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Functionalized mesoporous silica offers promising possibilities for numerous applications, including

drug delivery, catalysis, and adsorption. This minireview focuses on recent developments related to the

postsynthetic positioning of functional groups on mesoporous silica. After briefly introducing the

reagents that are commonly used for this purpose, methods to control and to analyze the distribution of

the grafted functional groups are discussed, with particular emphasis on concepts that allow the

placement of the groups at specific distances from each other, as well as on approaches towards the

selective functionalization of the external particle surface.
Introduction

Following a recommendation by IUPAC, porous materials are

divided into three classes, namely microporous (with a pore

diameter below 2 nm), mesoporous (2–50 nm), and macroporous

(larger than 50 nm) materials.1 Zeolites, the most prominent

members of the microporous class, have a long history in terms

of their synthesis,2 beginning with the pioneering work of Barrer

in the late 1940s.3 Mesoporous silicas with ordered pores (here-

after referred to simply as mesoporous silica) are young by

comparison, with first reports dating back to the early 1990s.4

Since then, progress has been remarkable, leading to a rich

palette of structure-directing agents (SDAs) and a variety of

synthetic pathways.5 The functionalization of mesoporous silica

has attracted particular interest, mainly due to potential appli-

cations of these materials in catalysis,6 drug delivery,7 and

adsorption.8,9

There are two general approaches towards the functionaliza-

tion of mesoporous silica (Fig. 1). In co-condensation, also

termed direct or one-pot synthesis, a condensable precursor

bearing the desired functional group is added to the mixture

containing the components for the formation of the mesoporous
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silica. In most cases, silanes of the type R–Si(OR0)3 are used as

precursors. The distribution of the functional groups in the final

products is typically homogeneous, but the addition of organo-

alkoxysilanes can have a pronounced effect on the pore structure

and morphology of the mesoporous material.10 High function-

alization degrees often lead to decreasing mesoscopic order. The

SDA must ultimately be removed by extraction, as calcination

would destroy the grafted organic moieties. Extending the

co-condensation approach to bridged organosilica precursors of

the type (R0O)3Si–R–Si(OR0)3 yields periodic mesoporous

organosilicas (PMOs).11 Postsynthetic methods (often referred to

as grafting) introduce the functional groups after the formation

of the mesoporous silica, either before or after removal of the

SDA. This method exploits the abundant silanol groups present

on the mesoporous silica surface.12 Postsynthetic functionaliza-

tion offers possibilities for functional group placement. Specific

parts of the mesoporous silica surface (external surface, pore

surface, pore entrances) can be modified and high functionali-

zation degrees are feasible without compromising the mesoscopic

order. This minireview focuses on recent progress in post-

synthetic functionalization of mesoporous silica, with particular

emphasis on the control and the analysis of the distribution of

surface-anchored organic functionalities.
Anchoring of functional groups

Precursors for the postsynthetic functionalization of mesoporous

silica are most often based on chlorosilanes or alkoxysilanes.

Disilazane compounds of the type HN(SiR0R0 02)2 have been

reported as an interesting alternative.13 A further possibility,

resulting in the formation of a Sisurface–C bond instead of the

more common attachment via siloxane bridges, is the use of

Grignard reagents after esterification of the surface silanol

groups.14 Grignard reagents can also be employed in combina-

tion with a dehydroxylation of the silica surface. This post-

synthetic modification route relies on the formation of strained

siloxane bridges upon vacuum degassing at elevated tempera-

tures, thereby generating electron deficient surface silicon

atoms.15 In addition to Grignard reagents, organolithium

compounds can be used to functionalize mesoporous silica

surfaces. Reactions are performed at relatively low temperatures
Nanoscale, 2010, 2, 887–892 | 887
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Fig. 1 Functionalization of mesoporous silica by co-condensation and by postsynthetic treatment. A trialkoxysilane molecule bearing a functional

moiety (red) is shown as an example of a precursor. The structure-directing agent (SDA) is represented by the blue micelles.
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compared to the classical alkoxysilane-based grafting

techniques.16 The concept of functionalization via metalorganic

reagents has also been applied to colloidal suspensions contain-

ing mesoporous silica nanoparticles.17

The postsynthetic functionalization of mesoporous silica is

usually performed in a solvent. In the case of 3-amino-

propyltrimethoxysilane (APTMS), functionalization by deposi-

tion from the vapor phase has been reported, leading to materials

that compare favorably with those prepared by deposition from

toluene.18 As a further alternative to the common solution-based

reactions, materials containing Sisurface–NH2 sites have been

obtained by treatment of mesoporous silica with gaseous NH3 at

elevated temperatures.19

The effect of water on the functionalization of mesoporous

silica with 3-aminopropyltriethoxysilane (APTES) was investi-

gated by nitrogen sorption and confocal laser scanning micros-

copy (CLSM). It was observed that clustering of the silanes is

promoted by the presence of water, leading to non-uniform

distributions of the grafted amino groups with higher concen-

trations at the pore entrances.20 If a uniform distribution of the

amino groups is desired, the reaction of 3-amino-

propyltrialkoxysilanes with mesoporous silica is therefore

usually performed in an anhydrous solvent. It should, however,

be mentioned that for the formation of self-assembled mono-

layers on mesoporous silica by reaction with 3-mercaptopro-

pyltrimethoxysilane, the presence of water (approximately 2

monolayers) in the reaction mixture was found to be of critical

importance for generating the respective hydroxysilane, which

acts as the key species in the self-assembly process. Furthermore,

a hydrated mesoporous silica surface provides the large number

of silanol groups that is needed for the formation of self-

assembled monolayers.9,21

A postsynthetic approach not explicitly shown in Fig. 1

introduces functional groups by exchanging the SDA in the as-

synthesized mesoporous material with suitable organosilanes.

Functionalization according to this approach has, for example,

been achieved by exchanging the cetyltrimethylammonium ions

in as-synthesized MCM-41 with positively charged organo-

alkoxysilanes.22 It has further been shown that any suitable

organoalkoxy- or organochlorosilane is able to displace the SDA

from as-synthesized MCM-41 and covalently bind to the pore

surface in the process. By following this approach and con-

ducting the reactions without additional solvent, high
888 | Nanoscale, 2010, 2, 887–892
functionalization degrees were obtained.23 It should, however, be

noted that materials synthesized by methods based on such

exchange processes usually contain residual amounts of non-

exchanged SDA.

Many postsynthetic modification routes make use of addi-

tional reaction steps to convert grafted functional groups.

Examples include the oxidation of –SH to –SO3H by treatment

with H2O2,24 the cleavage of grafted disulfide species of the type

[Si](CH2)3SS(CH2)3[Si], leading to pairs of –(CH2)3SH groups on

the mesoporous silica surface,25 or the hydrolysis of –CN to

–COOH.26 Countless possibilities exist for attaching further

moieties to grafted functional groups. In the extreme case,

a series of such steps can lead to highly complex structures, as

demonstrated by the synthesis of melamine-based dendrimers in

the pores of amino-functionalized mesoporous silica.27

Conventional spectroscopic techniques can be used to char-

acterize grafted functional groups. To confirm the integrity of the

anchored organic moieties, FTIR, Raman, and 13C MAS NMR

spectroscopy is most commonly used,13,17,25,28 whereas 29Si MAS

NMR data can provide evidence for the presence of Si–C

bonds14–16 and give information on the degree of organic

functionalization.28 The amount of grafted organic moieties is

usually determined by elemental or thermogravimetric analysis.
Distribution of functional groups

It is often proposed that postsynthetic modification leads to pref-

erential functionalization of the most readily accessible sites, i.e.,

sites on the external particle surface and sites on the pore surface

close to the pore entrances. The degree of non-uniformity of the

final functional group distribution strongly depends on the size of

the grafting reagent relative to the pore diameter. Lim and Stein

compared vinyl-functionalized MCM-41 samples prepared either

by postsynthetic grafting or by co-condensation.28 A kinetic study

of the bromination of the samples revealed that the bromination

rate of the postsynthetically functionalized sample was significantly

faster than for the co-condensed material, despite a similar pore

diameter. One possible explanation for this effect is based on the

distribution of the vinyl groups. Contrary to the uniform distri-

bution in the co-condensed sample, vinyl groups in the post-

synthetically modified sample are present mainly on the external

surface and on the pore surface close to the openings. This

hypothesis was supported by X-ray photoelectron spectroscopy
This journal is ª The Royal Society of Chemistry 2010
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Fig. 2 Top: schematic illustration of the molecular spacer approach. A

functional group (red) bearing a bulky protecting group (blue) is grafted to

the pore surface. The remaining silanol groups are then capped to obtain

the desired surface properties and the protecting groups are removed. The

size of the protecting group determines the minimum distance between the

functional groups. Bottom: molecular imprinting approach for the crea-

tion of defined cavities in a pore surface coated monolayer.
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(XPS). As the escape depth of electrons is only a few nanometres,

XPS emphasizes contributions from the external surface.

Measurements on the brominated samples indeed indicated

a higher bromine content for the postsynthetically modified

sample, whereas bromine contents obtained from bulk chemical

analysis were almost equal for co-condensed and postsynthetically

functionalized samples. A similar comparison between the two

synthetic methods was made by Yokoi et al., focusing on the

functionalization with mono-, di-, and tri-amino-organo-

alkoxysilanes.29 Adsorption of Co2+ and Fe3+ was significantly

different for the co-condensed and postsynthetically modified

samples. The results were explained by a non-uniform distribution

of the amino groups in the postsynthetically modified sample, with

higher concentrations on the external surface and on the pore

surface near the openings. It should be noted that in these

comparative studies, postsynthetic functionalization was per-

formed by refluxing a dispersion of the mesoporous silica in toluene

containing the respective trichloro- or trialkoxysilane. Several

authors have found that in terms of obtaining a uniform distribu-

tion of surface-anchored amino groups, toluene is not an ideal

solvent. Sharma et al. grafted 3-aminopropyl and N-(2-amino-

ethyl)-3-aminopropyl groups to MCM-41 using different solvents

and analyzed the degree of aggregation of the surface-anchored

functional groups colorimetrically with Cu2+ complexes.30 Partic-

ularly in the case of N-(2-aminoethyl)-3-aminopropyl moieties,

reaction in toluene produced clusters, whereas reaction in alcohols

resulted in a higher degree of site isolation. We have made a similar

observation for the reaction of bis(trimethoxysilylpropyl)amine

with MCM-41.31 While grafting in toluene caused an accumulation

of anchored groups on the external surface and at the pore

entrances, reaction in THF produced a significantly higher degree

of site isolation and led to an increased tendency towards a more

uniform functionalization of the pore surface. Such solvent effects

are less pronounced in the case of weakly interacting silanes, such as

APTMS,30,31 but are nevertheless likely to play an important role in

determining the properties of the functionalized products. A very

distinct solvent effect was observed upon reaction of 3-amino-

propyltris(methoxyethoxyethoxy)silane (APTMEES) with hexag-

onal MCM-41 type particles.32 Fluorescent labeling of the grafted

amino groups and subsequent analysis by CLSM showed that

labeled amino groups were mainly present on the external particle

surface and at the pore entrances when the grafting reaction was

carried out in toluene or hexane, whereas a uniform distribution

was obtained for ethanol or acetone. Using THF as a solvent led to

an intermediate behavior, featuring a decrease of the concentration

of labeled amino groups towards the center of the pores.

For catalytic applications of functionalized mesoporous silica,

it is important to establish molecular scale structure-property

relationships. This process is greatly facilitated if the grafted

catalytically active groups experience similar environments and

are isolated from each other. The molecular spacer approach,

which is schematically shown in Fig. 2, is very versatile in this

regard. Obtaining site-isolated surface-grafted amino groups is

particularly challenging, as they tend to interact with adjacent

surface silanol groups or arrange in clusters with amine-amine

hydrogen bonding. McKittrick and Jones have used a tritylimine

patterning agent to control the minimum distance between

the surface-anchored amino groups. After grafting of the

tritylimine, the remaining silanol groups were capped with
This journal is ª The Royal Society of Chemistry 2010
hexamethyldisilazane, and the tritylimine was hydrolyzed to

yield the primary amino groups.33 The use of a benzyl instead of

a trityl protecting group led to higher grafting densities,

approaching those of highly loaded amino-functionalized silicas

synthesized by conventional techniques, while still retaining

a high degree of site isolation.34 In an approach more direct than

the concept outlined in Fig. 2, site-isolated amino groups have

also been obtained by reacting a mixture of APTMS and

methyltrimethoxysilane with mesoporous silica.35

Imprinting36 and site pairing37 methods have been applied to

mesoporous silica to control the relative positioning of func-

tional groups. A mesoporous silica coated by a molecular

monolayer containing cavities of defined size and shape can be

prepared by such an imprinting approach, as shown schemati-

cally in Fig. 2. In this particular case, a triangular template

molecule was grafted to the pore surface, followed by the

reaction of the unoccupied surface with a long-chain alkyl-

trimethoxysilane. The template molecules were then removed to

leave the desired cavities in the monolayer coating.38 Interest-

ingly, it was found that the accessibility of these cavities can be

changed. In toluene, the long hydrocarbon chains assume an

extended conformation, thus making the cavities accessible. In

ethanol, on the other hand, the chains form a more compact

conformation, resulting in a blocking of the cavities.38

Independent of the grafting method, the assessment of the

degree of site isolation is a key issue. Amino-functionalized

samples can be labeled with fluorescein isothiocyanate under

mild conditions. The luminescence intensity of the labeled

samples is a direct measure of the degree of site isolation, as short

distances between the amine sites lead to self-quenching.31 This

method is particularly useful for samples with loadings on the

order of 0.1 mmol g�1. For higher amino loadings, the adsorption

of 1-pyrenecarboxylic acid can provide information on site

isolation.34 Short distances between adsorbed pyrene moieties

cause excimer emission, which can be easily identified by a broad

band in the luminescence spectrum around 470 nm. A further

method relies on the formation of Cu2+ complexes with

grafted amino groups. The d-d absorption spectrum of these

complexes allows conclusions regarding the number and

arrangement of amine ligands on the Cu2+.30 Site isolation in
Nanoscale, 2010, 2, 887–892 | 889
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amino-functionalized mesoporous silica has also been probed by

reaction with terephthaloyl chloride.33 A short distance between

surface-anchored amino groups allows the formation of

a bridged species by reaction with both acyl chloride function-

alities on the terephthaloyl chloride, leading to two amide bonds.

However, if the grafted amino groups are site-isolated, only one

of the acyl chloride functionalities is expected to react. The

materials were characterized by Raman spectroscopy to identify

the relative amount of amide bonds.33
Selective functionalization

Functional groups on the external particle surface define the

interaction of mesoporous silica particles with the surrounding

medium. Regarding applications in the field of drug delivery, the

selective functionalization of the external surface is an essential

synthetic step to obtain multifunctional carriers. Regulation of

the cellular uptake39 or targeting40 are examples of tasks that can

be solved by functional groups on the external surface. Addi-

tionally, the internal surface needs to be functionalized inde-

pendently, for example to enable high drug loading capacity and

controlled release.7

One of the first reports of a site-directed surface derivatization

of mesoporous silica was motivated by the potential of mesopore

confinement effects in catalysis. To exclude binding of catalytic

centers to external surface sites, Shephard et al. developed

a method to passivate the external surface.41 Based on the

assumption that the most kinetically available silanol groups are

those on the external surface, treatment of MCM-41 with small

amounts of diphenyldichlorosilane (Ph2SiCl2, 20 mL g�1) was

expected to deactivate the external surface for further reaction.

Subsequent grafting of APTMS would then lead to an exclusive

amino-functionalization of the pore surface. The position of the

surface-grafted amino groups was determined by high-resolution

transmission electron microscopy following acidification

(to generate surface-anchored ammonium groups) and adsorp-

tion of a ruthenium cluster compound. Indeed, a sample without

Ph2SiCl2 treatment showed strong contrast on the external

surface of the particles, whereas for a passivated sample, ruthe-

nium clusters were found in the mesopores.
Fig. 3 Top: schematic representation of external surface functionalization by

microscopy images of ASNCs (left) and mesoporous silica spheres (right). The

groups indicate that the degree of pore surface grafting strongly depends

combination. Optical slices in the center of the particles were selected.32

890 | Nanoscale, 2010, 2, 887–892
A strategy for the differential functionalization of acid-

prepared mesoporous spheres (3 nm average pore diameter, 5 mm

particle size) employing diffusion-based deprotection was

proposed by Cheng and Landry.42 The material was first reacted

with Fmoc-modified organosilanes, leading under certain

conditions to a complete filling of the pores. As the cleavage of

the Fmoc groups is much slower within the pores, the external

surface groups could be deprotected selectively and modified

further. CLSM can be used to visualize the spatial distribution of

the functional groups after appropriate fluorescent labeling.

Large particles of defined morphology are advantageous for this

type of analysis. Arrays of silica nanochannels (ASNCs)43 and

large spherical mesoporous silica particles42,44 are examples for

materials that are ideally suited for such studies.

Grafting of 3-aminopropyltrialkoxysilanes to as-synthesized

mesoporous silica, i.e., before the removal of the SDA, is

a straightforward method for external surface modification.

Intuitively, one would assume that the SDA blocks the pores and

therefore prevents the silane molecules from grafting to the pore

surface (Fig. 3). Following this approach, we found that the

degree of pore surface grafting strongly depends on the orga-

nosilane. In case of the frequently used APTES, significant

derivatization of the pore surface was found for ASNCs (MCM-

41 type material, 2.9 nm average pore diameter) and SBA-15 type

spheres (5.5 nm average pore diameter) despite the presence of

the respective SDA in the pores. APTMEES, on the other hand,

grafted preferentially to external surface sites (Fig. 3). The mes-

opores remained accessible for further modification after func-

tionalization of the external surface with APTMEES.32

The concept of reacting alkoxysilanes with mesoporous silica

still containing the SDA has been utilized to attach molecular

gates at the pore entrances, enabling controlled uptake and

release.45 The positioning of molecules at the channel entrances

of mesoporous silica is a challenging task. In the case of zeolite L,

a microporous aluminosilicate, a wide variety of molecules has

been developed that can be selectively adsorbed or covalently

attached to the channel entrances.46 As this approach typically

relies on a moiety that is just slightly too bulky to enter the zeolite

L channels, direct application to the much larger pore openings

of mesoporous materials is hardly possible. However, the recent
grafting to as-synthesized mesoporous silica. Bottom: scanning electron

corresponding CLSM images taken after fluorescent labeling of the amino

on the type of silane. Three particles are shown for each silane/silica

This journal is ª The Royal Society of Chemistry 2010
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development of molecular nanovalves based on redox-switchable

bistable rotaxanes shows that highly sophisticated materials can

be prepared by carefully controlling the location of functional

moieties on the mesoporous silica surface.47

Studies on the selective functionalization of external surfaces

are usually conducted with micrometre-sized mesoporous silica

particles, allowing for example the visualization of the functional

group distribution by CLSM. It should, however, be noted that

procedures developed for such particles are not necessarily

successful when working with nanometre-sized mesoporous

silica particles. As a consequence of the shorter channels, the

overall accessibility of the pore surface sites is much higher in

nanometre-sized particles than in micrometre-sized particles

having the same pore diameter.48 For mesoporous silica nano-

particles, a sequential co-condensation approach has been

proposed as an alternative to postsynthetic routes. It has been

shown that functional groups can be concentrated in parts of the

mesopores, or exclusively placed on the external surface, by

adding the respective functionalized triethoxysilane during

a specific time of the particle growth.49

Depending on the synthesis conditions, mesoporous silica of

the SBA-15 type50 exhibits a significant amount of disordered

micropores.51 There is evidence for the preferential adsorption of

APTMS in the intrawall micropores of SBA-15.48 In fact,

micropores in SBA-15 can be functionalized independently from

the primary mesopores by first cleaving and removing the

accessible part of the SDA, thus exposing the mesopore surface.

The latter is then functionalized and the material is heated to

vacate the micropores. In a final step, the open micropores are

modified to yield a bifunctional material.52
Conclusions

Given the variety of reagents for the postsynthetic modification of

mesoporous silica, including alkoxysilanes, chlorosilanes, dis-

ilazanes, organolithium and Grignard reagents, the possibilities

for preparing mesoporous materials with specific functionalities

are enormous. For many potential applications of these materials,

a controlled functional group placement is crucial. Grafting

methods that position functional groups in a defined environment

or at specific distances from each other are of particular interest

for the development of catalysts and sensors, whereas the selective

functionalization of specific regions of the mesoporous silica

surface (external surface, pore surface, pore entrances) constitutes

an integral part of the concept of using these materials as drug

delivery devices. Recent years have seen significant progress in this

regard, in part due to the application of sophisticated methods for

the analysis of the spatial distribution of the grafted functional

groups. Considering the wide pore size and particle size range

covered by mesoporous silica, the development of generally

applicable methods for the selective functionalization of meso-

porous silica surfaces remains a challenge.
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