape of a simple line. Figure 5b
is a single circle, while Figure 5c is an image of an array
of circles. It is clear that the refractive index modulation


FIGURE 3. Schematic diagram of the photo-induced migration
mechanism in SGH materials during selective UV exposure with a
photomask.
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follows the topological shape of the photofabricated
patterns in all of the microstructures. This modulation
occurs because of the photo-induced reaction profile that
was inferred from the molecular structure changes evident
in the FTIR scans.


To confirm the proposed photo-induced migration
empirically, we analyzed the microstructural evolution of
the surface of the micropatterns on the SGH films during


selective UV exposure in situ. Figure 6 shows a set of 3D
scanning interferometer (SI) images of (a) circle- and (b)
line-shaped surface microstructures as a function of the
UV dose. The diameter of the circle and the line width of
the binary photomasks used during the exposure were 30
and 10 µm, respectively. The photofabricated circle- and
line-shaped surface structures exhibit various modulations
as the UV dose increases. As can be seen, both structures
have only a single peak as a result of the initial UV dose.
The irradiated area becomes fixed and hardened because
of the occurrence of intensive photo-induced reactions.


FIGURE 4. (a) Optical micrograph of a circular microstructure on a
SGH film detected using white light and a FTIR microscope. The
circle of approximately 80 µm in diameter was fabricated using a
binary photomask with a diameter of 30 µm. (b) FTIR mapping spectra
of 8 steps across the circle with a scanning length of approximately
110 µm. (c) Profiles obtained from the FTIR spectra of the conversion
degree and CdC peak intensity as a function of the IR-scanning
position across the circle.


FIGURE 5. Two-dimensional NSOM line profiles of the optical
intensity representing the refractive index profiles of photofabricated
microstructures on SGH films that were (a) line-shaped, (b) circular,
and (c) an array of circles.
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As the UV dose grows, the micropatterns in the exposed
areas evolve into more complex shapes because of the
relative depression of the central areas. This depression
is the result of the migration of oligosiloxanes and
unreacted monomers from the unexposed sides, which
increases the height of the film around the exposed region.
The migration continues, shifting the peaks toward the
center and causing the uplift of the hardened central area
along with the formation of another shoulder around the
exposed area. This constant migration thus shapes the
micropatterns into three peaks. Finally, even more migra-
tion combines the three peaks to form the single shape
(either a line or a circle). After this point, the width and
height of the photofabricated pattern are enhanced be-
cause of more migration, but the shape of the structure
no longer changes. This in situ surface microstructural
evolution in the photofabricated micropatterns (single
pattern f double patterns f triple patterns f unified
single patterns f pattern growth) convincingly demon-


strates the migration behavior of the constituents from
the unexposed area to the exposed area. It is to be
expected that the migration is dependent upon various
composition and process parameters, which would result
in variation in the microstructural evolution of a given film
as a function of the UV exposure dose. By understanding
this behavior, we can control the shape of the photofab-
ricated microstructures to produce a range of micro-
optical elements.


4.2. Photo-induced Migration Parameters and Con-
trollability. On the basis of the SI images in Figure 6, we
numerically analyzed the surface modulation of the
photofabricated circle- and line-shaped microstructures
as a function of the UV dose. Figure 7 presents the height
and width changes of the (a) circle- and (b) line-shaped
structures as the UV dose was increased. The heights of
the circle and line patterns increase steeply in the initial
UV dose ranges and then grow slowly at higher dosage
levels. On the other hand, the width of both the circle and


FIGURE 6. Three-dimensional SI images of in situ surface microstructural evolution of (a) circle-shaped (30 µm in diameter) and (b) line-
shaped (10 µm in width) micropatterns on photo-imageable SGH films as a function of the UV exposure dose.
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the line patterns decrease drastically after climbing steeply
during the initial exposure. This suggests that the photo-
induced reactions in the exposed area are strongly active
during short UV doses. The high levels of activity result
in sudden surface modulations, with increasing pattern
widths and heights because of rapid migration of material
from the unexposed area to the exposed area. After this
initial period of rapid migration, further migration occurs
more slowly, raising the height of the structure but
concentrating the movable species into the central region,
thus narrowing the width of the pattern. Careful control
of the UV dose, then, permits the design of micro-optical
elements of well-defined height and width.


In addition to the UV exposure dose, the impact of
other parameters on the photo-induced migration process
in SGH materials can be considered. These include the
concentration of photosensitive monomers in the film, the
original film thickness, and area of the exposed site. Figure
8 summarizes the surface evolution of the photo-fabri-
cated patterns as functions of these parameters. It is
apparent that this evolution is both complicated and very
sensitive to changes in any of the parameters tested. As
we have already discussed, higher levels of BDK in the
SGH material induce a steeper chemical composition
gradient and lead to more active photo-induced migration.
As a result, increasing the concentration of BDK leads to
greater maximum heights in the final microstructure.
Similarly, the presence of higher numbers of oligomers


or monomers (i.e., more molecules available for diffusion
and migration) in the thicker films leads to increased
maximum heights. Thus, for a given pattern width, higher
surface structures are obtained by using thicker films of
photo-imageable SGH materials containing more oligo-
siloxane and photosensitive monomers (i.e., more BDK
and MMA).


Because the migration required for the creation of these
microstructures is a kinetic phenomenon, the migration
length is limited to the fabrication of convex microstruc-
tures and the achievable microstructure size may be
restricted. The resulting profile of any photofabricated
microstructure is highly dependent upon the size of the
exposed area, as evident in parts b and c of Figure 8. For
large exposed areas, more photoinduced migration is
required to achieve the desired convex shape typical of a


FIGURE 7. Changes in the height (9) and width (2) of photofabri-
cated surface microstructures of (a) circle- and (b) line-shaped
micropatterns on SGH films.


FIGURE 8. Mapping of the structural evolution of the surface of
microelements as a function of photo-induced migration parameters:
(a) concentration of BDK, (b) film thickness versus exposed area
size, and (c) UV exposure dose versus exposed area size.
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lens, for example. As a result, the creation of structures
with larger areas will require the use of films with either
higher concentrations of photosensitive monomers or
greater film thickness or will involve the use of longer
exposure times to permit sufficient migration levels to
generate the desired shape. In addition, the dimension
of the unexposed area should be large compared to the
exposed area, thus providing an abundant source of
migrating monomers.


The careful consideration of the effect of variation in
both composition and process parameters upon the
photofabricated microstructures has permitted a clearer
understanding of the photo-induced migration process.
Moreover, it is apparent that the well-shaped microstruc-
tures that are desirable in various micro-optical elements
can be readily formed by precisely controlling these
parameters. Thus, photo-imageable SGH materials permit
very efficient and flexible patterning with excellent po-
tential for applications in the direct photofabrication of
micro-optical elements.


5. Direct Photofabrication of Microlenses and
Microlens Arrays
It has been reported that many micro-optical elements,
such as diffraction gratings and optical waveguides, have
been directly photofabricated using photo-imageable SGH
films.13–21 Microlenses and microlens arrays can also be
directly photofabricated on these films by the precise


control of the parameters affecting photo-induced migra-
tion within the films.22 SGH films were selectively il-
luminated under a Hg UV lamp using a binary photomask
containing microlenses and microlens-array patterns of
various sizes. In a single fabrication step, the UV exposure
formed the desired convex microlenses and microlens
arrays without the need for any etching or developing
processes. Figure 9 represents the scanning electron
microscopy (SEM) (left) and 3D SI (right) images of
photofabricated (a) microlenses and (b) microlens arrays
on SGH films. Through the precise control of the photo-
induced migration mechanism, convex microlenses and
microlens arrays with diameters of 40 and 30 µm and
heights of 3.2 and 1.25 µm, respectively, were designed
and directly photofabricated. The fabricated optical ele-
ments exhibit good homogeneity in addition to the
required refractive index distribution. Also, the surface
roughness of the fabricated elements was as low as around
0.5 nm root mean square (rms). This is within the value
required for the elements to be optically applicable and
is equivalent to that of the unexposed area. This is a result
of the fact that no etching or developing process was
required and the excellent coating qualities of the SGH,
despite its high concentration of BDK. The good surface
quality of the fabricated microlens and microlens array
opens the way for many potential applications in fields
such as optical communications and efficiency enhancing
display layers.


FIGURE 9. SEM and 3D SI images of a (a) microlens (40 µm in diameter and 3.2 µm in height) and (b) microlens array (30 µm in diameter and
1.25 µm in height) directly photofabricated on SGH films.
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We evaluated the focusing properties of the micro-
optical elements in the focal plane with a beam profiler,
using a 1550 nm laser source and a charge-coupled device
(CCD). A microlens with a diameter and height of 105 and
2.25 µm, respectively, was used. The spot diameter based
on the 1/e2 intensity of the peak and found by fitting a
Gaussian to the profile was 11.3 µm. The focal length was
measured to be 350 µm. A microlens array was also
characterized. The diameter and height of each compo-
nent lens was 60 and 3.46 µm, respectively. In this case,
the spot diameter was 3.98 µm and the focal length was
measured to be 155 µm. As is illustrated in Figure 10, the
distinctive beam profile of a microlens, demonstrating a
good fit to a Gaussian profile, was found. Also, the image
of the beam focused through a 2 × 2 array of microlenses
exhibits excellent uniformity in the profiles because of the
high refractive index distribution and controlled surface
modification discussed earlier. Moreover, because the
refractive index distribution as well as both the size and
shape of the microlens are readily controlled, the focal
lengths of the microlenses produced can be tuned.
Similarly, focusing properties such as the fill factor and
focusing beam homogeneity can be enhanced through
more precise control of the photo-induced migration
parameters, which should be particularly useful in the
simple production of various micro-optical elements.


6. Conclusions and Prospects
SGH materials exhibit high levels of photosensitivity that
are related to strong photo-induced reactions, such as
photopolymerization and photolocking. These reactions
cause photo-induced migration that results in efficient
modification of the refractive index and volume of the
material, permitting the simple fabrication of micro-
optical structures. The formation of the microstructures
on the film surfaces was found to be highly dependent
upon many composition and process parameters, such
as the UV dose, concentration of photosensitive molecules
in the film, film thickness, and exposed area size. Through


in situ observations of the evolution of various photofab-
ricated patterns as a function of the UV dose and other
parameters, we have been able to confirm the occurrence
of photo-induced migration of molecules from unexposed
to exposed areas on the films. Finally, well-defined and
high-performance microlenses and microlens arrays with
smooth surfaces were designed and directly fabricated
through the precise control of this photo-induced migra-
tion process. The direct photofabrication of micro-optical
elements using the photo-imageable SGH material de-
scribed has potential applications in the simple produc-
tion of various micro-optical elements used in optics and
displays.


Micro-optical technology has thus far been used in
high-performance applications rather than in mass pro-
duction because of its high cost. Recently, many industrial
applications have demonstrated a need for micro-optical
technologies at low cost. Thus, the development of cheap
materials and simple fabrication technologies for the
production of micro-optical elements is required. It has
been found that SGH materials possess many advanta-
geous characteristics for optical applications compared to
other optical materials, such as glasses and polymers. In
addition to the superior optical characteristics of these
materials, the simple and direct photofabrication of micro-
optical elements using them provides the potential for
cost-effective technology that can be readily applied in
mass-production industries. For the practical application
of the photo-imageable SGH materials, it is necessary to
identify suitable industrial applications and demonstrate
the simpler fabrication of many micro-optical elements
with good reliability and characteristics acceptable in the
current market.


This work was supported by the Korea Science and Engineering
Foundation (KOSEF) Grant funded by the Korean government
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FIGURE 10. Focusing properties in the focal plane of a microlens and microlens array directly photofabricated on SGH films. (a) Focusing
profiles at the focal spot of the microlens (focal spot image is shown in the inset) and (b) focal spot image at the focusing plane of the
microlens array.
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ABSTRACT
Identification of silica sol–gel chemistry with silicon alkoxide
hydrolysis and condensation processes is common in modern
materials science. However, aqueous silicates exhibit several
features indicating that they may be more suitable precursors for
specific fields of research and applications related to biology and
medicine. In this Account, we illustrate the potentialities of such
aqueous precursors for biomimetic studies, bio-hybrid material
design, and bioencapsulation routes. We emphasize that the natural
relevance, the biocompatibility, and the low ecological impact of
silicate chemistry may balance its lack of diversity, flexibility, and
processability


I. Introduction
When mentioning “sol–gel chemistry”, one often implies
the use of hydrolysis and condensation reactions of metal
alkoxides to make new materials, mainly oxide phases.
However, the synthesis of such alkoxides by Liebig and
the discovery of their gel-formation ability by Ebelmen
date from the 1840s, the first patent on this process being
deposited in the late 1930s.1 In contrast, the discovery of
the gel-forming ability of aqueous salts of metals originates
far back in the human history, and silicate-based silica
gels were patented in the late 1910s.2,3


This supremacy of metal alkoxides over aqueous pre-
cursors in today’s materials science mainly results from
three major aspects. First, alkoxides are available as pure,
single molecules whose reactivity toward hydrolysis can
be efficiently controlled so that the nature of the species
that will effectively condense to form a gel can be


selected.1 In contrast, aqueous metal salt solutions can
be prepared in a limited range of pH and concentration
and may often contain a mixture of oligomeric species,
whose reactivity is more difficult to control.4 A second
aspect is that metal alkoxides are mainly neutral species
exhibiting good solubility in certain organic solvents,
whereas metal salts tend to form charged species upon
dissolution in water, usually leading to their precipitation
upon solvent addition. This difference in precursor charge
also implies that the degree of ionicity is commonly
greater in “aqueous” gels when compared with “alkoxide”
gels. Finally, and this may be the key reason for the
popularity of silicon alkoxide-based sol–gel chemistry, it
is possible to synthesize organosilane precursors bearing
a nonhydrolyzable organic function, allowing the design
of covalently linked organic–inorganic hybrid materials.5


Overall, the alkoxide-based sol–gel route is more flexible
in terms of reaction conditions, chemical nature, func-
tionality, and processing.


However, when one considers biology-related applica-
tions of sol–gel chemistry, aqueous precursors exhibit
several interesting features. Indeed, alkoxide hydrolysis
leads to the release of parent alcohol molecules that may
be detrimental to biological systems.6 This is a major
concern for material design itself but also in terms of
ecological impact when large-scale applications are to be
developed. In addition, metal salts in aqueous media
represent the state where these elements can be found in
nature and utilized by living organisms for biomineral-
ization processes.7 Aqueous solutions may therefore be
considered as suitable precursors for biomimetic studies.


In this Account, we would like to illustrate the poten-
tialities of aqueous silicates by presenting recent advances
in biology-related studies and applications of silica. In the
first part, we show how biomimetic studies performed
using aqueous silicate solutions yield a better understand-
ing of some of the processes involved in biosilicification.
We then describe the synthesis and properties of silicate-
based bio-hybrid particles. Finally, the contribution of
“aqueous” routes to recent progress in mineral cell
encapsulation is illuminated. Comparison with similar
works performed using silicon alkoxide precursors is
provided to point out the advantages and limitations of
these approaches for future developments.


2. Silicates in Biosilicification Studies
Silica is the major mineral constituting the Earth’s crust
and is therefore widely found in a soluble form in soils,
rivers, lakes, and oceans, where it can be taken up by
animals, plants, and marine microorganisms such as
diatoms, radiolarians, and sponges (Figure 1).8 In many
instances, evidence is found that silica is incorporated as
monosilicic acid, Si(OH)4.9 Because Si(OH)4 tends to
polymerize at concentrations above ca. 1 ppm, it is
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assumed that it is transported under a stable form to the
site of mineralization. Silica formation then proceeds
under the control of specific macromolecules that dictate
its morphology, up to a tremendous perfection as il-
lustrated by diatom shells.10,11


Several groups have focused their attention on the
extraction of these macromolecules from living organ-
isms.12,13 In the case of diatoms, proteins termed silaffins,
as well as polyamines, could be recovered, and the ability
of these extracts to activate silica formation from hydro-
lyzed silicon alkoxide solutions was reported.12 However,
no data on the reaction between these macromolecules
and silicates is available at this time. In parallel, the ability
of synthetic or natural polymers bearing amine groups to
interact with different silica precursors has been widely
studied.14,15 Different morphologies were obtained de-
pending on the nature of the precursor, but a reliable
comparison between these data is made difficult by
variations in experimental conditions. In this context,
investigations on the silica/collagen system indicate that
the nature of the interactions arising between the biopoly-
mer and the silicon species may range between weak
hydrogen bond for Si(OH)4 and silicon alkoxide, leading
to a limited perturbation of the collagen self-assembly
process, and strong electrostatic interactions for silicates
and silica nanoparticles, inducing silica precipitation.16,17


In the case of silicates, these attractive electrostatic
interactions between ammonium groups and poly(silicic
acid) oligomers served as the basis for a biomimetic model
of silica formation activation by polyamines.18 In this


model, the positively charged organic functions located
on the polymer backbone attract the negatively charged
inorganic species, bringing them closer to one another and
favoring their condensation (Figure 2a). This model was
strengthened by the observation that a decrease in am-
monium group occurrence on the polymer chain leads
to a decrease in the activation process efficiency (Figure
2b).19 Such an adsorption of silicates on polyamine chains
could favor their aggregation and, hence, could lead to
the formation of a polymer gel, as demonstrated for
bovine serum albumin.19 As a consequence, silicate
condensation occurs within the polymer network, and
silica particle growth becomes limited by the voids of this
network (Figure 2c). In fact, it was shown that the size of
the silica particles formed in the presence of gelatin was
inversely proportional to the density of protein chains in
the silicate environment.20,21 Interestingly, it was found
that polyamines extracted from diatoms exhibited self-
assembly properties that influence silica nanoparticle
growth, suggesting that biomimetic studies based on
silicates were relevant to understand biosilicification in
diatoms.22


However, a different situation arises for proteins,
termed silicateins, extracted from the silicified sponge
Tethya aurantia.13 The activation of silica formation was
proposed to involve a protein active site consisting of an
asparagine, serine, and histidine triad. This process, which
was shown to be efficient for other metal alkoxides,23 only
concerns the hydrolysis step of the sol–gel reaction. As a
consequence, it was observed that silicatein does not
activate silica formation from silicates. It therefore seems
that silicates may not always be suitable when performing
such biomimetic studies. In this case, a silicon complex
would represent an interesting form of precursor, because
it closely mimics the organic hexavalent Si complexes that
may be involved in silicon stabilization during intracellular
transport.24 However, with the exception of silicon cat-
echolate,25 this approach is still largely unexplored.


Another aspect of biomimetic studies performed with
silicates deals with the effect of confinement. In fact, in
both diatoms and sponges, silica formation has been
shown to occur within a specialized vesicle.8 It was
therefore attempted to reproduce similar conditions using
multilamellar phospholipids vesicles.26 In the presence of
silicates in acidic conditions (to limit the kinetics of silicate
condensation), hybrid vesicles were obtained (Figure 3a).
Interestingly, the silica network consists of layers of closely
packed nanoparticles whose size appears tailored by the
lipid interlayer space. Such an arrangement of nanopar-
ticles is reminiscent of the silica nanostructures observed
in sponge silicified architectures.8 Similar hybrid multi-
lamellar vesicles were described using the self-assembly
of surfactants and silicon alkoxides.27 However, in this
case, a fully condensed silica network was observed in the
vesicle interlayer space. More recently, the channels of
porous membranes were also used as biomimetic con-
fined environments.28 Silicate gelation within these chan-
nels resulted in the formation of hollow tubes with
dimensions closely fitting those of the membrane pores


FIGURE 1. Biogenic silica structure. SEM micrographs of (a)
chrysoliths of an Equisitum sp. horsetail and (b) frustule surface of
a Thalassosiria sp. diatom.
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(Figure 3b). The tube shell originates from silicate con-
densation on the channel’s internal surface and consists
of densely packed silica nanoparticles, as a result of the
negative curvature of this surface. Upon successive im-
pregnations, these tubes were progressively filled-up by
silica particles. The size of the primary particles constitut-
ing this core silica phase was observed to decrease with
pore dimension. It was hypothesized that confinement
directly influences the silica formation process by increas-
ing the diffusion coefficient of the growing nanoparticles
and favoring their aggregation. Overall, these results
indicate that confinement strategies can strongly influence
silica growth and especially particle size and packing.


As previously mentioned, the suitability of aqueous
silicates for biomimetic studies is debatable. Nevertheless,
studies performed over the past few years have allowed
the identification of several parameters that control the
silica/biopolymer interactions. Their relevance for biosi-
licification processes in diatoms are clearly identified by
comparison with the actual known biochemistry of the
living organisms. In addition, recent approaches of con-
finement effects on silica growth have demonstrated some
new aspects of the processes taking place in deposition
vesicles found in these organisms. Indeed these data are
interesting to understand how nature has learned to cope
with silica chemistry. But they may also provide some
guidelines for the design of man-made, bio-inspired
materials, as shown in the following section.


3. Silicates in Biopolymer–Silica Hybrid
Particle Design
The contribution of sol–gel chemistry to medicinal science
has been reviewed recently, emphasizing applications in
diagnosis, drug delivery systems, and design of artificial
organs.29 The sol–gel process is also widely used to design
biomaterials for tissue engineering.30 In many of these
applications, (bio)polymer-based materials have already
been widely developed, but several reports suggest that
incorporation of a mineral component may improve
device properties, especially in terms of chemical and
mechanical stability.31


As mentioned earlier, a main advantage of aqueous
silicates over alkoxides is their low toxicity (due to the
absence of labile organic residues) and their low environ-
mental impact.32 It can therefore be suggested that
silicates are particularly suitable for the design of such
materials that should function in contact with, or within,
the human body.


The possibility to make biopolymer–silicate hybrid
materials indeed depends on the nature of the interactions
arising between the macromolecules and the inorganic
species. In this context, the biomimetic studies presented
earlier serve as a useful basis to predict the behavior of
such mixed systems. Thus, in neutral pH conditions,
silicates bear silanol, Si–OH, and silanolate, Si–O-, groups
and are expected to interact strongly with cationic poly-
mers, moderately with neutral chains, and not with
polyanionic species (Figure 4). Thus, at pH 7.2, cationic
gelatin induces silica precipitation,20 whereas negatively


FIGURE 2. Modes of interaction between silicates and polycationic
macromolecules: (a) homo-polyamines (e.g., poly(L-lysine)) favor
extended silicate condensation to form dense gels, (b) proteins (e.g.,
lysozyme) favor local silicate condensation to form precipitates, and
(c) self-assembling proteins (e.g., gelatin) favor the spatially con-
strained condensation of silicates to form silica nanoparticles.


FIGURE 3. Effect of confinement on silica growth. TEM micrographs
of (a) hybrid silica/phospholipid multilamellar vesicles and (b) a silica
tube formed in a nanoporous membrane.26,29
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charged alginic acid and DNA do not.33 Decreasing the
reaction pH to slightly acidic conditions (pH 4–5) lowers
the negative charge and hence the reactivity of silicates,
as shown for lysozyme and gelatin (Figure 4).19,20 How-
ever, when more acidic conditions are used, that is, below
pH 2–3, silicates are mainly neutral species and can
develop hydrogen bonds that may also induce silica
precipitation, as shown for gelatin (Figure 4).2 Overall, the
strong reactivity of silicates often leads to the formation
of precipitates in the presence of macromolecules, whereas
monolith gels can more easily be obtained using silicon
alkoxide precursors.30


However, such a reactivity is not always a drawback,
as illustrated by the design of biopolymer–silica core–
shell particles. Biopolymer capsules have already been
widely studied for drug delivery or bio-encapsulation
devices.34 It was proposed that the deposition of a silica
coating on the capsule surface would lead to an enhanced
chemical/mechanical stability.35 Moreover, whereas poly-
mer hydrogels are often macroporous, the sol–gel process
offers the possibility to tailor silica porosity and therefore
to modulate the diffusion properties of the particles. The
first attempt to use silicates for capsule coating was
described on alginate macrospheres. Alginic acid is a
polysaccharide bearing carboxylic acid functions and is
therefore negatively charged at pH 7, preventing direct
deposition of silicates on its surface. Thus, alginate
capsules were first coated with poly(L-lysine) (PLL). This
outer layer renders the particle surface positively charged
and allows the deposition of silica from diluted silicate
solutions at neutral pH (Figure 5a).36 The resulting coating
consists of a dense network of silica. Alginate–PLL–silica
hybrid capsules were shown to have enhanced mechanical
stability when compared with alginate–PLL–alginate beads.
A similar approach was later developed for the design of
alginate–PLL–silica microcapsules (Figure 5c).37 However,
it was difficult to elaborate hydrogel spheres with sub-
micrometric dimensions and alginate/silica nanocapsules
could only be obtained using a spray-drying approach,
with loss of the core–shell structure.


A similar approach was followed to design gelatin–
silica hybrid capsules. In this case, the biopolymer bears
a positive charge, so direct deposition of silicates is
possible (Figure 5b). Macro-, micro-, and nanocapsules
of gelatin and corresponding hybrid particles exhibiting
core–shell structures could be elaborated (Figure 5d).38,39


The presence of the silica coating appeared to stabilize
significantly the hydrogel network, especially toward
dissolution in water.


Preliminary investigations on the cytocompatibility and
cellular up-take of alginate- and gelatin-based nanocom-
posites were also performed using fibroblast cells.37,39 In
both cases, the hybrid nanoparticles could be internalized
without causing rapid cell death and were found in cell
compartments where their degradation occurs. In fact, it
seems that only the biopolymer component of these
particles was digested intracellularly, leaving fractured or
hollow silica particles. Data on long-term cell viability are
not available at this time. In fact, nothing is known about
the systemic fate of silica, and such data would be of great
help to evaluate the suitability of silica-based materials
for biomedical applications.


To our knowledge, no equivalent alkoxide-based nano-
composites have been described so far. In the case of
alginate, other groups have reported the synthesis of silica-
coated macrocapsules using organosilanes.35,40 For in-
stance, Sakai et al. used aminopropyltrimethoxysilane
(APTS) together with tetramethoxysilane (TMOS) to coat
alginate beads.41 The hydrolyzable methoxy functions of
both precursors allowed the formation of a hybrid silica
coating, whereas the ammonium groups from APTS favor
anchoring on the alginate surface. When compared with
the silicate approach, this method relies on a similar
mechanism by using a cationic bridge between the


FIGURE 4. Effect of pH on silicate–gelatin interactions. Experimental
curves showing the evolution of silicate (orange line) and gelatin
(blue line) relative charges with pH together with silicate condensa-
tion rate (dark line). Three pH domains, tentatively indicated by
dashed vertical lines, can be distinguished, depending on the relative
influence of silicate condensation, silicate–gelatin attractive elec-
trostatic interactions, and silicate–gelatin hydrogen bond formation.


FIGURE 5. Comparison of alginate–silica and gelatin–silica core–shell
microparticles. Elaboration of (a) silica-coated alginate capsules
involving the deposition of PLL and (b) silica-coated gelatin capsules
are shown. SEM micrographs of resulting microspheres for (c)
alginate and (d) gelatin capsules are also shown (scale bar ) 2
µm).37,39
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polymer and silica. However, it is a simpler one-step
process that takes advantage of organosilane properties
to introduce covalency, and therefore chemical stability,
in the material.


Overall, silicate reactivity toward biomacromolecules
is controlled by its ability to form electrostatic interactions
and hydrogen bonds in a wide range of pH and concen-
tration conditions. As a consequence, silicates tend to
form hybrid precipitates rather than gels. This limits their
application for bulk material design but favors their
formation at specific interfaces, as shown for core–shell
nanoparticles. Another key aspect of silicate chemistry is
its expected good biocompatibility. If the demonstration
of hybrid nanoparticle internalization by cells suggests
that silicate-based materials may exhibit suitable cyto-
compatibility, even more convincing data are provided by
the cell encapsulation experiments that are discussed in
the next section.


4. Silicates in Bioencapsulation
Among the wide diversity of applications of sol–gel hybrid
materials, bioencapsulation approaches may be some of
the most fascinating. The possibility to immobilize bio-
logical systems, such as enzymes or cells, within silica gels
opens the route for the design of biosensors or bio-
reactors.42–44


The success of these encapsulation approaches relies
on silica formation routes that are compatible with the
preservation of biological activities. Traditional silicon
alkoxide-based sol–gel chemistry makes use of an alcohol
as a cosolvent to water to ensure the solubility of the
starting precursor. Indeed, it is well-known that alcohol
can induce enzyme denaturation and cell death. This
problem was solved in the early 1980s by Avnir et al. who
showed that alcohol was not necessary to form silica gels.45


In fact, upon hydrolysis, alkoxides release alcohol mol-
ecules in the solution that allow their rapid solubilization.
Optimization of this approach using sonication was
described by Ellerby et al.,46 offering a suitable procedure
for enzyme encapsulation that is now widely used in this
field.


If the presence of alcohol in the starting mixture can
be avoided, the problem of alcohol release in the medium
during hydrolysis still remains. Several approaches have
been described to address this point. These include the
use of a high hydrolysis ratio,47 the evaporation/distillation
of the released alcohol before enzyme addition,48 and the
synthesis of chemically modified alkoxides bearing non-
toxic alcohol groups such as glycerol.49 Carturan et al. also
developed the so-called Biosil process based on the use
of alkoxide vapors flowed over the biological system so
that the released alcohol molecules are rapidly withdrawn
by the vector gas flux.40


In fact, the same group pioneered the field of sol–gel
cell encapsulation using tetraethoxysilane (TEOS) solution
to immobilize yeast cells.50 The success of this approach
was due to two factors. First, yeasts are able to withstand
a large quantity of ethanol in their environment since this


alcohol is a byproduct of their fermentation activity. In
addition, the silica gel was deposited as a thin film,
allowing a rapid evaporation of the alcohol from the
surface layer. Such an ability of thin films to maintain
whole cell viability was more recently used for the
encapsulation of genetically engineered luminescent Es-
cherichia coli bacteria,51 Bacillus sphaericus spores,52 and
several kinds of living organisms in association with
phospholipids.53 This ability of silica gels to present a high
surface-to-volume ratio for rapid alcohol evaporation and
thus to present good cytocompatibility is probably also
responsible for the successful encapsulation of islets of
Langerhans in alkoxide-based microspheres described by
Pope et al.54


However, when bulk gels are designed, the problem of
alcohol release appears more difficult to solve. For in-
stance, it was shown that the amount of methanol released
during the formation of TMOS-based gels following
traditional routes used for enzyme encapsulation was
harmful for E. coli bacteria.6 Several groups have therefore
investigated the possibility to use aqueous precursors, that
is, silicates and colloidal silica.


First attempts in that direction were performed for
enzyme encapsulation, using either commercial silica
sols,55 or sodium silicate solutions acidified with an ion-
exchange resin to get rid of sodium ions.56 Silicate precur-
sors were also found suitable to design pin-printed protein
microarrays.57 In contrast, it was shown that enzyme
adsorption on silica particle surfaces may lead to their
denaturation.58 Silica colloids and silicates were also
independently used for cell immobilization.43,59–61 How-
ever, the most successful approach so far involves a
mixture of silicates and colloidal silica. In this case, the
silica network originating from silicate condensation acts
as a cement to ensure the cohesion of the colloidal
assembly (Figure 6).6


Although such mixed gels were found more suitable
than TMOS-based hosts for short-term encapsulation of
E. coli bacteria, a rapid decay of cell viability was observed
over a few days.6 In order to enhance the survival rate of
entrapped cells, several organic additives, gelatin, poly-
(vinyl alcohol) (PVA) and glycerol, were incorporated in
the silica gel.62 Only the latter led to a significant increase
in cell viability, with 50% of the initial bacteria E. coli
population being metabolically active after 1 month.63


Investigations of the gel porous structure revealed that
gelatin or PVA do not modify the network porosity,
whereas glycerol addition leads to a strong decrease in
surface area. This suggests that glycerol is located in the
mesopores of the silica gel and may therefore be in close
contact with the encapsulated cells. Further experiments
showed that ethylene glycol does not favor bacteria
survival, despite its close chemical similarity with glyc-
erol.64 In parallel, ethylene glycol addition did not modify
the silica gel porous structure, suggesting that it behaves
similarly to gelatin and PVA. Overall, these data indicate
that the localization of the additive is a determining factor
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for its ability to stabilize encapsulated cells. This hypoth-
esis was strengthened by recent cryo-scanning electron
microscopy (SEM) experiments performed on TEOS/
glycerol gels demonstrating that the organic additive is
located around the bacteria, avoiding direct contact
between the silica gel pore surface and the cell.65 The
suitability of glycerol to maintain the long-term viability
of encapsulated E. coli bacteria was confirmed in silicate-
based matrices for E. coli.66


Considering the actual knowledge in the field of whole
cell encapsulation, it can be proposed that “alkoxide” and
“aqueous” routes may be suitable for different applica-
tions, related to their processing. Silicon alkoxides appear
convenient precursors for the design of thin films that may
be suitable for the development of biosensors.51,53 Silicates
and colloidal silica are more adapted to bulk gel elabora-
tion, allowing the conception of bioreactors. In this
context, it was shown that Serratia marcescens bacteria
encapsulated in SiO2/glycerol hosts were capable of
producing prodigiosin, a promising pharmaceutical agent.67


Moreover, this production could be enhanced by addition
of interbacterial communication molecules to the gel.
Indeed, in both kinds of systems, a key factor is the
possibility to maintain the long-term viability of entrapped
cells, because no possibility for cell division inside the gel
network has been reported so far.


5. Perspectives
We have recently reported the long-term viability of
diatom cells within silicate gels (Figure 7).68 Encapsulated
cells could dissolve the silica network in their surround-
ings, suggesting that diatoms may not only form Si–O–
Si bonds but also cleave these siloxane bridges. To our
sense, these experiments illustrate the main features of
silicate-based processes. These aqueous precursors are the
silicon source available for most living organisms and are
therefore relevant for biomimetic studies. Such studies not
only concern the molecular mechanisms of silicification
but may also contribute to the field of cell–mineral
interfaces in geological environments.64 In addition, sili-
cate chemistry is environmentally friendly and biocom-
patible and can be combined with many biological
systems from molecules to single cells (i.e., in vitro) and,


hopefully in the near future, to whole organisms (i.e., in
vivo).


For all the reasons already mentioned above, it is very
likely that silicon alkoxides will remain the dominant silica
precursor for the design of hybrid materials. However,
increasing concern for ecological issues in the context of
sustainable development has already triggered consider-
able efforts to develop “greener” chemical processes.
Whether there will be a need for a “green” sol–gel
chemistry is difficult to ascertain at this time, but it is our
belief (and hope) that actual studies on aqueous silicate-
based material design will significantly contribute to future
developments in this field.


FIGURE 6. Encapsulation of bacteria in silicate/colloidal silica mixed matrices. The initial precursor solution is neutralized by HCl addition,
inducing silicate condensation in the solution and on the surface of the colloids. Upon cell addition, gel formation proceeds, leading to their
encapsulation in the silica network.62


FIGURE 7. Encapsulation of diatoms in silica gels: (a) SEM and (b)
TEM micrographs of Cylindrotheca fusiformis diatoms in a silicate
matrix. The oval line shows the cavity observed in the vicinity of the
cell, suggesting silica dissolution by the diatoms.68
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ABSTRACT
Ultraporous aperiodic solids, such as aerogels and ambigels, are
sol–gel-derived equivalents of architectures. The walls are defined
by the nanoscopic, covalently bonded solid network of the gel. The
vast open, interconnected space characteristic of a building is
represented by the three-dimensionally continuous nanoscopic
pore network. We discuss how an architectural construct serves
as a powerful metaphor that guides the chemist in the design of
aerogel-like nanoarchitectures and in their physical and chemical
transformation into multifunctional objects that yield high perfor-
mance for rate-critical applications.


Introduction
Quantum dots; nanorods, nanotubes, and their multipodal
relatives; nanoparticles evoking shapes reminiscent of
Platonic perfect solids; dendritic clusters that burst into
tree or star shapes: A well-stocked inventory of morphol-
ogies on the nanoscale exists and encompasses the
compositional richness of chemistry, all in a journal near
you. In one view—in our view—these nanoscopic bits of
matter are mere unit quantities that can be assembled into
multifunctional (and far more interesting) objects: nano-
architectures.


Just as nano is not new to chemists, neither are nano-
architectures. And just as architects design buildings1 that
can follow a rigid rectilinear hierarchy or may eschew
orthogonality for the functional whimsy of Calatrava
(Figure 1) or Gehry, so, too, can chemists design well-
ordered nanoarchitectures (suitable for applications de-
manding high periodicity, e.g., photonics) or aperiodic


edifices of immediate technological relevance (e.g., the
thermal superinsulation used on Martian rovers).


The sol–gel-derived aperiodic nanoarchitectures known
as aerogels date to Kistler’s recognition in the 1930s that
removing pore fluid without establishing a liquid–vapor
interface yields an air-filled solid that retains the free
volume of the wet gel.2 In that the liquid has an open,
three-dimensionally interconnected path throughout the
wet gel, so does air through an aerogel. A related nano-
architecture known as an ambigel,3 also exhibiting open,
through-connected porosity, is obtained when a low-
surface tension, nonpolar fluid is evaporated from a wet
gel under ambient pressure rather than the supercritical
pressures used to obtain aerogels.


Aerogels and ambigels are composites of being and
nothing.4 These nanoarchitectures have a physical struc-
ture that contains 75–99% open space (the “nothing”)
interpenetrated by solid matter (the “being”). Unlike other
open cellular foams, these materials are “all nano, all the
time”, with the solid sized on the order of 10 nm and the
pores predominantly sized from 10 to 100 nm (i.e.,
mesoporous to macroporous).5 A further advantage of
these ultraporous nanoarchitectures is that they are
innately self-wired: the nanoscopic solids, diluted within
a sea of nothing, are covalently networked and thereby
constrained in their mobility and ability to agglomerate
or sinter into larger particles. As befits nanomaterials in
use since the 1930s, aerogels underpin scientific studies
and cutting-edge technology from Čerenkov radiation
detectors to thermal superinsulation (e.g., in clothing for
extreme sports) to collecting cosmic dust in space (NASA’s
Stardust mission).


The architectural metaphor on the nanoscale offers a
powerful analogy for chemistry. Buildings are mostly
nothing for a functional reason: the interconnected open
spaces are critical for the movement of people and objects
into, out of, and within the structure. The interpenetrating,
open pore network characteristic of aerogel-like architec-
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FIGURE 1. Architectural function (and flair) achieved without
regularity or periodicity dominating form. The Milwaukee Art
Museum, Windhover Hall; architect, Santiago Calatrava; photo,
Timothy Hursley (with permission of the Milwaukee Art Museum).
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tures likewise permits rapid transport of molecules and
nanoscopic objects into, throughout, and out of the
structure. With this ability to import raw materials into
the nanoarchitecture, the chemist/architect can then serve
as an interior designer, physicochemically modifying the
surfaces of the inner walls (painting, laying carpet) or
decorating with objets d’art.


A temptation when adding functionality into porous
solids is to use the void space as a molecular beaker
whereby the nothing often becomes filled. This nano-
scopic nothing is too important to fill up, especially as it
must be maintained through-connected to achieve high
performance in rate-critical applications (e.g., catalysis,
sensing, energy storage and conversion, and separations)
such that one maximizes the number of molecules reacted
per second or electrons transferred per second.6 An
electrician would never electrically wire a building by
templating conductive wires that filled rooms or corridors,
nor would a designer paint the walls with foot-thick
coatings. If the nanotechnologist in her role as architect/
interior designer/electrician/plumber takes similar care
when chemically altering the confined, tortuous interior
of nanoarchitectures such as aerogels, she will be re-
warded with multifunctional materials that significantly
impact a broad range of end uses, as we detail below.


Building the Structural Frame: Synthesis of
Three-Dimensional (3D) Multifunctional Walls
Sol–gel chemistry erects the walls of the nanoarchitecture
as a concomitant outcome of the sol-to-gel transition. The
nanoscopic solid network takes shape as the colloidal
particles dispersed in the sol covalently bond together;
once formed, the network delineates space and does so
within the dimensions of the vessel in which gelation
occurs. Nanoarchitectures can thus be particulates, films,
and monolithic shapes of all types that reflect the con-
tainer into which the sol was poured. In the absence of a
templating shape for formation of periodic mesoporous
solids,7 sol–gel chemistry is a protocol that fabricates
aperiodic, self-connected walls. But the solid network in
an aerogel or ambigel can be so much more than merely
a framework that defines the shape and volume of the
building.


Establishing Form with Function that Goes Beyond
Delineating Space. Constructing the solid network—the
walls of the structure—from materials that contribute
specific physical and chemical properties imparts func-
tionality to the resulting edifice. For example, nano-
architectures fabricated from electrically conductive build-
ing blocks have been explored for a wide range of
electrochemical applications.3,8 Carbon aerogels, pre-
pared by pyrolyzing a phenolic polymer aerogel, have
served as ultraporous, high-surface area electrode struc-
tures for electrochemical capacitors9,10 and capacitive
deionization.11 Carbon aerogels once decorated with
electrocatalytic metals transform into porous structures
suitable for fuel-cell reactions.12–14


Erecting walls of mixed ion–electron conducting metal
oxides with compositions such as V2O5


15–17 and MnO2
18–21


provides energy-storage functionality via cation–electron
insertion, while the high-quality plumbing and wiring of
the nanoarchitecture enable high-rate charge–discharge
operation. When the solid network comprises oxygen-ion
conducting oxides, such as ceria, zirconia, and doped
variants, the nanoarchitectural form provides optimally
accessible gas–solid interfaces for oxygen dissociation and
ionic conduction,22–24 elementary processes that are criti-
cal for the operation of solid–oxide fuel cells. Semicon-
ducting TiO2 aerogels functionalized with ruthenium
polypyridyl photosensitizing dyes enhance absorption of
long-wavelength visible photons,25 which is the under-
performing region of the solar spectrum for mesoporous
titania photoanodes in dye-sensitized solar cells.


Importance of Self-Constructed Walls. A key property
of electrically conductive aerogel-type nanoarchitectures
is the innate interconnectivity of the solid nanoscopic
skeleton, which provides for efficient long-range and
redundant electrical wiring throughout the structure.
Good wiring not only is critical for the electrochemical
performance of these structures for applications such as
batteries, fuel cells, and electrochemical capacitors but
also enables the use of electrodeposition methods to
further “decorate” the nanoarchitecture in a self-limiting
manner (see below).26–28 Conductive-probe atomic force
microscopy, which yields simultaneous topography and
current images, was recently used to test the electrical
character of MnO2 ambigel films supported on indium–tin
oxide glass.29 The relative uniformity of the current image
(Figure 2b) and its correlation with the topography image
(Figure 2a) indicate that electrical conductivity through
the 1.5-µm thick, ultraporous 3D structure of the MnO2


nanoarchitecture is largely homogeneous.


The long-range continuity of the architecture is also
vital for efficient ionic conduction, as demonstrated by
impedance studies for monolithic MnO2 ambigels exposed
to controlled levels of humidity at room temperature.30


We ascribed the Warburg, diffusion-like feature in the
resulting impedance spectra to the formation of a “proton
wire”, present even at 11% relative humidity. The nano-
scopic oxide network templates a conformal and confined
sheath of adsorbed water layers that traverse the macro-
scopic dimensions of the MnO2 ambigel monolith. The
proton wire thus established exhibits macroscopically long
proton diffusion lengths (>0.3 mm) and an equilibrium
conductometric response to humidity that is 14 times
greater than that of previous reports for films of electro-
lytic manganese oxide.30 An analogous ion wire, also with
long-range diffusion lengths, was observed for an entirely
different conduction process, the conduction of oxygen
ions at 600 °C in gadolinium-doped ceria aerogels.24


Other Physical Properties of Walls: Photoactivity,
Magnetism. As useful as electrically conductive nano-
architectures are, recent work imparts new directions in
multifunctional nanoarchitectures by extending the func-
tionality of the framework to magnetic materials and
photoactive semiconductors. Kinetically controlled oxida-
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tion of the capping ligands from sols of CdSe, CdS, ZnS,
and PbS quantum dots induces gel formation and, upon
supercritical drying, photoluminescent aerogels that span
the infrared through ultraviolet regions of the electromag-
netic spectrum.31,32 The mesoporous, covalently intercon-
nected nanoarchitectures retain the quantum-confined
optical properties characteristic of the semiconducting
nanoparticles used to build the gel.


Superparamagnetic nanoarchitectures have been pre-
pared by appropriate temperature–atmosphere treatments
of amorphous iron oxide aerogels.33 Once crystallized, the
nanoarchitectures can be reversibly tuned between either
Fe3O4 (magnetite) or γ-Fe2O3 (maghemite) phases by
varying the partial pressure of O2 at mild temperatures,
∼250 °C (see the Supporting Information for a movie
demonstrating the ability of a Fe3O4 aerogel to counter
gravity upon magnetization at room temperature). Cou-
pling microprobe Raman spectroscopy (which gauges the
local structure and cation vacancy content) with magnetic
analysis readily differentiates between these structurally
similar nanocrystalline oxides, unlike the ambiguity in
assignment via X-ray or electron diffraction. The synthetic
strategy used to construct magnetic iron oxide nano-
architectures has been extended to the family of transition
metal ferrites, as seen for MnFe2O4 aerogels.34


Earthquake-Proofing the Structure. Low-density aero-
gel/ambigel materials are often mechanically fragile as a
consequence of the many weak points that exist where


the individual building blocks of the nanoarchitecture are
bonded together, the so-called particle–particle necks.
Strategies for improving the ruggedness of aerogels, which
will improve their commercial prospects, typically focus
on reinforcing and widening these neck regions. For
example, Leventis and co-workers have used organic
cross-linking agents that react with surface hydroxyl or
amine functionalities to produce polymeric tethers that
further reinforce the framework of silica aerogels, resulting
in materials that are 2 orders of magnitude stronger than
unmodified aerogels.35,36


Strengthening the structure is crucial not only for the
end uses of the nanoarchitecture but also to facilitate
some of the additional interior design that is needed to
create multifunctional nanoarchitectures. Any modifica-
tion strategy that requires re-wetting the architecture is
made feasible when the pore–solid nanoarchitecture can
withstand the compressive forces of wetting and de-
wetting. Certain postconstruction modifications may be
hindered, however, by the presence of organic reinforce-
ments. We have shown that the ruggedness of silica
aerogels can be enhanced by rapid gelation, immediate
immersion in neat methanol (i.e., curing in the absence
of mother liquor), and then calcining the supercritically
dried gel at 900 °C for 30 min (which modestly densifies
the nanoarchitecture).37 Cured aerogels lose less volume
at 900 °C relative to gels processed in the standard way
(i.e., aged in the mother liquor) and retain larger average
pore sizes (30 nm vs 16 nm). The interparticle necks are
deduced to be less fragile in the cured gels, presumably
because the flux of oligomers out of the gel upon immer-
sion in neat methanol forces condensation reactions to
occur at the most reactive internal points, i.e., the
interparticle necks and the mouths of micropores and
small mesopores. The cured, 900 °C-calcined aerogels are
80% nothing, can be dropped without breaking, and
immersed in or removed from water without damage.


3D Plumbing and the Importance of Nothing
The nature of the porous network in sol–gel-derived
materials is readily transformed by how pore fluid is
removed from the wet gel; see Figure 3a. The exact nature
of the pore-size distribution depends on the composition
and mechanical characteristics of the solid network, but
the trends are similar between the oxide gels. Xerogels are
obtained by drying under conditions of high surface
tension (often from the aqueous/alcoholic mother liquor)
and thereby suffer extensive pore collapse. A xerogel
retains 20 to <50% of the initial free volume inherent to
the wet gel with a pore-size distribution dominated by
micropores (<2 nm) and small mesopores. The pore-size
distributions for ambigels and aerogels shift to larger pore
sizes,withtheaerogeldistributiondominatedbymacropores
(>50 nm) and large mesopores.21 The ambigel has a
Gaussian-like distribution of pores, with few of the mi-
cropores or small mesopores typical of xerogels and far
fewer of the large mesopores or macropores typical of


FIGURE 2. Simultaneously acquired (a) topography and (b) current
images (10 µm × 10 µm) of a birnessite-type MnO2 ambigel film
supported on indium–tin oxide coated glass. Reproduced from ref
29. Copyright 2006 American Chemical Society.
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aerogels (Figure 3a,b). The pore size at the maximum of
the relatively narrow pore-size distribution seen for am-
bigels can be shifted by varying the temperature at which
the nonpolar organic pore fluid is evaporated.38


Aperiodic, Through-Connected 3D Porosity ) Open-
Medium Diffusion Rates. Gas-adsorption isotherms in-
dicate an open, connected porosity for xerogels or tem-
plated periodic solids with 3D mesoporosity, as do the
isotherms obtained for aerogel and ambigel nanoarchi-
tectures. It is only with rate-critical, not equilibrium,
measurements that the quality of the porous network can
be assessed,3,6 such as permeation through membranes
and influx of reactants into sensing or catalytic architec-
tures or the electrically conductive structures necessary
for energy storage or conversion. A critical aspect of the
internal structure of aerogel-like solids is the retention of
that structure within objects of any size, from films that
are 100-nm thick to particulate chunks of aerogel to
monoliths that are blocks 1 m2. Periodic mesoporous
solids can lose the registry of their porosity at length scales
over a few micrometers.


In aerogels and ambigels, the rate at which a gas-phase
solute diffuses through the pore–solid architecture ap-
proaches its rate of diffusion in open air,39 which means
that an aerogel-based device has what every rate-critical
application needs, a veritable autobahn for molecular


transport. Figure 4 shows the rapid steady-state response
attained by a fluorophore-modified silica aerogel upon
switching between gas-phase analytes that either quench
(oxygen) or restore (argon) the native fluorescence of the
diazapyrenium modifier. Processing the wet, fluorophore-
modified gel to form a xerogel markedly slows the time
response to analyte and affects the return to background
(full fluorescence under Ar). When one needs to know—
now—that a deadly gas-phase species is present, the
choice between sensing architectures is obvious.


This dramatic contrast in the time signature of the
fluorophore-modified aerogel versus its xerogel cousin
arises because aerogels retain not only an open porosity
but also a 3D through-connected pore structure, i.e., one
without the cave-ins that are inevitable in xerogels because
of the compressive forces that arise internally during the
drying process. In our comparisons of the time response
of a chemically diverse range of xero/ambi/aerogels under


FIGURE 3. (a) Plots of pore-size distribution for various nano-
architectures of sol–gel-derived birnessite NaδMnO2·xH2O (cylindrical
pore model). Reproduced from ref 21. Copyright 2001 American
Chemical Society. (b) Scanning electron micrograph of a birnessite
ambigel revealing the mesoporous nature of the 3D plumbing. FIGURE 4. Diazapyrenium-modified silica aerogel (1-cm thick)


responds nearly instantaneously to O2 as compared to a 1.4-mm
thick diazapyrenium-modified silica xerogel. In the photograph, the
leftmost gel is bulk modified with the fluorophore via copolymeri-
zation, while the two aerogels on the right are modified only at the
boundary of the monolith. This selectivity permits small-molecule
analytes to be distinguished from entities (e.g., viruses and cells)
too bulky to enter the pore network. Reproduced from ref 39.
Copyright 1999 American Chemical Society.
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flux conditions, aerogel and ambigel nanoarchitectures
consistently respond 10–100 times faster than do xerogels.
For instance, self-organized cytochrome c superstructures
encapsulated in 5-mm thick silica aerogels exhibit more
rapid recognition of NO(g) than 5-µm thick silica xerogel
films containing encapsulated cytochrome c.40 In many
respects, designing sensors using a xerogel platform is a
waste of time.


The essentially unrestricted diffusive transport char-
acteristic of ambigels and aerogels allows molecular access
to the high specific surface area of the solid network,
which amplifies the reaction zone; in silica aerogels, the
surface:volume ratio is 106. This architectural feature also
improves reactivity under forcing conditions. Manganese
oxide aerogels insert Li ions without fading over four
cycles under high-rate conditions (1 A discharge/0.5 A
charge), while at these rates, the xerogel form loses the
ability to communicate with 60% of the active material
after the first discharge.41 The importance of the through-
connectedness of the void volume can also be demon-
strated by comparing the electrical response times at
600 °C to changes in atmosphere (between O2 and Ar) for
agglomerated nanocrystalline ceria of comparable surface
area, crystallite size, and void volume to ceria aerogel and
ambigel nanoarchitectures: the nanoarchitectures respond
4 times faster.23


Interior Decoration
Once a carefully designed nanoarchitecture is realized,
with electromagnetically interactive wiring and high-
quality plumbing in place, the functionality of the edifice
can be further enhanced through interior decoration. In
the process of decorating, however, one must be careful
not to obstruct the continuity of the pore network (the
3D plumbing) as new components are brought into the
nanoarchitecture from the outside world.


Bringing in Paint, Carpet, and Objets d’Art. Achieving
control of the decorating process is particularly challeng-
ing when modifying macroscopically thick nanoarchitec-
tures because the inhomogeneous supply and flux of
molecular, ionic, or nanoscopic precursors from the
outside world (the contacting precursor phase) favor
deposition at the boundary of the nanoarchitecture (see
Scheme 1). To overcome hermetically sealing the nano-
architecture when applying a coating, one must use
deposition processes that are inherently self-limiting. In
this approach, the coating is initiated at the surface of the
walls of the nanoarchitecture, which are then passivated
toward further reaction by the coating. Thus, even though
the deposition may initially be favored at the boundary
of the structure, the rapid passivation of the surface
ensures that the coating does not become thick enough
to clog the pipes and hinder further transport of precur-
sors to the interior of the nanoarchitecture for further
reaction.


Self-limiting electropolymerization schemes have been
used to paint electrically conductive manganese oxide26,28


and carbon27 nanoarchitectures with ultrathin (<15-nm


thick), conformal polymers. This concept was recently
extended to electroless deposition processes, specifically
the redox reaction of aqueous permanganate with the
walls of carbon nanofoam substrates, resulting in the
formation of self-limiting, nanoscopic deposits of elec-
troactive manganese(III/IV) oxide that permeate the entire
structure.42 This simple modification retains the open pore
network and provides 1.5 F of capacitance per square
centimeter of device geometric footprint with minimal
optimization of the state of the nanoscopic oxide or the
pore network of the carbon nanofoam; standard MnO2-
based capacitors provide <100 mF/cm2.


Atomic-layer deposition (ALD) also offers a self-limiting
deposition process but is distinguished from the electro-
chemical and electroless deposition processes described
above by the use of many alternating self-limiting layers
of oxides or metals, as applied to a substrate via gas-phase
reactants. The use of ALD has recently been extended to
aerogels in producing coatings of ZnO on silica43 and
tungsten/tungsten oxide on carbon.44


Another way to thwart runaway deposition at the
exterior of the nanoarchitecture is by equilibrating through-
out the interior a precursor with a low sticking coefficient
and a triggered reactivity, e.g., by temperature or photo-
activation. We developed a cryogenic route to conformally
pave 1% of the solid network in silica aerogel with 2-nm
spheres of nanoscopic, anhydrous RuO2 that deposited
in a self-connected path upon thermal decomposition of
adsorbed RuO4 at approximately -35 °C. Upon being
heated in oxygen to ∼150 °C, the nanoparticles crystallized
into 2-nm high, 4-nm wide, and 10–40-nm long laths of
rutile RuO2, thereby converting an electrically silent
architecture (insulating silica aerogel) into a self-wired,
water- and air-stable nanoscopic metallic conductor.45


Variations on chemical vapor deposition using ru-
thenocene and Ru(CO)12 precursors reliably produced
isolated, pore-filling globules of nanoscopic RuO2 at the
processing temperatures necessary to convert the Ru
precursor into either metal or oxide,46 whereas the


Scheme 1. Cross-Sectional Illustration of Poorly Controlled versus
Self-Limiting Deposition onto Aperiodic Nanoarchitectures from


Solution-Phase Precursors
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cryogenic route yields the desired web of nanowires
conformally riding the surface of the silica network.45


Hanging Discrete Objects on the Wall. In some cases,
it may be desirable to use preformed objects, such as
colloidal metal nanoparticles, as an active component of
a multifunctional nanoarchitecture. By designing the walls
of the nanoarchitecture with chemically specific “hooks”
that capture such objects as they are introduced into the
structure, one can simultaneously achieve good particle
dispersion and strong adhesion to the substrate.


We followed this strategy with phenolic polymer aero-
gels by covalently modifying the polymeric gel with a low
weight percentage of thiophene. The sulfur moiety sur-
vives pyrolysis to form an electronically conductive carbon
aerogel with thiophene-like surface functionalities.13 The
thiophenyl moiety replicates the anchor site that makes
Vulcan carbon such a successful support.47 When intro-
duced into carbon aerogels, the sulfur hook spontaneously
adsorbs metal nanoparticles from aqueous sols flowing
into the structure (see Figure 5).


The resulting metal-modified structure maximizes the
exposure of the nanoparticle surface to the void space of
the nanoarchitecture (see Figure 5b), which is a critical
aim in any application where the nanoparticle serves as
a catalytic element, for example, fuel cells. Counting the
number of Pt surface atoms for Pt-modified, thiopheny-
lated carbon aerogels by adsorbing carbon monoxide and
then electrochemically stripping the adsorbate demon-
strated that up to 86% of the expected Pt surface atoms
are accessible.13


Interior Decoration While Assembling the Structural
Frame: Nanogluing. Although the surface hydroxyls on
oxide aerogels are molecular points onto which to graft a
wealth of organic and organometallic functionality, and
even oxide colloids,48 we have also demonstrated a simple
means of incorporating new functionality without the
need to have a reactive linker on the desired guest. We
do so via nanogluing (Figure 6): a process whereby guest
particles added to an about-to-gel sol are incorporated
into the nanoscale oxide framework upon the sol-to-gel
transition.49–51 The network-forming reactions remain
driven by the oxide sol, not the guest particles. The oxide
nanoglue may be derived from among the wealth of oxide
sols known in the literature, and the guests can range over
6 orders of magnitude in size from nanometers to
millimeters.


Adding the guest shortly before gelation allows it to
escape complete encapsulation by colloidal oxide particles
such that some fraction of the surface area of the guest
remains available to react with molecular solutes traveling
though the pore network.49,51 The number density of guest


FIGURE 5. (a) Photograph of aliquots of Pt (∼2-nm) sol before (left)
and after mixing with unmodified carbon aerogel (center) and
thiophenylated carbon aerogel (right). Reproduced from ref 13.
Copyright 2004 Elsevier. (b) Scanning electron micrograph of
thiophenylated carbon aerogel exposed to aqueous Pd sol.


FIGURE 6. (a) Schematic of guest–host composite aerogels for
guests that are comparable in size to, smaller than, and larger than
the colloidal oxide sol that nanoglues the guest into the solid network
upon gelation. (b) Photograph of silica-based composite aerogels
(from left to right): silica aerogel (overlaying Groups 4 and 5 in the
periodic table), Pt–silica (2-nm Pt), Au–silica (30-nm Au), carbon
black–silica (Vulcan carbon XC-72), poly(methylmethacrylate)–silica
(polymer Mw ∼ 15000, sieved to<44 µm), FeII(bpy)3NaY zeolite–silica
(0.1–1-µm type Y zeolite crystallites modified with FeIItris-bipyridine),
titania–silica (micrometer-sized pieces of TiO2 aerogel), and titania–
silica (∼40-nm TiO2 Degussa P-25). All samples shown are ∼1 cm
diameter monoliths. Reproduced from ref 50. Copyright 2000 Wiley.
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particles in the nanoarchitecture can be varied above and
below a percolation threshold for electrical or thermal
transport paths between guest particles (Figure 6a),
depending on the properties desired for the end use. Self-
associating guests (e.g., carbon blacks and carbon nano-
tubes) can achieve transport networks within a composite
gel/aerogel at levels lower than percolation thresholds.49,52


Note that because aerogels are fractal materials, with a
fractal dimension of <3, slightly higher number densities
are required to reach percolating networks relative to a
3D composite. For example, the electrical properties of a
mixed oxide aerogel of RuO2 and TiO2 were TiO2-
dominated at a composition of (RuO2)0.2-(TiO2)0.8 but
RuO2-dominated at (RuO2)0.32-(TiO2)0.68.4


By providing a simple means of shifting the functional-
ity of the guest–host nanoarchitecture, nanogluing is every
interior designer’s dream tool kit. Functional variants can


range from gradient-aligned porous materials created by
using magnetic guests and applying a magnetic field
during the sol-to-gel transition (Figure 7a)53 to turning a
transparent, 85% open architecture into a trap for visible
light by adding carbon black (Figure 7b)49,50 to inverting
the flea-on-the-boulder form of traditional bifunctional
catalysts (where the support is at least 10 times larger than
the catalytic nanoscopic metal) into a cooperative struc-
ture in which each catalytic nanoparticle is physically
linked to multiple, comparably sized crystallites of the
oxide network (Figure 7c).54 The only restriction to the
functional versatility of the resultant nanoarchitecture is
the cleverness of the designer.


FIGURE 7. (a) Photograph of Fe–silica composite aerogels containing
15-µm Fe particles that were added to an about-to-gel silica sol
with (right) and without (left) an applied 4.6-T magnetic field.
Reproduced from ref 53. Copyright 2002 American Chemical Society.
(b) Photograph of a He–Ne laser (from left) irradiating air, a silica
aerogel, and a Vulcan carbon–silica composite aerogel. No light
transmits through the carbon–silica composite aerogel to irradiate
the rightmost silica aerogel. Reproduced from ref 50. Copyright 2000
Wiley. (c) Micrographic (left) and schematic (right) depiction of the
enhancement in Au–TiO2 contacts within catalytic Au–TiO2 com-
posite aerogels; 6-nm Au particle nestled amidst comparably sized
anatase TiO2. Reproduced from ref 54. Copyright 2002 American
Chemical Society.


Scheme 2. Schematic Showing the Three Steps Needed to
Assemble a Fully Interpenetrating Nanoscale Battery in Which All
Three Functional Components (cathode–ion-conducting separator–


anode) Are Sized on the Order of 10 nm and Are Separated by
<50 nm
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21st-Century Multifunctional Nanoarchitectures
To illustrate how applying the full architectural metaphor
to aerogels can affect the way we look at very old
technology, consider the sequential steps shown in Scheme
2 in which a cation-insertion framework (e.g., manganese
dioxide20) is painted by a pinhole-free, ultrathin polymer
separator [e.g., poly(phenylene oxide)28], leaving sufficient
free volume to introduce a second cation-insertion phase
(e.g., nanoscopic RuO2


55). The MnO2–polymer–RuO2 nano-
architecture that results becomes a solid-state nanoscopic
battery, fully integrated in three dimensions.


Transmission electron microscopic characterization of
such a tricontinuous composite shows that RuO2, cryo-
genically deposited within the nanoarchitecture, remains
nanoscopic and self-aggregates (i.e., wires) its way through-
out the nanoarchitecture (Figure 8).56 The microscopy also
provides important information about the nature of the
MnO2–poly(phenylene oxide) interface: although birnes-
site MnO2 domains can still be viewed by TEM, their
characteristic lattice fringes are not, thereby indicating that
the polymer film electrodeposits within the MnOx nano-
architecture and does so as an ultrathin layer.


Aerogels have presented nanoarchitectural opportuni-
ties since the 1930s and have been technologically rel-
evant, sol–gel-derived materials for decades. The advent
of new compositions for the networked frame and new
ways to decorate the interior of these high surface-to-
volume materials expand even further the potential of
these pore–solid nanoarchitectures for 21st century nano-
science and technology.


We acknowledge the U.S. Office of Naval Research and the U.S.
Defense Applied Research Projects Agency for support of our
program on multifunctional nanoarchitectures. We especially
thank our undergraduate and postdoctoral research associates and
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ture on the nanoscale.


Supporting Information Available: Movie demonstrat-
ing the ability of a Fe3O4 aerogel to counter gravity upon


magnetization. This material is available free of charge via
the Internet at http://pubs.acs.org.
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ABSTRACT
We review the different approaches that lead to chiral sol–gel
materials. These methods include the use of silanes bearing a chiral
group for silylating the surface of the porous sol–gel (SG) material,
the use of such silanes as monomers or co-monomers in SG
polycondensations, the physical entrapment of chiral molecules
by SG procedures, the imprinting of SG materials with chiral
templates and the creation of chiral pores, and the induction of
chirality in the matrix skeleton itself. Analytical methods for
detecting chirality are reviewed, including fluorescence methods,
electrochemical methods, NMR, and induced CD. Applications are
reviewed as well, including sensing, catalysis, chromatography, and
optics. While most of the examples are focused on silicas and
derivatized silicas, the methods and the analytical tools are
generally applicable to other oxides and to preparation procedures
other than sol–gel processes.


Introduction
Chirality is a well-developed research field particularly in
the domain of small organic molecules, where practically
all of the basic concepts and practices have been devel-
oped. Adaptation of these concepts to materials science
has become an increasingly important issue, and while
the more elementary definitions associated with chirality,
such as chirality itself, handedness, diastereomerism, etc.
hold, regardless of the object analyzed, materials science,
as we shall see below, calls for specifically tailored
solutions and approaches. We have been addressing them
for quite some time in practice with SiO2-based, sol–gel
(SG)-derived materials, which will therefore be at the focus
of this Account. We do emphasize however that the
content is conceptually applicable to most other families


of materials. A key issue in the study of chirality is the
analytical methods used to detect the existence of this
structural property, and so the specific examples detailed
herein were also selected in order to provide a useful
library of analytical methods.


Because an Account requires a focus on the activity of
the authors, the examples detailed below originate from
our laboratories and span from early work to recent
unpublished results; yet we do wish to point out that the
study of chiral silicates is a lively field, and therefore we
did lace this report with references to other laboratory
activities as well.


One can divide the methods for inducing chirality in
silicas and SG materials into four major domains: the use
of silanes bearing a chiral group for silylating the surface
of the pores of given materials; the use of such silanes as
monomers or co-monomers in SG polycondensations; the
physical entrapment of chiral molecules by SG procedures;
and the imprinting with chiral templates. Here is how it
is done.


The Silylation of Silica Surfaces
The classical method for inducing chirality is composed
of two stages/phases: first the synthesis of the (porous)
material and subsequently covalently anchoring on its
surface a chiral molecule. This anchoring is quite often
done by a silylation reaction with monomers such as
(OR)3–SiR*, where R* is a chiral residue, and the approach
is well-known and well-studied. One of its main applica-
tions has been in the preparation of chromatographic
materials for separation of enantiomers, and we mention
here the pioneering study of Gil-Av and co-workers,1 who
were the first to prepare chiral HPLC columns by anchor-
ing to the surface of aminopropyl-silica a chiral tetrani-
trofluorenyl compound (which is capable of donor–ac-
ceptor π-system interactions); the authors used these
interactions successfully to separate the enantiomers of
a series of helicenes. The example we have selected for
this part from our labs is from a completely different
domain, namely, the photophysical recognition of a chiral
surface. The idea behind the experiment was to anchor
to the surface excitable chiral ligands, and then to quench
the excited surface with a chiral quencher.2 Specifically,
silica was derivatized with either S- or (R)-(–)-1,1′-binaph-
thyl-2,2′-dihydrogen phosphate through an aminopropyl
chain (Figure 1). We recall that the chirality of binaphthyls,
often used in chirality studies, is due to the inability of
the two naphthyl groups to freely rotate around the bond
that links them, thus creating a left-handed or a right-
handed twist option. This derivatization therefore resulted
in left-handed and right-handed surfaces (L-Sur and
R-Sur). Once excited by UV irradiation, the excited
surfaces can be quenched, and here again, a pair of
enantiomeric quenchers was used, namely, (R)-(+)- and
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(S)-(–)-N,N-dimethyl-1-phenethylamine, R-Q and L-Q.
Chiral recognition would mean that L-Sur be quenched
differently by R-Q and L-Q. The quenching efficiency was
determined by the well-known Stern–Volmer analysis, in
which the decrease in emission intensity is determined
as a function of increase in the concentration of the
quencher, and it was found (Figure 1) that L-Q quenches
the right-handed surface, R-Sur, more efficiently than R-Q
by a factor of 1.3 (which in chiral recognition studies is
considered to be a significant value); that is, the left-
handed quencher recognizes the right-handed surface
better than the right-handed quencher. An important
additional experiment, which serves in studies of chirality
as a test for the authenticity of observations, was carried
out: A similar enantioselectivity ratio should be obtained
with the “mirror” experiment, which was indeed the case.
When the left-handed surface, L-Sur, was used, it was the
right-handed quencher, R-Q, that showed better quench-
ing efficiency over L-Q, by a similar factor of 1.2. Is it
surprising that a right-handed object recognizes better a
left-handed object? Not at all! A recurrent theme here and
in chirality studies in general is that left-handedness and
right-handedness are just labels with no inherent value
beyond it; we return to this issue below.


As mentioned in the Introduction, chiral silanes can
be used not only for silylation of surfaces but also as
monomers, which are polycondensed to obtain chiral
organic–inorganic hybrids. Much work in this direction
was done mainly by Moreau and his colleagues in the
context of chiral catalysis, and the interested reader is
referred to refs ,3 and 4.


Entrapment of Chiral Molecules
Whereas the method described above allows surface
modification only and requires covalent bonding, a com-


pletely different approach to induce chirality has been
opened by the SG methodology. The ability to obtain silica
by low-temperature polycondensation reactions opened
the possibility to physically entrap molecules within the
bulk material.5,6 Numerous applications covering practi-
cally all domains of modern materials chemistry have been
demonstrated and amongst them, of course, the possibility
to entrap chiral molecules. Many chiral molecules and
biomolecules were entrapped successfully, including sug-
ars,7 amino acids,8 enzymes,9–11 antibodies,12 inorganic
complexes,13 surfactants,14 and chiral polymers.15


Perhaps the most obvious optical property of chiral
materials is their ability to rotate circularly polarized light,
and indeed, the detection of optical rotation in SG silicas
doped with the chiral molecules has been reported.7 A
related optical property is circular dichroism (CD), and
in the context of SG silicas, one should mention the good
CD spectra that were obtained by Shinkai and co-workers
from SG entrapped chiral gelators;16 we return to CD in
detail below.


A unique, and at first unexpected, property of doped
SG materials is that the dopant is accessible to external
molecules, diffusing to it through the pore network.17,18


That property has enabled one to construct reactive SG
materials wherein the entrapped molecule is a sensing
molecule,19 a chemical reagent,20 an enzyme,10 or a
catalyst;21 numerous other examples exist. Of much
practical relevance is the entrapment of a chiral catalyst.
If successful, such a catalyst should provide a product with
an appreciable enantiomeric excess (ee). One such case
has been the entrapment of a series of catalytic organo-
metallic complexes shown in Figure 2, which were used
for the enantioselective reduction of the double bond of
itaconic acid.13 The resulting ee was 78%, similar to what
is obtained under homogeneous conditions, yet this
example helps in demonstrating the advantages of het-


FIGURE 1. Enantioselectivity in fluorescence quenching of a chirally
modified silica surface. Silica was derivatized by a binaphthyl (R-
or S-BNP) group and stereoselective quenching by DMP was
demonstrated; see the Stern–Volmer graph.


FIGURE 2. Three chiral catalysts entrapped in a sol–gel matrix
(bottom) and used for the enantioselective reduction of itaconic acid
(top).
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erogenizing the reaction by the SG approach. First,
covalent bonding chemistry is not needed for anchoring
the catalyst, and thus no interference with its structure
occurs. Second, although all three catalysts (Figure 2) are
hydrophobic, the reaction was carried out in water; and
third, easy recyclability is possible.


The entrapment of any protein imparts chirality to the
composite material, by virtue of the chirality of their
building blocks (the amino acids) and by virtue of the
folding of the polypeptide chain into chiral 3D structures
such as helices. The intensive research into the properties
of SG materials doped with proteins has been extensively
reviewed10,22,23 (see also this special issue). Proteins impart
chirality also by virtue of their chiral catalytic activity,
much as the entrapped chiral catalysts described above
do, again because most active sites of enzymes are chiral,
and if a prochiral substrate reacts with them, then a high
ee product is formed. The specific example that we
selected for demonstration this point is the chiral catalytic
activity of a reactor based on SG entrapped antibodies
(Figure 3).24 Here, the monoclonal catalytic antibody
14D9, which catalyzes various hydrolytic reactions, and
antibody 2H6, which catalyzes the basic hydrolysis of
inactivated esters, were entrapped directly in tetramethox-
ysilane-derived silica SG matrixes, retaining their catalytic
activity. Thus, 2H6 effected the hydrolysis of the chiral
ester 5 with an impressive kcat/kun ) ∼21 000, retaining
the chirality of the product 7. The catalytic reactions were
carried out either in batchwise operations or in a continu-
ous flow apparatus.


Entrapment of Chiral Surfactants
We devote a separate section for the entrapment of chiral
surfactants, because of the emerging importance and
versatility of the use of these dopants (as is evident also
in the next section). In this section, we shall concentrate
on a recent study,25 namely, the doping of sols, gels, and
xerogels of silicas with the chiral surfactant (–)-N-dodecyl-
N-methylephedrinium bromide (DMB, Figure 4). We use
this example, because it has utilized two analytical tools
for the detection of chiral interactions, which are novel
in the context of chiral SG materials. In the first method,
diastereomeric interactions between DMB and each of the
pure enantiomers of co-doped 1,1′-binaphthyl-2,2′-diyl


hydrogen phosphate (Figure 4) were detected using 31P
NMR spectroscopy. In the second method, induced cir-
cular dichroism (ICD) signal was obtained from the achiral
dye Congo Red (Figure 4) codoped with DMB. NMR and
ICD were complementary in understanding the way in
which the chiral surfactant creates chiral environments
inside the SG materials and, in particular, in providing
evidence that the silica network itself becomes chiral due
to the entrapment of the chiral surfactant.


We begin with the NMR detection of diastereomeric
interactions between DMB and BINAP within silica sols
and gels. We recall that two such interactions are possible
in principle: DMB/(S)-BINAP and DMB/(R)-BINAP. Of the
various nuclei, 31P NMR spectrum proved successful in
detecting these different diastereomeric environments for
the two enantiomers of BINAP. Figure 5 shows the
observations: First, one can see in the 31P NMR measure-
ment of (rac)-BINAP in D2O/methanol solution two
distinctly different peaks (Figure 5a) that appear at 5.94
and 5.99 ppm. These differently located peaks attest to
the different diastereomeric interactions between DMB
and each of the BINAP enantiomers and to the association
between the two, which is presented schematically in
Figure 6. And indeed, when (rac)-BINAP was dissolved in
a D2O/methanol solution without DMB, only one 31P peak
was observed at 6.03 ppm (Figure 5b). In order to assign
handedness to each of the two peaks, each of the two pure
enantiomers was subjected to the same experiment
separately, and the assignment was found to be δ (R)-
BINAP ) 5.94 ppm and δ (S)-BINAP ) 5.99 ppm. When
entrapped within a sol of pure silica, the two peaks are
still seen (5.98 and 6.00 ppm, Figure 5c), indicating that
the different enantioselective environments for the two
enantiomers of BINAP are maintained. The peak separa-
tion (∆δ) is smaller in comparison to the one observed in
solution (∆δ values of 0.05 and 0.02 ppm for solution and
PSG, respectively). This decrease is probably because the
DMB molecules are also attracted to the silica surface
silanols and, as a result, some of these molecules are
entrapped elsewhere within the sol particle matrix and
not near the BINAP molecules. In other words, there is a
decrease in the effective surfactant concentration in


FIGURE 3. Chirality-retaining hydrolysis of the chiral ester (R)-5 by
a sol–gel entrapped 2H6 antibody.


FIGURE 4. The chemical structure of the chiral surfactant, DMB, of
the chiral probe BINAP used for the NMR studies, and of the achiral
probe Congo Red (CR) used for the induced CD studies.
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comparison to the solution. After gelation within the NMR
tube, the 31P NMR of DMB–BINAP@SG was measured (at
the wet-gel stage) under identical conditions, and the
results are shown in Figure 5d. Clearly, upon gelation, the
peaks shifted to a lower field by about 0.15 ppm, ac-
companied with further slight reduction in ∆δ (0.02 and
0.014 ppm before and after gelation, respectively). The fact
that diastereomeric interactions are observed in the
entrapped form shows that micellar-like aggregates of
DMB molecules, which solubilize BINAP, are maintained;
that is, the silica environment acts as the water–methanol
solution with the polar groups of the surfactant pointing
to the surface and the alkyl and aryl chain pointing away,
solubilizing the BINAP. Indeed, in an early study on the
entrapment of molecules in SG matrixes, it was shown
that the polarity of the surface of silica is between that of
water and methanol;6 and in other relevant studies it was


shown that the geometric convolution of the silica is so
high that it resembles a 3D (fractal) surface,26–28 which is
capable of providing silanols in a 3D manner, as in a
solvent.


Inducing circular dichroism (induced CD, ICD) in an
achiral dopant within DMB@silica proved to be yet
another novel method for the study of chiral interaction
in SG silicas. We first recall that CD spectroscopy is based
on the difference between the interactions of either left-
handed circularly polarized light (L-CPL) or right-handed
light (R-CPL) with a chiral molecule, for example, of (S)-
chirality: “diastereomer 1” is L-CPL/S and “diastereomer
2” is R-CPL/S. The absorption spectra are slightly different,
and that difference spectrum is the principle behind
obtaining a CD spectrum. We recall that the ICD phe-
nomenon allows one to extract a CD signal from an achiral
probe, which in our case is Congo Red (CR). Being achiral,
CR should not show a CD signal; this is indeed the case
as seen in Figure 7A: Only a baseline curve is obtained.
However, an achiral molecule can be “converted” to a
chiral one, if its surroundings are made chiral and if there
is strong enough interaction between the achiral probe
and the chiral surroundings. In that case, the chiral entity
that gives rise to the CD signal is the complex between
the achiral probe and the molecules that comprise the
environment. A CD signal indeed forms when DMB is
added to the CR solution, as seen in Figure 7A. Having in
mind the solution behavior, CR was then used as an
optical probe for the chiral environment created by DMB
within two different sols, namely, purely hydrophilic silica
(CR–DMB@SG) and a 10% octadecylated TMOS-derived
silica (CR–DMB@OSG). As seen in Figure 7B, an ICD signal
is evident, and is obtained from within the two sols.
Compared with solution, a number of changes are seen,
reflecting the changes in the environment: Thus while the


FIGURE 5. 31P NMR spectrum of racemic BINAP in (a) D2O–methanol
solution of DMB and (b) without DMB and 31P NMR spectrum of
DMB–BINAP@SG at the sol stage (c) and at the gel stage (d).


FIGURE 6. Schematic illustration of the proposed DMB aggregation
and BINAP solubilization within it, in aqueous methanolic solution.
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main peak at λmax ) 543 nm observed in solution is
retained upon entrapment with the sol, although shifted
(λmax ) 540 and 525 nm for SG and OSG, respectively),
the lower wavelength region shows reversal in the sign of
the signal. The aqueous–methanolic solution and the
hydrophilic sol resemble each other in their polarities and
in their potential interactions with the DMB–CR, and
therefore, ∆λmax is small (3 nm). On the other hand, the
OSG sol has a more hydrophobic nature, which is evident
not only in the much larger value of ∆λmax (18 nm) but
also in the direction of the shift. It is a blue shift, which
reflects the destabilization of the polar form in a less polar
environment.


We conclude this section with two comments (each
deserving a full expansion, impossible here for space
limitations): First, a central question is whether it is
possible to induce molecular level structural chirality in a
material; namely, is it possible to obtain a siloxane
network that is chiral? Reference 29 provides ICD proof
of such chiral induction by the DMB on the silica structure
itself. Second, on the supramolecular microscopy level, it
was shown, mainly by the intensive work of Shinkai et
al.,30 that helical silica structures can be obtained by the
use of organogels as templates.


Chiral Imprinting of Silicas
Our next general approach for the induction of chirality
is imprinting, namely, the preparation of porosity with
predetermined geometry, chiral in our case. The idea of
imprinting silica was first introduced by Dickey31 (a


student of Linus Pauling) in 1949, who discovered that it
is possible to prepare a “tailor made” adsorbent for
chromatography by premixing an azo dye derivative to
be resolved with sodium silicate and later to extract the
analyte from the formed silica. He found that this process
leaves structural information in the silica, which is later
translated to favorable binding of the initial bound analyte.
This idea was largely developed into what is termed today
“molecular imprinting”. The basic idea is to imprint the
three-dimensional structure during the polymerization
process, which is carried out in the presence of the
imprinting molecule. In the case of chiral sol–gel materials,
this would be done by mixing the chiral template molecule
with alkoxysilane monomers. After the polymerization is
complete, the template is extracted from the material,
leaving behind its three-dimensional “negative” chiral
pore (Figure 8). The monomers are chosen so that there
will be complementary interactions with the template; that
is, if the template has an aromatic moiety, then pheny-
lalkoxysilane will be used, and if the template is also
acidic, than a monomer such as aminopropyl-trialoxysi-
lane will be added to the mixture, and so on. It was indeed
found that a synergistic effect between several functional
monomers enhances the effectiveness of the recognition
between the templating molecule and the imprinted
silica.32


Molecular imprinting is of course not limited to chiral
templates, but chirality adds yet another degree of com-
plexity to the system. The three dimensional cavity formed
in the silica is now required to recognize not only the right
size and general shape but also the specific handedness;
that is, the formed hole should be able to distinguish left
from right (Figure 8). We have demonstrated how it is
possible to tailor the silica to discriminate between the
imprinted enantiomer and its counterpart, and we have
shown how to obtain general enantioselective chiral
recognition, namely, the formation of imprinted silica that
is capable of discriminating between enantiomers of
several molecules, none of which was used for the
templating procedure. We would like to point out an
interesting feature of the chiral imprinting: While the
template used is chiral, the silane monomers are achiral;
yet the polymerization yields the chiral silicate polymer,
at least in the vicinity of the template.


It is worth mentioning that there is a variant of the
imprinting technique in which the template is covalently
bound to one of the monomers prior to the polymeriza-
tion. This covalent bond is cleaved after the polymeriza-
tion is complete. This method is known as the “covalent
method” contrary to the above described “noncovalent”
method. The covalent approach was greatly developed by
the group of Wulff.33 A disadvantage of this method is the
extra, often nontrivial, synthetic step needed to bridge the
template to the monomer in a labile bond. Another
example comes from the lab of Katz who reported a
method for imprinting silica using a proline-functionalized
silane.34


The first example of chiral molecular imprinting in
silica was reported by Curti in 1951.35 In the reported


FIGURE 7. The induced CD spectra of (A) CR in the presence of
DMB in an aqueous methanol solution and the same measurement
performed without DMB (flat baseline) and (B) co-entrapped
CD–DMB in hydrophilic (bottom line) and hydrophobic (top line) sols.
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experiment, camphorsulphonic acid and mandelic acid
were mixed with sodium silicate to achieve partial chro-
matographic resolution (after the templates were extracted
from the adsorbent) with the resulting extracted silica. A
recent example is from the group of McLoughlin, who
used a chiral template to prepare a solid-phase extraction
(SPE) cartridge for the drug lisinopril. However, the
authors did not use the imprinted medium for enantiomer
separation.36 Finally, we mention that imprinted silicas
are very attractive for enantioselective catalysis. Thus,
Markowitz et al. reported the surface imprinting of silica
with a template that was an amino acid derivatized with
a surfactant. Catalytic sites were created on the surface
of the particles, and the particles were able to catalyze
hydrolysis of one enantiomer of an amino acid 43 times
faster than that of the other enantiomer.37


Once imprinted, a thin SG film can be used for sensing
purposes. The fabrication of sensors requires fast diffusion
rates of the analyte from the tested medium to the sensor
surface. The sensor surface is comprised from the trans-
ducer and the sensing layer, the imprinted film. In order
to achieve fast diffusion rates, it is desirable to coat the
transducer with a very thin layer of the imprinted silica,
while forming enough binding sites that will produce a
measurable signal. Film thickness from several nanom-
eters to tens of micrometers has been reported. In various
studies by us and by other groups, systems have been
coupled to either chiral or achiral binding measurements
which included fluorescence,38 radiolabeling,38 electro-
chemical detections,39 the use of quartz crystal microbal-
ance (QCM),40 and transistors.41 An example using fluo-
rescence is the imprinting of SG films with the enanti-
omers of propranolol. The film was prepared from TMOS,
methyltrimethoxysilane, and phenyltrimethoxysilane to


introduce several points of noncovalent interaction be-
tween the matrix and the template. The films were 700
nm thick. For the evaluation of the enantioselectivity we
used either radioligand labeling or fluorescence methods.
Results of the latter are shown in Figure 9, where one can
see that a film imprinted for (S)-propranolol recognized
that enantiomer much better than the counter-enanti-
omer and the film imprinted for (R)-propranolol recog-
nized better this enantiomer.


Electrochemical detection methods prove to be yet
another powerful transduction scheme. An electrode
surface is coated with a film of imprinted SG composite
silica material; the template is extracted after the polym-
erization is complete, and then the electrode is challenged
with a solution of the analyte at low concentrations. We
have developed such films that were imprinted towards


FIGURE 8. Schematic representation of the strategy of molecular chiral imprinting of a sol–gel matrix using a chiral template and achiral
suitable silanes.


FIGURE 9. Fluorescent assay of enantioselective binding of the
enantiomers of propranolol to sol–gel imprinted with either of the
two enantiomers. The (S)-imprinted film recognizes better the (S)
enantiomer, and the (R)-imprinted film shows the expected “mirror”
behavior. Also shown is adsorption on reference nonimprinted films.
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L- and D-dopa (dihydroxyphenylalanine) and towards
N,N ′-dimethylferrocenyl ethylamine (Fc*). The coated
electrodes were indium tin oxide (ITO), which was chosen
because this material provides an excellent substrate for
SG film adhesion and is easy to spin-coat, as well as being
conductive. The films were 70 nm thick, and we found
that compared with films 10 times thicker, the diffusion
(and detected signals, as a result) were at least 20 times
higher. The detection limit of dopa was in the nanomolar
range, while for Fc*, we could detect micromolar concen-
trations in water. Excellent enantioselectivities and chemi-
cal selectivity were found in both cases: in the case of the
dopa imprinted films, films that were imprinted for
D-dopa detected D-dopa and only a small amount of
L-dopa (Figure 10A). The exact mirror image behavior was
achieved when L-dopa was the imprinted template (Figure
10B).42 Another desired feature is the ability of the film
to specifically bind the imprinted molecule and not a
structurally related one. In the case of the dopa imprinting,
the resulting films did not bind dopamine, dihydroxyphe-
nyl acetic acid (dopac), or catechol (Figure 10C). The
second example, as mentioned above, for the successful
electrochemical detection of enantioselectivity was ob-
tained by the imprinting with a chiral ferrocene derivative,


N,N′-dimethyl ferrocenylethylamine, Fc*. It is worth men-
tioning that this is, to the best of our knowledge, the first
example of metallocene imprinting. It is of relevance here
to mention that electrochemical chiral detection methods
were also used for titania thick films by Willner41 and by
Kunitake.43


The question that arises from reading the literature is:
what is better, to tailor a chromatographic material for each
specific target molecule or to have a general chiral adsorbent
that can be used to separate a variety of chiral molecules?
The tailored adsorbent was developed by several groups, but
we believe that this approach is limited (unless an industrial
process requires extremely high selectivity and specificity for
a unique template). The “general user” will rather have a
“generally chiral” adsorbent, similar to the commercial chiral
columns, which are based on chiral derivatization of the
silica surface, described above. To this end, we have looked
into the preparation of a general chiral SG material that can
be used for chiral separations.44 In this study, a SG thin film
was imprinted with the above-mentioned chiral surfactant,
DMB. The surfactant was used in a concentration higher
than the cmc, so it created regions of chiral hemimicelles in
the material, similar to other surfactant-templated silicas.45


After the preparation of the film, the surfactant was removed


FIGURE 10. Electrochemical detection of D- and L-dopa binding to a 70 nm thick molecularly imprinted sol–gel film by square-wave voltammetry:
(A) D-dopa signal in a D-dopa-imprinted film compared with L-dopa binding to the same film; (B) the “mirror” behavior, L-dopa binding to an
L-dopa-imprinted film compared with D-dopa binding to the same film; (C) chemical selectivity of the molecularly imprinted film; three chemically
and structurally related compounds, dopamine, di-hydroxyphenyl acetic acid (dopac), and catechol, are barely adsorbed. The selectivity is
viewed as the current measured using the dopa-imprinted film with dopa vs the current measured with the selected compound.
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by solvent extraction. The resulting material showed enan-
tioselectivity towards pure enantiomers of small chiral
molecules different than DMB, such as propranolol and
2,2,2-trifluoro-1-(9-anthryl)ethanol) (Figure 11).


Conclusions and Outlook
Although rare and by-and-large uncontrollable, silicates can
form spontaneously chiral structures (such as in quartz).
However, as a routine working and design tool, the use of
an auxiliary chiral molecule is needed. With such a molecule,
several approaches are available for rendering a material
chiral. These include covalent attachment of chiral moieties,
silylation with chiral silanes, copolymerization of standard
silane precursors with chiral precursors, doping of the matrix
with a chiral molecule (small or polymeric, synthetic or of
biological origin), and the extraction of such dopants, leaving
behind chirally imprinted cavities. The chirality of the
material can then manifest itself in several ways. The most
elementary one is chirality, which is associated only and
directly with the chiral silane or the chiral dopant. Then there
is the chirality of the imprinted cage (in the presence or
absence of the dopant), and finally, the relatively unexplored
possibility is of chirality of the Si–O–Si skeleton itself beyond
the immediate cage, which is induced by the auxiliary
molecule. This last option is associated with chiral pores that
do not have the shape of that auxiliary molecule. More
research in that last direction is desired, because chiral
sol–gel materials, the chirality of which is due to their
porosity and due to the silicate backbone structure (and not
due to covalent attachment or doping of a chiral molecules),
are potentially more versatile, more stable, and more general
in their use.
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ABSTRACT
Sol–gel processing is well-known to be a powerful technique for
designing materials for optical applications. Here, some recent
applications of functionalized sol–gel coatings in optics are briefly
reviewed. Lanthanide-doped oxide nanocrystals form a new prom-
ising class of nanophosphors allowing the easy sol–gel preparation
of transparent and luminescent films for the development of light-
emitting devices. Recent experiments on organized mesoporous
films show their potential applications in optics, such as stable low-
index layers in interferential antireflective devices or as silica
binders in TiO2-photocatalytic devices.


Introduction
It is now well-known that the mild synthesis conditions
offered by the sol–gel process allow for the incorporation
of optically active organic molecules into the glassy matrix
to form doped gels with specific optical properties. A
variety of shapes, including thin films and monoliths, can
be prepared, exhibiting good optical properties (transmis-
sion in visible range) and mechanical strength (easy
machining) required for optical properties.1 Numerous
silica and siloxane-based hybrid organic–inorganic ma-
terials, mainly as coatings, have been developed in the
past years, showing emission (solid-state dye lasers,
electroluminescent devices), photochromism (optical
switching, information storage), optical nonlinearity (sec-
ond-order NLO, hole-burning) and sensing properties.2


However, a serious limitation for applications of these
systems is generally the rapid photobleaching of the
optically active organic molecules, which drastically limits
their lifetime.


The recent development of both optically active enti-
ties, such as inorganic nanoparticles or clusters, that are
more photostable than organic dyes and transparent


mesoporous silica matrices prepared by reacting alkoxide
precursors in the presence of templates working at the
nanometer scale (amphiphilic molecules or macromol-
ecules) offers new possibilities for the use of sol–gel
processing in industrial applications.


The following Account focuses on three areas of our
recent work on functionalized sol–gel coatings for optical
applications: (1) luminescent and transparent films for
light emission, (2) mesoporous silica films as low-index
layers in interferential antireflective devices, and (3)
mesoporous silica films as binders of TiO2 nanoparticles
in photocatalytic devices.


Luminescent and Transparent Films for Light
Emission
Luminescent materials, also called phosphors, can be
found in a large range of everyday applications such as
cathode ray tubes, projection televisions, fluorescent
tubes, or X-ray detectors. Considerable research activity
is being carried out to improve the chemical stability and
to adapt the materials chemistry to the production
technology of the respective application. Classical doped
solid-state materials are increasingly giving way to new
material classes such as organic phosphors, composites,
and nanostructured films. For example, concerning white
light generation, work on white organic light-emitting
diodes (WOLEDs) has led to the production of high-
efficiency electrophosphorescent devices, and the first
WOLEDs for general lighting are expected to be com-
mercialized in the next years.3 Encapsulation of phosphors
or semiconductor nanocrystals in a GaN layer has also
contributed to the production of white inorganic LEDs.4


Thin phosphor films have been prepared by a variety
of deposition techniques such as chemical vapor deposi-
tion (CVD),5 spray pyrolysis,6 pulsed laser deposition,7 or
laser ablation.8 These techniques are often difficult to
control for complex oxide matrices or doping composi-
tions, so the liquid route seems to be more appropriate
to produce transparent films, for instance, by dispersion
of light emitters in polymers or sol–gel silica matrices.
Different luminescent coatings have already been ob-
tained by sol–gel processing from alkoxide precursors9,10


or from inorganic salts, using the Pechini method.11,12


However, the production of dense and well-crystallized
layers generally requires a thermal treatment (>800 °C),
which is not compatible with the thermal stability of
industrial substrates (glasses and plastics).


An alternative way to develop white emitting devices
consists of the dispersion of nanophosphors, that is,
luminescent nanocrystals, in transparent polymer or sol–
gel matrices.13,14 In a first step, this requires routes to
synthesize nanophosphors as perfectly individualized and
crystallized particles. The development of colloidal syn-
theses to prepare size-controlled, monodisperse, and
bright nanoparticles has been largely developed in the last
years, especially for semiconducting quantum dots.15


Lanthanide-doped insulator oxides constitute an impor-
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tant other class of nanophosphors for which different
types of liquid-phase syntheses have led to the production
of colloidal suspensions.16 For example, our group devel-
oped the synthesis of lanthanide vanadate (YVO4:Ln) and
phosphate (LaPO4:Ln) nanoparticles as well-dispersed and
highly concentrated colloids by a simple aqueous route
using competition between precipitation and complex-
ation reactions.17 A core–shell strategy was also reported
to improve the chemical stability and the brightness of
the colloidal particles, using the growth of LaPO4·xH2O
and SiO2 protective layers.18 Under UV excitation, the
three primary colors are furnished by YVO4:Eu, LaPO4:
Ce·0.7H2O and LaPO4:CeTb·0.7H2O aqueous colloids, which
emit red, blue-violet, and green light, respectively, under
UV excitation. It is thus possible to screen a large
wavelength range for light emission by changing the
nature of the lanthanide doping ion in yttrium vanadate
and lanthanum phosphate matrices (Figure 1).19


The preparation of stable colloids makes possible the
second key step, which is the elaboration of transparent
luminescent films from a dispersion of nanophosphors
in a sol, which can either be constituted of organic or
inorganic polymerizable species.20,21 The silica-type sol–
gel chemistry enables a fine control of the chemical and
physical properties of the matrix in which the nanophos-
phors are dispersed and is thus an easy way to obtain
transparent and luminescent thin films by spin- or dip-
coating. For example, in a preliminary study, YVO4:Eu
particles were coated with 3-(methacryloxy)propyltri-
methoxysilane (TPM), and the alcoholic sol was spin-
coated on various substrates leading to perfectly trans
parent and highly red luminescent films of about 100 nm
in thickness.22 In spite of the high quality of these films,
the complex functionalization and the use of alcoholic
solvents are significant drawbacks for an industrial ap-
plication. A simpler route consists in a mixing of aqueous
luminescent colloidal suspensions with an inorganic
binder that will ensure good mechanical properties of the
film and preserve the good dispersion state of the par-
ticles. Thin films of YVO4:Eu and LaPO4:Ce,Tb, emitting
in the red and green, respectively, after ultraviolet (UV)


excitation, were obtained using tetramethylammonium
polysilicate (Si-TMA) as inorganic binder. The thickness
of the film varies between 100 and 800 nm depending on
the initial concentration of the colloidal suspension, the
amount of binder introduced, and the viscosity. In order
to improve the brightness while keeping the transparency,
it is possible either to achieve multilayers or to use thermal
treatments (Figure 2). Concerning yttrium vanadate red
films, a heating process for 1 h at 450 °C improves the
luminescence by a factor 2.5, as a consequence of the loss
of OH and organic groups, which are well-known to
quench the luminescence of lanthanide ions.23 For LaPO4:
Ce,Tb green films, special attention has to be paid to
thermal treatments avoiding the oxidation of Ce3+-doped
particles both by the use of a protective shell of
LaPO4–xH2O and by controlling the sintering atmo-
sphere.18 Although the preparation of efficient blue films
remains a challenge, this simple sol–gel route should lead
in a next future to the development of white-light-emitting
devices either by successive depositions of three layers
containing blue-, red-, and green-emitting particles, re-
spectively, or by preparing only a single film containing a
mixture of the three kinds of dispersed particles. The
brightness of the deposited films could be also optimized
using rapid thermal annealing treatments under different
atmospheres.


Cetyltrimethylammonium Bromide
(CTAB)-Templated Mesoporous Films as Low
Refractive Index Layers
Many applications require an increase of the transmit-
tance or a reduction of unwanted surface reflection of
transparent materials. Examples for the former case are
cover glazing for solar collectors and solar cells and wind
screens for cars. Examples for the latter are cathodic ray
tubes or shop windows. The usual technique to ac-
complish this is to apply a thin transparent film on the
glass surface. This antireflection (AR) treatment can be


FIGURE 1. Lanthanide phosphate aqueous colloids under UV light
excitation: top, [(Ce,Tb)PO4·xH2O/LaPO4·xH2O]/SiO2 green and YVO4:
Eu/SiO2 red colloids; bottom, [CePO4·xH2O/LaPO4·xH2O]/SiO2 blue
colloid. Yellow, pink, or white colloidal suspensions can be obtained
by mixing the appropriate amounts of the three primary colors.


FIGURE 2. Transparent spin-coated sol–gel films under UV light
excitation: top, green luminescence provided from LaPO4:Ce,Tb
nanocrystals in transparent films, monolayer (left) and five layers
(right); bottom, red luminescence provided from YVO4:Eu nanocrystals
in transparent films before (left) and after (right) heating treatment
at 450 °C for 1 h.
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described within the Fresnel formalism and effective
medium theories. It follows that the index of refraction
of the film should be the square root of that of the
substrate for optimum AR effect. For example, production
of an antireflective effect at an air/glass interface at a
wavelength of 500 nm requires a film with an index equal
to 1.22 and a thickness of 103 nm. A common way of
achieving this is to work with a porous structure.24


Better results can be obtained by using two thin layers
instead of one. In this case, the four independent param-
eters (indexes and thicknesses) are chosen to yield a
reflectance value near zero at two separate wavelengths
so that the reflectance can be minimized over a wave-
length range, which, for example, can extend over most
of the visible spectrum.


Compared with more traditional coating techniques
(CVD, sputtering), the potential of sol–gel-derived AR
coatings has been clearly shown because the sol–gel thin
film process permits independent tailoring of both chemi-
cal composition and microstructure of the deposited
films.24,26 For example, open structures can be developed
in sol–gel layers obtained by the deposition of silica in
colloidal state.27


Because of their high porosity, organized mesoporous
sol–gel films have been proposed as low refractive index
layers (at optical frequencies) and as low-κ dielectrics (at
microelectronic frequencies, typically 1 MHz).28,29 Meso-
structured silica films are generally synthesized from a
mixture containing the classic cetyltrimethylammonium
bromide (CTAB) or chloride (CTAC) surfactant and a silica
sol prepared by acidic hydrolysis of an ethanolic solution
of alkoxysilanes, such as the tetraethoxysilane (TEOS).28


After spin- or dip-coating deposition, the rapid removal
of solvents allows both the micellar organization and its
stabilization by gelation of a percolative silica network
constituting the wall structure. The organized mesoporous
silica films are then obtained after subsequent removal
of the organic template either by calcination for glass
substrates or by washing with acetone for plastic sub-
strates. Bruinsma et al. have studied the variation of the
refractive index at 500 nm as a function of CTAC/TEOS
ratio.29 Films were prepared with a pore fraction of 64%
and an index of 1.16. Similar values were also obtained
by Balkenende et al. using CTAB-templated hybrid films
prepared by co-condensation of TEOS with methyltri-
methoxysilane (MTES).30 They showed that the presence
of hydrophobic organosilane precursors, such as MTES,
can both improve the stability of the index by limiting the
absorption of water in the porous structure and also
drastically reduce the structural organization of mesopores
in films by perturbing the structure of silica clusters.


Here the potentiality of the different mesostructures
observed in spin-coated CTAB-templated silica films as
low index layers for AR applications are examined. A major
problem is the high porosity of these films leading to a
rapid introduction of contaminants from the atmosphere
(water and organic molecules) implying drastic damage
to the dielectric properties. The low index can be signifi-


cantly stabilized in organic–inorganic hybrid mesoporous
films, opening the way to their use for AR applications.


As the CTAB/Si ratio increases in the initial solution,
three micellar structures have been observed that are able
to give highly organized mesoporous silica films:28 a 3D
hexagonal structure (H3D) formed of a dense packing of
spherical micelles, a cubic structure (C) constituted of
ellipsoidal micelles, and a 2D-hexagonal structure (H2D)
constituted of cylindrical micelles. The amount of surfac-
tant used for the synthesis of the films is a parameter that
determines the final volume fraction of the pores and thus
should be a means of controlling the refractive index of
the films. Figure 3 shows the evolution of the refractive
index measured at 633 nm on calcined films (450 °C) by
spectroscopic ellipsometry as a function of the starting
CTAB/Si ratio. As expected the refractive index starts to
decrease for increasing amounts of CTAB but increases
again for higher CTAB/Si ratios. Indeed, as shown by the
shrinkage of films, the 2D-hexagonal mesoporous struc-
ture collapses during calcination, probably because its
walls are too thin to resist excessive condensation between
silanol groups. Mesoporous films with C and H3D struc-
tures present low index values (1.21–1.23), but H3D films
are only considered in the following because they present
the most robust structure and the most precisely defined
structure (Figure 4A) since the C-films are not entirely
textured.31


The porosity of these H3D films was rigorously char-
acterized by ellipsometric porosimetry coupled with in-
frared ellipsometry (Figure 4B).32 The total porosity, as
deduced from the refractive index in the visible range and
the value of the silica skeleton (1.490), reaches 55%. The
mesopores (60% of the porosity) are connected to each
other and to the ambient atmosphere through the mi-
cropores (40% of the porosity). The porosity of the films
is entirely open to the ambient atmosphere (Figure 4C).
Furthermore, the silica walls contain a great amount of
polar silanol groups, which can interact with all kinds of
molecules from the ambient atmosphere, even after a
thermal treatment at 450 °C. As shown by infrared


FIGURE 3. Evolution of the refractive index and of the film shrinkage
as a function of the CTAB/TEOS starting ratio for CTAB-templated
silica films heated at 450 °C and exhibiting different structures
(successively, H3D, C, and H2D by increasing the CTAB/TEOS ratio).
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spectroscopy studies of calcined 3D-hexagonal films left
in ambient air for several months, isolated silanol groups
become rapidly bonded to water molecules or other
silanol groups.32 The introduction of water from ambient
humidity leads to a partial hydrolysis of siloxane bridges,
preferably on the most constrained bonds. After about 10
days, organic pollutants are also present into the films.
The direct consequence of this contamination is a sig-
nificant increase of the refractive index of the films
(already noticeable within a few hours), from 1.23 to 1.41
(Figure 5A).


Silanol groups bound on the surface of pores have to
be eliminated in order to stabilize the optical properties
of the films. A first strategy to solve this problem consists
in a postgrafting process where Si–OH bonds are replaced
by nonhydrolyzable and nonhydrophilic Si–O–Si–(CH3)3


bonds using 1,1,1,3,3,3-hexamethyldisilazane (HMDS) as
reactive agent (2Si–OH + HN–(Si(CH3)3)2 f 2Si–O–Si–
(CH3)3 + NH3). A second strategy consists of the prepara-
tion of well-organized MTEOS/TEOS organosilica films by
an original route recently proposed.33 In this process, the
preparation of the deposited sol is composed of two steps.
Highly reactive silica clusters are prepared by hydrolysis–
condensation of TEOS as in the preparation of pure silica
films. Just before the sol deposition, MTES monomers are
added into the aged silica sol. In this case, in contrast with
a simple TEOS–MTEOS co-condensation, the reactivity of
the silica clusters is not significantly perturbed when
adding partially hydrolyzed MTEOS monomers. Conse-
quently, silica gelation can take place during the fast
evaporation process and stabilized well-organized H3D
MTEOS/TEOS films up to 50% MTEOS. These films can
be also postgrafted by HMDS to suppress the remaining
silanol groups, leading to HMDS–MTES/TEOS films.


The presence of methyl groups, introduced either by
HMDS grafting or by two-step synthesis or both, hinders
water adsorption and clearly improves the stability of films
(Figure 5A). However, the refractive index of hybrid films
is not completely stabilized in agreement with infrared
spectra, which reveal that they are still able to adsorb
organic pollutants. An HMDS–40% MTES/TEOS mesopo-
rous film prepared by CTAB extraction with acetone was
tested as the low-index layer in an interferential AR
multilayer. The mesoporous film (n ) 1.29, 120 nm in
thickness) was deposited on a high-index layer (n ) 1.75,
140 nm in thickness) deposited on a polycarbonate
substrate. The reflectance spectrum of the interferential
bilayer presents the expected W-shape with a value
smaller than 0.5% in the major part of the visible range
(Figure 5B). The AR treatment is stable after 21 days, but
the average reflectance coefficient increases from 0.32%
up to 1.5% after 4 months due to the increase of the index
of the mesoporous layer (from 1.29 to 1.33). This confirms
that more work is required to completely stabilize meso-
porous films toward organic contaminations using hy-
drophobic and oleophobic organic groups.


FIGURE 4. Structural characterization of the 3D-hexagonal films:
(A) transverse HRTEM image and corresponding power spectrum
showing that the film is perfectly organized through all the thickness
with the c axis perpendicular to the substrate; (B) ethanol adsorp-
tion–desorption isotherms at 25 °C showing the presence of
micropores (22% of the total volume) and mesopores (33% of the
total volume); (C) schematization of the porosity distribution in the
film.


FIGURE 5. Graphs showing the stabilization of the organosilicate
films toward water: (A) time evolution of the refractive index of
different mesoporous calcined films stored in ambient atmosphere
(RH ) 40–60%); (B) reflectance spectrum of an interferential AR
bilayer composed of a 40% MTES/TEOS mesoporous film (n ) 1.29,
120 nm in thickness) and a high-index layer (n ) 1.75, 140 nm in
thickness) deposited on a polymer substrate.
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Mesoporous Silica as Binders of TiO2
Nanoparticles in Photocatalytic Films
The extraordinary properties of TiO2 semiconductors in
heterogeneous photocatalysis are now well-known, and
their applications are widely investigated in many fields
such as water splitting, photoelectrochemical cells, de-
contamination, or self-cleaning materials.34,35 These two
latter applications use the remarkable ability of TiO2


pigments to degrade almost any organic molecule under
UV light irradiation.36 The mechanism of this phenomena
has been the subject of numerous investigations.37,38 As
a rough description, absorption of UV photons leads to
the generation of electron–hole pairs, a fraction of which
are rapidly trapped at the surface of the oxide. The charges
may react with adsorbed hydroxyls or oxygen molecules,
yielding radicals, which then react very efficiently with the
surrounding organic molecules, leading to volatile deg-
radation byproducts or entire mineralization into CO2,
H2O, and mineral acids.


In the special case of self-cleaning applications, for
example, on glass windows, TiO2 is deposited on the
surface as a thin film of a few tens of nanometers to a
few micrometers thickness.39 The basic idea relies on the
removal of pollutants by the action of the UV fraction of
the sunlight.40 In addition to the photocatalytic processes
and in the case of outdoor applications, the hydrophilic
properties of the TiO2 allow the removal of dust or
inorganic degradation byproducts by rain.


The TiO2 thin films may be deposited using different
methods such as sputtering,41 chemical vapor deposition
(CVD),42 or sol–gel.43 The sol–gel method consists of the
deposition of the films from a liquid solution containing
either colloidal TiO2 nanoparticles38,44 or TiO2 molecular
precursors that can be converted into nanocrystalline TiO2


after a thermal treatment.45,46 In all cases, the relatively
soft conditions that are used lead to porous films with
poor mechanical properties, recognized as a significant
limitation for many practical applications of the sol–gel
process. Nevertheless, many efforts are still devoted to the
improvement of the sol–gel films, since the process is quite
versatile, does not require costly equipment, and can be
achieved on substrates with complex shapes. One way is
to add in the formulation a compound that can act as a
binder to improve the cohesion between the TiO2 crys-
tallites. Silica is often chosen for that purpose due to its
remarkable ability to be processed by sol–gel chemistry
as a polymeric network. Nevertheless, the presence of a
binder should not hinder the diffusion pathways between
the organic species to be degraded and the radicals
generated at the surface of the oxide. It then appears quite
clear that the optimization of sol–gel photocatalytic films
should be performed through a good compromise be-
tween a high porosity and sufficiently good mechanical
properties, and in addition with a controlled microstruc-
ture of the TiO2 itself.


As an original development of our work on mesoporous
silica films, we investigate a method of elaboration of
photocatalytic TiO2/SiO2 coatings that allows a separate


control of the film porosity and the TiO2 microstructure.
The basic principle of the film synthesis relies on the use
of mesoporous silica as a binder for TiO2 nanoparticles
homogeneously dispersed within all the film thickness.47


The use of mesoporous silica for the elaboration of
photocatalytic materials has been described in several
previous studies.48 In most cases, the TiO2 particles are
formed in situ within the porous matrix after impregnation
with a solution of precursors. Nevertheless, it was shown
that the TiO2 loading is quite low and the crystallinity of
the TiO2 crystallites is strongly limited by the low tem-
perature of calcination imposed by the use of glass
substrates (typically less than 450 °C). Here another
approach is investigated consisting of using preformed
TiO2 particles, obtained through colloid chemistry routes,
which are further redispersed inside surfactant-templated
mesoporous silica films with a controlled porosity.


The synthesis process was directly adapted from our
previous work on the elaboration of mesoporous silica
films using a poly(ethylene oxide)/poly(propylene oxide)
triblock copolymer (PE6800) as the surfactant.47 The films
obtained with a copolymer/Si ratio of 0.01 have been
characterized and exhibit a total pore volume fraction of
about 38%, distributed both as micropores (i.e., pores with
diameter of a few angstroms) and mesopores (size of 5–6
nm) that are arranged with a textured face-centered
orthorhombic structure.49 TiO2 nanoparticles are incor-
porable by the simple addition of a colloidal dispersion
of well-crystallized anatase particles (Millennium S5-300)
into the sol prior to its deposition. The individual particles
consist of 50 nm aggregates of primary 7 nm anatase
crystallites.


The good dispersion state of the particles is preserved
after their addition into the silica sol containing the
copolymer surfactant for Ti/(Ti + Si) molar ratios up to
0.8, and the obtained films are perfectly transparent. Rapid
flocculation is however observed when the particles are
added to the sol without the surfactant, and this is true
even for low Ti/(Ti + Si) ratio. This shows that the
copolymer ensures a steric stabilization of the particles
through its interactions with their surface. Figure 6A shows
a TEM picture of a representative film. The particles are
well dispersed within all the film thickness and the
organized porous structure, observed in pure silica films49


(i.e., with no TiO2), appears to be preserved between the
particles.


The photocatalytic activity of the films was measured
by monitoring the degradation of stearic acid deposited
on the film under UV-A irradiation (Figure 6B). The
degradation kinetics is deduced from the plot of the time
evolution of the 2923 cm-1 band intensity from the CH2


groups.50,51 The kinetics is found to follow a first-order
law over all the degradation curve, with a calculated rate
constant k1 that is typically equal to 0.09 min-1 for a
sample with a Ti/(Ti + Si) molar ration of 0.5. It must be
noted nevertheless that the degradation kinetics exhibit
a more complex behavior than a simple one order rate,
since the k1 values calculated for different experiments
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were found to decrease drastically when increasing the
initial stearic acid concentration.47


For comparison, the degradation kinetics was also
measured in the case of a film with a microporous binder,
that is, obtained in the same way as the mesoporous one
and with the same TiO2 amount but without using the
mesopore templating copolymer (Figure 6B). These films
have a total pore volume fraction of about 16% with an
average pore diameter of 2 nm.47 First-order kinetics
analysis of this sample activity gives a value of k1 ) 0.006
min-1, which is less by a factor of about 15 than what was
found in the case of the microporous film. This gives clear
evidence of the influence of the film porosity on its
degradation efficiency, independent of the microstructure
of the TiO2 crystallites. It can be reasonably assumed that
the beneficial effect of the porosity may be mostly
explained by an improved diffusion of the radicals or a
closer proximity between the surface of the TiO2 crystal-
lites and the organic molecules to be degraded. This latter
effect was confirmed by secondary ion mass spectrometry


(SIMS) profiles of the carbon content just after deposition
of stearic acid (Figure 6C). In the case of the mesoporous
TiO2 films, the organic molecules lie at the surface of the
film, whereas they are found over all the film thickness
in the case of the microporous one. This may explain the
difference of degradation kinetics in two different ways:
first, the average distance between the organic molecules
and the surface of the TiO2 crystallites is much lower in
the case of the mesoporous materials, so that oxidizing
radicals may react much more efficiently.52 Second, stearic
acid deposited on microporous or dense films forms a
layer of significant thickness (about 17 nm in our experi-
mental conditions), which may slow down the diffusion
of oxygen or water molecules that are also involved in the
degradation process.44


Concluding Remarks
For light emission, thin films made from stable lumines-
cent inorganic nanoparticles clearly appear as an alterna-
tive to the existing white light emitters such as organic
light-emitting diodes, polymer light-emitting diodes, and
incandescent light bulbs. A crucial challenge for the
chemist is both to develop efficient blue phosphors and
to shift the excitation wavelength of particles toward the
infrared range. This could be obtained by developing new
systems able to emit visible light by the up-conversion
process, that is, by near-infrared light excitation. Lumi-
nescent inorganic molecular clusters can also be consid-
ered as promising photoactive species for a large range
of optical applications since they usually combine the
photostability of the inorganic nanoparticles with the
monodispersity of the organic molecules.


Although the use of mesoporous organized silica coat-
ings as stable low-index layers still requires the improve-
ment of their chemical stability, it can be noted that these
coatings are very promising for future sol–gel applications
in optics. First, their development is a confirmation that
the sol–gel approach permits microstructural as well as
compositional tailoring, which is not possible by other
coating techniques such as sputtering, evaporation, or
CVD. Second, they open the way to the preparation of
multifunctional coatings as clearly shown by their role in
TiO2-photocatalytic devices in which their structural
(porosity), chemical (hydrophilic character), and mechan-
ical functions are used to optimize the catalytic efficiency.
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ABSTRACT
In this Account, we discuss the usefulness of the sol–gel process
in the synthesis of materials comprising nanoscale architectures.
We describe the processing of semiconducting, metallic, ferroelec-
tric, or scintillating nanoparticles in various oxide matrices. We also
discuss the synthesis of some nanoporous oxides and organic–
inorganic nanohybrids, including core–shell nanostructures.


Introduction
The growing interest in nanostructured materials calls for
the development of processing techniques that allow for
the tailoring of specific features of the nanometer size.
One method for engineering such structures involves the
chemical manipulation of nano-building blocks. Obvi-
ously, because traditional processing of ceramics involves
grinding, pressing, and heating powders in the micrometer
range, engineering such nanostructures through tradi-
tional approaches is a very challenging materials science
problem. The growth of nanocrystallites from glass melts
may be one of the few demonstrated successes of tradi-
tional ceramics processing in this context. The synthesis
of nanocrystalites of metals or semiconductors through a
method known as “striking a glass” comes to mind, as well
as the synthesis of partially stabilized zirconia, in which
metastable nanoparticles, tetragonal ZrO2, are grown in
a cubic matrix. Recently, with the advent of the sol–gel as
a low-temperature alternative processing method using
chemical processes in the liquid state, novel processing
strategies and therefore materials have emerged. When
such reactions are properly controlled, they lend them-
selves extremely well to the synthesis of nanomaterials,
for the obvious reason that they involve molecules of the
appropriate size and mobility in the liquid state. Therefore,
the process offers the chemist a unique opportunity to
design and engineer original and novel nanomaterials. In
this Account, we summarize several sol–gel strategies that
have been successfully used to engineer nanostructure
glasses or ceramics. Some of them take advantage of the


versatility and complexity of the hydrolysis and condensa-
tion reactions of metal alkoxides, others exploit the
nanoporosity of gels as a host for various molecules or
inorganic clusters. In all cases, the chemistry of the
systems is the main controlling factor for the resulting
nanostructure. Examples discussed are nanoporous silica,
semiconductor, ferroelectric, metallic, and oxide nano-
crystallitesinglass,aswellasorganic–inorganicnanohybrids.


1. Nanoporous Oxide Gels
The sol–gel process is generally described as a chemical
route for the synthesis of ceramics.1 It has been widely
used in the processing of oxides as bulk, fibers, or coatings.
The synthesis of SiO2 from liquid silicon metal–organic
precursors is probably the oldest and most investigated
sol–gel process. Typically, it involves hydrolysis and
condensation of a metal–organic precursor, such as tet-
raethoxysilane, in an appropriate solvent, such as ethanol,
with or without the use of a catalyst. As these reactions
proceed and the viscosity of the solution increases, a gel
is formed. It is typically made of Si–O–Si bonds, forming
a network within which reaction products are trapped.
When such products are removed via evaporation, a
nanoporous structure results. Pore size, distribution, and
interconnectivity are affected by processing parameters,
such as the type and amount of solvent and/or catalyst,
temperature, and in some cases, the presence and ar-
rangement of templating molecules. By themselves, these
porous gels constitute a very interesting class of nano-
materials. The nanoporous architecture may be tailored
for connectivity, orientation, arrangement, or size and
exploited for various applications, such a chromatography
columns, sensors, catalyst support, low dielectric constant
materials, or controlled release of reactants. A very good
review by Klein and Woodman lists the many different
methods that can be used in SiO2 synthesis and the effects
of processing parameters on porosity.2 The pores can later
be impregnated and functionalized with a dye or organic
molecule if they are interconnected. This material is really
the “backbone” of the chromatography industry. The
nanoporosity of these gels can also be exploited for many
other purposes. For example, low dielectric constant
materials can be made using tetramethyl ammonium
silicate (TMAS), a structuring agent used in zeolite syn-
thesis. Porosity at 50% and uniform pore-size distribution
(average pore size of 40 Å) silica films have been obtained,
yielding a material with a dielectric constant of 2.5.3 A
more recent development in the engineering of nano-
porous materials is the use of templating molecules.4


Using surfactant micelles as pore-forming agents, 65 vol
% nanoporous dielectric films with a uniform pore size
smaller than 5 nm were obtained. Tetraethoxysilane
(TEOS) and surfactants were mixed in an acidic aqueous
environment. During spin coating, the solvent was rapidly
removed and the surfactant molecules formed micellar


* To whom correspondence should be addressed. E-mail: bescher@
ucla.edu.


John D. Mackenzie is Professor Emeritus in the Department of Materials Science
and Engineering. He is the author of more than 450 scientific articles in the field
of glass, ceramics, and sol–gel science. He is the founding editor of the Journal
of Non-Crystalline Solids and a member of the National Academy of Engineering.


Eric P. Bescher is Adjunct Assistant Professor in the Department of Materials
Science and Engineering at UCLA and Director of Research for CTS Cement in
Los Angeles, CA. He is the author of more than 40 articles in the field of sol–gel
research.


Acc. Chem. Res. 2007, 40, 810–818


810 ACCOUNTS OF CHEMICAL RESEARCH / VOL. 40, NO. 9, 2007 10.1021/ar7000149 CCC: $37.00  2007 American Chemical Society
Published on Web 07/04/2007







aggregates. After the surfactant was removed, a highly
porous silica film resulted with controlled porosity and
pore sizes. When proper dehydroxylation treatments were
applied, stable, low dielectric constants of 1.8–2.2 were
obtained.5


This approach, to some extent, derives from the very
successful use of self-assembling molecules in the syn-
thesis of mesoporous materials This field is now is a well-
established and active area of research. It is possible to
restrict one or more dimensions of mesoporous silica to
facilitate mass transfer in adsorption or catalysis, thereby
creating an ordered nanoporous structure. Nanoporous
“lotus-like” silica flakes were obtained using a TEOS-based
solution containing pores of 24 nm. The flakes exhibited
superior performance in adsorbing biomolecules.6 Other
nanoporous oxide gels have been made using self-as-
sembly. Mesoporous silicas with variable pore size and
architecture have been made using block copolymers with
one polyelectrolyte block as templates. Pore size and
connectivity follow the structure of the block copolymer
micelles or mesophases; i.e., the resulting silica gel
network is a precise copy of the original self-assembly
structure. Dependent upon the relative block lengths and
the salt content in the reaction mixture, different aggrega-
tion structures are obtained, leading to well-defined
spherical pores in the size range between 10 and 50 nm
or more complex architectures, such as “rattles”, the casts
of multilamellar vesicles.7 More complex and original
structures may be obtained. Schlottig et al., for example,
used tetraethoxysilane, ethanol, water, and HCl mixed in
three different molar ratios and stirred for 3 h at room
temperature to obtain an array of closed SiO2 nanotubes.
Pores of alumina membranes were filled using both spin-
and dip-coating procedures. After a partial removal of the
alumina (5 min in NaOH) from the coated membrane,
nanotubes were observed.8


2. Nano Organic–Inorganic Hybrids (Dyes,
Proteins, and Polymers) in Gels
As discussed above, a gel derived from a sol–gel process
is nanostructured in the sense that it exhibits porosity in
the nanometer range. In some cases, the porosity of the
gel developed around a templating organic molecule, such
as a surfactant; in others, the porosity was the result of
evaporation of reaction byproducts. In any case, one of
the advantages of the sol–gel route is that the low
processing temperatures allow for the coexistence of
organic and inorganic constituents within the same
matrix. In traditional ceramic processing, this is prevented
by the high temperatures required by processing the oxide
matrix. In this section, we focus on the role of organic
entities that reside within the oxide gel, either chemically
bonded or adsorbed, but in any event adding functionality
to it at the nanoscale. As such, these organic–inorganic
hybrids represent a type of nanocomposite heretofore
impossible to engineer. The organic entity may be placed
within the inorganic matrix using one of two routes: either
it is mixed into the sol–gel solution or it is impregnated


into the dry, porous gels. In the first approach, the organic
entity may be chemically grafted onto the backbone or
merely adsorbed onto the pore surface. In the second
approach, the organic entity is assumed to adsorb on the
surface of the pore.9


An organic dye molecule can be easily added to a
sol–gel liquid solution. This was first reported by Avnir
and co-workers for the dye Rhodamine 6G added to a
TEOS alcoholic solution.10 The dye molecules are uni-
formly dispersed in the TEOS solution. When gelation
occurs, the dye molecules are trapped in the porous oxide
gel matrix, forming an organic–inorganic nanomaterial.
The original intent was to make organic dye lasers. The
dyes were found to be generally stable within the oxide
matrix. However, it was also found that the stability of
many laser dyes was affected by ambient atmosphere,
which highlights the role of porosity in these materials.11


Many organic dyes have since been mixed with sol–gel
solutions to create a variety of colored glasses tailored for
various applications.12 Other organic molecules have also
been used for their sensing characteristics.13


Schmidt suggested that the structure of an oxide could
be modified by polymeric chains.14 He named the materi-
als “Ormocers”, for organically modified ceramics. An-
other term frequently used for these materials is “Or-
mosils”, for organically modified silicates. Both terms will
be used interchangeably here. Since this pioneering work,
many kinds of organic–inorganic hybrids have been made.
Covalent bonding between organic and inorganic entities
may or may not exist. Figure 1 gives an example of the
types of nanoarchitectural hybrids that can be made. A
drying control chemical additive (DCCA), such as forma-
mide or oxalic acid, may be added to the sol–gel solution
to prevent shrinkage and cracking.15,16 Hench17 also found
that, if large amounts of such organics were dissolved in
a typical sol–gel solution of TEOS or tetramethoxysilane
(TMOS) in alcohols, the average pore size as well as the
pore diameters could be significantly reduced.


One interesting family of organic–inorganic nanocom-
posites is that based on the cubic silsesquioxanes.18 The
smallest conceivable nanopore in silica is probably the
empty space at the center of a cube made of eight silica
atoms, also called the H8T8 unit. Although this structure
is rare in glass or traditionally processed silica, its deriva-
tive silsesquioxanes have attracted interest lately. These
systems offer the advantage of a very clear definition of
the inorganic nanophase. The inorganic phase is a well-
defined silica core, rigid and completely defined. Eight
organic groups can be appended to the vertexes of the
cages, linking the cores to one another. The organic
groups may have varying length and chemical composi-
tion. Nanohybrid networks in which oxide and organic
networks interpenetrate one another can also be made.19,20


In such materials, the organic and inorganic networks
develop independently from each other and no covalent
bond exists between them.


In some cases, it may be desirable to design a material
in which a strong bond exists between the organic and
inorganic phases. A typical example is the SiO2–poly-
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dimethylsiloxane (PDMS) system21 that has been studied
extensively in our group. The fundamental feature of this
material is that both inorganic and inorganic phases
consist of Si–O–Si chains that can be chemically linked
during the sol–gel process. The compatibility between the
silanol-terminated PDMS and TEOS has made the materi-
als very attractive to many researchers.22,23 This compat-
ibility, as shown in the reaction below between a silanol-
terminated PDMS chain and a molecule of silicic acid, is
typical of the kind of reaction found in so-called “type-
II” hybrids, where cross-linking between organic and
inorganic components can take place:


The advantages of this system include the similarity
between the silica network and the siloxane structure and


the high temperature stability of PDMS compared to other
elastomers. Dependent upon solution conditions, such as
acid or basic catalysis, pore structures and properties can
be very different. The material can be either glassy or
rubbery depending upon the weight fraction of the organic
constituent. The structure, properties, and potential ap-
plications of these organic–inorganic materials have been
reviewed.24


Various biological moeities, such as proteins or en-
zymes, have been incorporated into oxide matrices,
particularly silica-based matrices. The oxide “nanocages”
do not just accommodate the size of the protein, they also
protect it from external attack while allowing the passage
of reactants.25 Various biological sensors have been
fabricated using this approach. Examples of molecules
that may be used in the synthesis of such hybrids are
shown in Figure 2.


A schematic summary of these various organic–inor-
ganic hybrid nanocomposites is shown in Figure 2. They
can be divided into two broad categories, as described by
Sanchez and Ribot: either the organic and inorganic
constituents are covalently bonded or they are not.
Structure 1 represents the case of the DCCA–SiO2 nano-
hybrid, in which the DCCA has been trapped in the pores.


FIGURE 1. Various sol–gel-derived nanoarchitectures for sol–gel organic–inorganic hybrids. (Illustration: Luis Tinoco).


FIGURE 2. Various types of organic entities that may be grafted onto oxide backbones in type-II hybrids.
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Structure 2 represents the case of the poly(methyl meth-
acrylate) (PMMA)–SiO2, in which the PMMA has been
polymerized in situ within the interconnected pores of the
silica inorganic network.26 Structure 3 shows the inter-
penetrating organic and inorganic (IPN) networks.27 In
structure 4, organic dyes or molecules are either covalently
bonded (right) to the inorganic framework or not (left).
In structure 5, PDMS and SiO2 are covalently bonded.
Dependent upon the weight fraction of PDMS, the mate-
rial can be either rubbery or hard.28 Structure 6 shows
inorganic colloids, such as silica covalently bonded to a
gel, as will be described later.


3. Nanocrystallites Obtained via Controlled
Crystallization of Gels
Traditional glass ceramics have been known for decades.
They are typically obtained by first forming a glass melt,
quenching it, and heating it up to grow a crystalline phase
within the glass matrix. If the particle size is kept below
the wavelength of visible light, the glass ceramic is
transparent. Many materials, such as optical filters, zero-
thermal expansion coefficient materials for cooking ware,
or telescopes, have been through this process. In many
instances, the crystallite size must be kept in the nano-
meter range to achieve the desired properties. The sol–gel
process offers an elegant alternative to this high-temper-
ature approach because many amorphous oxide gels can
now be made at or near room temperatures. This opens
the possibility of growing a nanocrystallite within a matrix
that contains organic entities. Several examples of the
synthesis of nanomaterials from the controlled crystal-
lization of gels are discussed below.


a. Scintillating Nanoparticles. Scintillators are usually
grown as large, transparent single crystals. Cerium-doped
lutecium orthosilicate (LSO) is the most promising scin-
tillator discovered in almost 5 decades. It exhibits a unique


combination of important properties for X- and γ-ray
spectroscopy: high density, fast decay, and large light yield.
However, the practical use of LSO is hindered by difficul-
ties related to its fabrication as a single crystal by the
Czochralski method. We successfully used the sol–gel
process to obtain lutecium silicate scintillators. The most
challenging issue was to maintain transparency in the
visible part of the electromagnetic spectrum in a poly-
crystalline material. As long as the size of the LSO crystals
was kept below the wavelength of visible light, transparent
scintillators were obtained. The nucleation and growth of
the scintillating phase had to be controlled so that the
particle size remains in the nanometer range. The process
was based on the hydrolysis of lutecium alkoxides.29,30 We
found that there were two ways of limiting the size of
Lu2SiO5 nanocrystallites: one was to maintain the Lu/Si
ratio at low values, and the other was to limit the heat-
treatment temperature. In summary, we found that, upon
appropriate drying and firing, lutetium silicate crystals
could be grown in a silica matrix and that, with careful
control of the synthesis, the nanomaterial was transparent.
The Lu2SiO5 particle size was approximately 200 Å (Figure
3). Light decay measurement and γ-ray spectral response
were measured, and the polycrystalline sol–gel nano-
materials were found to be comparable to that of tradi-
tional LSO single crystals (Figure 4).


b. Ferroelectric Nanoparticles In Inorganic Gels.
Many ferroelectric oxide materials have been prepared by
the sol–gel process.31 In our group, we have studied the


FIGURE 3. Lu2SiO5 nanoparticles in an optically transparent SiO2
matrix.


FIGURE 4. (Top) Optically transparent, sol–gel-derived Lu2SiO5–SiO2
scintillators. (Bottom) Wavelength distribution of scintillation light from
LSO when excited with 356 nm of light at room temperature. The
doublet structure corresponding to the Ce+3 ion transition from the
5d level to the two 4f ground states is mostly washed out at room
temperature but can still be seen in these spectra.
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growth of nanocrystallites of ferroelectric phases from gels.
With increasing temperature, local ordering of the ferro-
electric oxides has been observed, starting with the
formation on nanosize clusters at low temperatures. Such
clusters have been called “ferrons” and have been shown
to exhibit ferroelectric properties despite their small size.
A theoretical model explaining the behavior of these
“ordered clusters” was developed.32 Similarly, ferroelectric
crystals of LiNbO3 and BaTiO3 have been grown in an
amorphous glass matrix of SiO2 by the sol–gel technique.
Such particles also grow in size and number with increas-
ing temperature. Well-formed nanocrystallites of BaTiO3


have been observed after heat treatment for 2 h at 800 °C
(Figure 5). At temperatures as low as 200 °C in the case of
LiNbO3, some local ordering in the microstructure has
been observed as well (Figure 6). The smallest observed
size of these ordered entities is on the order of 3 nm.
Despite the small size of the crystals, ferroelectric proper-
ties and P–E loops were observed.


In Ormosils. As noted above, the low processing
temperatures of the sol–gel process open the possibility
of growing an oxide phase within an organically modified
matrix. We investigated the growth of LiNbO3 in an
Ormosil matrix containing a covalently attached organic
molecule with high hyperpolarizability, such as triethoxy-
silylpropyl dinitrophenylamine (TDP). At temperatures as
low as 200 °C, below the decomposition temperature of
the organic, LiNbO3 ferrons have been observed (Figure
7). Interactions between organic and inorganic phases can
take place. For example, we have observed that the strong
bathochromic red shift observed when a TDP molecule


is exposed to a barium titanium alkoxide solution is still
present after ferrons have formed. Other possible organic/
inorganic interactions are possible and have yet to be
investigated. At a minimum, ferroelectric properties have
been observed in these organic–inorganic nanohybrids.33,34


An idealized structure of such hybrids is shown in Figure
8.


4. Semiconducting Nanoparticles
For several nonlinear optical applications, it is often
desirable to grow nanoparticles of semiconducting ma-
terials within optically transparent matrices. Table 1 lists
the Bohr radii of several semiconductors. To observe


FIGURE 5. BaTiO3 nanoparticles in the SiO2 matrix (heat treatment
at 800 °C/2 h). FIGURE 6. LiNbO3 nanoparticles in the SiO2 matrix (heat treatment


at 200 °C/2 h).


FIGURE 7. LiNbO3 nanoparticle in a TDP–SiO2 Ormosil (heat
treatment at 200 °C/2 h).
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quantum confinement, particles must be smaller than the
Bohr radius of the electron-hole pair, typically less than
200 Å.


The sol–gel approach has been successfully used to
synthesize such nanomaterials. Typically, a gel is obtained
from the appropriate precursors, and the gel is subse-
quently heat-treated in a sulfidizing or reducing atmo-
sphere to grow the semiconducting phase.


We have synthesized and compared the behavior of
CdS-doped glasses, namely, a sodium borosilicate glass,
obtained using TMOS, TEOS, boron ethoxide, and sodium
acetate as precursors, and an ORMOSIL glass, obtained
from a TEOS/PDMS system. A typical processing route is
shown in Figure 9. Cadmium was introduced into the two
solutions as cadmium acetate and cadmium nitrate,
respectively. The film was exposed to H2S gas after drying
to form CdS crystals (up to 20 wt %). As a further
refinement of the approach, 3-aminopropyltriethoxysilane
(APTES) was also added to both solutions to provide
enhanced control of the particle size and particle size
distribution. Samples treated with APTES had smaller
crystal particles with a narrower size distribution (2.8 nm
average size, with a 0.9 nm standard deviation) (Figure
10). APTES helped anchor the dopant to the silica network
of the glass, thereby avoiding precipitation of the salt
during the sol–gel drying process. Of course, other more
complex processing routes are possible. �(3) values of
about 10-6–10-8 esu were observed in these materials.
Channel waveguides were made by ion exchange in the
sodium borosilicate glass, and propagation of 110 fs long
pulses resulted in narrowing and spectral modulation of
the input pulse.35 Other semiconductor quantum dots,


such as CdTe (Figure 11),36 SbSI,37 or PbS,38,39 have been
successfully grown in oxide matrices using similar sol–gel
processes.


5. Metallic Nanoparticles
As in the case of semiconducting nanoparticles, metallic
nanoparticles in oxide matrices can exhibit interesting
optical properties. While nanoparticles of metals in glass
have been made for centuries using traditional glass
processing, the sol–gel process offers an elegant, more
versatile alternative. Typically, the technique involves
heating the gel in a reducing atmosphere. The host matrix
may be an inorganic gel or an organic–inorganic hybrid.


In Inorganic Gels. Many metallic nanoparticles have
been precipitated in sol–gel-derived matrices. For ex-
ample, silica sol–gel films were prepared by dipping,
starting from an acid-catalyzed solution of TEOS doped
with Au, Ag, Pt, and Pd metal colloids. The temperature
at which the metal particles precipitate by heating in air
depends upon the metallic species: 200 °C for Au, 600 °C
for Ag, 800 °C for Pt, and 1000 °C for Pd.40 Silver metal
nanoparticles were also produced in silica by introducing
AgNO3 in the sol–gel precursor solution. The silver ions
were thermally reduced in air at 800 °C, giving an intense
yellow coating film. The silver metal particles were
observed by transmission electron microscopy and X-ray
diffraction. The diameter of the silver particles was found
to be about 10 nm. Thermochromic effects have been
observed in such Ag colloid-doped gels.41


In Ormosils. Innocenzi and Kozuka made thin films
of methyltriethoxysilane-derived gels containing Ag par-
ticles.42 The average particle size was 10 nm. Ormosil
matrices can also be doped with other metals, such as Au
and Pt, as both bulk and thin-film forms. The main
advantage of an Ormosil matrix is the ease of fabrication
of large, crack-free samples. As in the case of the inorganic
matrix, the metal clusters were incorporated into the
Ormosil matrices by dissolving metal salts into the precur-
sor solution prior to gelation. Reduction of the metal ions


FIGURE 8. Schematic structure of a TDP–LiNbO3 ferroelectric Ormosil nanocomposite. (Illustration: Luis Tinoco).


Table 1. Bohr Radii of Several Semiconductors


semiconductor rB (Å) Eg (eV)


CdS 28 2.5
CdSe 53 1.7
CdTe 75 1.5
GaAs 124 1.4
PbS 180 0.41
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is not achieved at high-temperature reduction in such
matrices. Instead, it was achieved through UV irradiation.
The correlation between the resonance absorption posi-
tion, particle size, and volume fraction of the colloidal
metal particle was investigated and discussed. X-ray
analysis showed the metal particles to be crystalline with
a face-centered cubic (FCC) structure. The metal particle
size and size distribution were studied by transmission
electron microscopy.43


6. Colloidal Oxide Particles
Organic polymers tend to be soft and easily deformable,
and in some cases, it is desirable to improve their
mechanical properties. This can be done through the
incorporation of oxide colloidal particles, which increase
the elastic modulus of the polymeric matrix. Of particular
interest is the reinforcement of siloxanes with silica
colloidal particles. There are numerous publications and
patents on these types of nanocomposites.44,45 A signifi-


cant number of patents for such materials have been
granted in the field of abrasion-resistant coatings on
polymeric ophthalmic lenses. In some cases, the coatings
are tintable and/or UV-curable.46 Colloidal particles other
than silica (TiO2, ZrO2, and Al2O3) have also been doped
into siloxane matrices.47 The presence of colloidal silica
particles in gels also facilitates the deposition of thick
coatings, up to 300 µm.48 Colloids have been shown to
limit the cracking observed during the drying phase of a
SiO2 gel synthesis. Large bulk pieces can be made.49


A more recent development in this area is the synthesis
of core–shell structures, in which the core and shell of a
nanoparticle consist of different materials. The core may
be a semiconductor, and the shell may be a metal or vice
versa. Alternatively, the core may be an oxide, a polymer,
or a dye, and the shell may be a semiconductor, a
polymer, a metal, etc. There are many possible ways of
tailoring the structure of theses nanoparticles. Sol–gel
processes are ideally suited for the synthesis of such


FIGURE 9. Processing route of CdS-doped borosilicate glass.
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architectures. For example, the particles can be prepared
by reverse microemulsion methods. In some cases, a
passivation layer, e.g., an aminosilane amorphous layer,
is in contact with the core.50 The optical properties of such
core–shell structures are of great interest. For example,
luminescent nanocrystals can find interesting applications
as light-emitting transparent materials. Buisetter et al.
describe the growth of lanthanide-doped vanadate and
phosphate nanoparticles through colloidal synthesis, with
average sizes smaller than 10 nm. Improvement of the
luminescent properties of the nanocrystals is achieved
through the elaboration of a core/shell nanostructure,
obtained after the growth at the surface of an amorphous
SiO2 shell or a crystalline La phosphate shell.51 FeNi3/
Al2O3 core–shell nanocomposites, where individual FeNi3


nanoparticles are coated with a thin layer of Al2O3, were
fabricated by a modified sol–gel method. The magnetic


properties of such nanostructures were also investigated.52


Reactive core–shell nanoparticles have also been prepared
using an amphiphilic organic polymer and a metal oxide
precursor. The polymer-coated Al2O3 nanoparticles are
thought to be formed by nucleation, with a core–shell
structure forming later. Nanoparticles prepared using 10
wt % Al(OiPr)3 yielded films that, depending upon the
process conditions of the nanoparticles, possessed core–
shell nanoparticles with a median diameter of 45 ( 2 nm
and a Tg that was 27 °C above that of the matrix polymer.53


Many other systems have been investigated. Surface-
modified amorphous metal oxide nanoparticles of tita-
nium, zirconium, tantalum, yttrium, and vanadium were
synthesized using these novel precursors in a microemul-
sion-based sol–gel process. Particles with diameters below
200 nm were prepared.54 This core–shell approach was
also successful in the synthesis of new, complex semi-
conductor nanostructures. Colloidal CdSe/ZnS core–shell
nanocrystals, with a narrow size distribution, were dis-
persed in a hybrid sol, resulting from the hydrolysis of
TEOS and 3-glycidoxypropyltrimethoxysilane.55 Finally, in
a recent review, Burns et al.56 reported that they have
incorporated multiple tetramethylrhodamine isothiocy-
anate dye molecules into uniform, monodisperse, 25 nm
diameter silica core–shell particles. They have observed
significant enhancements in the brightness and stability
of the organic dyes. They call these “nanobio” core–shell
particles “C-dots”. The core–shell interactions are thought
to play a significant role in the enhancement of dye
properties, perhaps through an increase in the dye rigidity.
They also report many mechanisms by which these
core–shell architectures can be designed for various
“nanobio” applications. This is an exciting area of research
that will probably yield many novel nanoarchitectures
with heretofore unachievable properties.


Conclusion
In the design of complex nanoarchitectures, the main
advantage of the sol–gel process is the versatility in the
control of size, distribution, and arrangement of nano-
pores, for example through self-assembly. This nano-
porosity can be functionalized using organic molecules
or polymers as the gel developed or even after as the gel
has dried. Furthermore, through careful heat treatment
and dependent upon the chemistry of the starting solution
and the thermal tretment, many kinds of nanoparticles
(oxides, sulfides, metals, and semiconductors) can be
grown within those nanopores, resulting in families of
nanomaterials heretofore very difficult to fabricate. The
versatility of the process is in large part due to the rich
and varied chemistry of organometallic precursors, com-
bined with the low processing temperature. As a result,
the sol–gel process is likely to continue attracting the
attention of chemists interested in designing advanced
nanomaterials.


FIGURE 10. CdS nanoparticles in borosilicate glass.


FIGURE 11. CdTe nanoparticle in a sol–gel-derived borosilicate
matrix (5 wt % CdTe, at 500 °C/4 h).
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ABSTRACT
The last decade has seen a revolution in the area of sol–gel-derived
biomaterials since the demonstration that these materials can be
used to encapsulate biological species such as enzymes, antibodies,
and other proteins in a functional state. In particular, recent years
have seen tremendous progress in the development of more
“protein-friendly” sol–gel processing methods and their use for
immobilization of delicate proteins, including key drug targets such
as kinases and membrane-bound receptors. The latter example is
particularly impressive, given the inherently low stability of mem-
brane receptors and the need to stabilize an amphiphilic bilayer
lipid membrane to maintain receptor function. In this Account,
we provide an overview of the advances in biofriendly sol–gel
processing methods developed in our research group and others
and highlight recent accomplishments in the immobilization of
both soluble and membrane-bound proteins, with particular
emphasis on enzymes and membrane receptors that are drug
targets. Emerging applications of sol–gel-entrapped proteins, focus-
ing on the development platforms for high-throughput screening
of small molecules, are also described.


Introduction
Technological advancements in the immobilization of
biological macromolecules over several decades have
resulted in a revolution in the use of biomolecules for the
selective extraction, delivery, separation, conversion, and
detection of a wide range of chemical and biochemical
reagents. The use of biological species such as proteins,
peptides, nucleic acids, and even whole cells in these
applications relies largely on their successful immobiliza-
tion in a physiologically active form. Traditional methods
for immobilizing biomolecules onto inorganic, organic, or


polymeric surfaces have been based on physical adsorp-
tion,1 covalent binding to surfaces,2 entrapment in semi-
permeable membranes,3 and microencapsulation into
polymer microspheres and hydrogels.4,5


A more recent advance in protein immobilization is
entrapment of proteins in inorganic matrixes formed by
the sol–gel method. The nanometer-scale pores allow
small molecules to diffuse freely in and out of the matrix
while retaining the entrapped protein. While the earliest
reports of protein entrapment in sol–gel-derived glasses
appeared in the 1950s,6 it was not until Avnir and
co-workers published a seminal paper in 1990, describing
the entrapment of proteins in alkoxysilane-derived glasses,
that the field began to bloom.7 This report was followed
by the work of Dunn’s and Zink’s groups in 1992, which
demonstrated that other proteins, such as cytochrome c
and myoglobin, could be entrapped in tetramethylortho-
silicate (TMOS)-derived silicates with retention of O2


binding ability.8 The key advance that these groups
demonstrated was the ability to process alkoxysilanes in
aqueous solvents without added alcohol, instead using the
alcohol liberated from the silane hydrolysis reaction to
solubilize the silica precursor. In addition, a two-step
processing method (Figure 1) was developed to separate
the relatively harsh hydrolysis reaction, which uses highly
acidic or basic pH conditions, from the condensation
reaction, which could be performed at physiological pH
values in the presence of the protein.


By 2000, a large body of work emerged describing: the
entrapment of a wide variety of biological species, includ-
ing enzymes, antibodies, regulatory proteins, transport
proteins, etc., into an assortment of sol–gel-derived com-
posite materials; the development of composite bio-doped
materials containing organically modified silanes (or-
mosils) and polymers; fundamental studies of proteins
within sol–gel materials; and the use of sol–gel-entrapped
proteins for affinity chromatography, biosensing, biore-
actors, and other applications.9–14 However, issues related
to the presence of alcohol liberated during hydrolysis and
the need for large shifts in pH during processing still
resulted in problems with the initial and long-term
stability of entrapped proteins and prevented advances
in key areas such as the entrapment of viable membrane-
bound receptors.
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FIGURE 1. Two-step process for entrapping proteins within silica
materials using metal alkoxide precursors. M ) Si, Ti, or another
suitable metal center. R ) Me or Et.
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Since 2000, there have been a number of advances in
the field, spurred in part by the development of new
biocompatible precursors and processing methods, which
have largely overcome the issues noted above. Such
methods have ultimately allowed several new classes of
biomolecules to be immobilized and used for a variety of
new applications. In this Account, the work that led to
the development of improved sol–gel precursors and
processing conditions is described, as well as how these
materials ultimately led to the successful immobilization
of a range of delicate proteins, including membrane-
bound receptors. A discussion of emerging uses of these
materials for medically oriented applications is also
provided, with emphasis on how the unique properties
of sol–gel-derived materials can be exploited for bioassay
development geared toward high-throughput screening of
small molecule–protein interactions.


Biocompatible Sol–Gel Processing
During the 1990s, groups headed by Bright, Friedman, and
Kostic, as well as our group, examined fundamental issues
such as the thermodynamic stability, dynamics, acces-
sibility, binding constants, and reaction kinetics for pro-
teins entrapped within alkoxysilane-derived materials, as
well as the effects of material aging on the evolution of
protein properties.9,15–18 Together, these studies revealed
that while entrapped proteins often displayed improved
thermal stability, the proteins also (1) exhibited hindered
dynamics due to interactions of proteins with the anionic
silica surfaces, (2) were often distributed between various


environments, some of which were not accessible to
external reagents, and (3) generally showed a decrease in
function with time caused by the presence of relatively
high levels of alcohol byproducts from the hydrolysis
reaction and continued evolution and shrinkage of the
sol–gel material with time.19 While the addition of organi-
cally modified silanes (ormosils) and polymers could
improve some of the properties of entrapped proteins, the
materials were still not ideal for entrapment of labile
proteins. This highlighted the need for more protein-
compatible processing methods and more “protein-
friendly” materials.


Early studies examined the addition of glycerol or other
small molecule “osmolytes”, such as sugars and amino
acids, during sol–gel processing. These compounds alter
protein hydration and were observed to increase en-
trapped protein stability.20,21 However, such approaches
do not address the presence of alcohol during processing,
and furthermore, the stabilizing effect is easily removed
since the additives can be washed out of the material.
More recently, new biocompatible silane precursors and
processing methods have been reported on the basis of
glycerated silanes such as polyglycerylsilicate (PGS) or
diglycerylsilane (DGS),22–24 sodium silicate (SS),25 or aque-
ous processing methods that involve the removal of
alcohol byproducts by evaporation before addition of
proteins26 (see Figure 2). Each of these methods resulted
in “alcohol-free” sol–gel processing and often produced
significant improvements in the activity of entrapped
proteins. Methods based on glycerated silanes also had


FIGURE 2. Schemes for fabrication of protein-friendly sol–gel-derived materials.
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an advantage in that the solid precursors could be
dissolved directly in water at physiological pH, removing
the need for altering the pH during sol–gel processing.
Furthermore, transesterification of a wide range of alkoxy-
silanes with glycerol22,27 or ethylene glycol28–30 is possible,
which results in the ability to produce a range of biocom-
posites with different properties. However, the polyols that
are present during fabrication of the material can be easily
removed upon washing, and this can affect the long-term
stability of the materials during repeated use.


Sugar-Modified Silica Materials
Given the fact that small molecules such as sugars can
stabilize a wide range of proteins,20,31 it was reasoned that
covalent attachment of a sugar to the silica surface should
provide a means for permanently altering the protein
compatibility of silica materials. Silica precursors bearing
a covalently attached glucose [gluconamidyltriethoxysilane
(GLS)] or maltose [maltonamidyltriethoxysilane (MLS)]
moiety were prepared and doped into DGS- or SS-derived
materials. It was determined that such species could not
leach from the material, as expected, but also that these
species modified the cross-linking and charge within the
silica matrix and retained water, which weakened the
effects of aging (i.e., loss of solvent and shrinkage of the
material).32 DGS-derived materials containing 10–20 mol
% GLS or MLS were used to entrap delicate proteins such
as firefly luciferase or Src kinase33,34 and provided an
environment that retained the activity of the entrapped
enzymes during repeated use over several weeks, even
with multiple washing steps. The use of DGS alone or the
addition of the sugar-modified silanes to alcohol evolving
sols such as those derived from tetraethylorthosilicate
(TEOS) did not provide good enzyme activity.35,36 Detailed
examination of the properties of the model protein human
serum albumin within GLS-modified DGS materials re-
vealed that several factors contributed to the improvement
in protein stability, including the retention of the native
protein conformation, higher accessibility to external
analytes, better thermal stability, and an improvement in
the ligand binding affinity.35 It was also noted that the
entrapped protein was significantly restricted in its global
and segmental motions, suggesting preferential interac-
tions of the protein with the sugar-coated surfaces.
Together, these factors lead to significantly improved long-
term stability for the entrapped protein and highlighted
the potential of sugar-modified materials for entrapment
of soluble proteins.


Overview of Membrane Protein Entrapment via
the Sol–Gel Method
While soluble proteins such as enzymes, antibodies, and
regulatory proteins have been utilized extensively for
applications such as biosensor development, the desire
to utilize sol–gel materials to develop solid-phase small
molecule screening platforms for drug discovery required
the extension of this technology to membrane-bound
proteins.37 Membrane receptors serve several key roles in


transduction and amplification of signals across the cell
membrane and allow cells to communicate with each
other; thus, it is not surprising that they are desirable
targets for the formulation of novel therapeutics.38,39


Soluble proteins reside in an aqueous environment and
thus are generally amenable to aqueous sol–gel processing
methods for immobilization. Membrane-associated pro-
teins, on the other hand, are either completely (intrinsic
membrane proteins) or partially (extrinsic membrane
proteins) embedded within an amphiphilic bilayer lipid
membrane (BLM), as shown in Figure 3, and thus it is
important to retain at least the essential bound lipids, and
often the entire BLM, to keep the membrane-associated
protein properly folded and functional. This makes such
species particularly difficult to immobilize by conventional
methods and highlights the need for protein-compatible
immobilization methods.


Entrapment of Liposomes
The first report of immobilization of BLMs was in 1997,
when Yamanaka et al. reported on the immobilization of
pyrene-labeled liposomes in TEOS-derived silica,40 and
their use for optical sensing of heavy metal ions. This early
work utilized conventional alcohol-based sol–gel process-
ing, and it was not clear that the bilayers were entrapped
as intact vesicles. A later study by Nguyen et al. in 1999,
using a similar processing method, described the entrap-
ment of dye-encapsulating liposomes in TMOS-derived
silica to prevent leakage of the pH sensitive fluorescent
dye carboxyfluorescein.41 However, the study indicated
that only 10% of the dye remained within the liposomes,
confirming that a significant fraction of the liposomes
ruptured during entrapment as a result of the alcohol
byproduct.


In an effort to understand the nature of the entrapped
liposomes, and to examine the effect of protein-friendly
processing on liposomal properties, our group investigated


FIGURE 3. Different types of proteins that are utilized for sol–gel
entrapment. Soluble proteins are located within the hydrophilic
intracellular compartment of the cell. Intrinsic transmembrane
proteins span the cellular phospholipid bilayer membrane, whereas
extrinsic membrane proteins are partially embedded within the
membrane and are exposed to either the intracellular or extracellular
regions. [Reproduced from ref 37. Copyright 2006, with kind permis-
sion of Springer Science and Business Media]
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aspects such as the stability, dynamics, and phase transi-
tion behavior of entrapped vesicular BLMs in TEOS-,
DGS-, and SS-derived materials.42 Figure 4 shows the
changes in the steady-state fluorescence anisotropy of the
probe, diphenylhexatriene (DPH), embedded in unilamel-
lar liposomes consisting of pure dipalmitoylphosphatid-
ylcholine (DPPC) as a function of increasing temperature.
It was observed that liposomes retained the ability to
undergo gel-to-liquid phase transitions in DGS and SS
materials but were not able to undergo this transition after
entrapment in TEOS-derived materials because of vesicle
rupture, providing key evidence for the benefits of bio-
compatible processing. These results were later cor-
roborated by Bhattacharyya et al., who used time-resolved
fluorescence methods to show that liposomes entrapped
in TEOS-derived materials ruptured and adsorbed the
silica surface43 while liposomes entrapped in sodium
silicate-derived materials remained intact upon entrap-
ment.44


An important role for lipid membranes is the ability to
allow translocation of ions from the exterior to the interior
of the liposome in response to a specific perturbation. To
demonstrate this process for entrapped liposomes, we
used fluorescently doped liposomes containing gramicidin
A (gA), a small peptide that spontaneously inserts itself
into a lipid membrane causing passive influx of ions across
and into a cell, as shown in Figure 5.45 Upon addition of
potassium ions, the fluorescence of the dye in the internal
aqueous compartment changed in a manner that was
dependent on the concentration of gA embedded in the
membrane. This work showed that ion flux across en-
trapped membranes was possible, verifying that both an
interior and exterior aqueous environment existed for the
entrapped liposomes. As noted below, this demonstration
led to more advanced studies wherein a proton pump was
used to activate ATP synthesis from proteoliposomes
entrapped in sol–gel materials, a first step toward light-
harvesting biomaterials that can store light energy in
chemical form.46


Entrapment of Photoactive Membrane Proteins
The first membrane-associated protein to be entrapped
in silica materials was the small (26 kDa) photoactive
proton pump bacteriorhodopsin (bR). This protein has
seven membrane-spanning R-helices47 that enclose an all-
trans-retinal chromophore which undergoes an isomer-
ization process upon light absorption, resulting in the
translocation of a proton from the cytoplasmic side to the
extracellular side of the membrane.48 Several groups have
reported on the entrapment of bR in alkoxysilane-derived
silica materials and have characterized the structure of
the entrapped protein using circular dichroism and Ra-
man spectroscopy49 and the photocycle intermediates of
bR through time-resolved absorbance and fluorescence
measurements.49–51 Overall, these measurements showed
that the kinetics governing the formation of photocycle
intermediates in the entrapped bR were very close to those
of bR in aqueous suspension; however, the decay of the
intermediates was much slower for entrapped bR because
of a reduced water content and a decreased level of proton
transport through the dense silica framework.


Recently, Dunn, Montemagno, and colleagues used the
sol–gel method to entrap bR that had been reconstituted
into an intact phospholipid vesicle.46 Through a combina-
tion of alcohol removal via evaporation and inclusion of
the water soluble polymer poly(ethylene glycol), they were
able to entrap bR such that it retained its proton pumping
capability, as demonstrated using liposomes with a pH
sensitive fluorophore in the internal aqueous compart-
ment. They also showed that the photoinduced ion
gradient could be coupled to the production of adenosine
triphosphate using a second entrapped membrane pro-
tein, F0F1-ATP synthase. Hence, such materials could serve
as biosolar cells or solar-based biofuel cells.


Very recently, O’Neill and Greenbaum reported on the
immobilization of the large transmembrane Photosystem
I (PSI) protein complex in glycerol-doped TMOS-derived
silica.52 Consistent with the results observed for liposomes
and bR, PSI could be successfully immobilized using a
low-alcohol route involving evaporated TMOS, although
large amounts of glycerol were needed to optimize the
immobilization of the active transmembrane protein
complex. By following the absorbance of PSI upon stimu-
lation with light, it was demonstrated that the intermo-
lecular electron-transfer function was intact, and this was
further evidenced by PSI-mediated hydrogen production.


Entrapment of Membrane Receptors
While several groups had demonstrated the entrapment of
liposomes and photoactive proteins, the extension to mem-
brane-bound receptors remained a challenge. In 2004, we
reported on a range of mesoporous and macroporous
materials that were able to entrap two ligand-binding
receptors, the nicotinic acetylcholine receptor (nAChR) from
Torpedo californica and the dopamine D2 receptor (D2short,
D2R), with retention of ligand binding ability.53 A significant
and unexpected finding was that low-alcohol and otherwise
“protein-compatible” silica processing methods using DGS


FIGURE 4. Comparison of phase transition behavior measured by
the steady-state anisotropy of DPH in phospholipid vesicles com-
posed of DPPC following entrapment in various sol–gel-derived
materials: (b) solution, (9) sodium silicate, (O) DGS, and (]) TEOS.
Decreases in the fluorescence anisotropy indicate increased mobility
of the probe within the membrane. [Reproduced from ref 42.
Copyright 2002 American Chemical Society]
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and sodium silicate precursors did not maintain the activity
of the entrapped receptors. In all cases, the water soluble
polymer polyethylene glycol (PEG) was required as an
additive to maintain the receptors in an active state (ca.
40–80% activity relative to solution). Low-molecular weight
PEG (MW 600) could be used to produce optically clear
mesoporous materials suitable for spectroscopic studies,
while higher-molecular weight PEG (MW 10000) could be
used to produce bimodal meso/macroporous materials with
entrapped receptors that were amenable to the formation
of monolithic chromatographic columns54 and thus could
serve as a platform for chromatographic screening methods.
Most importantly, as shown in Figure 6, these experiments
provided the first demonstration of ligand binding and
extraction of IC50 values for some prototypical agonists to
the entrapped receptors, which were in good agreement with
those obtained in solution. This highlighted the potential of
the entrapped receptors as a platform for high-throughput
screening. Furthermore, both proteins retained significant
activity upon storage, and in the case of nAChR, the receptor
could be reused over several assay cycles. Even with the
presence of large macropores, no receptor was observed to
leach from the materials, indicating that the proteoliposome
assembly was intact and sufficiently large to remain en-
trapped within macroporous materials.


FIGURE 5. (A) Schematic of the assay used to monitor ion flux through the membrane-spanning peptide gramicidin A. Passage of monovalent
cations through the gA ion channel induces membrane polarization that repels the positively charged dye, safranine O, from the membrane
with a concurrent decrease in fluorescence intensity. (B) Changes in fluorescence intensity of safranine O as a function of potassium iodide
concentration in solution (right) and following entrapment in DGS-derived silica (left). The insets show the time-dependent intensity response
of safranine O at a given KI concentration. [Panel A reproduced from ref 37. Copyright 2006, with kind permission of Springer Science and
Business Media. Panel B reproduced from ref 45. Copyright 2003 American Chemical Society]


FIGURE 6. Binding isotherms generated for solution-phase and
entrapped nicotinic acetylcholine receptor for epibatadine (red,
dashed line) and nicotine (blue, solid line). Solution-phase experi-
ments (top) were performed using standard radioligand ultra-
filtration measurements. Measurements for entrapped receptors
were performed via radioligand equilibrium dialysis, where the silica
matrix served as a pseudodialysis membrane for ligand parti-
tioning. [Reproduced from ref 53. Copyright 2004 American Chemical
Society]
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Emerging Applications
Since the initial reports on the immobilization of proteins
by the sol–gel route, there has been a significant body of
work on the use of this technology for the development
of devices and new applications. As noted in several
reviews, initial applications focused primarily on develop-
ment of biosensors,9,10 supported biocatalysts for biosyn-
thesis,9,11 and the development of immunoextraction
columns for sample cleanup.9,55 More recent applications
include bio-doped columns for protein digestion, which
are geared toward proteomic analysis, and sol–gel-based
microfluidic chips for sample preparation and cleanup,
as reviewed by Kato et al.56


Sol–gel materials are also emerging as important tools
in the medical area, and in particular in the area of high-
throughput screening (HTS) of small molecules that can
modulate protein function. As a starting point for the
development of sol–gel-based solid-phase HTS assays, we
examined the catalytic properties and inhibition of a series
of clinically relevant enzymes when entrapped in DGS
materials within 96-well plates.57 While both the catalytic
constant and Michaelis constant for entrapped enzymes
differed significantly from the solution values (mostly
because of mass transfer limitations and variations in
partitioning of substrates between solution and the solid
phase), it was determined that inhibition constants were
very similar to those obtained in solution (usually within
a factor of 2), indicating that inhibitor screening with
sol–gel-entrapped enzymes should be feasible.


The success in determining inhibition constants for
entrapped enzymes provided an impetus for the extension
of the sol–gel-based solid-phase screening platform to-
ward both microarray and column-based screening for-
mats. In the case of microarrays, our group and others
have shown that protein-doped sol–gel-derived materials
can be pin-printed onto surfaces as a microarray and used
for biosensing purposes.58,61 Furthermore, our group
demonstrated the potential of using microarrays of sol-
–gel-entrapped enzymes for detection of inhibitors.62


However, it was not until 2005 that we were able to show


the true potential of microarrays for HTS. Using a mi-
croarray with individual elements containing the R-cat-
alytic subunit of cAMP-dependent protein kinase (PKA)
co-entrapped with the peptide substrate kemptide, we
demonstrated the ability to monitor both phosphorylation
and inhibition of the kinase using overprinting of sub-
nanoliter volumes of inhibitors onto individual array
elements.63 The co-immobilized kinase–substrate mi-
croarray system was shown to be suitable for quantitative
inhibition assays and was able to provide accurate IC50


values for PKA inhibitors (see Figure 7).


Microarray-based screening has recently been extended
by Clark and co-workers, who reported on the fabrication
of cytochrome P450 (CYP450) microarrays based on pin-
spotting of methyltrimethoxysilane (MTMS)-derived materi-
als containing P450-doped microsomes.64 Clark’s study
demonstrated the ability of entrapped CYP450s to metabo-
lize prodrugs to active compounds, as demonstrated by a
microarray-based cytotoxicity screen, and also showed the
effects of CYP450 inhibitors on the enzyme function on the
array.64 Interestingly, this work was the first to demonstrate
entrapment of a viable membrane-bound protein within an
organically modified silica material and highlights the need
for further investigation of suitable sol–gel processing meth-
ods for entrapment of membrane proteins.


As noted above, part of our motivation for entrapping
membrane-bound proteins was to develop a chromato-
graphic assay platform for screening of small molecule
mixtures against membrane receptors. As part of this goal,
we developed a protein-compatible method that allowed us
to fabricate protein-doped monolithic silica materials that
contained both mesopores (∼3 nm diameter) to entrap
proteins and macropores (500 nm diameter) to allow high
rates of flow through the material with low backpressure.
These materials were initially utilized for the fabrication of
monolithic bioaffinity columns containing entrapped en-
zymes and for frontal affinity chromatographic (FAC) analy-
sis of ligand–protein interactions.54 In this method, ligand
mixtures are continuously infused into the capillary-scale
column, and the compounds break through in rank order


FIGURE 7. (A) Inhibition assay performed on a PKA–kemptide microarray. Inhibitor concentration increases from left to right, resulting in
decreased fluorescence intensity due to inhibition of the phosphorylation reaction. N is the BSA negative control, and P is the �-casein
positive control. (B) An IC50 curve generated from the inhibition assay. The background signals from the negative control sample have been
subtracted, and the data have been normalized to the maximum intensity obtained in the absence of inhibitor. [Reproduced from ref 63.
Copyright 2005 American Chemical Society]
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of their affinity for the entrapped protein. Several com-
pounds can be monitored simultaneously using mass spec-
trometry in multiple-reaction monitoring mode, allowing for
rapid screening of mixtures.65 Importantly, our initial studies
showed that dissociation constants obtained for interactions
between ligands and proteins entrapped in monolithic
columns matched the values obtained in solution, validating
the use of such columns for mixture screening. Such
columns could also be used for functional screening of
enzyme inhibition by monitoring changes in product/
substrate ratios with a continuous flow immobilized enzyme
reactor format and allowed for mixture screening and
deconvolution as well as accurate determination of inhibi-
tion constants.66


Very recently, we have extended this work to the entrap-
ment of nAChR for screening small molecule–protein inter-
actions by FAC-MS. 67 Using an optimized macroporous
sol–gel material, the monolithic bioaffinity columns retained
100% of the initially loaded receptor and exhibited very good
chromatographic performance. Figure 8 shows the frontal
chromatograms and the associated binding curve for the
nAChR-containing bioaffinity columns. Such columns pro-
vided frontal breakthroughs with excellent resolution and a
receptor–ligand binding constant that was very close to that
predicted from solution-based experiments.


Conclusions and Future Directions
While the entrapment of proteins via the sol–gel process
has been an active field of research since 1990, recent
advances in biocompatible processing have proven to be
important for the extension of this technology to delicate
proteins and critical for the entrapment of membrane
proteins. In particular, the use of polyol silane precursors
such as DGS and the development of sugar-modified silica
materials have led to significant improvements in material
properties. Over the past 5 years, a number of labile
proteins, including a range of key drug targets, have been
successfully entrapped in protein-friendly silica materials,
and this has allowed the development of a series of new
formats for screening small molecule–protein interactions.
However, at this point, only a limited number of receptors
have been entrapped, and further efforts are needed to
extend the range of membrane proteins that have been
entrapped and to diversify into other families of receptors,
including receptor tyrosine kinases and membrane trans-
port proteins.


Besides extending to different proteins, other fun-
damental questions should also be addressed. For
example, there is a need to better understand the nature
of the interactions among proteins, lipids, and silica and
how the silica materials and sol–gel processing method
might be modified to alter these interactions in a
rational manner. There is also a need to address
practical issues such as how to increase the level of
membrane protein loading, improve protein accessibil-
ity, and control factors that affect catalytic and/or
binding constants. It is expected that fundamental and
technological advances will expedite the uses of these
membrane protein-doped materials for HTS and drug
discovery applications based on microarrays and bio-
affinity chromatography techniques.
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ABSTRACT
Research on the properties and applications of molecules doped
into sol–gel-derived silica matrices has expanded rapidly. This
Account begins with a brief review of the use of the dopant
molecules as probes of the changes that occur as the system evolves
from the initial sol to the final xerogel during the formation of
monoliths, thin films, and mesostructured films. Methods of
deliberately placing desired molecules in specific regions of the
mesostructure are discussed, and an application, energy transfer,
is presented. Finally, encapsulation of biological molecules is
examined, and two important aspects, stabilization of the biomol-
ecules and applications as biosensors, are described.


1. Introduction
The sol–gel process is a simple, bench-top chemical
synthesis method for forming inorganic glass at room
temperature. The use of alkoxysilane precursors to prepare
transparent silicate glass can be traced back to the 19th
century. Because of the low temperature and mild syn-
thetic conditions, molecular dopants that are impossible
to add to traditional glasses because of the high melting
temperatures can be incorporated in sol–gel-derived
materials. Although studies as early as 1949 demonstrated
that organic dyes could be incorporated in a silica matrix
prepared at room temperature,1 it was not until the 1980s
that systematic studies based on alkoxysilanes began.2 As
interest expanded, the research evolved into two comple-
mentary directions: (1) the incorporation of organic


molecules as spectroscopic probes of sol–gel chemistry
and structure and (2) the development of materials with
functional optical properties. The overwhelming success
of this work led researchers to explore other systems, in
particular, biomolecules.


In this Account, we review the evolution of a field
based on the incorporation of dopant molecules in
sol–gel-derived matrices. We begin with the work on
spectroscopic probes of the physical and chemical
changes that occur during sol–gel processing. We
continue with studies of thin films, meso-structured
materials with ordered arrays of templated pores, and
the deliberate placement of active molecules within
mesostructured materials. The development of materials
that exhibit designed optical properties, on the basis
of the added dopant, is discussed briefly because other
contributors to this special issue cover that topic in far
greater detail. We conclude with a review of biomolecule
encapsulation in sol–gel matrices.


Preparation of Inorganic Glasses by the Sol–Gel
Method. The synthesis of materials by the sol–gel process
generally involves the use of metal alkoxides, which
undergo hydrolysis and condensation polymerization.3,4


One of the advantages of the sol–gel process is the
versatility of fabricating the materials derived from this
process into different forms, including bulk monoliths,
fibers, and films. The overall reactions leading to the
formation of silica are


Si(OR)4 + 4H2Of Si(OH)4 + 4ROH (1)


nSi(OH)4fnSiO2 + 2nH2O (2)


The sol–gel process can ordinarily be divided into the
following steps: forming a solution, gelation, aging, drying,
and densification. In the preparation of a silica glass, an
appropriate alkoxide [e.g., tetraethoxysilane (TEOS),
Si(OC2H5)4, or tetramethoxysilicate (TMOS), Si(OCH3)4] is
mixed with water and a mutual solvent, such as ethanol
or methanol, to form a solution. Hydrolysis leads to the
formation of silanol groups, Si–OH. These species are only
intermediates because they react further to form Si–O–Si
groups. As the hydrolysis and condensation polymeriza-
tion reactions continue, viscosity increases until the
solution ceases to flow. This sol–gel transition is irrevers-
ible, and at this stage, the one-phase liquid is transformed
to a two-phase system. The gel consists of amorphous
primary particles of variable size (5–10 nm or smaller) with
an interstitial liquid phase. At this stage, the pores have
yet to shrink and the liquid phase fills the pores. After
gelation, gels are generally subjected to an aging treat-
ment. Condensation reactions continue, increasing the
degree of cross-linking in the network. The aging process
is followed by drying, which involves the removal of the
liquid phase and the formation of a xerogel. Ambient-
temperature evaporation is frequently employed, and
there is considerable weight loss and shrinkage. It is at
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this stage that pore collapse occurs, decreasing the pore
size and thus decreasing the solvent volume.


2. Spectroscopic Probes of the Sol–Gel
Process
Spectroscopic probes have been used to characterize the
chemical and physical changes that occur during the
various stages of the sol–gel process.5 In the use of
spectroscopic probes of the sol–gel process, a critical
question to be considered is the location of the probe
molecule because this determines the environment to
which it is exposed. Four general locations of the sol–gel
matrix are identified in Figure 1. As reviewed below, the
various probe studies provide insight concerning the
identity or composition of the solvent, its polarity, viscos-
ity, the pH of the solvent (if it includes water), and the
rates of chemical reactions. The influence of the pore walls
may also be very important, even when the molecule is
dissolved in a solvent contained in the pore.


Pyranine (8-hydroxy-1,3,6-trisulfonated pyrene) has
emerged as an extremely useful spectroscopic probe for
sol–gel processes.6,7 Pyranine was first used as a probe to
detect solvent chemistry changes in TMOS and alumino-
silicate sol–gels during sol formation and gelation. The
luminescence peaks for the protonated and deprotonated
forms are different, enabling a luminescence ratio method
to be used to determine the water/alcohol ratio in the sol
and the pore solvent (Figure 2). These experiments
demonstrated that changes in gel chemistry occur well
beyond the gelation stage. Another important result was
the discovery that the trapped pyranine communicated
through pores with the environment outside of the glass,
which has led to the use of doped sol–gels as chemical
sensors.


A different spectroscopic probing method, fluorescence
polarization, has been useful in detecting the onset of
gelation.8,9 Fluorescence polarization measures the rota-
tion of a molecule in a sol–gel matrix by monitoring the
reorientational movements of molecules. One of the most
important results of these studies was the interpretation


of sol–gel “domains” of “constant”, “low”, “intermediate”,
and “high” microviscosities. The “constant” domain cor-
responds to the pore solvent region in which the molecule
has a reorientation time similar to that in a solution in a
beaker. The other microviscosity domains probably cor-
respond to the interface, pore wall, and constraining
regions.


Rigidochromism provides a probe method that mea-
sures the reorientation of solvent dipoles around the
probe. The luminescence rigidochromism of (2,2-bipy-
ridine)tris(carbonyl)-chlororhenium(I), ClRe(CO)3-2,2-bi-
pyridine, was used to probe aging and drying processes
at the nanodimensional level, which occur during the
sol–gel–xerogel processes of TEOS silicates and alumino-
silicates.10 In the silicate sol–gel system formed from
TEOS, the solvent molecules remain unconstrained in an
interstitial liquid phase until the final stages of drying.


3. Spectroscopic Probes of Thin-Film
Formation and Dynamics


Silica Films. Sol–gel thin films are technologically
important because of their applications in optical and
electronic coatings.3,4 We successfully applied our spec-
troscopic probe methods to sol–gel-film formation.11 In


FIGURE 1. Representation of the four locations for dopant molecules
in sol–gel materials: the interior of the pore, the interface between
the solvent and the pore wall, the pore wall, and the constraining
region.5


FIGURE 2. Pyranine has been widely used as a probe molecule to
detect solvent changes during sol–gel processing. The structure of
the protonated form of pyranine (the dominant form in alcohol) is
shown on the top. On the bottom is shown how the changes in the
luminescence spectra of pyranine vary as a function of the ethanol/
water ratio.7
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this work, we were able to characterize the chemical and
structural evolution using real-time, in situ monitoring of
spectroscopic probe molecules.


We focused on films formed by the dip-coating process,
in which a substrate is withdrawn slowly at a constant speed
from a sol that contains mono- or oligomeric silicate
species.11 The moving substrate entrains the sol forming the
liquid film. This film thins by solvent evaporation, gravita-
tional draining, and possibly surface-tension-gradient driven
flow. In our first studies, we combined interferometry with
luminescence spectroscopy of pyranine to establish that
preferential evaporation of alcohol occurs during film depo-
sition, leading to the formation of a water-rich film that
subsequently dries to form the deposited film. The structural
evolution during film deposition is very complex and rapid;
the sol–gel–xerogel transformation is complete within 30 s.
The result is that the drying stage overlaps with hydrolysis
and condensation reactions. The use of interferometry is an
important part of this experiment because it allows us to
measure the changing thickness of the film as it is being
formed on the substrate. When both interferometry and
fluorescence depolarization are used simultaneously, the
results show that probes tumble freely throughout much of
the dip-coating process, suggesting that oligomer aggrega-
tion forms an extensive silicate framework. In aged sols,
however, probe motion is constrained to a much greater
extent because there is a higher degree of condensation/
oligomer formation in the sol.


Mesostructured Films. Recent developments in the
preparation of surfactant-templated mesostructured
sol–gel silica materials have extended the morphology
from the originally discovered powders, with particle sizes
on the order of micrometers,12 to continuous thin films.13


Mesostructured sol–gel thin films formed by the rapid dip-
coating method have been made with hexagonal, lamellar,
and cubic structures that possess a high degree of long-


range order. The starting point of the process is a solution
containing all of the components, molecular precursor,
solvent(s), and surfactant, that assemble to form the final
solid (Figure 3). All of the steps leading to the final
material, including micelle formation and the hydrolysis
and condensation reactions that form the silica, occur
above the sol as the substrate is pulled from the liquid.
As the substrate is withdrawn at a constant rate from the
solution, the processes occur at different heights and
times; the spatial separation enables the various stages
of the process to be interrogated.


The application of spectroscopic probe methods has
been extremely useful for understanding the synthesis of
mesosotructured films because the information obtained
includes details of micelle formation, chemical changes
occurring in the film, and film drying. The initial studies
used cetyltrimethylammonium bromide (CTAB) as the
structure-directing agent for silica films and 2-p-toluidinyl
naphthalene-6-sulfonate (TNS) to determine the point
during the film deposition process when sufficient evapo-
ration had occurred, so that the critical micelle concentra-
tion (cmc) was reached.13 In other work (Figure 3), we
combined two spectroscopic probe molecules, pyranine
and pyrene, in the study of mesostructured films tem-
plated with sodium dodecyl sulfate (SDS).14 Luminescence
peaks from pyranine showed that the preferential loss of
alcohol gives a water-rich film near the end of the film
deposition process. The second probe molecule, pyrene,
is sensitive to the polarity of its immediate environment
and has been used to monitor micelle formation. The
relative intensities of the vibronic emission bands (Figure
3) undergo systematic variations as the local surroundings
change from the polar sol to the nonpolar micelle. These
micelles formed within a few seconds after the substrate
left the sol.


FIGURE 3. Pictorial representation of the mesostructure-film formation process. The spatially and temporally separated steps are micelle
formation, network formation, and silicate condensation that keeps the mesostructure intact. The spectral changes of pyranine (left) monitor
the preferential evaporation of alcohol during deposition. The spectral changes of pyrene (right) monitor micelle formation.
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Rigidochromic probe molecules were also used suc-
cessfully to study the properties of mesostructured silica
films. In this work, the probe molecule, ClRe(CO)3-2,2′-
bipyridine, served dual functions: its emission band
maximum shifts to a higher energy with an increasing
rigidity of its environment, and simultaneously, the fluo-
rescence depolarization measures the mobility of the
probe molecule itself.15 In freshly prepared mesostruc-
tured films, the probe molecules reside in both the silica
framework (in a rigid environment) and the ionic interface
region near the surfactant head groups (in a nonrigid
environment) as shown by the rigidochromic shift. The
fluorescence depolarization confirms the rigidity; the
molecule is fixed in position in the silica framework but
rotates in the interface region. The spectra of the probe
in dried, and frozen films show that maximum rigidity is
achieved at low temperatures.


4. Deliberate Placement of Probe Molecules
The use of nonpolar spectroscopic probe molecules,
pyrene and TNS, in the above studies suggested the
possibility of deliberately placing molecules within specific
regions of mesostructured films. Our work over the past
few years has demonstrated that, by using appropriate
strategies, it is possible to place a wide variety of dopant
molecules in specific regions of mesostructured mater-
ials.16,17 At the end of this section, we describe an
application of the deliberate placement strategy, where
energy transfer occurs between separated donor and
acceptor molecules.18


Mesostructured materials consist of three distinct
regions. The regions are shown in Figure 4. The silica
network that holds the material together is termed the
framework. The thickness of the framework can be


controlled by both the sol–gel chemistry and the speed
of the dip-coating process. The region containing the
hydrophobic long-chain hydrocarbon tails of the surfac-
tant is called the organic region. It is a planar sheet in the
lamellar materials and a cylinder in the hexagonal materi-
als. The dimensions of the organic region are controlled
by the length of the hydrocarbon tail of the surfactant used
in the preparation. The third region that contains the ionic
head group of the surfactant and the counterions is called
the ionic region. It is a few angstroms thick and forms
the interface between the framework and the organic
region. In the as-deposited films, it also contains residual
water as well as ions from the acid catalyst and buffer if
they were used in the preparation.


Strategies for Placing Active Molecules in Desired
Regions. We have used three synthetic strategies for
placing the donor and acceptor in the structured film.16,17


These strategies are (a) physically immobilizing the desired
molecule in the desired region (“philicity” strategy), (b)
chemically forming the framework composed of the
molecule (bonding strategy), and (c) chemically bonding
one part of the molecule to the framework/ionic interface
and incorporating the other parts elsewhere (“bifunc-
tional” strategy). Examples of these strategies are shown
in Figure 4.


Physical immobilization of molecules utilizes the site
“philicity” (or local solubility) of the molecule. Hydro-
phobic molecules will reside in the organic region of the
final material; ionic molecules will reside in the ionic
region; and neutral polar molecules will reside in the
framework. The best examples of the use of this simple
strategy involve hydrophobic molecules, where pyrene was
used as a probe of micelle formation14 and rhodamine
6G (R6G) was used as an energy acceptor as discussed
below.


The method of choice for deliberately placing the donor
or acceptor in the framework region of the material is to
make the active molecule the building block of the
framework. In this method, the active molecule itself will
form the framework.16,17 The major requirements are that
the molecule must itself undergo hydrolysis and conden-
sation to form the framework and it also must allow for
templating by the micelles to occur before the final
framework is formed. One successful approach has in-
volved rare earth complexes of Eu and Tb, chelated by an
alkoxysilylated ligand that becomes incorporated in the
silicate framework (Figure 4).


The ideal method for placing an active molecule at the
interface between the framework and the ionic region is
to chemically bond it to the outside of the framework. This
method can be achieved by making one end of the
molecule a trialkoxysilane and the other end hydro-
phobic.16,17 This approach has been successfully applied
to ruthenium complexes.


Application of Deliberate Placement: Energy Transfer.
A recent example of functionality induced in nanostruc-
tured films is the energy transfer between spatially sepa-
rated donor and acceptor molecules.18 Quantitative mea-
surements of energy transfer, in conjunction with spec-


FIGURE 4. Examples of molecules placed in specific regions of a
mesostructured film. The different regions are the silica framework,
the organic interior of the micelle, and the ionic interface between
them. The strategies for placing specific molecules in the different
regions are discussed in the text.
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troscopic wavelength shifts, demonstrated that spatial
separation on the nanoscale actually does occur. In
addition, energy transfer was used as a molecular ruler
to study material properties.


The silicate thin films that were used in the energy-
transfer studies had a 2D hexagonal structure templated
by CTAB. The films were doped simultaneously with two
different luminescent molecules, R6G and a Tb complex.18


Luminescence spectroscopy showed that R6G, the mol-
ecule chosen as the energy acceptor, was incorporated in
the surfactant micelles and that the Tb complex chelated
by an alkoxysilylated ligand was incorporated in the
silicate framework. Steady-state luminescence spectra,
lifetime measurements of R6G luminescence, and lifetime
measurements of the emission of the Tb complex provided
evidence of energy transfer. The Tb luminescence lifetime
measurements were used to calculate the distance be-
tween Tb and R6G in nanostructured films according to
the Förster model. At the lowest R6G/Tb concentration
ratio studied, 1.6:100 R6G/Tb, a large average Tb–R6G
distance of R ) 65 Å was calculated. This distance
decreased as the R6G concentration increased until it
reached a minimum value of 29 Å at 20:100 R6G/Tb.


5. Functional Properties of Dye-Doped Sol–Gel
Materials
In parallel with research on spectroscopic probes was a
significant effort at creating a new generation of optical
materials based on doping-specific organic and organo-
metallic molecules in sol–gel-derived matrices.19 The
sol–gel process is sufficiently benign that the molecules
dissolved in the inorganic glass matrix effectively retain
their characteristic solution properties. Using the sol–gel
doping approach, a wide variety of materials with de-
signed optical properties were produced. Some of the
more significant properties demonstrated by dye-doped
sol–gel materials are photochromism,6 laser action,20


surface-enhanced Raman emission,21 and a variety of
nonlinear optical properties.22 As recent review papers
indicate,22,23 this field continues to generate considerable
interest, with particular emphasis on the technological
development of optical communication devices that use
sol–gel-derived inorganic/organic hybrid materials.


The use of sol–gel materials for sensor applications has
emerged over the past decade because of the ability to
adapt this approach as a optochemical transducer plat-
form for a wide range of fields ranging from food analysis
and environmental monitoring to drug detection and
biosensing. As described in the following section, some
of these areas are based on the encapsulation of biomol-
ecules rather than probe molecules. However, the recog-
nition that sol–gel materials could serve as sensors stems
from the spectroscopic probe studies involving pyranine.7


In this work, pyranine was effectively trapped inside the
solid monolith, but it still responded to the external
solvent composition. The enabling microstructural feature,
which was not appreciated until this study, was that the
pore network was interconnected from the interior to the


exterior. This sensitivity to external solvents and their
dissolved species led to the demonstration of optical
sensors for pH and various chemicals.6,24 The ability to
couple sol–gel materials processing with ink jet printing
has been an important step toward commercialization.


6. Encapsulation of Biological Molecules in
Sol–Gel Matrices
The emergence of sol–gel methods for immobilizing
biomolecules has two points of origin. First, it was
abundantly clear from the research on encapsulating
organic and organometallic molecules that the ability to
dope sol–gel glasses was not limited to just a few systems.
As long as the dopant was soluble in the aqueous or
alcohol-based solvent, it could be incorporated within the
sol–gel matrix and, in most cases, effectively impart its
properties to the resulting solid. It would seem that an
analogous approach would be feasible for biomolecular
dopants. Second, there was a growing interest in using
sol–gel materials for optically based chemical sensors. The
ability to dope biomolecules in the sol–gel matrix would
not only lead to better specificity and sensitivity but also
enable biosensing applications. Today, the field of sol–gel
immobilization of biomolecules is a very active one.25 The
field has grown dramatically because there is now the
ability to routinely use sol–gel methods to encapsulate
biomolecules ranging in size from small proteins of a few
nanometers to whole cells of several micrometers. The
field has diversified from soluble proteins to membrane-
bound proteins and from sensor applications to new
directions, such as high throughput drug screening and
energy storage. While the encapsulation of cells was one
of the first studies in the field,26 after only modest interest
for a number of years,27 the topic of cell encapsulation is
rapidly gaining renewed interest in part because of new
synthetic routes.28,29 In this section, we highlight some
of the features that have led to the emergence of sol–gel
encapsulation of biomolecules. We conclude the section
with a discussion of future directions.


The earliest examples of biomolecule encapsulation in
sol–gel matrices were largely directed at the encapsulation
of soluble proteins.30,31 The fundamental question ad-
dressed in these studies was whether proteins retained
their characteristic reactivity and function when encap-
sulated in the sol–gel-derived SiO2 matrix. These first
biomolecule encapsulation studies showed that, as long
as one used synthesis conditions that avoided protein
denaturation, the immobilized enzymes retained their
catalytic ability, proteins exhibited their metal-exchange
properties, heme proteins displayed redox behavior and
ligand binding, and antibodies retained their binding
affinity.6,32


The ability to prepare optically transparent materials
was an important consideration in many studies because
it was possible to monitor the spectroscopic response of
the sol–gel material throughout the processes of gelation,
aging, and drying. The visible electronic spectra of met-
alloproteins were especially useful for these studies be-
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cause the spectra are sensitive to protein conformation
and metal-ion occupancy.33 The binding of various ligands
to myoglobin (Mb) is shown in Figure 5. The absorption
spectra for sol–gel-encapsulated deoxy-Mb, carbonyl-Mb,
and oxy-Mb exhibit the same spectroscopic features as
the corresponding solutions. The similarity in spectra
between encapsulated proteins and those in solution
demonstrated very early that it was possible to encapsu-
late proteins in sol–gel matrices without altering the
protein structure. It should be noted, however, that the
sol–gel encapsulation process does not always trap the
protein in its native conformation, because there are
instances where intermediate conformations are
trapped.34 In addition to enabling studies of proteins in
metastable conformations, sol–gel encapsulation also
enables researchers to study the effect of confinement on
the protein structure and stability.35


An important contribution in these early studies was
the development of relatively simple synthetic proce-
dures that successfully avoid protein denaturation. A
two-step approach was devised in which TMOS was
prehydrolyzed, generally without the addition of alco-
hol, followed by the addition of buffer to bring the pH
to a range where the protein was stable.31,36 A benefit
of this approach was the ability to produce transparent
monoliths, usually formed in spectroscopy cuvettes, to
facilitate in situ monitoring of the spectroscopic prop-


erties of the protein. As the biomolecule immobilization
field has continued to grow, there is interest in develop-
ing matrices for biosystems (e.g., phospholipids and
whole cells) that cannot tolerate alcohols. As a result, a
number of approaches have emerged in recent years
that greatly lower the alcohol content and generally
provide improvements in microstructure control. These
include aqueous synthesis routes based on sodium
silicate37 and the use of biocompatible silane precursors
containing bound sugar moieties.38


Biosensor Applications and Enhanced Stability. The
early studies with soluble proteins established two key
features. First, materials based on the sol–gel encapsula-
tion of biomolecules represented a new generation of
materials for highly selective and sensitive biosensors. The
second key attribute is the enhanced stability of the
protein that arises from the encapsulation process. Trap-
ping the protein in the silica cage effectively suppresses
protein unfolding and avoids denaturation. Figure 6
illustrates how the biomolecule is confined within a large
pore and yet is able to respond to small analyte molecules
because of the inherent porosity of the sol–gel matrix.


Biosensors. Biosensors have proven to be an ex-
tremely successful direction for sol–gel-encapsulated
biomolecules.39 Despite being trapped in the matrix,
biological molecules retain the catalytic, recognition,
and transduction functions that make the resulting
sol–gel materials ideal for the design of sensors over a
broad range of areas, including medical and health care,
environmental monitoring, industrial processing, food
quality, toxic chemicals, and explosives. Finally, it is
important to mention that sol–gel-based biosensors
have moved beyond the research stage, and com-
mercialization efforts are well underway.


Glucose sensors based on the encapsulation of glucose
oxidase (GOx) have received more attention than any other


FIGURE 5. Absorption spectra for met-Mb, deoxy-Mb, carbonyl-
Mb, and oxy-Mb in solution (A, B, E, and F) and in the sol–gel matrix
(C, D, G, and H).31 The spectral similarity between the encapsulated
and dissolved proteins was an early demonstration that sol–gel
immobilization did not destroy the protein structure.


FIGURE 6. Idealized microstructure of a sol–gel glass containing a
biomolecule. The porous sol–gel glass is tailored so that large protein
macromolecules are immobilized in the matrix, while small molecules
(i.e., the analyte to be detected) are free to enter and diffuse through
the porous network.32
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encapsulated enzyme system, and these studies under-
score the versatility of using sol–gel methods for bio-
sensing.32,39 Both optical- and electrochemical-sensing
schemes have been demonstrated, involving a variety of
matrices based on sol–gel synthesis. Sol–gel-based bio-
sensors have been reported for a wide variety of oxi-
doreductases. In the case of dehydrogenases, a coenzyme
of nicotinamide adenine dinucleotide (NAD) or nicotina-
mide adenine dinucleotide phosphate (NADP) is required,
and such systems have been shown to function effectively
in sol–gel matrices.40 One advantage here for optical
detection is that the reduced form of the coenzyme (e.g.,
NADH) is luminescent, while the oxidized form (e.g.,
NAD+) is not. This distinguishing characteristic was used
in the development of a enzyme-based biosensor for
detection of the neurotransmitter, glutamate.


Another biosensor area where sol–gel methods have
had a significant impact is in the development of antibody-
based sensors.39,41 The attractiveness of using immunoas-
says stems from the highly selective recognition of target
analytes as well as the ability to develop antibodies to an
extraordinary range of antigens. One advantage of the
sol–gel approach is that it offers a generic immobilization
strategy adaptable to different antibody systems and
requires one or two steps rather than the multiple steps
involved in the usual sandwich-type assay. Moreover, as
was the case with enzymatic sensors, sol–gel approaches
are readily adapted to optical- and electrochemical-
detection methods. Recent studies have extended sol–gel
immunoassays to explosive detection,42 pathogens, her-
bicides, and hormones.25


Protein Stabilization. One of the most important
benefits of sol–gel immobilization is the ability to stabilize
biomolecules through encapsulation. There is indirect
evidence that a biomolecule designs a self-specific pore
as the silicate network forms around it during sol–gel
hydrolysis and condensation reactions.33 This silicate
“cage” defines the pore according to the size and shape
requirements of the biomolecule. Consequently, the bio-
molecule prevents its surrounding pore from collapsing,
while the matrix protects the biomolecule from unfolding
and aggregation. In addition, the matrix prevents contact
with proteases or microorganisms. In research to date,
enhanced stability has been reported in terms of thermal,
storage, and chemical stability for sol–gel-immobilized
biomolecules. Among the more significant results are
those reported for three flavoprotein oxidases, glucose
oxidase (GOx), lactate oxidase (LOx), and glycolate oxidase
(GLyOx),43 cytochrome c (cyt c),33 phosphatases,30 R-lac-
talbumin,35 and creatine kinase.44 The extent of stabiliza-
tion for GOx was particularly impressive, because the half-
life at 63 °C was increased 200-fold upon sol–gel encap-
sulation as compared to the enzyme in water.


The storage stability of sol–gel-encapsulated biomol-
ecules was noted in the first studies,30 and subsequent
work has quantified this behavior. A more recent example
is the study reported using creatine kinase.44 In solution,
the enzymatic activity decreases to ∼50% of its initial
activity within 10 days, while the sol–gel-encapsulated


material retained some 90% of its initial activity after 5
months. Recent results show that sol–gel encapsulation
effectively prevents proteases from affecting the proton-
pumping characteristics of bacteriorhodopsin.45 Closely
related to the storage stability is the chemical stability of
sol–gel-encapsulated biomolecules. The isolation of pro-
teins within pores constrains their translational mobility,
thus avoiding aggregation despite exposing the sol–gel-
encapsulated protein to solvent conditions that commonly
promote protein aggregation (pH, alcohol, and ionic
strength). The matrix may also prevent the protein from
unfolding, and the importance of confined water within
the pores has also been suggested to be an important
consideration.35


Future Directions. Recent reviews have emphasized
the increased interest in the sol–gel encapsulation of
whole cells.25,28 As indicated previously, the development
of new synthetic approaches has overcome many of the
alcohol and pH limitations experienced in earlier work,
enabling the field to make progress in a number of areas.
With the ability of cells to be used in a variety of areas,
including biosynthesis, sensing, and as scaffolds for cell
and tissue growth, it is evident that the cell encapsulation
area will be an active one in the coming years.


Another emerging area for the bioencapsulation field
is that of incorporating membrane-bound proteins.
Membrane-receptor proteins play a vital role in con-
trolling cell processes, and the ability to immobilize
these proteins in inorganic matrices represents a sig-
nificant step forward in developing a new generation
of biologically active materials. A few studies have now
appeared that highlight some future opportunities.
These first reports include the successful sol–gel en-
capsulation of the transmembrane peptide ion-channel
gramicidin A, a ligand-gated ion channel (nicotinic
acetylcholine receptor), and a G-protein-coupled recep-
tor (dopamine D2 receptor).46 These studies point to
the promise of applying sol–gel methods in areas such
as high-throughput drug screening and for new genera-
tions of sensors. Another recent paper, which reported
the encapsulation of both bacteriorhodopsin and F0F1-
ATP synthase, successfully demonstrated the use of a
photo-induced proton gradient for the biosynthesis of
ATP.45 This work underscores the prospect of using
membrane-associated proteins to design multifunc-
tional biocomposite materials, which enable biological
modes of power generation and energy storage.


Another potential research area related to energy
production is that of using sol–gel encapsulation to
harness biomolecules for fuel cells. The field of biofuel
cells is rapidly emerging, and the ability to fabricate
electrodes with enhanced enzyme stability and operation
at elevated temperatures is very attractive for biofuel cell
operation. Nanostructured composite electrodes based on
enzyme encapsulation and the incorporation of carbon
nanotubes was recently reported.47 The enzymes, GOx and
bilirubin oxidase, maintain their biocatalytic activity in the
sol–gel matrix, and the first sol–gel-based glucose–oxygen
biofuel cells exhibited voltage and power density values
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comparable to that reported for the same enzyme system
using traditional methods. With the ability to encapsulate
whole cells, it would seem that the development of
microbial fuel cells could also benefit by incorporating
sol–gel encapsulation strategies.


7. Summary
This Account has traced the development of molecules
entrapped in silica prepared by sol–gel methods, from the
first reports of the incorporation of organic molecules to
the design and synthesis of advanced functional materials.
The new generation of materials, which involves such
areas as nanostructures,13 self-assembly,18 molecular ma-
chines,48 and biosystems,25 attests to the vitality of this
field.


We are grateful for the support of our research by the National
Science Foundation (DMR-0103952).
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ABSTRACT
Detection and quantification of analytes in clinical settings (e.g.,
routine blood testing), at home (e.g., glucose monitoring), in the
field (e.g., environmental monitoring, war fighter protection,
homeland security), and in the factory (e.g., worker health, beverage
and food safety) is exceedingly challenging. Chemical sensors and
biosensors have attracted considerable attention because of their
perceived ability to meet these challenges. Chemical sensors exploit
a recognition element in concert with a transduction strategy. When
the recognition element is biological (e.g., antibody, aptamer,
enzyme), the sensor is termed a biosensor. There is substantial
literature on biosensing; however, there are compelling reasons for
developing inexpensive, robust, and reusable alternatives for the
expensive or unstable biorecognition elements. This Account
summarizes recent research on designing and producing analyte-
responsive materials based on molecularly imprinted xerogels.


Introduction
Sol–gel processing1 offers an attractive pathway to produce
high-quality optical materials for photonic applications.2–4


In contrast to conventional glass production methods
from molten inorganic oxides, sol–gel processing allows
one to prepare a wide variety of glasses under ambient
conditions. Xerogels (Figure 1) are produced when the sol
is allowed to gel and then dry under ambient conditions.
Xerogels have been investigated widely for optosensor
development because the processing conditions are mild,
one can easily dope them with a plethora of active agents,
they exhibit good stability, and they can be made optically
transparent.1,5–8 Xerogels also provide a convenient means
to produce materials with tailored physicochemical
properties.8–10


Figure 2 illustrates our research group’s overall ap-
proach for producing tailored optical sensors from xero-
gels. By choosing the precursor chemistry (i.e., R′); molar
ratios of precursor, water, catalyst, and cosolvent; and the
processing conditions (Figure 2A) that one uses to prepare
the colloidal sol, one can design and create xerogels with
specific chemical (Figure 2A), nanoscale (Figure 2B), and
micrometer scale (Figure 2C) features that can be inte-
grated into complete sensing systems (Figure 2D).


In this Account, we review strategies for producing
analyte-responsive materials based on molecularly im-
printed xerogels.


Xerogels Doped with Active Agents
Active agent immobilization is important in numerous
chemistry subdisciplines (e.g., catalysis, extractions, sens-
ing, separation sciences).11–13 Immobilization falls into
three main categories: (1) physisorption, (2) covalent
attachment, and (3) entrapment. Physisorption techniques
are the simplest; however, the approach has several
disadvantages. Random orientation of the active agent at
the surface can lead to its inaccessibility to the target
molecule in question (e.g., analyte, substrate), and because
this method lacks covalent chemical bonds, the “im-
mobilized” agent sometimes leaches or desorbs from the
surface. Covalent attachment schemes generally form
more stable interfaces in comparison to physisorption,
and active agent leaching from the surface is lessened.
However, orientation can remain an issue, the immobi-
lization chemistry is more elaborate, and attachment can
be challenging, costly, and time intensive. Active agent
sequestration within an intrinsically porous three-dimen-
sional network is an attractive alternative strategy.


In the late 1980s and early 1990s, we14–16 and others17,18


were developing ways to create oriented, surface-im-
mobilized biorecognition elements (e.g., antibodies) for
sensor and separation applications. In our hands, antibody
orientation proved very challenging and frustrating. In late
1991, a UB colleague, Paras N. Prasad, came to one of the
authors (F.V.B.) for help in addressing a problem associ-
ated with dopant behavior with xerogels. At the time,
Prasad’s group had been developing xerogels for fascinat-
ing nonlinear optical applications. In early 1992, Prasad
and Bright were able to convince a new graduate student,
Upvan Narang, to work with them on this problem. At
that time, xerogels were totally unknown to the Bright
group, but it did not take long for us to become intrigued,
especially after reading excellent books and papers
authored by, for example, Avnir,19 Brinker,1,20 Dunn,
Valentine and Zink,21 and Reisfield.22 To say our interest
was “peaked” is a mild understatement!


Our laboratory’s early xerogel research focused on the
behavior of organic luminophores sequestered within
simple xerogels (i.e., ones composed of tetramethyl-
orthosilane (TMOS) or teteraethylorthosilane (TEOS)).23,24
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Inspired by the Jerusalem, New Mexico, and UCLA
researchers, we took the leap in 1993 and showed that
intact IgG antibodies could function when sequestered
within xerogels.25 These results were eye opening. They
meant no more struggling to create Fab fragments and
dealing with surface loadings and tedious covalent bond
formation protocols. One could directly sequester an
intact antibody within a xerogel, and the antibody “func-
tioned”. In several public forums, Bright often referred to
the entire process of antibody sequestration within xero-
gels as “full professor chemistry”. In retrospect, this was
not a particularly smart statement given that Bright
himself had yet to attain the rank at that particular point
in time! In 2000, our laboratory finally drummed up the
courage to quantify how well an antibody functioned
within a xerogel in comparison to aqueous solution.26


Ultimately we discovered that there was less than a 10-
fold decrease in the antibody binding affinity when it was
sequestered within the xerogel, and the antibodies were
remarkably stable when sequestered within the xerogel.
Stability was not a hallmark of our earlier biosensor
platforms.


Figure 3 illustrates the fabrication of an active agent-
doped xerogel wherein one or more of a wide variety
of artificial receptors,27 antibodies,25,26,28,29 cells,30–33


enzymes,34–38 or luminophores39–42 can be introduced into
the sol and sequestered within the xerogel network. In a
sensor scheme, the target analyte partitions into the
intrinsically porous xerogel and interacts with the active
agent (recognition element) to produce an optical, mass,
thermal, or electrochemical response that is related to the
analyte concentration within the sample.8–10 This concept


has, of course, been parallelized by using xerogel-based
sensor arrays43–48 for simultaneous multianalyte detection.


Between our initial xerogel foray in 1993 and the early
2000s, the primary focus of our xerogel research was to
determine how more complex active dopants were behav-
ing within xerogels and how the processing conditions and
precursor chemical structures influenced the dopant’s
behavior and photophysics. However, the sensor aspects
of our research relied on active agents, on being able to
sequester these agents within the xerogel, and then on
being able to exploit the entrapped agent for sensor
applications. Our focus began to shift in late 2002 after
Bright made a visit to The College of Wooster. At Wooster
there was a new faculty member on staff named Paul L.
Edmiston. Edmiston was a graduate student studying for
his Ph.D. with S. Scott Saavedra at the University of
Arizona when Bright visited there in 1996. Bright and
Edmiston had known one another for several years;
Edmiston and one of Bright’s former graduate students
(Emily D. Niemeyer) were also ACS Analytical Division
Fellows in the late 1990s. During Bright’s 2002 Wooster
visit and meetings with Edmiston, he became intrigued
by Edmiston’s efforts (vide infra) to create small molecule
responsive chemical sensors based on xerogels and mo-
lecular imprinting. It was obvious that this basic concept
had serious potential and might eliminate the need for
labile biorecognition elements like antibodies and en-
zymes, but there was much to overcome.


Molecularly Imprinted Materials
Biorecognition elements, although selective, have their
limitations.49–52 For example, according to Swanson and


FIGURE 1. Examples of xerogel-based monoliths, films, arrays, and nanoparticles.
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coworkers,53 “...immuno-based assays [ones that use
antibodies for recognition] are difficult to implement...
owing to poor stabilities of antibodies and the need for
unstable reagents.” Aptamers54 can certainly address


several of these issues, but aptamers are not yet available
for a wide range of analytes, and they can be costly.


The introduction of specific binding domains within
synthetic polymers (organic and inorganic) by template-


FIGURE 2. Overall philosophy depicting the use of reactive silanes (A) to form tailored colloidal sols and xerogels (B), micrometer-sized
xerogel-based sensor elements (C), and xerogel-based sensor devices (D).


FIGURE 3. Formation of an active agent doped xerogel. Representative examples of active agents are shown.
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directed cross-linking of functional monomers (molecular
imprinting) has attracted considerable attention.49–52,55–60


Interestingly, the molecular imprinting concept can be
traced back to Dickey’s seminal work on imprinted silica.61


Molecular imprinting involves arranging polymerizable
functional monomers around a template followed by
polymerization and template removal (Figure 4). Arrange-
ment is typically achieved by noncovalent interactions
(e.g., hydrogen bonds, ion pair interactions, Van der Waals
forces, dipole–dipole bonds) or reversible covalent inter-
actions. A properly designed molecularly imprinted poly-
mer (MIP) can then bind the template or structurally
similar analytes. The attraction of molecularly imprinted
materials include (1) binding affinities comparable to a
biological recognition element (nanomolar dissociation
constants have been reported), (2) robustness and stability
under a range of chemical and physical conditions, and
(3) the potential to design recognition sites for analytes
that lack suitable biorecognition elements.


The three-dimensional arrangement of functional resi-
dues around the template is generally achieved by (1)
noncovalent or (2) reversible covalent interactions.
Mosbach62,63 has described the most commonly practiced
imprinting strategy (Figure 4A), which is based on non-
covalent interactions between specific functional groups
on polymerizable monomers and the template to position
the monomers in a particular orientation with respect to
the template molecule prior to polymerization. Following
polymerization and template removal, the three-dimen-
sional arrangement of functional groups within the im-
printed polymeric matrix can subsequently recognize and
bind the target using the same noncovalent interactions.
Arrangement using noncovalent interactions requires the
template and target to form a sufficient number of


noncovalent intermolecular interactions to produce the
three-dimensional binding pocket during polymerization.
As a result, noncovalent imprinting has not been particu-
larly successful for templates or target molecules that do
not possess functional groups (i.e., strong noncovalent
interactions between the functional monomers and tem-
plate are a key requirement).64 Despite this limitation,
noncovalent molecular imprinting is very flexible in terms
of the functional monomers, the possible target molecules,
and the use of the imprinted materials.65


Reversible covalent interactions can be used to over-
come many of the limitations associated with noncovalent
imprinting (Figure 4B). Wulff and coworkers66–68 intro-
duced a covalent molecular imprinting method that
exploits reversible covalent bonds between binding site
monomers and a template molecule. During imprinting,
the strong (covalent) interactions aid in controlling the
functional groups within/inside the templated three-
dimensional binding cavity. The covalent bonds are then
cleaved to release the template molecule, but they are later
renewed or derivatized so the template site selectively
binds the target molecule or transduces its presence upon
binding. This type of imprinting creates strong interactions
as a result of covalent bond restoration between the three-
dimensional site within the matrix and the target; how-
ever, it is limited by the rather small number of useful
reversible covalent interactions that can be used.64 Bind-
ing site monomers with boronic acid, diol, aldehyde, or
amine functional groups have been successfully used for
covalent molecular imprinting applications.


In both types of molecular imprinting (Figure 4), once
the template is removed, three-dimensional binding cavi-
ties are exposed that correspond to the template in size,
shape, and functionality. Essentially, one creates a three-


FIGURE 4. Schematic of the two most common MIP fabrication strategies: (A) noncovalent imprinting; (B) covalent imprinting.
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dimensional “memory” of the template within an im-
printed polymer matrix.58


To overcome the drawbacks associated with covalent
and noncovalent approaches to molecular imprinting,
Whitcombe et al.52 described an alternative scheme. In
the sacrificial spacer (SS) approach (Figure 5), first devel-
oped for cholesterol binding, the authors used cholesteryl
(4-vinyl)phenylcarbonate ester as a functional monomer;
it operated as the covalently bound template monomer,
but it could be cleaved and removed from the matrix
following templating. This combination resulted in the
formation of three-dimensional noncovalent recognition
sites within the final material in addition to a phenolic
residue capable of interacting with the template (i.e.,
cholesterol) through hydrogen bonding. The Whitcombe
group69 has also reported on imprinting of small aromatic
heterocycles in which MIPs are prepared by using two
different SS methodologies (phenyldimethylsilylmeth-
acrylate template) and evaluated by comparison with
pyridine-imprinted polymers prepared by the noncovalent
molecular imprinting method. The noncovalently im-
printed polymers exhibited no size selectivity for the
smaller pyridine template. In contrast, polymers prepared
by using the SS method showed more selective binding,
particularly at analyte concentrations below 1.0 mM.


The majority of molecular imprinting research has
focused on the use of organic acrylic and vinylic precur-
sors (among other functionalities) and a cross-linker (e.g.,
bis- or trisacrylates, vinylbenzenes, acrylamides, and
piperazines) with an initiator like azobisisobutylonitrile
(AIBN). The final polymers are not necessarily porous, and
there are issues associated with solvent, temperature or
both plasticizing the polymer.


Molecularly Imprinted Xerogels
Xerogels can easily form cross-linked materials. Xerogels
are also intrinsically porous, their porosity can be tuned
by the processing conditions (e.g., pH), and they are not
as prone to plasticize in comparison to organically-based


MIPs. Xerogels are also attractive hosts for labile biomol-
ecule sequestration (vide supra). In 1949, Dickey61 first
imprinted silica to create materials that were 4–20 times
more effective at binding the target molecules (methyl,
ethyl, propyl, and butyl orange) in comparison to unim-
printed silica controls. Much has transpired since Dickey’s
seminal work and sol–gel processing has allowed research-
ers to create a wide variety of molecularly imprinted
xerogels (MIXs) and MIX-based sensors.


For example, Lin et al.70 synthesized a molecularly
imprinted organic–inorganic hybrid polymer to bind
caffeine. In this work, random copolymers of poly-
(methacrylamide-co-(vinyl trimethoxysilane)) (MAAM–
VTMOS) and poly((methacrylic acid)-co-(vinyl trimethox-
ysilane)) (MAA–VTMOS) were synthesized by a free radical
polymerization reaction in benzoylperoxide. These poly-
mers, along with TEOS and caffeine, then underwent an
acid-catalyzed sol–gel process to create hybrid xerogel
monoliths. Ionic and nonspecific adsorption, which are
considered to be the main disadvantage of many MIP-
based platforms, were minimized by end capping the
surface silanol groups with a mixture of chlorotrimethyl-
silane and 1,1,1,3,3,3-hexamethyldisilazane. The end-
capped hybrid MAAM-based MIX exhibited superior
recognition properties for caffeine in comparison to a pure
MAA-based MIPs. The MAAM-based MIX yielded an
“imprint factor” of 9.50 in comparison to 6.80 for the pure
MAA-based MIP. Both types of end-capped hybrid ma-
terials exhibited improved caffeine recognition in com-
parison to a polyacrylonitrile-based caffeine imprinted
organic copolymer. The hybrid MIX selectivity for caffeine
was also higher in comparison to the organic-only MIP.
The hybrid MIX caffeine selectivity was assessed by using
structural analogues, theobromine and theophylline. The
selectivity factor, SF (defined as the response ratio from
the MIX when it is challenged by the target analyte and
an equivalent concentration of interferent) for a caffeine-
responsive MIX were 17.5 for theobromine and 20 for


FIGURE 5. The sacrificial spacer approach to molecular imprinting. A cholesterol-responsive MIP is fabricated by using cholesteryl (4-
vinyl)phenylcarbonate ester as the template. Adapted from ref 52.
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theophylline. The corresponding polyacrylonitrile-based
caffeine MIP yielded a SF of only 1.4 for theophylline.


Marx and coworkers created interesting MIX-based thin
films that bound parathion.71 The authors combined
TEOS, phenyltrimethoxysilane (PTriMOS), and aminopro-
pyltriethoxysilane (APTES) in varying concentrations and
mole ratios with parathion to prepare the MIXs. The MIXs
exhibited high selectivity toward parathion (equilibrium
binding of 0.26 ( 0.01 µg) in comparison to similar
organophosphates, including paraoxon (0.0087 ( 0.006
µg), fenitrothion (0.007 ( 0.003 µg), diazinon (0.026 (
0.013 µg), and quinalphos (0.012 ( 0.004 µg). These
researchers also demonstrated that analyte binding de-
pended on the functional monomer and the composition
that one used to prepare the MIX.


Zhang et al.72 reported a piezoelectric sensor coated
with a thin film MIX for L-histidine. The L-histidine
imprinted MIX was derived from PTriMOS and methyl-
trimethoxysilane (MTriMOS). The L-histidine binding to
the MIX was investigated by the piezoelectric micro-
gravimetry and electrochemical impedance. This sensor
yielded an L-histidine detection limit of 25 nM. Scatchard
analysis showed that the MIX exhibited a binding site
loading of 23.7 µmol/g. The SF for an L-histidine-
responsive MIX were as follows: D-histidine (4.2), D,L-
phenylalanine (10), L-arginine (12.5), L-tyrosine (10.4),
imidazole-4-propanoic acid (4.8), and imidazole-4-etha-
namine (5.3).


Lee and coworkers73 developed a series of MIX films
that were imprinted with the aromatic carboxylic acids
4-(4-propyloxyphenylazo)-benzoic acid (C3AzoCO2H), an-
thracene-9-carboxylic acid (9-AnCO2H), and anthracene-
2-caroxylic acid (2-AnCO2H). MIX films were created by
repeatedly immersing a gold-coated quartz crystal mi-
crobalance electrode or a quartz plate in a solution of
titanium-n-butoxide (Ti(O-n-Bu)4) mixed with a given
carboxylic acid dissolved in toluene/ethanol. The template
molecules were completely removed from the films upon
treatment with 1% ammonia solution. The MIX films
exhibited mass increases for guest binding in the presence
of various carboxylic acids (e.g., C3AzoCO2H, AzoCO2H,
9-AnCO2H, 2-AnCO2H, cinnamic acid, octanoic acid, and
benzoic acid) and the isomeric structure of the two
anthracene carboxylic acids was readily distinguished by
the MIXs. The authors defined the imprinting efficiency
(IE) as a molar ratio of bound guest and template
molecules. The IE in the C3AzoCO2H-imprinted MIX is
AzoCO2H (0.88), 2-AnCO2H (0.60), cinnamic acid (0.48),
benzoic acid (0.36), 9-AnCO2H (0.33), and octanoic acid
(0.31). The IE in the 9-AnCO2H-imprinted MIX is AzoCO2H
(0.76), 2-AnCO2H (0.88), cinnamic acid (0.75), C3AzoCO2H
(0.67), benzoic acid (0.64), and octanoic acid (0.36). The
IE in the 2-AnCO2H-imprinted MIX is AzoCO2H (0.76),
9-AnCO2H (0.72), C3AzoCO2H (0.71), benzoic acid (0.61),
cinnamic acid (0.54), and octanoic acid (0.39).


Li et al.74 fabricated MIX-based materials for parathion
by exploiting noncovalent π–π interactions with the
functional monomer p-tert-butylcalix[6]-1,4-crown-4. TEOS,
hydroxyterminated silicone oil, poly(methylhydrosilox-


ane), p-tert-butylcalix[6]-1,4-crown-4, and parathion were
mixed together to form the MIX. Parathion binding was
characterized electrochemically by cyclic voltammetry,
linear sweep voltammetry, chronoamperometry, and al-
ternating current impedance spectroscopy. The reported
parathion detection limit was 1 nM. The authors evaluated
the selectivity of this MIX-based sensor by challenging it
with fenitrothion, methyl-parathion, R-hydroxy-4-nitro-
phenyl-dimethyl phosphonate, R-hydroxy-4-nitrophenyl-
diethyl phosphonate, and hydrophobic compounds con-
taining nitro groups (e.g., 2-nitroso-1-naphthol, o-, m-,
and p-nitrophenol, o- and m-dinitrobenzene, and ni-
trobenzene). Remarkably, no distinguishable change in the
peak current was reported in the presence of these
interfering compounds.


Zhang and coworkers75 reported a MIX-based thin film
for cytidine. The MIX was produced from 3-(aminopro-
pyl)trimethoxysilane (APTMS) and cytidine by electrodepo-
sition on a gold electrode surface. The authors applied a
sufficiently negative potential to the electrode surface to
generate hydroxyl ions, which were used as the catalyst
for the APTMS hydrolysis and condensation at the elec-
trode surface. The binding capacity and selectivity of the
MIX film were studied using piezoelectric quartz crystal
impedance, electrochemical impedance, and capacitance.
Dissociation constants ranging from 0.084 to 0.19 nM were
observed, indicating a strong imprinted interaction be-
tween the electrodeposited MIX-based film and cytidine.
The SF for a cytidine-responsive MIX is as follows:
guanosine (4.8), thymidine (2.8), uridine (2.3), deoxythy-
midine (2.6), deoxyguanosine (5), adenosine (5.6), and
adenosine monophosphate (7.7). The authors observed a
14% decrease in binding capacity over 4 weeks.


The Lam group56 used a photoinduced electron transfer
strategy to form a 2,4-dichlorophenoxyacetic acid (2,4-
D)-responsive MIX by copolymerizing 3-[N,N-bis(9-an-
thrylmethyl)amino] propyltriethoxysilane (fluorophore)
with TEOS and PTriMOS using 2,4-D as the template. The
so-formed MIX exhibited a change in fluorescence with
pH (apparent pKa near 7.2), and it yielded a 15% decrease
in fluorescence in the presence of 750 µM 2,4-D. Tests
with benzoic acid and acetic acid revealed SF values of
5.0 and 1.1, respectively.


In 2002, Edmiston and coworkers64 reported an elegant
approach to fabricate a fluorescence-based MIX for the
detection of 1,1-bis(4-chlorophenyl)2,2,2-trichloroethane
(DDT). The approach exploited the SS scheme, introduced
by Whitcombe52,57 (vide supra), wherein the authors
reacted 3-isocyanatopropyltriethoxysilane with 4,4′-eth-
ylidenebisphenol to form the SS. They then prepared the
fluorescent monomer by reacting APTES with the fluoro-
phore 4-chloro-7-nitrobenzofurazan (NBD) (attaching the
NBD to the APTES amine, NBD–APTES). The imprinted
xerogel was then formed by mixing NBD–APTES, SS, and
bis(trimethoxysilyl)benzene (BTB). Once the xerogel was
formed, the authors cleaved the SS carbamate bond with
LiAlH4, forming amines within the template site and
liberating the SS from the xerogel. In the presence of DDT,
this MIX-based sensor exhibited up to a 3% change in
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NBD fluorescence. Single-digit parts per billion level
detection limits were reported. The DDT-responsive MIX
exhibited a SF between 1 and 5 for 2,2-bis(4-chlorophe-
nyl)-1,1-dichloroethylene, 1-(2-chlorophenyl)-1-(4-chlo-
rophenyl)-2,2-dichloroethane, 2,2-bis(4-chlorophenyl)-1,1-
dichloroethane, diphenylmethane, 4,4′-dibromobiphenyl,
and 4,4′-bis(chloromethyl)-1,1′-biphenyl. The primary
limitation of this strategy was that the reporter molecules
were randomly distributed within the MIX, and they were
not necessarily close to the template site.


The aforementioned examples clearly show that sol–gel
processing can be used to create materials with diverse
functionalities (cf., Figure 2A), one could create xerogel-
based sensor arrays,29,43–46 xerogel-based sensors can be
made that exhibit high stability,47,48 and MIX-based sen-
sors were possible. However, the issue of efficient trans-
duction and universality was not solved.


In 2006, Shughart et al.76 overcame the problem of
randomly distributed reporter molecules within the MIX.
In the site selectively templated and tagged xerogel
(SSTTX) strategy (Figure 6), one forms a MIX by using a
multifunctional sacrificial template (MST). The require-
ments for an effective MST are twofold: (1) a structural
analog that resembles the target analyte in size, shape,
and functionality and (2) strategically placed functional
groups for forming easily altered bonds that can be
cleaved to remove the MST. An important feature of the
MST, in comparison to its target analyte, is that the
template possesses one additional residue. This additional
residue allows for the covalent attachment of a reporter
molecule at the template site close to the target analyte’s
binding site. In operation, analyte binding to the SSTTX’s
template site causes changes in the physicochemical
properties that surround the reporter molecule. If the


reporter molecule is a properly selected luminophore, the
local change in physicochemical properties results in an
analyte concentration-dependent change in the re-
porter molecules emission intensity, spectra, lifetime, or
anisotropy.


In the original offering, the SSTTX strategy was used
to create a MIX for a model compound, 9-anthrol (Figure
7). Toward this end, 3-isocyanatopropyltriethoxysilane was
reacted with 9,10-anthracenediol to form the bifunctional
sacrificial template (BST; Figure 7A). The MIX was formed
by using the BST and TMOS. Once the xerogel formed,
the BST carbamate bonds were cleaved with LiAlH4,
forming amines within the three-dimensional template
site and liberating the BST remnant from the xerogel. The
xerogel was then challenged with 9-anthrol to fill the
template sites. NBD-Cl (the fluorescent reporter) was then
introduced, and it reacted with and attached to any free,
accessible amine. 9-Anthrol binding was detected by a
change in the NBD fluorescence intensity. This first-
generation SSTTX (Figure 7B) exhibited a reversible
response, provided 0.3 µM detection limits for 9-anthrol,
and exhibited a response time of <45 s. (Note, control
xerogels including ones with NBD randomly distributed
within the xerogel were essentially nonresponsive to the
target analyte.) As shown in Figure 7C our 9-anthrol-
responsive SSTTX yielded a SF up to 520 for a wide variety
of potential interferents.


More recently, we evaluated the ability to tune a MIX’s
selectivity by adjusting the precursors that were used to
prepare the sol. Figure 8 presents results for a series of
hybrid MIXs that were designed to recognize tetracycline
(TC) when they are challenged by several TC analogs.
These results demonstrate that the precursor chemistry


FIGURE 6. Generic schematic describing the SSTTX fabrication protocol. The view shown is from the perspective of a single pore within a
xerogel.
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and functionality and the precursor mole ratios can be
used to tune the MIX selectivity.


The Edmiston group77 recently reported on a second
strategy for overcoming randomly distributed re-
porter molecules within the MIX. In this approach, the
authors reacted 3-isocyanatopropyltriethoxysilane with
N-(9-fluorenylmethoxycarbonyl-�-phenyl-D-phenylalani-
nol (FMCPPA) to form the FMCPPA–silane template. The
MIX was formed by mixing BTB and the FMCPPA–silane
template. Once the xerogel formed, the FMCPPA–silane
template was chemically removed via cleavage of a


carbamate linkage by iodotrimethylsilane. Following tem-
plate removal, an amine group was left that provided an
attachment site for a fluorescent reporter molecule, NBD-
Cl. Fluorene binding was detected by a change in NBD
fluorescence intensity. The sensor responded to fluorene
(40% change in NBD fluorescence), yielded detection
limits below 10 ppt for fluorene, and responded in <60 s.
Unfortunately, the MIX fluorene response was irreversible.
The reported SF ranged from 1.4 to 5 for fluorene in
comparison to fluorene-2-carboxaldehyde, anthracene,
fluoranthracene, and naphthalene.


The target analytes in all the previous examples were
small to medium sized molecules (i.e., < 1000 g/mol).
Could the MIX strategy be extended to develop selective
sensors for protein detection? When our laboratory first
thought about this challenge, we were encouraged by
related research from the Chambers group78 where they
had prepared imprinted xerogels that recognized the
proteinaceous biotoxin Ricin. However, although Cham-
bers and coworkers used tryptophan fluorescence to
investigate the Ricin–xerogel interactions, they did not
report a sensing strategy.


In 2006, Tao et al.79 reported on a new sensor strategy
that they called protein-imprinted xerogels with integrated
emission sites (PIXIES) (Figure 9). PIXIES are a completely
self-contained protein-sensing platform, achieving analyte
recognition without a biorecognition element (e.g., anti-
body). PIXIES rely on a MIX and the protein target itself


FIGURE 7. Results from an SSTTX sensor for the detection and quantification of 9-anthrol: (A) the reaction protocol used to produce the
SSTTX; (B) 9-anthrol response profile for an SSTTX and series of xerogel controls; (C) selectivity of a 9-anthrol-responsive SSTTX when
challenged by several interferents with structures similar to 9-anthrol. Adapted from ref 76.


FIGURE 8. Effects of precursor chemistry (50/50 for all except E) on
the selectivity of a tetracycline (TC)-responsive MIX.
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to simultaneously create the template site within the MIX
and assist in the selective attachment of a luminescent
reporter molecule directly within the three-dimensional
molecularly imprinted cavity. Ovalbumin was selected as
the initial protein target. The protein-imprinted xerogel
was formed by preparing a range of sol solutions that
contained different mole ratios of TEOS, APTES, n-
octyltrimethoxysilane (C8-TriMOS), and bis(2-hydroxy-
ethyl)aminopropyltriethoxysilane (HAPTS). These particu-
lar precursors were selected after we had used our high-
throughput screening tools80,81 to conduct preliminary
materials screening experiments.


The protein-imprinted xerogel (PIX) was formed by
mixing the sol with an aqueous buffer that contained
ovalbumin. The xerogel was formed and ovalbumin was
removed from the PIX by using either aqueous urea or
dilute phosphoric acid. Next, we needed a way to selec-
tively deliver and position a suitable reporter molecule
into the template site and covalently attach it in or near
the template site. We were aware that many fluorescent
probe molecules tended to bind with modest affinity to
proteins. Given this, we considered using the target
protein itself as a sort of Trojan Horse to selectively deliver
one or more reporter molecules into the template site. The
question then was how to attach the reporter to the
xerogel matrix?


Earlier in Bright’s career, he was a committee member
on a graduate student’s synopsis defense. The student was
reviewing for the committee how paclitaxol (an anticancer
drug) interacts with microtubules and discussing how


researchers had used photoreactive cross-linking reagents
as a tool to determine the unique mode of drug action.
Cross-linking chemistry seemed like a possible solution
to our reporter molecule attachment problem. After
researching the subject, it appeared as if fluorinated aryl
azides might be a good choice for attaching a reporter
molecule to the xerogel template site. A bit of additional
research revealed that Molecular Probes (now Invitrogen)
offered fluorinated aryl azides that could be coupled
directly to a luminescent reporter molecule. As illustrated
in the bottom right panel in Figure 9, reaction of 4-azido-
2,3,5,6-tetrafluorobenzyl amine hydrochloride (ATFA) and
the succinimidyl ester of dipyrromethane boron difluoride
(BODIPY-FL, SE) in the dark yielded the desired lumino-
phore-tagged aryl azide.


A 1:1 mixture of ovalbumin and the luminophore-
tagged aryl azide was then prepared in the dark. The
ovalbumin serves to deliver the luminophore-tagged aryl
azide into the template site. Illumination of the ovalbu-
min/luminophore-tagged aryl azide doped PIX with UV
light creates the aryl nitrene, which undergoes CH inser-
tion into the xerogel. Washing removes the ovalbumin and
any misreacted aryl nitrene, creating the PIXIES.


Figure 10 shows that an ovalbumin-templated PIXIES
exhibits high selectivity for ovalbumin over human serum
albumin (HSA) and the phenylsulfonamide of ovalbumin
with a selectivity factor greater than 200. When an
ovalbumin-templated PIXIES was challenged with a ter-
nary protein mixture that contained ovalbumin, the
phenylsulfonamide of ovalbumin, and HSA, the observed


FIGURE 9. Outline of the generic PIXIES production protocol. Adapted from ref 79.
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response was equivalent only to the sample’s ovalbumin
content ((5%). Control experiments with BODIPY FL
randomly distributed within a PIX yielded no response to
ovalbumin.


We explored the PIXIES ability to discriminate between
two structurally similar proteins. Human interleukin 1-R
(hIL-1R) and human interleukin 1-� (hIL-1�) were used
as the targets. Spiked samples were prepared in human
plasma. The PIXIES performance was compared with
results from standard enzyme-linked immunosorbent
assay (ELISA) kits for the same proteins. The PIXIES-based
sensors exhibited detection limits of ∼2 pg/mL and
response times of <2 min. The PIXIES yielded a SF for
these two proteins of at least 85. The PIXIES detection
limits and SF are within a factor of three of the ELISAs
and PIXIES response times are at least 100-fold faster in
comparison to the corresponding ELISA.


Conclusions and Future Directions
The seminal work on molecularly imprinted silica ap-
peared nearly 60 years ago. Molecular imprinting repre-
sents an exciting and promising technique that is being
explored increasingly as a platform for creating a wide
variety of responsive materials like chemical sensors.
Molecularly imprinted materials appear to offer an in-
expensive, robust, and reusable alternative to expensive
and labile biorecognition elements. Molecularly imprinted
materials can exhibit binding affinities that are compa-
rable to antibody–antigen binding, yet they offer one the
ability to design three-dimensional recognition sites for
a plethora of analytes, including those for which biorec-
ognition elements do not exist. Specificity for molecularly
imprinted materials for their target analyte in comparison
to structurally similar molecules is good, but they do not
yet surpass existing biorecognition elements. Molecularly
imprinted materials offer researchers an opportunity to
design suites of materials and recognition elements for
the same target analyte with unique binding characteris-
tics and subsequent responses.


Recently, researchers have created sensors that are
based on molecularly imprinted xerogels. Here, the state-


of-the-art has progressed to the point where molecularly
imprinted xerogels can now be designed and developed
for sensing small molecules and proteins. Strategies now
exist to attach one or more reporter molecules near the
three-dimensional template site as a way to improve
transduction and detection limits. Xerogel-based materials
also exhibit good long term stability under ambient
storage conditions.


Molecularly imprinted materials also have their issues,
and many questions remain unanswered. For example,
in an honest head-to-head comparison, what are the
quantifiable differences in performance from molecularly
imprinted materials based on organic and inorganic
precursors? Organic luminophores are not ideal reporters;
they tend to bleach or otherwise degrade over time or in
the presence of light and heat. Solvatochromic, all inor-
ganic luminophores (e.g., quantum dots) may prove
useful, but how can they be effectively positioned close
to the template site? The full potential of molecularly
imprinted materials for chemical sensing also awaits their
extension to the detection and quantification of a wider
variety of analytes (e.g., DNA, RNA) and their use in the
analysis of real samples. The issue of sensor fouling during
long-term deployment remains largely unknown for mo-
lecularly imprinted materials. There is little fundamental
information on the relationship between precursor chem-
istry, templating variables, and the final material proper-
ties. In short, we lack firm rules on what governs a
molecularly imprinted material’s performance. We have
only rudimentary insights into the processes that actually
occur within the template sites of a molecularly imprinted
material upon analyte binding/dissociation. We do not
know how selectivity arises in molecularly imprinted
materials. Finally, monomer/precursory diversity (i.e., R′
in Figure 2A) needs to be expanded (e.g., amino acid
analogs) to allow researchers to create materials with high
affinity and selectivity.
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ABSTRACT
When lipid-directed assembly of silicic acid precursors is conducted
in the presence of living cells, the cells intervene, surrounding
themselves with a fluid, multilayered lipid vesicle that interfaces
coherently with an ordered silica mesophase. This bio/nano
interface is unique in that its uniform nanostructure prevents
excessive drying of water, maintaining cell viability, yet provides
accessibility of the cell surface to small molecules. In comparison
to existing immobilization schemes, such as encapsulation within
sol–gel matrices, we show this interface to form by an active
interplay between the living cell and surrounding matrix, which
we refer to as cell-directed assembly (CDA). Importantly and
perhaps uniquely, CDA creates a localized nanostructured micro-
environment within which three-dimensional chemical gradients
are established and maintained.


Introduction
The incorporation of whole cells into inorganic sol–gel
matrices has been practiced for over 15 years, beginning
with the work of Carturan, who encapsulated Saccharo-
myces cerivisiae into a silica gel and studied its catalytic
activity.1–9 As recently noted by Avnir et al. in a review of
this field,10 brewers’ yeast was an insightful choice; it is a
model eukaryote, and because it converts sugars to carbon
dioxide and alcohol, it withstands the alcoholic byproducts
of alkoxide-based sol–gel hydrolysis and condensation
reactions. Since that pioneering study, sol–gel immobiliza-


tion of bacteria, protozoa, and mammalian cells11–15 has
been demonstrated, largely driven by applications such
as cell-based sensors, bioreactors, and artificial organs.16–18


Typically, the synthetic protocol consists of the addition
of cells in buffer to acidic silicate sols causing rapid
gelation and entrapment of the cells within a randomly
structured siloxane matrix, which is maintained in buffer
to avoid drying. Since gelation occurs with essentially no
dimensional change; it might be anticipated that there
would be no detrimental effect on the encapsulated cells.
However, at neutral pH, the gel syneresis rate is maxi-
mized; continued siloxane condensation reactions cause
gel contraction and expulsion of pore fluid. Associated
compressive stresses are presumably imposed on the
entrapped cells. This combined with the possible presence
of the alcohol solvent or byproducts has a negative effect
on cell viability. For example, in studies of Escherichia coli
immobilization, Livage et al.14 observed a 40% reduction
in viability within 1 h after gelation, even under conditions
where alcohol was avoided and the system pH, ionic
strength, and temperature were optimal.


Drying further reduces the viability of cells immobilized
within sol–gel matrices.14,19,20 Evaporation causes the
development of tensile capillary stresses in the pore fluid
and concomitant shrinkage of the gel. Such drying stresses
can range from a few to over 100 MPa and are observed
to damage the cell/gel interface, cause cell lysis, and result
in rapid cell death.


As a new approach to cell immobilization, we recently
reported the incorporation of yeast and bacterial cell lines
within nanostructured silica matrices formed by self-
assembly.21 Our approach employs biocompatible short-
chain phospholipids to direct the formation of an ordered
silica mesophase during evaporative processes such as
spin or dip-coating, casting, or printing. We find that,
when lipid-directed assembly of silicic acid precursors is
conducted in the presence of living cells, the cells inter-
vene, surrounding themselves with a fluid, multilayered
lipid vesicle that interfaces coherently with the silica
nanostructure (see Scheme 1). This bio/nano interface is
unique in that its uniform nanostructure prevents exces-
sive drying of water, maintaining cell viability (even upon
evacuation), yet provides accessibility of the cell surface
to small molecules and even antibodies. In comparison
to existing immobilization schemes, such as adhesion to
substrates or physical encapsulation within polymeric or
sol–gel matrices, studies using surrogates show this in-
terface to form by an active interplay between the living
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cell and surrounding matrix, which we refer to as cell-
directed assembly (CDA). Importantly and perhaps uniquely,
CDA creates a localized nanostructured microenvironment
within which three-dimensional (3D) chemical gradients
are established and maintained. Three-dimensional gra-
dients are important because they provide an instructive
background needed to achieve proper functionality and
guide cellular behavior.22,23 For instance, cell differentia-
tion, biofilm formation, and quorum sensing all depend


upon the development of spatiotemporal gradients of
signaling molecules that activate target genes.24,25 Ad-
ditionally, the multilayered lipid interface created between
the cell and surrounding silica nanostructure mediates the
development of mechanical stresses and serves as a type
of extracellular membrane within which biomolecules and
nano-objects can be localized at the cellular surface.


This Account reviews evaporation-induced self-as-
sembly (EISA) of silica nanostructures, extending the


Scheme 1. CDA Process, Applications of CDA, and the Resulting Bio/Nano Interfacea


a During CDA, living cells are encapsulated in a nanostructured silica host (A) and protected by a lipid interface (B). Added nanocomponents [nanocrystals
(C) and proteins (D)] are localized in the fluid lipid interface.
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concept to the use of biocompatible short-chain phos-
pholipid structure-directing agents (SDAs). We then dis-
cuss the introduction of cells, CDA, and the essential
features of the resulting bio/nano interface. The Account
ends by addressing more complex architectures formed
by patterning and the inclusion of exogenous biomol-
ecules or nano-objects.


EISA Using Lipids as SDAs
Surfactant templating of mesoporous silica powders was
first described by Kresge et al.26 It relies on the spontane-
ous organization of amphiphilic surfactant or block
copolymer “SDAs” to form periodic mesophases.


This self-assembly process organizes added hydrophilic
precursors (e.g., oligosilicic acids) at the interface between
the hydrophilic surfactant head groups and water. Solidi-
fication of the molecular assembly through siloxane
condensation reactions creates a silica fossil of the sur-
factant mesophase, whose structure depends upon the
surfactant concentration, size, and shape. The dimension-
less critical-packing parameter, g ) ν/a0lc (where ν is the
volume of hydrocarbon tails, a0 is the optimal surface area
at the water/hydrocarbon interface, and lc is the maxi-
mum effective chain length), describes the geometric
packing of the surfactant amphiphles.27 For g ) 1, we
expect low-curvature lamellar structures as seen for lipid
bilayers. Progressively higher curvature cubic and hex-
agonal mesophases form with decreasing g.


To obtain thin films that preserve the periodic order
observed in powders, evaporation was used to induce self-
assembly during dip-coating or other evaporative pro-
cesses.28 EISA begins typically with a homogeneous solu-
tion of surfactant and soluble silica prepared in an
alcohol/water solvent under acidic pH designed to delay
accompanying siloxane condensation reactions. Prefer-
ential evaporation of alcohol concentrates the system in
surfactant and silica causing micelle formation and further
self-assembly of surfactant/silica mesophases, which are
oriented relative to the substrate.29 With respect to cell
immobilization, self-assembled mesoporous silica has
several potential advantages compared to traditional
sol–gel matrices. First, its uniformly sized hydrophilic
nanostructure prevents complete drying (capillary con-
densation would spontaneously fill any open porosity),
thereby maintaining 3D fluidic connectivity even in the
absence of an external buffer. Second, because the pore
space is filled with a surfactant mesophase, drying pro-
ceeds largely without the development of capillary stresses.
Third, ordered silica nanostructures are more mechani-
cally robust than their fractal silica analogues. Fourth, EISA
can be adapted to processes such as spin-coating and ink-
jet printing, allowing facile cellular integration into
devices.30–32


Despite these advantages, a major disadvantage of
surfactant templating for cell immobilization is that
traditional surfactants are detergent monomers that insert
into cell membranes, leading to solubilization and rapid
cell death. For this reason, CDA uses amphiphilic phos-


pholipids that are integral components of the cell mem-
brane. Similar to traditional surfactants, hydrated phos-
pholipids are highly polymorphic, forming mesophases
ranging from hexagonal (HI) to fluid (LR) and gel (L�)
lamellar bilayers and inverted micellar phases (HII).33


Intermediate regions between the predominant phases
contain cubic and rectangular phases and bicontinuous
inverse cubic phases.


Using grazing incidence small-angle X-ray scattering
(GISAXS), we investigated the EISA of systems prepared
with a variety of water-soluble, short-chain (C6–C10)
phospholipids as the SDA and identified C6 phosphati-
dylcholines (diC6PC) with zwitterionic head groups and
double C6 acyl tails as being most effective in directing
lipid/silica mesophase formation. The lipid/silica struc-
tures formed during EISA are consistent with those
predicted by lipid aggregate formation in aqueous solution
and depend upon the packing considerations (g), bulk
lipid concentration, electrolyte concentration, and pH of
the aqueous solvent.34–36 In a similar manner to that
reported by us previously for cetyltrimethylammonium-
bromide (CTAB), increasing diC6PC/silica ratios cause a
transformation of the final mesophase from worm-like to
hexagonal to cubic to lamellar, consistent with their
similar g values (g ≈ 1/2).37 By comparison, GISAXS studies
of longer tailed PCs, single-tailed lyso-PCs, and phospho-
lipids with other head groups, including serine and
ethanolamine, showed phase separation, polydispersity of
micelle formation, and disruption of silica ordering through
hydrogen bonding with the head group.38


Cell-Directed Assembly (CDA)
Introduction of stationary-phase S. cerevisiae markedly
alters the pathway of the lipid/silica mesophase assembly
during evaporative deposition processes, such as spin-
coating or casting. When S. cerevisiae cells are added to
the system at concentrations >10 wt %, keeping all other
components constant, the structure of the final lipid
mesophase depends differently upon the lipid/silica ratio,
and we observe a different sequence of mesophase
development (than without cells). Figure 1 depicts the
pathways of structural evolution for diC6PC/silica systems
prepared with and without S. cerevisiae. This composition/
structure diagram was generated by combining in situ
GISAXS and gravimetric analyses of the evaporating
system and portrays average compositions. Silica precur-
sors, water, and ethanol are considered together as one
component, with lipid and wet cells making up the other
two vertices of the ternary diagram. Systems without cells
follow a trajectory (pathway 1), which begins in the
isotropic region and follows the (silica, water, and etha-
nol)/lipid binary line, passing through interfacial lamellar,
2D hexagonal, 3D cubic or hexagonal, and (bulk) lamellar
phases, with the resultant mesophase determined by the
final (fully evaporated) lipid/silica ratio. The lipid/silica/
cell pathway (pathway 2) also begins in the isotropic
region and immediately develops an interfacial lamellar
phase. However, with further evaporation, a lamellar
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phase is maintained, while a hexagonal mesophase de-
velops and then transforms to a final overall lamellar
phase. Figure 2 plots the corresponding repeat distance
dr progression with the time of evaporation for the
diC6PC/silica system with and without cells. dr is deter-
mined from in situ 2D GISAXS images using Bragg
reflections in the specular direction and includes the fluid
interbilayer space plus the lipid bilayer thickness (see
Scheme 1A) or equivalently the cylindrical micelle diam-
eter. The first measurable repeat distance is the same for
both systems (31.2 Å) and attributed to that of an incipient
lamellar phase, which develops at the liquid/vapor inter-
face,39 because of the transient gradient in the surfactant
concentration established by evaporation, which is unaf-
fected by the presence of cells. With an increasing
evaporation time, dr for the system without cells decreases
abruptly as generally observed for EISA, where solvent loss
and continuing condensation reactions result in shrink-
ages of 5–15% in the direction normal to the substrate.
Estimates of strain in dried lipid/silica films made through


a comparison of in-plane and normal lattice parameters
are consistent with other surfactant/silica systems, with
the strain decreasing with an increasing lipid concentra-
tion. In situ stress measurements31 (Figure 3) performed
using a cantilever beam technique show the development
of ∼1.2 MPa tensile stress for the lipid/silica system,
consistent with the observed reduction in repeat spacing.


Cell-containing systems however show a completely
different and unprecedented increase in the repeat dis-
tance with the evaporation time: within the first hour of
drying, dr increases by over 1 Å; thereafter, a slight
decrease in dr is observed. The accompanying tensile
stress developed in cell-containing systems (Figure 3) is
nearly 0 (0.1 MPa).


The Bio/Nano Interface
Laser scanning confocal imaging along with electron
microscopy allowed for the interpretation of the meso-


FIGURE 1. Structural development for lipid/silica mesophase assembly with and without added yeast cells. Compositional space for lipid-
directed assembly (pathway 1) and CDA (pathway 2) with corresponding time-resolved GISAXS images (panels 1 and 2, respectively) showing
the structure development for the evolving systems. This figure was adapted from ref 21.


FIGURE 2. Progression of the repeat distance (dr in Scheme 1A)
during EISA as a function of the time and evolving osmotic pressure
for lipid/silica and lipid/silica/cell systems. This figure was adapted
from ref 21.


FIGURE 3. Stress development during EISA for films prepared with
and without yeast cells.
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phase development as resulting from the rapid self-
assembly of an ordered multilayered lipid vesicle around
each cell, giving rise to a lamellar GISAXS pattern. This is
followed by EISA of a 2D hexagonal lipid/silica mesophase,
which occurs on a longer timescale dictated by the
evaporation rate. Finally, the host structure transforms
globally to a lamellar mesophase, with d-spacing slightly
greater than that of the corresponding multilayered lipid
vesicles. In Figure 4A, 1 wt % of the fluorescently labeled
lipid analogue, 1-hexanoyl-2-[6-[(7-nitro-2-1,3-benzoxa-
diazol-4-yl)amino]hexanoyl]-sn-glycero-3-phosphocho-
line (diC6PC-NBD), was substituted for diC6PC. Laser
scanning confocal imaging of the fully evaporated system
reveals bright areas because of preferential accumulation
of lipid at the cell surface; the surrounding host necessarily
has a lower but uniform lipid concentration established
by the lipid/silica ratio of the lamellar mesophase. In parts
B–D of Figure 4, electron microscopy images of im-
mobilized S. cerevisiae show the multilayered lipid inter-


face to be uniform in thickness and coherent with the cell
and surrounding silica mesophase. Corresponding con-
focal microscopy stack images (not shown) demonstrate
the 3D nature of this interface. Elemental mapping (parts
D and E of Figure 4) indicates that the lipid-rich region
largely excludes silica, and in situ confocal imaging of cast
samples shows that it develops almost immediately, with
a thickness that is invariant over a 10× reduction in
diC6PC/Si. Fluorescence recovery after photobleaching
(FRAP) experiments show the multilayered lipid interface
to remain fluid for several hours, while corresponding
FRAP experiments performed on the bulk host matrix,
where the lipid is confined within a partially solidified
silica nanostructure, show no measurable fluorescence
recovery. These combined observations are consistent
with the rapid formation of a fluid, multilayered lipid
vesicle around each cell, representing a sort of extra-
cellular membrane (see Scheme 1B). Remarkably, without
stabilization or fixation of the biomaterial, this fluid


FIGURE 4. CDA of ordered phospholipid/silica nanostructures, with coherent cell/lipid/silica interfaces. (A) Confocal image of immobilized
cells prepared with a 1% fluorescent label, showing lipid localization at the cell surface. (B and C) Transmission electron microscopy (TEM)
images of the cell immobilized in a silica thin film, spin-coated directly on a copper grid. Both the lipid-interfaced cell and the surrounding
silica nanostructure are visible. Environmental scanning electron microscopy (ESEM) images and elemental analysis of cells immobilized with
(D) and without (E) added lipid. (F) Differential interference contrast (DIC) and fluorescence images of the pH gradient in a lipid/silica system
with yeast. The bulk pH (dark area) is ∼3, while the local pH surrounding the cells is ∼5–6. (G) Uniform pH of ∼3 in the lipid/silica system
prepared with negatively charged latex bead surrogates.
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interface remains coherent with the cell (Figure 4B) and
surrounding silica mesophase even when subjected to
drying, evacuation, and electron imaging (viability studies
also confirm the maintenance of the cellular metabolic
function). By comparison, S. cerevisiae/silica films pre-
pared identically but without lipid develop macroscopic
cavities around the cells (Figure 4E), presumably because
of the development of biaxial tensile drying stresses, which
are absent in the corresponding lipid-containing systems.
Finally, scanning electron microscopy (SEM) imaging and
elemental mapping of cells after longer periods of im-
mobilization show the diffusion of silica toward the cell
and concomitant lipid uptake by the cell over a period of
24–72 h.


Replacing the cell with several cell models highlights
that the living cell exerts a unique influence on the
formation of the lipid interface and the ordering of the
silica nanostructure. When cells are replaced with 5 µm
diameter uncharged polystyrene beads, lipid disperses
evenly throughout the film, with no aggregation at the
bead surface. Both negatively and positively charged beads
accumulate lipids at the surface of the bead, but the
localized lipids are not homogeneous and do not form
the smooth interface seen when cells are present. With
apoptotic cells, lipid is apparently concentrated at the cell
surface and enters the cell through compromised cell
membranes, leaving a lipid-depleted area around the cell.
Cells that have been stripped of their cell wall with
zymolase but are still viable prevent lipid from entering
the cell (as occurs in apoptotic cells) but do not ac-
cumulate an extended lipid interface. GISAXS scans of
systems with surrogate cells show that only the living cell
influences inorganic self-assembly, with no model system
able to switch the lipid/silica nanostructure to the lamellar
form.


The influence of the living cell on both its local and
global environments is explained by consideration of its
response to the evolving chemical and physical conditions
of EISA. As the solvent evaporates, the concentration of
osmolytes in the system increases. The resulting osmotic
pressure (Figure 2) develops uniformly in systems without
cells. However, cells sense and respond to their changing
conditions through multiple hyperosmotic stress mech-
anisms, including the release of water. We postulate that
this release causes the development of a localized pH
gradient (Figure 4F). Incorporation of the pH-sensitive dye
Oregon Green 488 during EISA showed the pH to increase
from ∼3, corresponding to the acidity of the silanol-
terminated silica matrix, to 5–6 within several micrometers
of the cell surface. This gradient affects both the local lipid
interface and nanostructure development in the lipid/
silica matrix. In contrast, systems containing negatively
charged or uncharged beads have a constant pH of ∼3
(Figure 4G).


In the vicinity of the cells, the pH of ∼5 is near the
isoelectric point of both the cell wall and the zwitterionic
PC head group, facilitating adsorption of a lipid layer
through electrostatic interactions. Adhesion maps of S.
cerevisiae cells40 show that near its isoelectric point the


surface can be pictured as a homogeneous mixture of
surface macromolecules bearing negatively charged COO-


groups and positively charged NH3
+ groups. Aggregated


double-chained PCs form structures with one tail ex-
tended and the head group nearly parallel with the
aggregate surface,35,41 facilitating discrete ion-pair interac-
tions with the amphoteric cell surface.


The different trends in the development of the repeat
distance in evolving lipid/silica and lipid/silica/cell sys-
tems (Figure 2) can also be explained in terms of the pH
gradient during CDA. For the evolving lipid/silica system,
the repeat distance decreases with increasing osmotic
pressure and agrees well with measured values for lipid
bilayers at corresponding pressures.42 When cells are
present, however, the repeat distance of the system
increases with the osmotic stress. This unexpected be-
havior of the host matrix nanostructure is due to two
trends. A compensatory effect, where living cells expel
water in response to osmotic stress, helps minimize the
water loss in the interbilayer region and maintain its
thickness (dw in Scheme 1A). At the same time, pH
variations can cause changes in the zwitterionic PC head-
group size. At the increased pH in the vicinity of the cell
wall, head-group deprotonation will decrease the optimal
head-group surface area,36 causing lipid acyl chains to
reorient from their usual tilted configurations toward
configurations where the acyl chains are oriented more
normal to the interfacial planes, allowing hydrophobic
tails to maximize van der Waals interactions and avoid
water contact at the head-group/hydrocarbon interface.29,43


This serves to increase dl and the overall repeat distance
(dr).


While the cells direct the assembly of the local lipid
interface, lipid/silica self-assembly directs the initial me-
sophase formation in the surrounding host. Lipid enrich-
ment near the cells depletes lipid in regions far from the
cell, and a bulk 2D hexagonal phase develops on a longer
time scale, commensurate with that of the EISA process.
During the later stages of EISA, it disappears through
transformation to a lamellar mesophase, with d-spacing
corresponding to that of the lipid interface. Based on the
coherent, seamless nature of the lipid/silica interface, this
transformation likely initiates at the lipid surface, because
of charge matching with the high density of dipoles on
the PC bilayers.


The fluidic lipid interface formed during CDA protects
the cell from both mechanical and chemical stresses,
supporting an immobilization strategy that preserves cell
viability and functionality in configurations suitable for
standalone sensors. Viable cells can be immobilized in
thin films and stored at ambient conditions for several
weeks, without external fluidic support. Cells immobilized
by CDA have markedly improved viability compared to
cells immobilized in traditional sol–gel silica films, as
shown in Figure 5A. When cells are immobilized in silica
matrices without lipid, 50% of the cells are dead within
2 h and <10% are alive at 3 days. Immobilizing cells
through CDA, however, preserves cell viability at more
than 93% at 3 days, with over 50% of the cells viable for
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several weeks. Weight loss measurements and spectro-
scopic analysis of the lipid/silica/cell system during CDA
show that the hygroscopic nature of the PC lipids and their
organization into a uniform nanostructure serve to sup-
press the overall water loss, allowing the cell to be
maintained in a fluid, water-rich microenvironment, even
upon evacuation and electron imaging in a SEM (curve d
in Figure 5A).


The extended viability of cells immobilized through
CDA allows the genetically tractable, model eukaryote S.
cerevisiae to be used as a cell-based sensor. Green
fluorescent protein (GFP) expression in genetically modi-
fied S. cerevisiae was induced in cells immobilized through
CDA by a glucose-to-galactose nutrient shift (Figure 5B),
with induction times similar to those of control cells,
confirming high viability along with preserved functional-
ity and accessibility needed for array-based biosensors.44


Patterning
When large-scale rapid patterning techniques are com-
bined with CDA, viable cells residing in an instructive,
reproducible 3D nanostructured local environment can
be incorporated into hierarchical structures and platforms
for interrogation of cellular responses. The presence of a
biocompatible lipid interface avoids many of the problems
associated with patterning of living cells, including dehy-
dration, shear stresses, and exposure to toxic environ-
mental conditions.


Ink-jet printing is an attractive method of patterning
because, if the buffered cells are maintained in separate
reservoirs from sol precursors, exposure times of living
cells to the solvents and catalysts used for EISA are
minimized. When the extent of silica condensation is


controlled through a choice of precursors and reaction
conditions, the viscosity of the sol can be maintained at
a level that allows flow through a printer nozzle, with
further solidification occurring as the solvent evaporates.
In Figure 6, cells expressing GFP were printed during a
first pass, followed by a second printing of lipid/silica sol.
Centering of the cell occurs within the sol droplet during
evaporation and mesophase formation, improving the
resolution for cell placement.


Complex Structures and Functions
When natural, non-native biological, or even inorganic
materials are introduced during CDA, the fluidic lipid
interface and the molecular gradients cause the added
components to localize in the interfacial region. This
extension of the CDA process to create materials with new,
tailorable bio/nano interfaces, multiple, localized nano-
components, and foreign functionality promises new uses
in cell-based sensing in extreme environments, sensitive
cellular interrogation and imaging systems, and general
platforms for understanding and exploiting cell–cell
communication.


CDA allows the organization and internalization of
water-soluble nanocrystals without nanoparticle conjuga-
tion or the need for electroporation or microinjection (see
Scheme 1C). When lipid-stabilized Au or CdSe nanocrys-
tals are added to the system, the nanocrystals are rapidly
organized at the cell surface during CDA and mainly
internalized after 24 h. The addition of these particles does
not substantially affect viability. As an example, Figure 7A
shows dual-channel laser scanning confocal microscopy
of immobilized S. cerevisiae formed by CDA with added
lipid-coated CdSe nanocrystal micelles.47 The red emission
is from the CdSe nanocrystals, which are internalized by
the cell; the green emission is from the diC6PC–NBD label,
associated with lipid localized at the cell surface. Cellular
uptake of nanocrystals occurs over several hours, with the
mild-detergent properties of the lipids likely important in
increasing membrane permeability while retaining cell
functionality. In contrast, if cells are immobilized with
lipid-coated nanocrystals in traditional sol–gel matrices
(i.e., the identical sol prepared without lipid SDAs), cells
are desiccated and the nanocrystals are dispersed through-


FIGURE 5. (A) Viability of cells immobilized in silica thin films with
and without lipid. (B) DIC (left) and fluorescence (right) images of
immobilized S. cerevisiae. GFP expression induced after 24 h by a
glucose-to-galactose nutrient shift. This figure was adapted from
ref 21.


FIGURE 6. Yeast cells expressing GFP, patterned by ink-jet printing.
Cell centering within the printed nanostructure occurs during drying.
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out the film. This suggests that the lipid interface and pH
gradient established during CDA are important in nano-
component localization.


The lipid environment formed during CDA may also
serve to localize transmembrane proteins (see Scheme
1D), conferring to the cell foreign functional characteris-
tics. Figure 7C shows a confocal fluorescence image of
bacteriorhodopsin [BR, labeled with Alexa Fluor 594 and
introduced in a dimyristoylphosphatidylcholine (DMPC)
liposome] localized within the fluid multilayered lipid
interface formed around yeast during CDA.


Genetic modification is typically accomplished by
transforming cells with plasmids, using heat shock or
electroporation to allow the plasmids to diffuse across the
cell membrane. Plasmids introduced during CDA are
localized at the cell surface, creating a high, effective
concentration gradient. In combination with the fluid
nature of the bio/nano interface and the gentle perme-
abilization of the cell membrane by biocompatible short-
chained phospholipids, this simple procedure yields a
new, efficient method for in situ genetic modification of
immobilized cells (Figure 7B).


Although initial studies of CDA have centered on the
model eukaryote S. cerevisiae, preliminary studies of other
cell types have been performed. Both Gram-positive
(Bacillus subtilis) and Gram-negative (E. coli) bacteria


immobilized within lipid/silica nanostructures formed by
CDA remain viable upon exposure to ambient conditions
for time periods comparable to those of S. cerevisiae
(Figure 5A). However, as anticipated by the specificity of
cellular responses to hyperosmotic stress, mechanical
stress, adhesion, etc., we observe differences in the
resulting bio/nano interfaces. Parts D and E of Figure 7
show the pH gradients established by E. coli and B. subtilis
as probed by Oregon Green fluorescence. Whereas B.
subtilis establishes a gradient comparable to that of yeast,
the gradient developed by E. coli is much less extensive.
Conceivably, for E. coli, water loss is more rapidly coun-
tered by controlled accumulation of solutes in the cyto-
plasm and consequent water inflow.48 The specificity of
CDA will be investigated and exploited in future work.


Conclusions and Future Directions
Although cell immobilization in polymers, hydrogels, and
inorganic gels has been practiced for decades, these
approaches do not provide for bio/nano interfaces with
3D spatial control of topology and composition, important
to both the maintenance of natural cellular behavior
patterns and the development of new non-native behav-
iors and functions. The ability of the living cell to create
its own microenvironment, affect the structure of its
inorganic host, and localize multiple nanocomponents
within a nano/bio interface that maintains cell functional-
ity is unique. It promises the facile synthesis of new classes
of synergistic biotic/abiotic materials, where cells direct
their integration into complex architectures capable of
both responding to and reporting on environmental cues.
The bio/nano interface does not form “passively”, rather
it is a consequence of the ability of the cell to sense and
actively respond to external stimuli. During EISA, solvent
evaporation concentrates the extracellular environment
in osmolytes. In response to this hyperosmotic stress, the
cells release water, creating a gradient in pH (and pre-
sumably other molecular components), which is main-
tained within the adjoining nanostructured host and
serves to localize lipids, proteins, plasmids, nanocrystals,
and a variety of other components at the cellular surface.
This active organization of the bio/nano interface can be
accomplished during ink-jet printing, allowing patterning
of cellular arrays.


The synthetic constructs formed during CDA will facilitate
the exploration of fundamental questions concerning the
mechanisms by which cells actively control nanostructure
formation and function and, conversely, the mechanisms by
which nanostructured interfaces, matrices, and patterns can
control cellular behavior. CDA will allow proteins with
unusual functionalities, which are isolated from one organ-
ism, to be physically introduced at the surface of another
organism to provide new non-native functionality. Sensors
for extreme environments may be developed through im-
mobilization of extremophiles, or alternatively, extremophile
lipids may be localized at the cellular surface to serve as a
cellular repair kit or to impart added thermal or chemical
stability. Patterning strategies that use CDA to spatially define


FIGURE 7. (A) Lipid-coated CdSe nanocrystals (red) localize at the
cell surface during CDA and are then internalized by yeast cells
within 24 h. Green fluorescence is due to labeled lipid, diC6PC–NBD,
localized at the cell surface. (B) E. coli cells that have been
genetically modified in situ by plasmid localization during CDA show
GFP expression in response to the analyte arabinose. (C) DIC and
confocal fluorescence image of BR (labeled with Alexa Fluor 594)
organized around yeast cells in a lipid-templated silica film formed
by CDA with added BR-containing liposomes. Fluorescent pH probe
shows the pH gradient that develops during CDA for (D) E. coli and
(E) B. subtilis.
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and display a range of cellular properties, including genetic
modification and cell–cell communication networks, will be
developed. The host nanostructure and lipid interface will
be tailored to provide specific environments or instructive
backgrounds to guide cellular behavior. The lipid interface
can hold nutrients and growth factors or even be selectively
removed to create a reservoir or scaffold for the incorpora-
tion of complex extracellular instructions. Extrinsic signals
from the ECM, which are essential in guiding cellular
developmental pathways and establishing cellular com-
munication networks, depend upon sustainable chemical
gradients. With CDA, varied lipids and lipid concentrations
could be used to tailor the dimensional scale and connectiv-
ity of the host matrix, therefore, allowing for the engineering
of diffusion coefficients and gradient development.
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GUEST EDITORIAL
Sol–Gel Chemistry and Materials


The sol–gel synthesis of materials based on the hydrolysis and
condensation of molecular precursors is used to prepare a wide
range of inorganic materials. This procedure gives sols, colloidal
particles suspended in a liquid that progress through a gelation
process to finally form two interpenetrating networks—the solid
phase and the solvent phase. Although the roots of sol–gel
chemistry can be traced to the 19th century, only during the
past 30 years has the field witnessed remarkable growth in
sophistication and applications. Increased interest in sol–gel
materials has paralleled the emergence of materials chemistry
and the recognition of the vast common ground between the
chemistry and materials science communities.


It is tempting to consider the 1970s as the era of the rise of
the sol–gel materials field, but there were a number of earlier
contributions that demonstrated some of the types of materials
available with this synthesis approach. The sol–gel synthesis
of colloidal particles and the deposition of thin films date back
to the 1950s. Thus, sol–gel approaches were used to prepare
nanodimensional inorganic materials well before the terms
nanoscience and nanotechnology were popularized. Beginning
in the late 1970s, researchers active at the interface between
chemistry and materials science recognized the possibilities
provided by sol–gel methods. Much of this interest evolved
from glass science, since the ability to form inorganic glasses
without melting, the synthesis of glass compositions that could
not be achieved by melting, and the ability to exploit the
solution nature to form glasses as fibers, films, or bulk materials
(termed monoliths) represented an extraordinary combination
of potential opportunities. The renewed interest in sol–gel
materials occurred at a time when noncrystalline solids were
being widely investigated for uses in optical communications.
Multiple contributions to this special issue show the continuing
active interest in sol–gel methods for optical applications, but
emphasis has evolved from the scientific understanding of
optical properties to the design of sol–gel materials as optical
components and devices.


This special issue highlights several of the most scientifically
and technologically active areas in the sol–gel field. The papers
are organized roughly into five categories: studies of silica-
based sol–gel materials, non-silica-based materials, sol–gel
biological materials, porous sol–gel materials, and optical
sol–gel materials. One of the underlying themes in several
papers is the growing sophistication in synthesizing materials
with designed chemistry and morphology. This is particularly
evident when authors discuss hybrid materials. These materials
are largely based on the use of sol–gel approaches to combine
organic and inorganic functionalities. The versatility demon-
strated in these materials is exceptional, as the range of
materials extends from those with local organic groups attached
to an inorganic framework to those materials composed of
interpenetrating organic and inorganic networks. For a number
of years, sol–gel methods have been used to synthesize an
exciting generation of materials at the interface between
physical science and biology. The contributions to this special
issue show the breadth of this active research area and its
emerging applications.


Another unique feature of sol–gel materials is control of
pore–solid architecture. There is extraordinary control not only
of the size (mesopores of 2–50 nm) but also the arrangement
of pores within the inorganic (or organic/inorganic) framework.
The design of materials with specific architectures is enabling
researchers to obtain unique properties in such diverse areas
as drug delivery and electrochemistry.


We hope that this issue inspires readers to continue the study
of sol–gel materials chemistry. The sol–gel approach is truly a
“bottom-up” method, and as new directions develop in the
fields of nanoscience and nanotechnology, new opportunities
in the sol–gel field will abound.


Bruce Dunn and Jeffrey I. Zink
Guest Editors


University of California, Los Angeles
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ABSTRACT
Sol–gel chemistry represents a powerful method for assembling
metal chalcogenide quantum dots into 3D connected architectures
without the presence of intervening ligands to moderate parti-
cle–particle interactions. Wet gels prepared by the oxidative loss
of thiolate surface groups from chalcogenide nanoparticles can be
converted to xerogels (low porosity) or aerogels (high porosity), and
the quantum-confinement effects in these low-dimensional net-
works decrease with increasing density of the network. In this
Account, we describe the application of sol–gel chemistry to the
formation of CdSe architectures and discuss how surface modifica-
tion can lead to highly luminous monoliths, concluding with the
prospects of these unique materials for applications in sensing and
photovoltaics.


Introduction
Quantum dots (semiconducting nanoparticles) have the
potential to revolutionize many traditional and emerging
technologies, including solar-energy conversion, biological
imaging, and data processing and recording, owing to
their unique optoelectronic properties.1–4 In particular,
quantum dots exhibit size-tunable optical absorption
thresholds and narrow and intense photoluminescence
spectral features that are resistant to photobleaching.5 The
distinctive “quantum-confinement effects” of semicon-
ductor nanoparticles arise from the fact that there are
insufficient atoms to generate the continuum of energy
levels that are characteristic of the valence and conduction
bands in a bulk semiconductor material; a series of
discrete “atom-like” states is present instead. Thus, the
energy difference between the filled and empty levels
depends upon the number of atoms. That is, below some


critical radius, the Bohr radius of the electron–hole pair
(exciton), the effective “band gap” increases as the particle
size decreases. While this critical radius is material-
dependent, typical values for semiconductors range from
a few nanometers to a few tens of nanometers.6


The interest in quantum dot properties has sparked a
sustained research effort to develop synthetic methods
that permit exquisite control over size, shape, and poly-
dispersity. Considerable progress has been made over the
past decade, such that several classes of quantum dots,
among them metal chalcogenide nanoparticles, can be
easily synthesized in high quantity and quality.7,8 How-
ever, many of the envisioned applications or devices are
not based on single nanocrystals or solutions of nano-
crystals but are predicated on the formation of nanopar-
ticle assemblies in the solid state. Methodologies for
bottom–up assembly of nanoparticles into functional
architectures have not been extensively studied. Two
common approaches that have been exploited include the
formation of nanoparticle superlattices and glassy films
by controlled solvent evaporation9–13 and the use of
organic transformations on nanoparticle surface groups
to effect cross-linking between particles.14–16 However, in
each of these cases, the interactions between particles are
mediated by surface ligands, the presence of which are
detrimental to electrical transport properties and limit
thermal stability.


In point of fact, we have at our disposal a tried-and-
true method for constructing nanoparticle assemblies
from nanoparticle building blocks without the presence
of intervening ligands: sol–gel chemistry. Over the past
75 years (and starting long before the term “nano” became
the buzzword that it is today), the sol–gel method has been
widely exploited for creating nanostructures of SiO2, Al2O3,
TiO2, V2O5, and SnO2, among others.17–19 Traditional
oxide-based sol–gel reactions include a series of hydrolysis
and condensation reactions in which the nanoparticles
(colloidal sols) are formed from molecular precursors and
aggregated to form a wet gel network. Dependent upon
how the wet gel is dried, the density and extent of porosity
in the network can be effectively tuned, consequently
impacting the bulk physical properties. The low dimen-
sionality of the framework and the presence of an inter-
connected pore space have been exploited for a range of
applications, including thermal/acoustic insulation, ca-
talysis, and battery or sensor devices.20 However, sol–gel
methods have been largely “oxocentric”, limiting the
chemical diversity and hence the range of material
properties that can be accessed. In particular, there is a
distinct advantage in moving from oxides to sulfides,
selenides, and tellurides because of the increased co-
valency (and decreased band gap) in the semiconducting
phases. Specifically, chalcogenide semiconductors, such
as CdS, CdSe, and CdTe, are absorbers in the visible-to-
infrared (IR) region, and the characteristics of the absorp-
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tion and emission profile can be adjusted by controlling
the particle size, whereas TiO2 or SnO2 require sensitiza-
tion/doping to absorb at visible wavelengths. Thus, de-
veloping sol–gel methods for linking together chalcogenide
nanoparticles can be expected to lead to electrically
connected device architectures for diverse applications,
including photovoltaics and sensors. Furthermore, gel
structures provide a platform for evaluating how the
architecture of a 3D connected network of nanoparticles
impacts quantum-confinement effects.


The limited studies that have been performed on
chalcogenide sol–gel chemistry by thiolysis and nanopar-
ticle assembly routes have been recently reviewed.21 Thus,
in the present work, we will focus on new results from
our lab on CdSe nanoparticle assembly and surface
modification for improved photoluminescence properties.
The role of dimensionality on quantum confinement will
be discussed along with the potential of such materials
for future applications.


Sol–Gel Transition for Metal Chalcogenide
Quantum Dots
The oxidation-induced loss of thiolate groups from metal
chalcogenide nanoparticle surfaces, originally reported by
Gacoin and coworkers for CdS,22–26 is a versatile method
for transforming nanoparticle sols to chalcogenide gels


(Figure 1). This methodology is applicable to a range of
metal chalcogenides, including ZnS, CdS, CdSe, and
PbS.21,27–31 The formed gels are colloidal in nature, similar
to silica gels prepared under base-catalyzed conditions,19


a consequence of the fact that they arise from the linkage
of preformed spherical nanoparticles. The metal chalco-
genide nanoparticle precursors can be prepared from a
range of well-established methodologies, although we
have focused on arrested precipitation reactions con-
ducted in water-in-oil microemulsions (inverse micelles)
at room temperature or high-temperature methods con-
ducted in coordinating solvents.8,32 These approaches are
illustrated in Figure 2 for the case of CdSe. The as-
prepared nanoparticles are either stabilized by electro-
static interactions between surface Cd2+ species and the
anionic sodium bis(2-ethylhexyl)sulfosuccinate (AOT) sur-
factant or dative bonds between Cd and the PdO func-
tionality of trioctylphosphine oxide (TOPO). The chalco-
philicity of Cd drives the displacement of these ligands
by thiolates upon treatment with thiol [e.g., mercapto-
undecanoic acid (MUA) or FPhS] under basic conditions.


The treatment of thiolate-capped metal chalcogenide
nanoparticles with an appropriate oxidant (we have
successfully employed H2O2, TNM, and hν/O2) results in
the oxidation of the thiolate (RS-) to a radical (RS·),
followed by a combination of the alkylthiyl radicals to


FIGURE 1. Scheme and associated transmission electron microscopy (TEM) micrographs showing the gel formation, via a viscous sol, of
metal chalcogenide nanoparticles that are surface-capped with thiolates (RS-). Upon introduction of an oxidant, disulfides are formed (RS–SR),
providing open sites on the particle surface for assembly into oligomers and eventually polymers (gels). Representative thiols (RS–H) and
oxidants are also illustrated. The micrographs are of CdSe materials [prepared with ca. 3 nm spherical particles using MUA for capping and
tetranitromethane (TNM) for oxidation], with the bar corresponding to 100, 20, and 20 nm, respectively, from left to right.
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form disulfides (RS–SR) as the primary byproduct. H2O2


and TNM are sufficiently reactive to oxidize the thiolates
without assistance. In contrast, oxidation by O2 requires
initial photoexcitation of the quantum dot. O2 traps the
excited electron in the conduction band, and the hole left
in the valence band then reacts with the thiolate.33 The
efficiency of the oxidation process governs how quickly
the sol–gel transition occurs, by controlling the availability
of reactive sites on the particle surface. The ability to
transform a colloidal solution of nanoparticles (sol) to a
solvent-swollen polymeric network (gel) relies in part on
the kinetics by which active sites for assembly become
available on the particle surface. If no sites are available
because of strict passivation of the particle surface, the
colloid is stable, whereas if too many sites become
available at any one time, precipitation can occur. This
can be tuned by altering the quantity of oxidant relative
to the amount of thiolate present or the chemical reactivity
of the oxidant. Thus, at some minimum ratio of oxidant/
thiolate, Xmin, no gel is formed.23 Above Xmin, the rapidity
at which gel formation occurs increases with increasing
X, until the kinetics are so fast that a precipitate forms in
lieu of a gel at ∼5Xmin. Likewise, photo-oxidation of MUA-
capped CdSe nanoparticles in air leads to gelation over a
timeframe of days to weeks under ambient lighting,27,29


where the reactivity of oxygen is low, but direct irradiation
at 254 nm with an ultraviolet (UV) lamp results in
precipitation within hours.33


The density of the resultant gels is also a sensitive
function of the oxidant concentration, as well as the aging
time. At high concentrations of the oxidant, the large
number of surface reactive sites facilitates interparticle


linkages, resulting in a more compact gel. Likewise,
continued polymerization during the aging process leads
to densification of the monoliths, as illustrated in Figure
3 for CdSe. Importantly, it has been shown that the use
of a large excess of oxidant and/or long aging times leads
to complete removal of thiolate from CdS nanoparticles;
thus, the interparticle linkages can be presumed to be
purely inorganic in nature.25 In practice, unless very dense
gels are sought, lower oxidant concentrations/shorter
aging times are employed and some degree of residual
thiolate remains in the samples.


Removing the Solvent: Xerogel and Aerogel
Formation
As can be seen from Figure 3, the wet gel is a continuously
evolving structure, owing to the ease of species migration
through the liquid medium. Additionally, many of the


FIGURE 2. Schemes showing the inverse-micellar and high-temperature arrested precipitation approaches for nanoparticle synthesis, as
applied to the case of CdSe, and the surface functionalization with thiolate. The water-in-oil microemulsion employs sodium bis(2-
ethylhexyl)sulfosuccinate (AOT) as the surfactant, with water as a minority phase in heptane. The treatment with triethylamine (TEA) and
4-fluorophenylthiol (FPhSH) yields thiolate-capped CdSe nanoparticles that demonstrate high solubility in acetone. High-temperature methods
employ coordinating solvents to limit particle growth, in this case trioctylphosphine oxide (TOPO) and tetradecylphosphonic acid (TDPA).
Thiolate capping is achieved by treatment with MUA and tetramethylammonium hydroxide (TMAOH), yielding particles with excellent solubility
in water and alcohols. More details can be found in ref 27.


FIGURE 3. Photographs illustrating the transformation of the
transparent CdSe sol to an opaque gel and the compaction and
syneresis (solvent expulsion) that occurs upon aging the gel: (a) sol,
(b) viscous sol, 35 min after the addition of the oxidant, (c) gel aged
6 days, (d) gel aged 3 weeks, and (e) gel aged 3 months. Gelation
was achieved by adding 0.025 mL of TNM into 2 mL of a 0.25 M (on
the basis of the original Cd concentration in the high-temperature
nanoparticle synthesis) CdSe sol.
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device applications envisioned for nanoparticle assemblies
are predicated on solid-state structures. Solvent removal
is thus a critical step for stabilizing the microstructure and
creating architectures with desired functionality that are
compatible with existing device structures.


The metal chalcogenide gel structure itself is, however,
a direct consequence of the solvent. The solvent acts as a
template to support the spanning aggregates. Conse-
quently, the removal of the solvent can have a huge
impact on the gel structure.17 When solvents capable of
wetting the pore walls of the gel (i.e., of similar polarity)
are evaporated under ambient pressure conditions or
vacuum, capillary forces arise in the pores because of the
liquid–vapor interface, inducing pore collapse and, con-
sequently, densification. As can be seen for the case of a
CdS gel in Figure 4, the resulting xerogels occupy a fraction
of the volume of the wet gel, having lost a considerable
amount of their porosity. One way to maintain the wet
gel structure while removing the solvent is to use super-
critical solvents, because there can be no liquid–vapor
interface and, consequently, capillary forces. This meth-
odology was originally reported by Kistler in 1931, who
surmised that it should be generally applicable to a wide
range of gels.34,35 Indeed, our data (Figure 4) suggest that
the colloidal metal chalcogenide gels can be transformed
to aerogels by evaporation of supercritical CO2 at ca. 40
°C. Even more impressive is the fact that metal chalco-
genide gels can be formed as monoliths. Among the
oxides, only a few systems (silica, alumina, etc.) have gels
that can be transformed to monolithic aerogels.36–40 For
many materials that will undergo gelation, the network is
simply not robust enough to remain an interconnected
whole during the drying process, although this can be
alleviated by polymer encapsulation.41


The consequences of drying on the microstructure of
the gel network are reflected in the surface area and pore-
size distributions, as probed by nitrogen adsorption/


desorption isotherms (see Figure 5). The adsorption/
desorption isotherms obtained for the CdSe aerogels are
similar in shape, regardless of the methodology used to
synthesize the primary nanoparticles, and resemble a type
IV curve with a sharp upturn in the high relative pressure
region similar to a type II curve. This sharp upturn or lack
of saturation in the high relative pressure region is
indicative of liquid condensation associated with the
presence of large (macroscopic, >50 nm) pores in the
aerogels. The hysteresis loop of the adsorption/desorption
isotherm of the aerogel is similar in both types of aerogels
and has a combination of H1 and H3 characters that
correspond to cylindrical and slit shape pore geometries,
respectively. The adsorption/desorption isotherms of CdSe
xerogels also correspond to a type IV curve, indicating
mesoporosity, but in contrast to the aerogels, the hyster-
esis loops observed in the xerogel isotherm correspond
to a H2-type loop, indicative of “ink-bottle neck” shaped
pores in a dense network.42,43 Overall, CdSe xerogels have
25–50% of the available surface area of corresponding
aerogels, and the distribution of pore sizes as a function
of the pore volume is much narrower, with an average
size of 4–5 nm for the xerogel relative to 16–29 nm for the
aerogel. Thus, the cumulative pore volume for the xerogels
is on the order of 10% of that for aerogels. However, this
process of aggregation and drying has very little effect on
the nanocrystalline properties of the building blocks.
Powder X-ray diffraction analysis of low-temperature-
prepared CdSe particles and their associated aerogels and
xerogels is characteristic of a cubic polymorph, whereas
high-temperature-prepared materials are hexagonal. For
either synthesis, the peaks have a considerable breadth
associated with the short coherence length in the nano-
particles. Only a slight increase (<10%) in crystallite size
is observed because of aggregation (i.e., gel formation).


FIGURE 4. Scheme and associated photographs showing the acetone-saturated wet gel, the xerogel formed from ambient-pressure drying,
and the aerogel prepared from supercritical CO2 drying. Capillary forces result in pore collapse in the xerogel; the absence of a liquid–gas
interface in the supercritical solvent removes surface tension, allowing for the solvent to be removed without significantly impacting the wet
gel structure, resulting in an aerogel. The photographs are of CdS materials and are reprinted with permission from ref 29. Remarkably, the
aerogel has a bulk density of 0.07 g/cm3, which is <2% of that of a CdS single crystal.
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Optical Properties of Nanostructured Gels and
Consequences for Quantum Confinement
Despite the fact that the gel network consists of a 3D
connected architecture of quantum dots without the
presence of intervening ligands, the size-dependent opti-
cal band gap of the CdSe wet gels is essentially identical
to those of the precursor nanoparticles (Figure 6). The
aerogel shows a red shift in the band edge relative to the
precursor nanoparticles/wet gels, and the xerogels con-
tinue the trend (Figure 6). Nevertheless, all are consistent
with some degree of quantum confinement; i.e., all exhibit
a blue shift relative to the value for a bulk single crystal.
Additionally, this is not unique to CdSe but is observed
in all of the systems that we have investigated to date


(Figure 7).28,29 How is it that such large (∼1 cm) intercon-
nected monoliths behave like particles with critical di-
ameters of 6 orders of magnitude smaller?


It is well-established that quantum-confinement effects
can be retained in materials that have dimensions less
than the excitonic Bohr radius in at least one direction.44


The extent of confinement depends upon the number of
degrees of freedom or dimensionality (D); thus, quantum
dots (0D) are more confined than quantum rods (0 < D
< 1), which in turn are more confined than quantum wires
(1D) and wells (2D).45–48 Gel networks actually have a
fractal or intermediate dimensionality because of the
porosity.49 Thus, although particles are connected in 3D,
they are unique structures inherently different from bulk


FIGURE 5. Representative nitrogen adsorption–desorption isotherms
and Barrett–Joyner–Halenda (BJH) plots of the pore size versus
volume (insets) of a CdSe aerogel and xerogel synthesized from
inverse-micelle-prepared nanoparticles. The dramatic increase in
density for the xerogel, illustrated in Figure 4, translates to a
significant decrease in the available surface area and pore size
relative to the supercritically dried aerogel. The Brunauer–Emmett–
Teller (BET) surface area for the aerogel ) 128–161 m2/g, and the
BET surface area for the xerogel ) 41–65 m2/g.27,28 Xerogel plots
were reproduced with permission from ref 28. Copyright 2005
American Chemical Society


FIGURE 6. Illustration of the effect of the network density on the
optical properties of gel structures composed of naked CdSe
quantum dots and ZnS-capped CdSe quantum dots (CdSe/ZnS). The
optical band gap of materials in the naked CdSe system decreases
as the density increases. This can be ascribed to a decrease in the
extent of quantum confinement as the dimensionality of the
architecture increases from 0D (nanoparticles) to 3D (large single
crystals). For the analogous case of CdSe/ZnS, CdSe remains 0D
because of the ZnS shell. Thus, network densification has little effect
on the optical band gap.


FIGURE 7. Diffuse reflectance data for aerogels of PbS, CdSe, CdS,
and ZnS and the corresponding band gap values for bulk crystalline
samples. In each case, the optical band gap for the aerogel is
significantly blue-shifted from that of the bulk, suggesting that the
quantum-confinement effects of the nanoparticles are retained within
the 3D-linked aerogel architecture. This figure was reprinted with
permission from ref 29.
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crystals. At a local level, the degree of interaction (number
of particles) is much lower than in a bulk solid of uniform
density.


If this should be the case, one would expect that the
extent of quantum confinement would depend upon the
density of the network, such that higher density networks
would be a closer approximation to the bulk solids. As
indicated in Figure 6, this is exactly what we see. The more
dense xerogel structure is less quantum-confined (smaller
band gap) than the aerogel. Therefore, the extent of
quantum confinement in metal chalcogenide gel networks
is ultimately related to the dimensionality (density) of the
network.


Upping the Luminosity through Surface
Modification
The photoluminescence properties of metal chalcogenide
nanomaterials are strongly dependent upon crystallinity
and surface characteristics.50,51 The presence of defects
gives rise to midgap states where electron–hole recom-
bination can occur, thereby reducing the band-edge
luminescence properties and giving rise to a broad, red
feature in the emission spectrum. It is well-established
that certain ligands act as strong quenching agents for the
band-edge luminescence, thiolates among them, by acting
as hole acceptors.52 Thus, even highly crystalline hexago-
nal CdSe nanoparticles exhibit a broad feature to the red
of the band edge when capped with thiolate ligands, as
shown in Figure 8. However, the process of oxidation-
induced gelation actually decreases the band-edge peak
relative to the trap peak, and the trap peak itself shows
an increase in intensity at the blue end and a decrease at
the red end, relative to the precursor nanoparticles. This
suggests that more traps are present in the network


structure and that the nature of the trap states is funda-
mentally different in these two materials. Is it then
possible to recover or even improve upon the photo-
luminescence properties of the nanoparticle precursors
within a gel architecture?


Surface passivation of semiconducting nanocrystals can
minimize surface defects, thereby enhancing the possibil-
ity of emissive electron–hole recombination.8 As illustrated
in Figure 9, there are two main approaches: the deriva-
tization of nanocrystals with surface-passivating ligands
(organic passivation) or the growth of a second phase on
the surface of the nanoparticle (inorganic passivation).
Hence, we sought to apply these methods to metal
chalcogenide gels with an eye toward increasing their
emission properties.


With respect to organic surface passivation, we have
tested the ability to remove residual thiolates (left from
incomplete oxidation) from the nanostructure surface by
ligand exchange with pyridine, because amines are known
to be effective at reducing trap-state emission.52 Energy-
dispersive spectroscopic studies on thiolate-coated CdSe
nanocrystals and derived gels have shown that sulfur from
thiolates accounts for nearly 20 atom % of the precursor
nanoparticles.27 Upon gelation and aerogel formation, the
sulfur content is reduced to 13–14 atom %, consistent with
the oxidative removal of a portion of the surface thiolate
groups concomitant with gelation. However, if the wet gels
are exchanged with pyridine for several days prior to gel
drying, we can further reduce the sulfur content of the
gel network to approximately 6% by mole, because of the
replacement of a portion of the residual thiolates with
pyridine functionalities.27 The consequence is a significant
increase in the band-edge features of corresponding
aerogels relative to the trap peak (Figure 8). In addition
to improving the emission properties, this strategy also
demonstrates that chemistry can still be done even after
gelation and in a way that does not break up the
nanoparticle network.


Inorganic passivation of the quantum dot by a wider
band gap material is typically more effective at reducing
trap-state emission (and thereby augmenting band-edge
emission) than organic passivation techniques. Capping
CdSe nanoparticles with a ZnS shell is a well-established


FIGURE 8. Photoluminescence spectra of (a) high-temperature-
prepared CdSe nanoparticles, (b) aerogels prepared from CO2
supercritical drying of wet gels exchanged with acetone, and (c)
aerogels prepared from CO2 supercritical drying of wet gels
exchanged several times with pyridine and then exchanged with
acetone. The pyridine displaces some of the residual surface thiolate
functionalities in the wet gel, resulting in an increase in the intensity
of the band-edge luminescence peak relative to the trap-state peak.
This figure was reproduced with permission from ref 27. Copyright
2006 American Chemical Society.


FIGURE 9. Scheme illustrating the approach to increasing the band-
edge luminescence of CdSe gel networks by displacing thiolate
groups bound at the CdSe surface that give rise to trap states. The
thiolates can be exchanged with pyridine at the wet gel stage by
solvent exchange. Alternatively, a coating of ZnS can passivate the
CdSe surface.
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approach for preparing highly emissive quantum dots and
has the further advantage that the shell is far more robust
than most organic ligands (less susceptible to chemical
exchange).8 Therefore, we prepared CdSe/ZnS (core/shell)
nanoparticles, capped them with thiolate (MUA), and
linked them together via oxidation-induced gelation (Fig-
ure 10).53 Monoliths can be prepared as both aerogels and
xerogels and are highly emissive even when excited with
a handheld UV lamp (Figure 10). Furthermore, in contrast
to “naked” CdSe nanoparticle networks, the density of the
network has very little influence on the optical and
electronic properties of the core/shell nanostructures.
Thus, both core shell aerogels and xerogels exhibit optical
absorption and emission spectra that are essentially
identical to those of the precursor nanoparticles (Figures
6 and 10). This is attributed to the ZnS barrier layer, which
effectively reduces the interparticle interactions between
core CdSe nanocrystals.


Conclusion and Outlook
The use of sol–gel methods for the assembly of metal
chalcogenide quantum dots represents a powerful method
for addressing a critical problem in the application of
nanoparticles in technology: how to link particles together
into purely inorganic 3D connected macrostructures while
retaining the optoelectronic properties of the individual
quantum dot. The simplicity of the method, which exploits
established procedures for quantum dot synthesis and
surface modification, and the generality of the approach
to a wide range of metal chalcogenides, including sulfides
and selenides of Zn, Cd, and Pb, suggest that it can be
used routinely, as routinely as silica sol–gel methods!
Because the quantum-confinement effects arise from the
dimensionality of the network, the optical band gap can
be tuned just by varying the density of the network.
Additionally, organic or inorganic surface modification
strategies originally developed for quantum dots can easily
be applied to gels, enabling the characteristic lumines-
cence properties of the dot to be retained in gels.


Quantum dot nanostructures are expected to address
applications that individual quantum dots cannot. The
combination of porosity and an interconnected nanopar-
ticle network suggest they may be suitable when small
molecule diffusion and large interfacial surface areas are
needed, such as in sensing and photovoltaics. For ex-
ample, the photoluminescence properties of CdSe quan-
tum dots have been shown to be sensitive to Lewis bases,
such as triethylamine, but the optical response of these
materials is slow, because of diffusion problems.54 In
contrast, diffusion in aerogel structures has been shown
to be similar to that in open air.55 Likewise, CdSe nano-
particles have also been used in flexible photovoltaic
devices by interfacing them to a hole-conducting poly-
mer.56 However, the device efficiencies are limited by the
need for electron hopping between disparate nanopar-
ticles. A prewired network, such as that present in the
metal chalcogenide gel networks, should facilitate electron
transport for such applications.


The application of sol–gel methods to metal chalco-
genides, as well as previous work on carbon aerogels,
suggests that perceived limitations on the chemistry
accessible by sol–gel approaches are just that, perceived.
Accordingly, we are now focused on extending non-oxide
systems from sulfides and selenides to tellurides, such as
CdTe and PbTe, as well as exploring the sol–gel chemistry
of the Group 15 elements. Additionally, although the metal
chalcogenide gels are morphologically identical to base-
catalyzed silica gels, the nature of bonding between
particles remains unknown. An investigation of the mech-
anism of gelation and the chemical nature of the bonding
between nanoparticles in chalcogenide gel networks is
currently underway.


We thank Mercouri Kanatzidis for the use of the solid-state
optical band-gap equipment. The work summarized in this
Account was supported in part by the National Science Foundation
(CAREER, DMR-0094273; IGERT, DEG-9870720), Research Cor-
poration (Research Innovation Award, R10617), and the donors


FIGURE 10. (a) Scheme showing the synthetic methodology for
coating CdSe nanoparticles with ZnS shells by treatment with
diethylzinc and tris(trimethylsilyl)sulfide and thiolate capping with
MUA. By treatment with TNM, highly luminescent gels of CdSe/
ZnS are formed, as shown in the photographs of corresponding
aerogels (left monolith) and xerogels (right monolith) under (b) normal
and (c) UV illumination. In d, the optical absorption (black) and
photoluminescence (red) spectra of CdSe/ZnS core/shell nanopar-
ticles, aerogels, and xerogels are presented. In contrast to gel
structures prepared from bare CdSe, there is virtually no change in
the band-edge energy among the different samples and the trap-
state peak evident in Figure 7 is completely absent. Parts b–d of
this figure were reproduced with permission from ref 53. Copyright
2007 American Chemical Society.
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