
SPRINGER BRIEFS IN MOLECULAR SCIENCE

Yun-Pei Zhu
Zhong-Yong Yuan

Mesoporous 
Organic-Inorganic 
Non-Siliceous 
Hybrid Materials
 Basic Principles 
and Promising 
Multifunctionality 



SpringerBriefs in Molecular Science



More information about this series at http://www.springer.com/series/8898

http://www.springer.com/series/8898


Yun-Pei Zhu · Zhong-Yong Yuan

1 3

Mesoporous  
Organic-Inorganic  
Non-Siliceous Hybrid 
Materials
Basic Principles and Promising 
Multifunctionality



Yun-Pei Zhu
College of Chemistry
Nankai University
Tianjin
China

Springer Heidelberg New York Dordrecht London
© The Author(s) 2015
This work is subject to copyright. All rights are reserved by the Publisher, whether the whole or part 
of the material is concerned, specifically the rights of translation, reprinting, reuse of illustrations, 
recitation, broadcasting, reproduction on microfilms or in any other physical way, and transmission or 
information storage and retrieval, electronic adaptation, computer software, or by similar or dissimilar 
methodology now known or hereafter developed.
The use of general descriptive names, registered names, trademarks, service marks, etc. in this publication 
does not imply, even in the absence of a specific statement, that such names are exempt from the relevant 
protective laws and regulations and therefore free for general use.
The publisher, the authors and the editors are safe to assume that the advice and information in this book 
are believed to be true and accurate at the date of publication. Neither the publisher nor the authors or the 
editors give a warranty, express or implied, with respect to the material contained herein or for any errors 
or omissions that may have been made.

Printed on acid-free paper

Springer-Verlag GmbH Berlin Heidelberg is part of Springer Science+Business Media  
(www.springer.com)

ISSN  2191-5407 ISSN  2191-5415 (electronic)
SpringerBriefs in Molecular Science
ISBN 978-3-662-45633-0 ISBN 978-3-662-45634-7 (eBook)
DOI 10.1007/978-3-662-45634-7

Library of Congress Control Number: 2014955613

Zhong-Yong Yuan
College of Chemistry
Nankai University
Tianjin
China



v

Nowadays, the development of new materials is focusing on the rational design 
of advanced systems with particular properties that can be predicted and con-
trolled, aiming at pre-determined technological applications. This suggests that the 
research within the field of Materials Science should be based on the criteria of 
multidisciplinarity, thereby allowing the design and preparation of specific materi-
als. Organic–inorganic hybrid materials constitute indeed a significant and promis-
ing category within the realm of Materials Science. The infinite kinds of organic 
functional groups, judicious control of inorganic units, and their corresponding 
marvelous assemblies endow them with tremendous potential to yield new mate-
rials beyond conventional composites, a domain in which nanocomposites push 
forward the frontier of discovery and advanced functional materials. Furthermore, 
the introduction of mesoporosity and even hierarchical porosity into the hybrid 
frameworks extends their application from traditional fields to high-tech areas. 
As a consequence, the encounter of hybrid chemistry and porous structures offers 
great opportunities for the development of functional materials, a fertile ground to 
harness the physicochemical, electrochemical, or biological activity of a myriad of 
organic and inorganic components and put them to scientific research and finally 
practical applications.

Providing a thorough list of contents that could fairly represent the large 
and fascinating family of porous organic–inorganic hybrid materials would be 
impossible. Instead, we have striven to present some emerging types including 
metal phosphonates, carboxylates, and sulfonates, exampling as the non-siliceous 
organic–inorganic hybrid materials, which would criss-cross the field revealing 
in some detail the basic principles and a variety of functional properties and 
applications. This book consists of six chapters. The Introduction (Chap. 1) describes 
the classification of porous materials. For better understanding of hybrids, Chap. 2 
exhibits the development history of hybrid materials and strategies for integrating 
organic and inorganic moieties. The synthesis pathways of mesoporous non-
siliceous hybrid materials and the key factors such as precursors, surfactants, 
adjustment of mesostructures and pore size, crystallization improvement of pore 
wall, as well as morphology control are elaborated in Chaps. 3 and 4, attempting 
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to provide insights into synthesizing high-quality mesoporous non-siliceous 
hybrid materials. In Chap. 5, the applications of mesoporous hybrid materials 
and  discussions of structure–function relationship are presented. It is apparent 
that the mesoporous hybrids field is eager for more and more researchers from 
various fields to explore attractive applications. Finally, the latest progresses in 
development of mesoporous non-siliceous organic–inorganic hybrid materials are 
reviewed, and the outlook on next stages is given.

Looking toward the twenty-first century, nanoscience and nanotechnology 
will make a significant contribution to scientific and technological development. 
Hybrid materials are believed to play a major role in the design and preparation 
of advanced functional materials. Recently, the molecular approaches in chemical 
synthesis and nanochemistry have reached a high level of sophistication. The syn-
thesis of mesoporous hybrid materials is considerably promising to be mastered.

We hope that this book can help and inspire those researchers who are inter-
ested in porous hybrid materials. Due to the relatively wide area covered in this 
book and the limited knowledge and competence of the authors, errors and omis-
sions may not be avoided, therefore we sincerely appreciate the criticism and com-
ments from the readers.
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1

Abstract Porous materials with organic–inorganic hybrid framework are of great 
interest to many scientific communities. Rational design of mesoporous hybrid 
materials with specific functionalities is of fundamental importance. In this part, 
after a brief description of the mesoporous materials, the conception of organic–
inorganic hybrid materials and the limitation of periodic mesoporous organosilicas 
are presented, followed by the protrusion of mesoporous non-siliceous organic–
inorganic hybrids including metal phosphonates, sulfonates and carboxylates.

Keywords Porous materials · Mesoporosity · Organic–inorganic hybrid · Metal  
phosphonates · Metal sulfonates · Metal carboxylates

As one of the most significant subjects of science and technology, materials 
 science has boomed with the rapid development of human civilization. Where the 
core ideology lies is the invention and development of advanced multifunctional 
materials, which is essential for alternative and renewable sources, and the abate-
ment of harmful substances. In particular, new materials not only greatly promote 
the advances of industry, agriculture, medicine, and information science, but also 
present some revolutionary transformation of the forms and novel functionalities, 
thereby resulting in enormous changes to human life.

The key point for designing new materials is to adjust the nature and acces-
sibility of the inner interfaces. Porous materials, as a subset of nanostructured 
materials, possess the ability to interact with atoms, ions, molecules, and even 
larger guest molecules, not only at the surface but also throughout the bulk of the 
material [1]. According to the International Union of Pure and Applied Chemistry 
(IUPAC) convention [2], porous materials are divided into three types on the 
basis of the pore size: microporous materials with pore size smaller than 2 nm, 
mesoporous materials with pore size ranging from 2 to 50 nm, and macroporous 
materials, where the size of pores are larger than 50 nm. The distribution of shapes 
and sizes of the void spaces in nanoporous materials is intimately related to their 
capability to perform a desired function in a particular area. Classical micropo-
rous zeolites have a uniform sieve-like pore structure and high specific surface 
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2 1 Introduction

area, thus exhibiting broad applications in chemical, petrochemical, gas  separation 
industries, and other fields. For example, they can be employed to separate 
 molecules based on the pore size by selectively adsorbing smaller molecules from 
a mixed system containing molecules too large to enter into the pores. However, 
the pore sizes of zeolites are in the microporous region, usually less than 1.3 nm, 
prohibiting the further applications that involve transfer and conversion of mac-
romolecules. Accordingly, the exploration and rational design of porous materials 
with considerable porosity has become an important branch of materials science.

In comparison with microporous and macroporous materials, mesoporous 
 materials have attracted more and more research interest and have shown great 
potentials in many areas due to their outstanding properties, such as approximate 
pore diameters, high surface areas, tunable porosity, alternative pore shape, and 
abundant compositions [3–5]. Mesoporous materials became a hot research topic in 
1992, when Mobil Oil Corporation (Mobil) scientists first reported the M41S series 
of mesoporous silica materials [6, 7]. Cationic surfactants with long-chain alkyl were 
utilized as a structure-directing agent to prepare ordered mesoporous (alumino-)
silicate materials. Furthermore, Mobil researchers not only developed a family of 
mesoporous materials with ordered pore arrangements, but also proposed a general 
“liquid-crystal templating” mechanism with detailed synthesis rules, thereby a new 
research area of inorganic synthetic chemistry began to rise. Scientific workers have 
witnessed a rapid development in mesoporous materials with new mesostructures 
and compositions. If we refer to ISI Web of Knowledge and use “mesoporous” as 
the subject, a predominantly increasing number of publications can be obviously 
observed (Fig. 1.1), exhibiting the emerging development trends in this field.

Fig. 1.1  Statistics of the published papers related to “mesoporous” according to ISI Web of 
Knowledge
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To date, a great diversity of mesoporous materials has been synthesized. 
Since the first report of mesoporous silica materials (M41S) pioneered by Mobil 
Corporation, the most intriguing mesoporous silica-based materials, so-called 
SBA series, were explored by the Stucky group from the University of California, 
Santa Barbara. Besides, scientists from other countries, including China, Japan, 
Korea, Canada, UK, and France, have contributed a lot to the development of 
mesoporous families. The KIT series developed by a Korea research team, Prof. 
Ryoo’s group in KAIST, and the FDU series developed by Prof. Zhao’s group in 
Fudan University have been extensively investigated.

On the other hand, the use of pure inorganic silica-based materials is limited 
to physical properties concerned with catalytic supports and adsorbents, showing 
insufficiency with respect to the low mechanical strength and the difficulties in post-
modification or functionalization. Interestingly, pure porous organic frameworks, 
such as covalent organic frameworks (COFs), represent an emerging class of porous 
polymers that have received tremendous interest for diverse applications, including 
chemical separations, gas storage, catalysis, and optoelectronic and charge storage 
devices [8–14], which is because the periodic organic building units offer the poten-
tial for judicious adjustment and post-functionalization. It should be kept in mind 
that organic networks show inferior thermal and chemical stability as compared to 
inorganic counterparts, and the poorly understood simultaneous polymerization and 
crystallization processes further inhibit the corresponding applications.

Deliberate efforts to combine the favorable properties of inorganic units and 
organic moieties in a single composite material represent an old challenge that 
started the beginning of the industrial era. The intimate integration of organic and 
inorganic components to form organic–inorganic hybrid materials constitutes 
indeed a remarkable and growing category within the realm of materials science. 
Numerous new applications involving advanced materials science are intimately 
related to  functional hybrids. Accordingly, the combination at the nanosize level of 
active  inorganic and organic or even bioactive components in a single material has 
made accessible an immense new area of materials science that has extraordinary 
 implications in the development of multifunctional advanced materials. With the 
establishment of “chimie douce”, Livage opened the gates toward a new galaxy of 
materials, organic–inorganic hybrid materials [15–18]. Later on, research turned 
toward more sophisticated nanocomposites with higher added values. Noticeably, the 
concept of “organic–inorganic hybrid materials” has more to do with chemistry than 
with simple physical mixtures. In general, organic–inorganic hybrid materials are 
nanocomposites with the inorganic constituents and organic components interacting 
intimately at the molecular scale [19, 20]. Nowadays the field of organic–inorganic 
materials has been extended to other fields as diverse as molecular and supramo-
lecular materials or polymer chemistry. Furthermore, due to the combined physico-
chemical merits of organic and inorganic components, a very significant trend is the 
growing research interest toward functional hybrids, which further broadens the field.

Periodic mesoporous organosilicas (PMOs) containing organic siloxane groups 
in the silica network have received much attention since 1999 [21–23]. The pre-
dominant process in the formation of siliceous hybrid mesoporous materials 
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4 1 Introduction

during the solgel procedure is the incorporation of organic groups via hydrolysis 
and polymerization using organically modified silanes. The homogeneous distribu-
tion of organic bridges both in the wall and on the surface is fascinating and valu-
able from the viewpoint of materials and chemistry. However, besides the limited 
choice and high cost of the precursors of organosilicon reagents, functionalization 
of organosilicas is confined to the physical properties concerned with adsorption, 
ion-exchange, and catalysis. The exploitation of hybrid materials has thus been 
extended to non-siliceous organic–inorganic hybrid materials.

Chemically designed non-siliceous organic–inorganic mesoporous hybrids, 
in which metal sulfonates, carboxylates, and phosphonates represent the three 
members of the family, are considered to be promising candidates for environ-
mentally friendly and multifunctional materials [24, 25]. Different dimensions 
and reactivities of the bridging molecules lead to the distinct structures and sta-
bilities of the resultant hybrids. Because of the variety of available organic acid 
linkages and their derivatives and the various metallic precursors, the physico-
chemical properties of hybrid frameworks can be designed and further modified 
adequately through the use of different metal ions and organic bridging molecules. 
Not only the hydrophobic/hydrophilic and acid/alkaline natures of the pore surface 
could be adjusted, but also the homogeneous introduction of functional binding 
sites into the framework could be realized. By ingenious selection of the synthe-
sis systems and technology, the pore width, mesophase, crystallization of the pore 
walls, and morphology of the mesoporous non-siliceous hybrids can be effectively 
controlled. Thus, mesoporous metal–organic hybrids have been widely utilized in 
adsorption, separation, catalysis, photochemistry, and biochemistry, owing to their 
high surface area, large pore volume, adjustable porosity, easy handling, low-cost 
manufacturing, and intriguing surface properties [26–28].

This book summarizes and highlights the progress of mesoporous non-silica-
based hybrid materials with controllable compositions and structural properties in 
the past decade, including metal sulfonates, carboxylates, phosphonates, and some 
“hot” MOFs. The purpose of this book is to provide a comprehensive review and, 
together with it, a future outlook. We hope that this book can be a good reference 
for a wide readership, including researchers, scientists, and students in chemistry, 
chemical engineering, physics, materials science, and biology, who are interested 
in mesoporous non-siliceous hybrid materials.
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Abstract The exploration and creation of advanced materials make vital  contributions 
to the development of human civilization. In other words, the human history is the 
unceasing innovation of materials since the ancient times. Indeed, our living sys-
tem, Mother Nature, has provided us plenty of amazing presents such as water, food, 
and pristine tools. Among them, hybrid materials have gradually received our inter-
est owing to the fantastic physicochemical properties constructed from the intimately 
integrated organic and inorganic units. Noticeably, the exploration concerning the 
“organic–inorganic hybrid materials” did have a long history. The establishment of 
a research system started in the middle of last century. With the rapid development 
of science and technology, the cognition of hybrid materials can indeed reach the 
molecular level. Furthermore, organic–inorganic hybrids gradually play vital roles in 
scientific research, industrial production, and even our daily life. Therefore, it is quite 
necessary to present the history and development of hybrid materials.

Keywords Classification of hybrid materials · Non-siliceous · Metal phosphonates ·  
Metal sulfonates · Metal carboxylates

2.1  Brief History of Hybrid Materials

Organic–inorganic hybrid materials are typically described as the intimate integra-
tion of organic and inorganic moieties at the molecular scale and thus fall within 
the category of nanocomposite material. Indeed, nature provides suitable condi-
tions for the generation of organic–inorganic hybrids such as mollusk shells, 
crustacean carapaces, and bone [1]. Deliberate efforts to combine the favorable 
properties of inorganic units and organic moieties in a single composite mate-
rial represent an old challenge that started at the beginning of the industrial era. 
However, the first hybrid material made by humanity appeared only very recently 
at the geologic time scale. Because of the inherited natural availability and the 
intrinsic properties including adsorption capability, ion-exchange ability, and 
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favorable chemical and physical stabilities, hybrid materials on the basis of the 
organically modified clays represented an indispensable part of human creation 
and were gradually employed along the history of artistic, social, industrial, and 
commercial uses [2, 3]. In America for instance, the ancient Maya site contained 
an impressive collection of fresco paintings characterized by bright blue and ocher 
colors, which was known as Maya blue. This pigment was resulted from the intro-
duction of a natural organic dye (blue indigo) into the channels of microfibrous 
clay (palygorskite) [4]. In China, hybrid clays allowed the production of very thin 
ceramics thanks to the intercalation of urea inside the interlayer space, facilitating 
the further delamination which enhanced the resulting plasticity [5].

Organic–inorganic hybrids presented a strong scientific and industrial develop-
ment over the twentieth century, during which the refined analytical methods and 
techniques allowed researchers to understand the true natures and structures. The 
notion of mixing organic and inorganic components has been part of the manu-
facturing technologies since 1940s [6]. For example, silicones, nanopigments sus-
pended in organic mixtures, and organically templated zeolites provided a diversity 
of functional hybrid materials that have found application potential in various 
industrial and scientific research fields. Nonetheless, the concept “hybrid materials” 
was not proposed at that time. At the end of 1950s, several scientific communities 
made valuable contributions to the domain of mixed organic–inorganic compounds, 
which concerned the intercalation of organic units inside the clay and inorganic 
lamellar compounds [7, 8]. With the establishment of “chimie douce,” Livage 
opened the gates toward a new galaxy of materials in the middle 1980s, namely 
hybrid materials [9–13], and the concept of “organic–inorganic hybrid nanocom-
posites” exploded in the 1990s [14, 15]. The period between 1980 and 1995 was 
particularly fruitful due to the scientific melting pot resulting from the establishment 
of solgel chemistry (Fig. 2.1). The meeting between material scientists committing 
to glass and ceramics with chemists mainly working on polymers promoted the tre-
mendous growth in creating a mass of mixed organic–inorganic composites.

Due to the mild conditions involved in the solgel process, solgel-derived 
siliceous species can be further modified or functionalized with polymers, 

Fig. 2.1  Representative events of the development history for hybrid and porous materials
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macromonomers, and numerous organic dyes or biomolecules, leading to the 
generation of two important materials known as “solgel optics” and biohybrids 
[16–20]. The synthesis of materials from the polymerization of organosilanes 
and metal alkoxieds [21] and the design of transition-metal oxide-based compos-
ites particularly using nanobuilding block methodologies [22–24] represent major 
advances in the field as well.

The name of “hybrid materials” was evoked around the 1990s when the input 
of molecular chemistry was obviously creating a “scientific tsunami” in the 
domain of nanomaterials science [25]. In the period of 1990–1995, the feasibil-
ity of adjustment over the textures, structures, and compositions of hybrids was 
facilitated with the development of the chemistry of bridged and cubic polysilses-
quioxane [26–30]. The 1990s were quite productive with the birth of two mean-
ingful research directions depending on different strategies of hybrid chemistry. 
The first one concerned the synthesis of periodically organized mesoporous mate-
rials obtained through solgel condensation templated via the formation of micel-
lar lyotropic assemblies generated by amphiphilic molecules or polymers. These 
vital works were pioneered by Inagaki et al., Ozin et al., and Stein et al. in 1999 
[31–33]. Thereafter, Inagaki and co-workers successfully prepared an ordered 
benzene–silica via a surfactant-assisted method, showing a hexagonal array of 
mesopores with a lattice constant of 52.5 Å, and crystal-like pore walls that exhibit 
structural periodicity with a spacing of 7.6 Å along the channel direction (Fig. 2.2) 
[34]. The other domain is related to the very interesting family of hybrids known 
as metal–organic frameworks (MOFs) that can be categorized as nanoporous and 
crystalline hybrid coordination polymers. In fact, this kind of porous crystalline 
materials has a long history, and classical examples include transition metal cya-
nide compounds, such as Hofmann-type clathrates, Prussian blue-type structures, 
and Werner complexes, and the diamond-like framework bis(adiponitrilo)copper(I) 

Fig. 2.2  TEM images, electron diffraction patterns, and the resulting structural model of 
mesoporous benzene–silica (a, b). Schematic model of mesoporous benzene–silica derived from 
the results of the TEM images and electron diffraction patterns (c). Model showing the pore sur-
face of mesoporous benzene–silica (d). Reprinted with permission from Ref. [34]. Copyright 
2002, Nature Publishing Group

2.1 Brief History of Hybrid Materials
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nitrate [35]. However, there was little interest in such materials until the middle 
1990s, when several groups, particularly those of Robson and Yaghi, recognized 
that rigid, polyfunctional organic molecules could be used to bridge metal cations 
or clusters into extended arrays with large voids. To produce these robust materi-
als, one could envision constructing the equivalent of a “molecular scaffold” by 
connecting rigid rod-like organic moieties with inflexible inorganic clusters or sin-
gle metal centers that act as joints. The size, and more importantly, the chemical 
environment of the resulting architectures, and void spaces can be precisely con-
trolled by the length and functionalities of the organic units.

Generally speaking, the organic ligating groups involved in MOFs are carbox-
ylates and pyridine-based linkers. As to phosphonic groups, metal phosphonates 
have been studied as layered inorganic networks, and later evolved into organic–
inorganic hybrids by having organic pillars appended off the rigid inorganic layers 
[36]. Layered structures are predominant for most metals with the organic groups 
being oriented perpendicularly into the interlamellar region (Fig. 2.3) [37]. Thus 
the interlayer distance can be easily tuned by changing the pillar groups and it is 
even possible to exfoliate the layers into film [38]. It should be recognized that 
the pillars are too crowded and insufficient free space remains in the interlayer 
region, and no or poor porosity is expected to be present. Several tactics have been 
adopted to create porosity in the metal phosphonate frameworks, such as substi-
tuting phosphonic acid by some non-pillaring groups, extending the geometry of 
polyphosphonic linkages, and attaching secondary functional groups. Noticeably, 
organosulfonic acids are considered as relatively poor ligands by coordination 
chemists and have been used as “non-coordinating” anions in the past synthetic 
and structural investigation [39]. Until recently, the coordination chemistry of 
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organosulfonate groups has remained relatively unstudied, which can be due to the 
weak interaction or non-interaction capacity with the majority of transition metal 
ions or complexes.

Nowadays, the research of hybrid materials has shifted toward much more 
sophisticated nanocomposites with higher added values. The field of organic–inor-
ganic material has been broadened to a multidisciplinary area, including orga-
nometallics, colloids and nanoobjects, soft matter and polymers, coordination 
polymers such as MOFs, sol/gel, aerosol/aerogel, catalysis and interfaces, porous 
materials, clays and lamellar compounds, nanocomposites, biomaterials, and bio-
engineering. Furthermore, a very significant trend is the growing research interest 
in the rational design of functional hybrids, which extends the field even further. 
Hybrid materials represent an inexhaustible source of inspiration for us to explore 
and discover.

2.2  Classification of Non-Siliceous Hybrid Materials

Organic–inorganic hybrids can be defined as nanocomposite materials with inti-
mately linked organic bridging groups and inorganic units. The versatile changes 
in composition and structure can bring various physicochemical properties that are 
not the simple sum of the individual contribution of both construction phases. As 
a result, the nature of the interface and the interactions between the organic and 
inorganic units can be employed to categorize the hybrids into two main classes 
[15, 40, 41]. Class I is associated with the hybrid systems that involve no covalent 
or weak chemical bonding. In this class, only hydrogen bonding, van der Waals or 
electrostatic forces are usually present. Conversely, Class II hybrid materials show 
strong chemical interactions between the components, which are formed when the 
discrete inorganic building blocks are covalently bonded to the organic polymer or 
inorganic and organic polymers are covalently connected with each other [42, 43].  
On the other side, hybrids can also be characterized by the type and size of the 
organic or the inorganic precursors [15, 40]. Precursors can be two separate 
 monomers or polymers and even covalently linked ones. Because of the mutual 
insolubility between inorganic and organic components, phase separation will 
occur. However, homogeneous or single-phased hybrids can be obtained through 
judiciously choosing bifunctional monomers that contain organic and inorganic 
components, or by combining both types of components in the phases where one 
of them is in large excess [44].

The chemical strategies to construct Class II hybrid frameworks are depend-
ent on the relative stability of the interactions between the components and the 
chemical linkages that connect different components. PMOs represent the typical 
examples of Class II hybrids. The stable Si–C bonds under hydrolytic conditions 
allow for the easy incorporation of a large variety of organic bridges in the sil-
ica network during the solgel process. Nowadays, the potential of hybrid materi-
als is further strengthened due to the fact that many of them are entering various 

2.1 Brief History of Hybrid Materials
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markets. From the academic and industrial point of view, the increasing impact of 
hybrid materials science can be summarized following the arborescent representa-
tion (Fig. 2.4). New systems should be aimed at high levels of sophistication and 
miniaturisation, recyclability, eco-friendliness, and cost efficiency.

Recently, the research focus has been turned toward metal phosphonates, sul-
fonates, and carboxylates. A diversity of organophosphonic, organosulfonic, and 
organocarboxylic acids and corresponding derivatives (i.e., salts and esters) has 
been discovered in nature. Judicious design of the organic bridging groups can 
introduce desirable properties into the hybrid frameworks. The different reactivity 
of coupling molecules leads to structural diversity and physicochemical peculiari-
ties of the resultant hybrid materials and may provide decisive advantages in the 

Fig. 2.4   Arborescence representation of hybrid materials. Reprinted with permission from Ref. 
[11]. Copyright 2011, Royal Society of Chemistry
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synthesis of homogeneous hybrids. The homogeneous and efficient incorporation 
of organic functional groups into the framework of the materials can be realized, 
allowing for uniform physicochemical properties from the external surface to the 
internal skeleton.

Metal phosphonate chemistry is originated from the corresponding inorganic 
phosphate counterparts. In the beginning, gels were refluxed in strong H3PO4 and 
crystallized into what later came to be known as α-zirconium phosphate (α-ZrP) 
[45]. This compound has a clay-like structure in which the ZrO6 octahedra are 
sandwiched between layers of phosphate tetrahedral. Dines et al. first conceived 
of producing porous materials by cross-linking the α-zirconium phosphate-type 
layers using diphosphonic acids, H2O3P-R-PO3H2, where R may be an alkyl or 
aryl group [46]. The strategy was to choose the cross-linking groups that are large 
and then space them such that different size of pores would result. However, the 
area subtended by a phosphate group on the α-ZrP layer was 24 Å2. Given the 
fact that an alkyl or aryl group spaced every 5.3 Å apart on the layer occupies 
most of the area between pillars, there should be no microporosity. To overcome 
this restriction, the Dines group used phosphorous acid as a spacer group, together 
with biphenyl as the R group. The idea was to space the biphenyl pillars two or 
three positions apart, thus creating microporosity. Clearfield and co-workers con-
tributed a lot to the intimately relevant work concerning diphosphonate derivatives 
[47], which contains 2D sheets of ZrO6 octahedra sandwiched between phosphate 
(or phosphonate) layers, which were akin to many other inorganic clays. Porous 
zirconium diphosphonates are synthesized by combining both a rigid diphospho-
nate (such as biphenylene bis(phosphonate)) and phosphite (HPO3

−) or phosphate, 
where the average pore size could be adjusted by varying the ratio of acids used in 
the synthesis [48]. Figure 2.5 illustrates a possible structure for nanoporous zirco-
nium diphenylenebis(phosphonate)/phosphate.

One important advantage of this approach is that materials with pores in the 
range of micropores and mesopores may be obtained. That is to say, an advantage 

Fig. 2.5  An idealized 
structure of a porous 
zirconium phosphonate. ZrO6 
octahedra are shown in gray, 
PO3C tetrahedra in light gray, 
and carbon atoms as light 
gray spheres

2.2 Classification of Non-Siliceous Hybrid Materials
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of the relatively small crystallite size and flat-plate morphology leads to the result-
ing materials with both nano- and mesoporosity. There has been some work to add 
functionality to these materials through the phosphonate used in the synthesis. 
Vermuelen and Thompson used viologens, rigid organic molecules of the formula 
(H2O3PCH2CH2-bipyridinium-CH2CH2PO3H2), to bridge zirconium phosphonate 
layers [49]. These molecules have potentially useful photoinduced charge sepa-
ration properties, and the presence of two positive charges on the amines in the 
bridge leads to the incorporation of anions into the framework for charge balance. 
Although the optical properties of the resulting phase were intriguing, the structure 
was dense and differed significantly from that normally encountered in zirconium 
phosphonate chemistry [50]. However, substitution of a fraction of the viologen 
diphosphonate with phosphoric acid resulted in porous materials [51] with ordered 
channels [52]. Owing to the tunable pore sizes, easy functionalization, and mod-
erate thermal stability, metal phosphates/phosphonates become one of the most 
promising hybrid materials.

The metal-ligand coordinate bonds between donor and acceptor molecules 
have been exploited to generate infinite framework structures. For the synthesis 
of porous materials, networks are often envisioned where rigid organic molecules 
and metal atoms or clusters replace bonds and atoms in classical inorganic struc-
tures. Copper tetra(4-cyanophenyl) methane contains two types of tetrahedral 
nodes; Cu+ coordinated to 4-cyano groups and the methane center in the organic 
ligand [53]. Together, these define a tetrahedral network with the same topology 
as the diamond structure with phenyl groups replacing carbon–carbon bonds. 
Yaghi has been instrumental in applying this methodology to carboxylate systems. 
But the inability of these solids to maintain permanent porosity and avoid struc-
tural rearrangements upon guest removal or guest exchange has been an obvious 
shortcoming. Carboxylate-based metal–organic frameworks that exhibit perma-
nent porosity have now been prepared [54–56]. The first such solid was MOF-
5, which consists of Zn2+ and 1,4-benzenedicarboxylate and has a microporous 
volume larger than any known zeolite [54]. There are now annually hundreds of 
papers describing MOFs, most of which possess highly complex structures. The 
Férey group has prepared many open framework carboxylates. The reactions 
carried out hydrothermally at 220 °C, and HF additions could achieve sufficient 
crystallinity for structure solutions from powders of new Cr(III) compounds [57]. 
Subsequently, Férey et al. [58, 59] prepared two additional chromium tereph-
thalates containing pores of 25–29 Å and a surface area of about 3,100 m2 g−1 
(Langmuir).

In addition to metal phosphonates and carboxylates, metal sulfonates repre-
sent another significant member of non-siliceous hybrid family. The coordination 
chemistry of the sulfonic groups has been less thoroughly investigated than that of 
carboxulic and phosphonic ones, probably due to the weakly coordinating behav-
ior usually attributed to the sulfonate ligand. Nevertheless, the sulfonic group has 
a wide variety of possible coordinative modes and has been reported to form sev-
eral types of layered or pillared layered compounds [60–62] with silver, alkali 
and alkaline earth metal ions, as well as transition metals and lanthanide(III) ions. 
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Noticeably, the majority of transition metal aqua complexes with sulfonate coun-
ter anions show that the sulfonate group cannot readily displace water from the 
coordination sphere of the metal ion [63]. However, a stable solid can be yielded 
when suitably soft metal cations are employed, including alkali ions, larger alka-
line earth ions, and silver(I). The common feature of these ions is that none of 
them have stringent preferences with respect to coordination number or geometry.

As compared with the carbon atoms in the carboxylic groups, the central atoms 
of the sulfonic and phosphonic acids are able to accommodate more than eight 
electrons in the outer electron shell, which accounts for a greater bonding flex-
ibility in these groups [64–66]. Nonetheless, the proton of the sulfonic group is 
more easily dissociable than the proton of the carboxylic and phosphonic func-
tional groups and thus in this respect the sulfonic acids are stronger than their 
phosphonic and carboxylic counterparts. On the other hand, sulfonic acids can 
fully deprotonate at very low pKa, causing serious problem with their stability. 
This implies the relatively weak coordination interactions between the sulfonate 
anions and metal cations, which make the frameworks insufficiently robust to 
sustain permanent porosity [39, 64]. In comparison with their sulfonate and car-
boxylate analogs, metal phosphonates exhibit much higher thermal and chemi-
cal stability due to the strong affinity of organophosphonic linkers to metal ions, 
making them promising in the fields of energy conversion, adsorption/separation, 
catalysis, biotechnology, and so forth [67, 68]. As to phosphonates and sulfonates, 
the coordination chemistry is quite similar, though the corresponding coordina-
tion is less predictable owing to more possible ligating modes and three probable 
states of protonation relative to the carboxylate bridging groups. Typical coordina-
tion modes between organic linkages and metal ions are illustrated in Fig. 2.6. For 
a single phosphonate/sulfonate group, each oxygen atom possesses the capacity 
to bridge more than one metal center. While formally a single phosphonate/sul-
fonate oxygen atom can bind to three metal centers, more typically, the oxygen 
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atoms of a phosphonate/sulfonate linker will bridge two metal ions maximum. The 
large bridging numbers are unattainable with other commonly employed classes 
of ligands such as carboxylates [69]. Noticeably, whereas the ligating directional-
ity of a carboxylate group is confined to a plane, the spherical ligating shape of 
the electron density that encompasses a phosphonate/sulfonate group allows metal 
coordination to an additional dimension, which serves to further increase the con-
nectivity of the network and favor the formation of a robust structure. This coordi-
native flexibility in terms of bridging modes, combined with the roughly spherical 
shape of the PO3/SO3 unit, has led us to draw the analogy between a phosphonate/
sulfonate group and a “Ball of Velcro.” It should be noted that the chelation capac-
ity of the organic linkages to metal ions usually follows the sequence of phospho-
nates > carboxylates > sulfonates [39, 64]. Therefore, the predisposition of simple 
metal phosphonates to a dense layered motif makes forming high surface area 
materials a challenge [70]. Numerous methodologies have thus been developed to 
incorporate considerable mesoporosity in the non-siliceous hybrid framework.

2.3  General Strategies of Incorporating Organic Groups

2.3.1  Surface Functionalization

Surface modification can have a significant influence on the materials behavior at 
the nanoscale and can lead to nano-/mesostructures with novel properties. Post-
synthetic functionalization or grafting refers to the subsequent modification of the 
inner surfaces of mesostructured inorganic phases with organic groups (Fig. 2.7). 

Fig. 2.7  Surface modification of mesoporous inorganic frameworks, R represents organic functional 
group
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The absence of homocondensation between organic functional groups and the easy 
formation of organic–inorganic layers allows the straightforward and reproducible 
formation of robust monolayers on an extremely wide range of substrates. On one 
hand, the original physicochemical properties of the bulk materials can be pre-
served. On the other hand, diverse novel functional groups with special properties 
including bioactivity, electronic conductivity, and photochemical properties can be 
incorporated, showing the capacity to be further modified as well.

Mallouk et al. proposed to employ bisphosphonic acids for the formation of 
metal phosphonate multilayers on surfaces [71]. Later on, Guerrero et al. reported 
the anchoring of phosphonate and phosphinate coupling molecules on titania 
particles [72], with the use of six organophosphorous compounds: phenylphos-
phonic and diphenylphosphonic acids, their ethyl esters, and their trimethylsilyl 
esters. In the case of organophosphorus coupling molecules, reaction with the 
surface involves not only the condensation with surface hydroxyl groups but also 
the coordination of the phosphoryl on Lewis acid sites, and the cleavage of the 
M–O–M bonds depending on the anchoring conditions. The hydrolytic stability 
of organic monolayers supported on metal oxides was also investigated [73]. It 
was found that the monolayers of C18H37P(O)(OH)2 demonstrated a better hydro-
lytic stability than other octadecyl organosilane modifiers. The high stability of 
these phosphonate monolayers is explained by the strong specific interactions of 
the phosphonic acid group with the surfaces of metal oxides. On the basis of the 
above-mentioned literature reports, the feasibility of grafting phosphonic acids 
onto metal oxides is fully confirmed. Soler-Illia et al. prepared organic modified 
transition metal oxide mesoporous thin films and xerogels by using dihexadecyl 
phosphate (DHDP), monododecyl phosphate (MDP), and phenyl phosphate (PPA) 
[74]. Dramatic differences were observed for the incorporation of organophospho-
nates in mesoporous versus non-mesoporous solids, demonstrating that the organic 
functions were incorporated inside the pore system. Incorporation behaviors were 
also observed depending on the mesostructure; cubic 3D mesostructures are more 
accessible than their 2D hexagonal counterparts [75]. Furthermore, the function-
alized pores were found to be further accessible to other molecules (solvent and 
fluorescent probes) or ions (i.e., Hg2+), opening the way for sensor or sorption 
applications.

Besides the monophosphonic acids mentioned above, Yuan and co-workers 
reported the use of a series of amine-based organophosphonic acids and their salts 
as organophosphorus coupling molecules in the one-step synthesis and the appli-
cation exploration of oxide–phosphonates and metal organophosphonate hybrid 
materials with mesopores and hierarchical meso-/macroporous architectures 
[76, 77]. Claw molecules of ethylene diamine tetra(methylene phosphonic acid) 
(EDTMP) and diethylene triamine penta(methylene phosphonic acid) (DTPMP) 
were anchored to the titania network homogeneously. The synthesized titania–
phosphonate hybrids showed irregular mesoporosity formed by the assembly of 
nanoparticles in a crystalline anatase phase. The synthesis process is quite simple 
in comparison with the previously reported two-step solgel processing involving 
first the formation of P–O–M bonds by non-hydrolytic condensation of a metal 
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alkoxide with a phosphonic acid and then the formation of the M–O–M bonds of 
the metal oxide network by hydrolysis/condensation of the remaining  alkoxide 
group. The burdensome work to remove the residual organic solvent was not 
needed.

Organic “capping” agents containing terminal carboxylic groups have been 
widely used to prepare quantum dots or nanocrystals [78–81]. The capping agent 
limits the size of the nanoparticles by preventing further particle growth and 
agglomeration during synthesis and can also be useful in controlling the particle 
reactivity, imparting solubility or packing characteristics, and protecting both nan-
oparticle and its environment from destructive interactions. If different functional 
groups are anchored on the carboxylate linkages, variation of tremendous phys-
icochemical properties can be realized. To date, reports regarding carboxylated 
mesoporous material are rare because the relatively low stability of C–O–M may 
prohibit their practical applications.

Anchoring of the functional groups is driven by condensation or by complexa-
tion. Correspondingly, grafting can be covalent (practically irreversible) or coordi-
native (partially reversible). Stronger grafting groups are needed for sensing and 
catalysis, while more labile functions are meaningful in the quest for controlled 
delivery or reversible signaling as well. The grafting strength will be also impor-
tant for the even incorporation of the R function along the pore systems. Indeed, 
there are two key factors that control the homogeneous incorporation of organic 
functions: the accessibility of the pore systems; and the reactivity of the organic 
functional molecules toward the pore surface. The first factor will essentially 
depend on the possibility of pore interconnection, and the symmetry and orien-
tation of the pore mesostructure. Noticeably, pore blocking can occur during the 
post-functionalization process.

2.3.2  Direct Synthesis

An alternative method to synthesize organically functionalized mesoporous hybrid 
is the cocondensation method (one-pot synthesis). It is possible to prepare meso-
structured hybrid phases by the cocondensation of metallic precursors and organic 
functional groups in the presence or absence of structure-directing agents, leading 
to materials with organic residues anchored covalently and homogeneously in the 
pore walls (Fig. 2.8) [64, 65, 82]. By using structure-directing agents known from 
the synthesis of pure mesoporous silica phases (e.g., MCM or SBA silica phases), 
organically modified silicas can be prepared in such a way that the organic func-
tionalities project into the pores. These will be elaborately discussed in Chap. 3.

Since the organic functionalities are direct components of the mesostructured 
hybrid matrixes, pore blocking is not a problem in the cocondensation method. 
Furthermore, the organic linkers are generally more homogeneously distributed 
than in materials synthesized involving the grafting process. The tendency toward 
homocondensation reactions, which is caused by the different hydrolysis and 

http://dx.doi.org/10.1007/978-3-662-45634-7_3
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condensation rates of the structurally different precursors, is a constant  problem in 
cocondensation because the homogeneous distribution of different organic func-
tionalities in the framework cannot be guaranteed. Furthermore, an increase in 
loading of the incorporated organic groups and the complexity of organic linking 
groups can lead to a deterioration of the mesoporosity including the pore diam-
eter, pore volume, and specific surface areas. Purely methodological disadvantage 
that is associated with the cocondensation method is that care must be taken not to 
destroy the organic functionality during the removal of the surfactant. This is why 
commonly extractive methods are favorable, while calcination is not suitable in 
most cases.
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Abstract The development of well-structured mesoporous materials with high 
 surface areas, controllable structures, and the systematic tailoring of pore architec-
ture provides advances in a variety of fields such as adsorption, separation, cataly-
sis, storage, drug delivery, and biosensing. The structural capabilities at the scale 
of a few nanometers can meet the demands of the applications emerging in large 
molecules involved in processes. Therefore, scientific researchers across the world 
have extensively been focused on the exploration and development of mesoporous 
materials. The introduction of well-defined mesostructures into the ultimate materi-
als seems easy since the key factors are widely known, such as surfactant  template 
and its concentration, temperature, media, precursors, and so forth. In fact, samples  
synthesized under “similar conditions” present distinctively distinguishing prop-
erties. This is reasonable because the complex synthesis  systems vary with the 
changing of microenvironment, and a complicated combination of simple factors 
will offer great opportunities in creating different porous architectures. The target 
of different synthesis methodologies is to obtain controllable mesoporosity, thereby 
fitting the qualifications of a particular application. The synthesis of the porous 
organic–inorganic hybrid materials is somewhat different from the inorganic 
porous materials, but their synthesis processes are still comparable. As compared 
to conventional syntheses of mesoporous siliceous and carbonaceous materials, 
the involvement of organic bridging molecules in the mesoporous non-siliceous 
organic–inorganic hybrid materials makes the apparent strategies and the resultant  
mesoporosity much more abundant. Typically, template-free self-assembly  
and surfactant-mediated strategies stand for the two major ways to construct 
mesoporous non-siliceous hybrid materials.

Keywords Mesoporosity · Synthesis strategy · Template-free self-assembly ·  
Surfactant-mediated · Pore periodicity · Crystallization
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3.1  Template-Free Self-assembly Synthesis Strategy

In recent years, researchers have paid much attention toward the synthesis of 
nanostructured porous hybrid materials through template-free self-assembly strate-
gies, which do not require the use of preformed templates or structure-directing 
agents. These routes usually initiate the assembly from the interactions between 
the precursor molecules, and the ordered attachment allows the formation of 
porous morphologies.

Microporous organic–inorganic hybrid materials are often known as crystal-
line MOFs, which involve the strong and regular coordination of metal ions and 
organic linkage moieties, thus leading to porous framework structures. Figure 3.1 
presents some typical organic acid ligands in obtaining mesoporous non-sili-
ceous hybrid materials. Compared with typical microporous metal carboxylates, 
metal phosphonates have exhibited higher chemical and thermal stability due 
to the strong affinity and chelation of organophosphonic linkers to metal ions. 
Metal phosphonate hybrids often come up in the form of dense layered motifs, 
which have evolved into the field of organic–inorganic hybrids by appending 
organic  pillars of the rigid inorganic layers [1]. It should be recognized that the 
 pillars are too crowded and insufficient free space remains in the interlayer region, 
and no or poor porosity is expected to be present [2]. Several tactics have been 
adopted to create porosity in the metal phosphonate frameworks. The first route 
is the substitution of aryl biphosphonic acid by some non-pillaring groups, such 
as phosphoric, phosphors, and methylphosphonic acids, leading to the presence 
of interlayer pores and an increase in the surface area [3]. Although porous phos-
phonates can be obtained, the problem of this approach is that the replacement 
is random and uncontrollable, and the accurate structural characterization and 
a narrow pore size distribution are still challenges. Secondly, the geometry of a 
large and multidimensional polyphosphonic bridging molecules would disfavor 
the  formation of the layered motif and thereby necessitate an open framework.  
A third approach would be to attach a second functional group to the phosphonate  
ligand to coordinate with the metal centers and disrupt the structure away from the 
layers [4].

Metal–sulfonate networks have been studied considerably less than other 
kinds of hybrid materials because of the relatively weak coordination interactions 
between the sulfonate anions and metal cations, making the frameworks insuf-
ficiently robust to sustain permanent porosity [5]. Metal sulfonates have been 
considered as potential analogues of layered metal phosphonates [6]. The rigid 
inorganic layers provide scaffolds of regular anchor points for pendant organic 
groups. In keeping with the theme of using larger cores with regard to the porous 
phosphonates to disperse the crossing sulfonate groups, the pillaring group, 
1,3,5-tris(sulfomethyl)benzene could be envisioned to open channels between the 
layers of a metal sulfonate [7].
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Fig. 3.1  Representative organic linkages for construction of mesoporous non-siliceous materials

3.1 Template-Free Self-assembly Synthesis Strategy
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3.1.1  Ligand Extension

Crystalline hybrids are constructed from the regular linkages of metal centers and 
organic groups, which can achieve well-defined pores, high surface area, and large 
porosity. Nevertheless, their pore sizes are typically restricted to the microporous 
range. Thus, the synthesis of mesoporous hybrids is envisioned to improve the trans-
mission capability of the pores while facilitating practical applications that require 
the diffusion of bulky molecules [8]. Using extended ligands or bulky secondary 
building blocks is an apparent strategy. Disappointedly, linker expansion tends to 
result in the reduced surface areas and pore sizes due to the consequent interpen-
etrated structures and dramatically reduces the stability of the framework upon 
solvent removal from the porous hosts [9]. An elaborately designed ligand with hier-
archical functional groups, 4,4′,4″-s-triazine-1,3,5-triyltri-p aminobenzoate, could 
be devised to extend the linkers while inhibiting interpenetration and reinforcing the 
framework against disintegration upon guest removal [10]. The mesoporous MOF 
was prepared through a one-pot solvothermal method, followed by stabilization at 
pH values around 3.0. The amino groups in the ligand were prearranged so that they 
would not participate in the framework formation but could accept protons after the 
network was generated, giving rise to a stable mesoporous MOF up to 300 °C. The 
N2 sorption isotherm exhibited a typical type IV behavior, and the X-ray diffraction 
(XRD) data confirmed that the open channels were identical in size and as large as 
22.5 × 26.1 Å. Similarly, Schröder et al. reported the synthesis of (3,24)-connected 
mesoporous framework NOTT-119 by adopting a nanosized C3-symmetric hexacar-
boxylate linker, presenting a high surface area of 4,118 m2 g−1 and pore sizes in the 
range of 2.4–4.5 nm [11]. The hybrid framework is stable up to 315 °C. When the 
dimension of the linker was enlarged beyond this point, the network could no longer 
hold stability to thermal treatment and suffered disruption of the structure owing to 
surface tension effects. A homologous series of palindromic oligophenylene deriva-
tives terminated with α-hydroxy-carboxylic acid functions were targeted to afford 
linear and robust building blocks for expanding the pore size to up to 9.8 nm [12], 
which is the largest channel achieved via the ligand-expanding method to date. All 
members had non-interpenetrating structures and exhibited robust architectures, as 
evidenced by their permanent porosity and high thermal stability. This strategy for 
making MOFs with large pore apertures and avoiding the problem of interpenetra-
tion is to start with a framework in which one can maintain a short axis with the 
long organic links inclined to that axis. The short axis effectively eliminates the pos-
sibility of interpenetration because it is the distance between the links along that 
axis joining the secondary building units.

A multidimensional ligand, tetrakis-1,3,5,7-(4-phosphonatophenyl)adaman-
tine (Fig. 3.2), which could impede the formation of a close-packed arrange-
ment of organic molecules in an organic–inorganic hybrid framework, was 
used to fabricate mesoporous metal phosphonate materials [13]. The prepara-
tion was accomplished through a non-hydrolytic condensation process between 
the tetraphosphonic acid and titanium(IV) isopropoxide in DMSO, permitting 
the  generation of mesopores. N2 sorption experiments revealed the presence of 
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mesopores of about 3.8 nm accompanied with a surface area of approximately 
550 m2 g−1. Additional XRD data suggested a paracrystalline material; an opti-
mization of possible molecular arrangements was simulated that was in agreement 
with the experimental data. Furthermore, mesoporous vanadium phosphonates 
could also be obtained using the same method, exhibiting a BET surface area of 
118 m2 g−1 and a Barrett–Joyner–Halenda (BJH) pore diameter of 3.8–3.9 nm 
[14]. FT-IR and XPS as well as elemental analysis suggested that the phosphonate 
claw molecules were most likely connected in the form of ArP(O)O2V2O2(O)PAr, 
which was effective for the aerobic oxidation of benzylic alcohol substrates.

[Mn2(pdtd)2(H2O)4]n · 5nH2O (pdtd = 3-(2-pyridyl)-5,6-diphenyl-1,2,4-triazine- 
4,4′-disulfonic acid) could be constructed by a solvothermal method preformed 
at 140 °C with methanol as the solvent [15]. Crystallographic analysis revealed 
acentric structure in which the Mn(II) centers are linked via sulfonate groups and 
chelating nitrogen atoms within the pdtd ligands to give a rare non-interpenetrating  
(10,3)-d framework with permanent helical cavities. As shown in Fig. 3.3, five 
pdtd ligands are linked by MnII ions to form a ten-membered nanoscale loop  
(Mn1–Mn2: 9.1 Å; Mn1–Mn1C: 25.5 Å). The loops are further connected via edge-
sharing to form a 3D framework with large channels that run parallel to the a axis. 
Disappointedly, studies concerning mesoporous metal sulfonates through the ligand 
extending way have been scarce reported to the best of our knowledge. The una-
voidable constrainment is that the weak coordination of sulfonate functional groups 
makes them difficult to maintain the permanent porosity and periodic crystallite 
structures.

Fig. 3.2  a Synthesis of tetrakis-1,3,5,7-(4-phosphonatophenyl)adamantine. b, c Computer-
stimulated model of titanium tetraphosphonate material. Reprinted with permission from Ref. [13]. 
Copyright 2006, Wiley-VCH

3.1 Template-Free Self-assembly Synthesis Strategy
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3.1.2  Microemulsion Method

Ligand extension strategy is an effective and simple way to expand micropores to 
the mesoporous regime in hybrid materials; though the most complicated organic 
linkers are not commercially available and in order to gain them, complicated 
fabrication processes are generally required. More recently, a new method to pre-
pare mesoporous hybrid metal phosphonates, via employing microemulsions, was 
reported [16]. Mesostructured pores of several nanometers in size existed in the 
vicinity of the surface in a wormhole-like assembly (2.5–5.8 nm), whereas in the 
core, close to the wormhole-like mesoporous surface layers of the particle, a new 
mesocellular foam structure (8–10 nm) similar to the previously reported meso-
structured cellular foam (MCF) silica materials was observed (Fig. 3.4). During 
the period of synthesis, hydrolysis of titanium tetrabutoxide in EDTMP aque-
ous solution resulted in the rapid formation of nanometer-sized titanium phos-
phonate and butanol molecules at the same time. Thereafter, microemulsion 
drops formed in the multicomponent system of alkoxide/organophosphonate–
alcohol–water while stirring. The phosphonate sols aggregated along with the 
microemulsions, evolving to a mesocellular foam structure. The interactions 
between the sols caused the formation of mesostructured nanoclusters of sev-
eral nanometers in size. At this stage, due to the presence of a large amount of 
butanol by-products, the reaction mixture was transferred to phosphonate-based 
mesophases and water–alcohol domains by microphase separation, induced 
by aging, leading to discrimination of them and even some macrovoids [17]. If 
1-hydroxy-ethylidene-1,1-diphosphonate (HEDP) was chosen as the organic pre-
cursors, according to microemulsion methodology, the interfacial polymerization 

Fig. 3.3  View of the pentanuclear loop in 1. Symmetry codes: A: x, −y, z + 1/2; B: x, −y − 1, 
z + 1/2; C: x, y, z + 1. Reprinted with permission from Ref. [15]. Copyright 2011, Wiley-VCH
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of titanium phosphonate sols and titanium–oxo clusters resulted in the formation 
of mesostructured hybrid nanorods with a length of 80–150 nm and a thickness 
of 18–38 nm [18], which further aggregated along with the microemulsions to 
give a hierarchical macroporous structure. In this process, phase separation might 
take place in the growing aggregates of titanium phosphonate-based mesophases 
and water/alcohol domains, leading to the creation of huge, sporadic macrochan-
nels in hierarchical macroporous networks. The multipoint BET surface area was 
257 m2 g−1, accompanied with a BJH pore size of 2.0 nm and a total pore vol-
ume of 0.263 cm3 g−1. The fabrication of other metal phosphonates with differ-
ent organic bridging groups and hierarchical nanostructures can also be expected, 
wherein metal alkoxide was preferred owing to the special solgel reaction process.

3.1.3  Nanocrystal Self-assembly

The preparation of single-sized porous hybrid materials from angstroms to 
micrometers has been an interesting research area in the past several decades [19]. 
However, materials presenting multiscale or multimodal porosity receive even 
higher interest due to the enhanced mass transport through the larger pores and 
maintenance of a specific surface area on the level of fine pore systems, which 

Fig. 3.4  a Proposed formation mechanism of titanium phosphonates with both wormhole-like 
mesopores and MCF structures, and b, c the corresponding TEM images. Reprinted with permis-
sion from Ref. [16]. Copyright 2009, Elsevier

3.1 Template-Free Self-assembly Synthesis Strategy
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is a central point of many processes concerning accessibility, especially catalysis, 
adsorption, optics, and sensing [20, 21]. Expanding the pore width of the crys-
talline organic–inorganic hybrid via a ligand extension method has been dem-
onstrated [22]. However, the creation of larger pores through ligand extension 
usually involves the expense of the loss of micropores. Moreover, the ordered 
nanostructures or pores could only be retained for small mesopore sizes or con-
stricted cages [23]. Thus, a surfactant-free methodology was performed for the 
synthesis of Zn-MOF-74 with hierarchical micro-/mesoporosity using 2,5-dihy-
droxy-1,4-benzenedicarboxylate [24]. The synthesis proceeded at room temper-
ature to restrict the crystallization, and finally nanosized MOF-74 crystals were 
formed. The acetate from inorganic precursors could accelerate the crystal genera-
tion through a ligand exchange process [25] that would not be expected to happen 
with the conjugate bases of strong acids (e.g., Cl−, SO4

2−, and NO3
−). The pre-

cipitate materials were composed of discrete MOF nanoparticles embedded in an 
amorphous matrix, which exhibited large interparticle mesopores in the 2–20 nm 
range and intraparticle micropores with a maximum at about 1.1 nm confirmed by 
N2 sorption and transmission electron microscopy (TEM) observation.

Aerogels are well known because of their versatile porosity, low density, and 
high internal surface area, but the design of aerogels is still rudimentary due to 
a large disorder in the structure and the insufficient prediction of gelation behav-
ior [26]. Noticeably, metal–ligand coordination and other supramolecular forces 
(e.g., H-bonding, π–π stacking, and van der Waals interactions) are emerging as 
effective driving forces in gelation, offering metal–organic gels (MOGs) as a novel 
class of functional soft materials [27, 28]. On the basis of the inherent correla-
tions between MOFs and MOGs, Li et al. reported a general synthetic route for the 
fabrication of hierarchically porous metal–organic aerogels (MOAs) via MOG for-
mation from the self-assembly of a precursor (Fig. 3.5) [29]. Typically, the strong 
metal–ligand coordination interactions impel the metal ions and organic linkages 
to assemble into MOF clusters, which then polymerize to MOF nanoparticles with 
well-defined microporosity. Under the reaction conditions that favored the consist-
ent epitaxial growth or oriented attachment [30, 31], the further crystallization of 
MOF subunits could lead to bulky MOFs. Moderate heating represented a key fac-
tor in mismatched growth or cross-linking of preformed MOF particles and then 
triggering the gelation of proper solvents (mainly ethanol). The careful removal of 
the solvents by sub-/supercritical CO2 extraction left hierarchically porous MOAs 
based on MOGs. The N2 sorption isotherms are between type I, characteristic of 
microporous materials, and type IV, indicative of mesoporous materials. The tex-
ture and porosity could be easily adjusted by changing precursor concentrations.

Zhao and coworkers reported the synthesis of stable bicontinuous hierarchi-
cally porous MOFs (ZIF-8 and HKUST-1) with the assistance of a coordination 
regulating agent [32]. Two functional block co-oligomer templates were used 
independently, i.e., poly(styrene)-block-poly(4-vinylpyridine) and poly(styrene)-
block-poly(acrylic acid). Two prototypical MOFs, ZIF-8 and HKUST-1, were 
selected to demonstrate our approach. The resulting materials resembled the 
microstructures of bicontinuous silica aerogels, composed of a branched fibrous 
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network of interconnected about 40-nm-sized microporous nanocrystallites. 
Besides the intrinsic micropores, the prepared ZIF and HKUST-1 exhibited 
aerogel-like textural interparticular voids from 2 to 100 nm, encompassing the 
mesoporous and macroporous regions that were absent in the single crystal forms. 
The crown ether molecules complex the Zn2+ and Cu2+ at first and then gradually 
release the metal ions upon reaction with the organic ligands. The reduced nuclea-
tion and crystallization rates lead to improved crystallinity of the resultant MOFs. 
Significantly, the pH of the template solutions influences the self-assembly of 
block co-oligomers, the capture of metal ions, and the protonation/deprotonation 
of the ligands.

A facile phosphate-mediated self-assembly methodology has been carried out 
to prepare mesoporous nickel phosphate/phosphonate hybrid microspheres [33]. 
The hybrid microspheres are composed of not only crystalline nickel phosphate 
but also amorphous nickel phosphonate (Fig. 3.6), and the formation of crystal-
line Ni3(PO4)2 nanoparticles played crucial roles in the formation of these hybrid 
microspheres. When phosphoric acid and nickel salts were mixed under vigorous 
stirring, uncountable Ni3(PO4)2 nanoparticles of a few nanometers were emerged 
instantaneously. Nickel phosphonate clusters were formed after the addition of 
ethylene diamine tetra(methylenephosphonic acid) (EDTMP) to react with the 

Fig. 3.5  Schematic representation of the formation of highly crystalline MOF versus MOA. 
Reprinted with permission from Ref. [29]. Copyright 2013, Nature Publishing Group

3.1 Template-Free Self-assembly Synthesis Strategy
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rest of Ni2+. These phosphonate clusters attached and wrapped the phosphate 
“nanoseeds” to generate core-shell-like secondary building blocks (SBB) under 
the driving of intermolecular interaction, as depicted in Fig. 3.6. Thereafter, phos-
phate/phosphonate SBB would self-assemble to hierarchical hybrid microspheres 

Fig. 3.6  a, b SEM and c, d TEM images of the NiPPH material, crystalline interplanar spacing of 
0.185 nm is attributable to the (510) plane of Ni3(PO4)2. e Formation and preparation process of 
the nickel phosphate/phosphonate hybrid microspheres. Reprinted with permission from Ref. [33]. 
Copyright 2014, Royal Society of Chemisty
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to minimize the interfacial energy. Distinct from the high solubility of nickel 
 chloride, nitrate, and sulfate in water, nickel phosphate is insoluble. If phosphoric 
acid was substituted by hydrochloric, nitric, and sulfuric acids, the resultant prod-
ucts were amorphous nickel phosphonate nanoparticles. The hybrid microspheres 
could also be obtained when Na2HPO4, NaH2PO4, and Na3PO4 were employed as 
inorganic phosphors sources, suggesting that Ni3(PO4)2 involved in the self-assem-
bly procedure. The selection of the right phosphonic precursors is considerably 
significant to determine the resultant micromorphology. In this work, the tetrap-
hosphonic claw molecules containing pyridinic nitrogen could protonate in acid 
environment and thus form zwitterions, which could contribute to the hydrogen-
bonding interactions between the phosphate nanoparticles and the slowly formed 
phosphonates. A kind of biphosphonic acid (HEDP) without pyridinic nitro-
gen component was tried to substitute EDTMP to prepare hybrid microspheres, 
but failed, signifying the positive roles of proper weak interaction. Another 
N-containing phosphonic acid (bis(hexamethylene triamine penta(methylene phos-
phonic acid)), BHMTPMP) with similar molecular structure to EDTMP but longer 
alkyl chains (–[CH2]6–) was used as well, and spherical nanoparticles were gained, 
which might be due to that the strong hydrophobic interaction between the hexam-
ethylenetriamine bridges could disturb the intermolecular interactions and the self-
assembly process. The resultant nickel phosphate/phosphonate material presents 
great potential in CO2 capture and heavy metal ion removal.

Mesoporous even hierarchically porous non-siliceous hybrids could be obtained 
through a self-assembly approach in the absence of any templates or surfactants. 
No matter whether using linkage extension, microemulsion, or nanocrystal self-
assembly methodologies, they usually involve weak interactions among the hybrid 
nanobuilding blocks. Other interactions such as hydrogen bonds, hydrophobicity– 
hydrophobicity interactions, and π–π stacking can also direct the spontaneous 
formation of mesoporous non-siliceous materials with fascinating porosity, struc-
tures, and stability, which are mainly dependent on the synthesis conditions. This 
means that the synthesis processes are difficult to control to some extent. Solgel 
chemistry presents an alternative route to synthesize mesoporous even hierarchical 
porous hybrid materials, wherein the solgel processes are directly associated with 
the precursor species and solvents.

3.2  Surfactant-Mediated Synthesis Strategy

Although surfactant- or template-free approaches have been proven to be valuable 
methods to obtain hybrid organic–inorganic materials presenting porosity from 
micropores to macropores, these methods cannot afford the valid capability to 
adjust the porosity, texture, and even morphologies on demand. As to some kinds 
of potential applications, such as separation and recognition of large molecules, 
catalysts and catalyst supports, and dye adsorption, the existence of mesopores 
is much more preferable than micropores and macropores to some certain extent. 
The use of supramolecular templates to synthesize ordered mesoporous materials 

3.1 Template-Free Self-assembly Synthesis Strategy
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has received increasing attention in the last few decades, due to the periodically 
aligned pore systems, uniform pore size in the mesoscale range, high surface area, 
controllable mesophase, and abundant framework compositions, and has found 
diverse applications in the fields of adsorption, separation, catalysis, biosensing, 
and energy storage and conversion [34, 35]. The surfactant-induced route for the 
formation of mesopores can be classified into two types (Fig. 3.7). The first ones 
are termed as hard templates or nanocasting, which are the prepared mesoporous 
materials with solid frameworks, including carbons, polymer beads, and silicas. 
However, the prepared materials often have a wider pore size distribution than 
that of the pristine replicas, and multiple preparation procedures with costly hard 
templates make it expensive, complicated, and consequently unsuitable for large-
scale production and industrial applications. Meanwhile, the template removal 
always involves the use of strong acids, bases, and high-temperature calcination, 
which cause it to be favorable for the synthesis of special mesoporous materi-
als, for instance, metal sulfides and oxides [36, 37], carbons [38, 39], and silicon 
carbides [40], while not suitable for the cases of hybrid materials. The soft-tem-
plating methodology, which is usually referred to as “soft” molecules including 
cationic surfactants CnH2n+1N(CH3)3Br (n = 8–22) and nonionic surfactants 
of amphiphilic poly(alkylene oxide) triblock copolymers [e.g., PEO-PPO-PEO 
(PEO = poly(ethylene oxide), PPO = poly(propylene oxide))] and oligomeric 
alkylethylene oxides, has received much attention. In comparison with the nano-
casting method, the entire procedure of soft-templating is low costing, facile, con-
venient, effective, and promising for large-scale production. More importantly, the 
mesophase formation depends on the temperature, type of solvent, ionic strength 
and pH, and the nature of the template molecules (hydrophobic/hydrophilic vol-
ume ratio, hydrophobic length, etc.), which make the pore structure and surface 

Fig. 3.7  Schematic illustration of a hard- and b soft-templating methods to synthesized 
mesoporous materials
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properties easily tuned. As to hybrid frameworks containing organic components, 
the soft-templating approach is much more appropriate due to the modest prepara-
tion conditions to protect the hybrid frameworks, relative simplicity and environ-
mental friendliness. Thus, the preparation of mesoporous hybrid materials through 
the soft-template strategy will be discussed in detail in the following sections.

3.2.1  Synthesis Mechanism

Since the liquid–crystal templating theory was proposed, there have been an 
unprecedented number of studies concentrated on the synthesis, modification, and 
application of mesoporous materials. Mesoporous inorganic–organic hybrids are 
no exception. The selection of surfactants is a key factor. Proverbially, surfactants 
consisting of hydrophilic heads and hydrophobic tails can assemble into micelles 
at a concentration higher than the critical micelle concentration under the driving 
force of hydrophobic interactions. A lyotropic liquid can provide an organized 
scaffold (Fig. 3.8). The formed oligomers from the condensation and polymeriza-
tion of organic–inorganic precursors grow around the arranged surfactant micelles 
driven by the interactions (e.g., electrostatic forces and hydrogen) between the sur-
factant molecules and the oligomers. After a further condensation and polymeriza-
tion, the surfactants can be removed, leaving a mesoporous structure.

Frequently and commercially used surfactants can be classified into cationic, 
anionic, and nonionic surfactants. Quaternary cationic surfactants (e.g., cetyltri-
methylammonium bromide (C16TABr) have excellent solubility and high critical 
micelle temperature values and are generally efficient for the synthesis of ordered 
mesoporous materials. Nonionic surfactants are available in a wide variety of 
different chemical structures. They are widely used in industry because of their 
attractive characteristics, such as low cost, non-toxicity, and biodegradability. 
Nonionic surfactants have rich phase behaviors and low critical micelle tempera-
ture values and have become more and more popular and powerful in the synthesis 

Fig. 3.8  General synthesis mechanism for the formation of mesoporous non-siliceous hybrids 
through soft-templating strategy

3.2 Surfactant-Mediated Synthesis Strategy
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of mesoporous solids. Commercially available Pluronic F127 (EO106PO70EO106) 
and P123 (EO20PO70EO20), and Brij 56 (C16EO10) are often used. However, as 
to anionic salt surfactants including carboxylates, sulfates, sulfonates, and phos-
phates, there are few reports of their use in the synthesis of inorganic–organic 
hybrid non-silica-based materials, though a family of mesoporous silica struc-
tures (AMS-n) has been prepared under basic conditions by employing anionic 
surfactants as structure-directing agents with the assistance of aminosilanes [41], 
based on the charge-matching effect.

According to the synthetic conditions, the chemical diversity of the compos-
ite mesoporous materials has been expanded during the last few decades, with 
many synthesis pathways being demonstrated during the nucleation of the com-
posite phase, such as direct surfactant–inorganic interaction (S+I−, S–I+, S0I0) and 
mediated interaction (S+X−I+, S−X+I−, (S0H+)X−I+) (S+ = surfactant cations, 
S− = surfactant anions, I+ = inorganic precursor cations, I− = inorganic pre-
cursor anions, X+ = cationic counterions, and X− = anionic counterions) [42]. 
To yield mesoporous materials, it is important to adjust the chemistry of the sur-
factant head groups that can fit the requirement of the components. Table 3.1 lists 
the main synthesis routes and the corresponding surfactants. Furthermore, the 
mesophase behavior and pore width are dominated by the liquid–crystal scaffolds. 
Some typical examples of ordered mesoporous metal phosphonates are summa-
rized in Table 3.2, which contains the experimental parameters, textual properties, 
and mesophases.

3.2.2  How to Effectively Obtain Periodic Mesoporosity

Hybrid oligomers can be either generated during the reaction process or preformed 
before being assembled with the surfactant micelles. The key factors for the assem-
blies to form a periodic mesophase include the control of the aggregation of pre-
cursors, the presence of sufficient interactions between oligomers/precursors and 
surfactants, and in turn, a proper size and charge of suitable building blocks [43]. 

Table 3.1  Summary of surfactant-mediated synthesis routes and the corresponding surfactants

Route Interaction Typical pH condition

S+I− Electrostatic and coulomb force Basic media

S–I+ Electrostatic and coulomb force Acidic media

S0I0 Hydrogen bond Neutral condition

S+X−I+ Electrostatic and coulomb force, double-layer 
hydrogen bond

Acidic media

S−X+I− Electrostatic and coulomb force, double-layer 
hydrogen bond

Basic media

(S0H+)X−I+ Electrostatic and coulomb force, double-layer 
hydrogen bond

Acidic condition



39

Ta
bl

e 
3.

2 
 S

um
m

ar
y 

of
 s

yn
th

et
ic

 s
tr

at
eg

ie
s 

an
d 

ph
ys

ic
oc

he
m

ic
al

 p
ro

pe
rt

ie
s 

of
 r

ep
re

se
nt

at
iv

e 
m

es
op

or
ou

s 
m

et
al

 p
ho

sp
ho

na
te

s

M
et

al
lic

 p
re

cu
rs

or
Ph

os
ph

on
ic

  
ac

id
a

St
ra

te
gy

Su
rf

ac
e 

ar
ea

 
(m

2  
g−

1 )
Po

re
 v

ol
um

e 
(c

m
3  

g−
1 )

Po
re

 s
iz

e 
(n

m
)

Su
rf

ac
ta

nt
A

dd
iti

ve
sb

M
es

op
ha

se
R

ef
.

T
i(

O
)(

i-
Pr

O
) 4

T
PP

hA
L

ig
an

d 
ex

te
ns

io
n

55
7

0.
42

3.
8

–
–

–
[1

3]

V
(O

)(
i-

Pr
O

) 3
T

PP
hA

L
ig

an
d 

ex
te

ns
io

n
11

8
–

3.
8–

3.
9

–
–

–
[1

4]

T
i(

O
)(

n-
B

u)
4

E
D

T
M

P
M

ic
ro

em
ul

si
on

86
0.

07
4

2.
5–

5.
8,

 
8–

10
–

–
–

[1
6]

T
i(

O
)(

n-
B

u)
4

H
E

D
P

M
ic

ro
em

ul
si

on
25

7
0.

26
3

2.
0

–
–

–
[1

8]

N
iC

l 2
E

D
T

M
P

N
an

oc
ry

st
al

 
se

lf
-a

ss
em

bl
y

26
7

0.
19

1
5.

3
–

–
–

[3
3]

A
l(

O
)(

i-
Pr

O
) 3

PD
P,

 n
 =

 1
–

73
8

0.
32

1.
8

C
16

TA
C

l
–

H
ex

ag
on

al
[4

6]

A
lC

l 3
PD

P,
 n

 =
 1

E
IS

A
78

8
0.

44
2.

2
C

16
TA

C
l

–
H

ex
ag

on
al

[4
7]

A
lC

l 3
PD

P,
 n

 =
 2

E
IS

A
70

8
0.

32
1.

9
C

16
TA

C
l

–
H

ex
ag

on
al

[4
7]

A
lC

l 3
PD

P,
 n

 =
 3

E
IS

A
21

7
0.

27
3.

0
B

ri
j 5

8
–

H
ex

ag
on

al
[4

8]

A
lC

l 3
PD

P,
 n

 =
 3

E
IS

A
17

2
0.

59
7.

3
F6

8
–

H
ex

ag
on

al
[4

8]

A
lC

l 3
PD

P,
 n

 =
 2

E
IS

A
30

9
0.

71
9.

4
P1

23
–

H
ex

ag
on

al
[4

8]

A
lC

l 3
PD

P,
 n

 =
 2

E
IS

A
33

7
0.

79
11

.6
F1

27
–

H
ex

ag
on

al
[4

8]

A
l(

O
)(

n-
B

u)
3

PD
P,

 n
 =

 2
A

rt
ra

ne
 r

ou
te

67
5

0.
63

3.
3

C
16

TA
B

r
–

H
ex

ag
on

al
[5

1]

T
iC

l 4
E

D
T

M
P

H
yd

ro
th

er
m

al
 a

nd
 

E
IS

A
1,

06
6

0.
83

2.
8

B
ri

j 5
6

–
H

ex
ag

on
al

[5
2]

T
iC

l 4
H

E
D

P
H

yd
ro

th
er

m
al

 a
nd

 
E

IS
A

1,
05

2
0.

58
2.

6
C

16
TA

B
r

–
C

ub
ic

[6
5]

A
l(

O
)(

i-
Pr

O
) 3

PD
P,

 n
 =

 1
, 2

E
IS

A
–

–
–

C
16

TA
C

l
–

L
am

el
la

r
[6

6]

A
lC

l 3
E

D
T

M
P

M
ic

ro
w

av
e-

as
si

st
ed

 
hy

dr
ot

he
rm

al
49

8
0.

61
1.

7,
 7

.5
F1

27
–

H
ex

ag
on

al
[7

3]

T
iC

l 4
E

D
T

M
P

M
ic

ro
w

av
e-

as
si

st
ed

 
hy

dr
ot

he
rm

al
52

2
0.

63
1.

4,
 7

.2
F1

27
–

H
ex

ag
on

al
[7

3]

(c
on

tin
ue

d)

3.2 Surfactant-Mediated Synthesis Strategy



40 3 Strategies to Incorporate Mesoporosity

a P
D

P
 p

ro
py

le
ne

 d
ip

ho
sp

ho
ni

c 
ac

id
s;

 b T
M

B
 1

,3
,5

-t
ri

m
et

hy
lb

en
ze

ne
; T

IP
B

z 
1,

3,
5-

tr
iis

op
ro

py
lb

en
ze

ne

Ta
bl

e 
3.

2 
 (

co
nt

in
ue

d)

M
et

al
lic

 p
re

cu
rs

or
Ph

os
ph

on
ic

  
ac

id
a

St
ra

te
gy

Su
rf

ac
e 

ar
ea

 
(m

2  
g−

1 )
Po

re
 v

ol
um

e 
(c

m
3  

g−
1 )

Po
re

 s
iz

e 
(n

m
)

Su
rf

ac
ta

nt
A

dd
iti

ve
sb

M
es

op
ha

se
R

ef
.

Z
rC

l 4
E

D
T

M
P

M
ic

ro
w

av
e-

as
si

st
ed

 
hy

dr
ot

he
rm

al
51

3
0.

64
1.

5,
 7

.1
F1

27
–

H
ex

ag
on

al
[7

3]

V
C

l 4
E

D
T

M
P

M
ic

ro
w

av
e-

as
si

st
ed

 
hy

dr
ot

he
rm

al
53

8
0.

68
1.

3,
 7

.1
F1

27
–

H
ex

ag
on

al
[7

3]

A
lC

l 3
PD

P,
 n

 =
 1

–4
Sp

ra
y-

dr
yi

ng
62

–1
70

0.
12

–0
.4

2
30

–2
00

PS
-b

-P
E

O
–

–
[7

5]

A
lC

l 3
PD

P,
 n

 =
 2

Sp
ra

y-
dr

yi
ng

25
1

0.
66

10
.5

F1
27

–
H

ex
ag

on
al

[7
7]

A
lC

l 3
PD

P,
 n

 =
 2

Sp
ra

y-
dr

yi
ng

18
9–

31
5

0.
62

–0
.7

7
11

.2
–1

5.
0

F1
27

T
M

B
H

ex
ag

on
al

[7
7]

A
lC

l 3
PD

P,
 n

 =
 2

Sp
ra

y-
dr

yi
ng

25
7–

30
7

0.
77

–1
.3

2
12

.8
–2

1.
8

F1
27

T
IP

B
z

H
ex

ag
on

al
[7

7]

Z
rO

C
l 2

H
E

D
P

H
yd

ro
th

er
m

al
70

2
0.

86
3.

6
C

16
TA

B
r

–
W

or
m

-l
ik

e 
m

es
op

or
es

[7
9]



41

For the synthesis of ordered mesoporous siliceous materials, it is relatively easy to 
gain chargeable hydrated silicate oligomers due to the undertaken hydrolysis of the 
inorganic precursors in a certain pH environment. In contrast, the uncontrollable 
hydrolysis and condensation for most non-siliceous inorganic precursors and the 
tendency to form crystalline products make it difficult to apply the liquid–crystal 
templating mechanism to produce the stable and accessible long-range periodic 
mesostructures. The synthesis system is rather complicated; for instance, multi-
inorganic precursors, solvents, acids or base to maintain a steady pH, a retainable 
chemical integrity, and preformed mesostructures are needed during the process 
of surfactant removal. In order to obtain ordered mesoporous hybrid materials, an 
appropriate system is necessary to prohibit or reduce the hydrolysis of inorganic 
sources and the coordination rates of metal ions and organic groups and to enhance 
the interactions between the surfactant scaffolds and the charged oligomers.

A family of alkyl pyrazinium surfactants that were tethered to Prussian blue 
(PB) precursors could enable the isolation of a kinetically controlled mesostruc-
ture [44]. Further reactions with Na3[Fe(CN)5NH3] · 3H2O gave an amphiphi-
lic intermediate that templated the formation of mesostructured PB analogues. 
However, the chemical bonds between the surfactant ionic heads and PB-type 
inorganic skeleton made it difficult to remove the surfactants. Direct cooperative 
self-assembly of metal ions, cationic surfactants, and ligands with weak coordina-
tion acting sites to induce surfactants to overcome the lattice stability was accom-
plished by Li et al. [45], resulting in mesostructured MOFs with an amorphous 
wall. Also, the surfactant molecules could not be removed from the final MOF 
products.

A high acid reaction system has been proven as an efficient way to lower the 
hydrolysis of metal sources owing to the instant formation of large amounts of pos-
itively charged hybrid oligomers. Kimura prepared highly ordered mesoporous alu-
minum organophosphonates using alkyltrimethylammonium surfactants [46, 47]. 
In the ethanol–water system, ordered hexagonal mesostructures could be gained 
through the reaction of aluminum chloride and alkylene diphosphonic acids under 
highly acidic conditions. However, the XRD patterns of the mesoporous materi-
als showed a low ordering of the mesostructures. Elemental analysis indicated the 
presence of Cl− anions in the frameworks. This revealed that the mesostructured 
materials were conducted through the S+X−I+ or (S0H+)X−I+ pathway, demon-
strating the impurity of the hybrid framework. The surfactant molecules accom-
modated in the mesopores could not be extracted by conventional acid treatment 
due to the less condensed and easily hydrolyzed networks, and thus, calcination at 
400 °C was carried out. Oligomeric surfactants or triblock copolymers could also 
be used for the preparation of mesoporous aluminum phosphonates [48].

Addition of organic solvents or organic chelates is another alternative approach 
to inhibit the hydrolysis. Pure periodic mesoporous aluminum phosphonates and 
diphosphonates could be obtained by using aluminum “atrane” complexes, and meth-
ylphosphonic and ethylenediphosphonic acids through an S+I− surfactant-assisted 
cooperative mechanism by means of a one-pot preparative procedure [49, 50].  
A soft chemical extraction procedure enabled the opening of the pore system of the 

3.2 Surfactant-Mediated Synthesis Strategy
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parent mesostructured materials by exchanging the surfactant without the  collapse of 
the mesostructure. The BET surface area of the mesoporous hybrid could reach up 
to 793 cm2 g−1, accompanied with a narrow pore width distribution around 2.7 nm. 
This procedure was on the basis of the use of C16TABr as a structure-directing 
agent and 2,2′,2″-nitrilotriethanol as the complexing polyalcohol, which had proven 
its capability in controlling the rates of hydrolytic reactions of aluminum species 
in water–phosphoric acid media and the subsequent process of self-assembly in 
the presence of surfactant aggregates [51]. The hybrid nature of the pore wall can 
be modulated continuously from organic-free mesoporous aluminum phosphates 
(ALPOs) up to total incorporation of organophosphorus entities (mesoporous phos-
phonates and diphosphonates). The organic functional groups become basically 
attached to the pore surface or inserted into the ALPO framework (homogeneously 
distributed along the surface and inner pore walls) depending on the use of phospho-
nic or diphosphonic acids, respectively.

The successful preparation of periodic mesoporous titanium phosphonate 
(PMTP-1) with bridged organic linkers inside the framework was achieved by 
Ma et al. [52] via an autoclaving process followed by an evaporation-induced 
self-assembly (EISA) strategy (Fig. 3.9). To slow down the hydrolysis of tita-
nium tetrachloride, the metallic precursors were dissolved in the ethanol pre-
viously to form TiOCH2CH3 complexes [53, 54]. A cryosel bath was used to 
create low-temperature conditions as well to reduce the condensation speeds of 
the reactants. This could avert the generation of large titania or titanium phos-
phonate aggregations during the reaction process. The highly ordered mesostruc-
tures were obtained when a moderately acidic pH value was sustained, according 
to the (S0H+)X−I+ mechanism. This was probably due to the newly formed gel 
being partially damaged in the strong acid system and that alkaline conditions 
led to a fast hydrolysis rate. The surface area, pore size, and pore volume were 
1,066 m2 g−1, 2.8 nm, and 0.83 cm3 g−1, respectively. This mechanism could 
be extensively applied to the formation of a series of periodic mesoporous metal 
phosphate and phosphonate materials with different structural phases in the pres-
ence of nonionic surfactants in acidic media [55, 56].

Ionic liquids (ILs), considered as tunable and environmentally friendly 
 solvents, have attracted a lot of interest in the synthesis of novel materials. Zhang 
et al. [57] synthesized well-ordered mesoporous MOF nanospheres constructed 
by a microporous framework in a system of ILs–surfactant combined with super-
ficial CO2 (Fig. 3.10). The IL and surfactant chosen were 1,1,3,3-tetramethyl-
guanidinium acetate (TMGA) and N-ethyl perfluorooctylsulfonamide (EtFOSA), 
respectively. It has been shown that TMGA/EtFOSA/CO2 microemulsions could 
be formed [58]. The surfactant molecules self-assembled into cylindrical micelles 
with the fluorocarbon chain directed toward the inside of the micelles, and CO2 
existed as a core of the micelles. Thereafter, the Zn(II) ions and 1,4-benzenedicar-
boxylic acid linked facilely around the formed micelles. Thus, the mesoporosity 
was generated from the templating effect of the surfactants, and the microporos-
ity was related to the intracrystalline cavities. The calculated sizes of mesopores 
and micropores were 3.6 and 0.7 nm, respectively, as well as a total surface area 
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of 756 m2 g−1. The corresponding crystal structure could not be identified mainly 
owing to the small size of the nanoparticles.

An abundant variety of strategies have been used to effectively synthesize 
mesoporous non-siliceous hybrids. To efficiently mediate the coordination and 
condensation of organic linkers and inorganic species while increasing the inter-
actions between surfactant scaffolds and the formed oligomers is the key factor. 
The removal of surfactant molecules to leave mesovoids in the framework was 
preferred for using moderate measures, including extraction by organic polar 

Fig. 3.9  Photographs of a EDTMP solution, b as-synthesized gel before surfactant extracted, c 
mesostructured monoliths after extraction, and d final mashed powder. TEM images of the hex-
agonal mesoporous titanium phosphonate hybrid material (e, f). Reprinted with permission from 
Ref. [52]. Copyright 2010, Royal Society of Chemistry

3.2 Surfactant-Mediated Synthesis Strategy
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Fig. 3.10  a SEM and b–f TEM images of the mesoporous MOF. g Formation of the MOF in 
the surfactant/IL/CO2 system. Reprinted with permission from Ref. [57]. Copyright 2010, 
Wiley-VCH
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solvents and ion exchange, which could efficaciously prohibit the collapse of the 
mesoporous network.

Some general considerations are valid for all synthesis pathways described 
above in choosing the right precursors or synthetic conditions:

Firstly, the nature of the precursor species and the supermolecular surfactant 
has to allow a favorable interaction between the two components. This suggests 
that either a strong Coulomb interaction needs to be present, strong hydrogen-
bonding forces act between the precursor molecules/related species and the sur-
factant part of the composite to be formed, or hydrophilic/hydrophobic and 
electrostatic interaction prefer the formation of the mesostructures. If these inter-
actions are not sufficiently strong, a high tendency for phase separation will domi-
nate the reaction process, thus resulting in hybrid precipitation with poor porosity 
while the surfactant remaining in solution. Noticeably, this tendency will be espe-
cially strong and rapid if the inorganic and organic precursors tend to form a stable 
crystalline structure with high lattice energy, or the hydrolysis rate of inorganic 
species is too fast to be controlled. It is thus not surprising that mesostructured 
silica-based materials are most easily accessible, which is due to that the tendency 
of silicon to form amorphous silica networks strongly and relatively low hydrol-
ysis rate of siloxanes favors the formation of mesostructures. Indeed, a coopera-
tive template system, comprising a surfactant (C16TABr) and a chelating agent 
(citric acid), could favor the generation of a meso-MOF containing a hierarchical 
system of mesopores interconnected with microspores [59]. The surfactant mol-
ecules formed micelles and the chelating agent bridged the MOF and the micelles, 
making self-assembly and crystal growth proceed under the direction of the 
cooperative template (Fig. 3.11). However, the resultant mesostructure is lack of 
long-range order.

Secondly, the inorganic and organic moieties should have a sufficiently high 
tendency to condense to an extended framework under the synthetic conditions. 
Otherwise, structures will collapse after the template removal. What should be 

Fig. 3.11  Cooperative 
template-directed synthesis of 
mesoporous MOFs via self-
assembly of metal ions and 
organic ligands. Reprinted 
with permission from Ref. 
[59]. Copyright 2012, 
American Chemical Society

3.2 Surfactant-Mediated Synthesis Strategy
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kept in mind is that template removal has to be possible without structural col-
lapse. The most common method to remove the surfactant templates is mild 
extraction or ion exchange, and sometimes, high-temperature calcination is also 
used that may cause partial collapse of mesoporous networks and inevitably intro-
duce some inorganic impurities. Extraction processes are best suited for nonionic 
surfactants. If ionic surfactants shall be extracted, the extraction typically has to be 
combined with an ion exchange because the surfactant also compensates frame-
work charges, which may bring new functionalities such as high H+ exchange 
capability.

Finally, if mesoporous materials shall be used under harsh conditions such 
as high-temperature reactions, problems can arise during reaction process. 
Crystallization of the hybrid framework represents an alternative way. However, 
the presence of the mesostructure and crystallinity of the walls are typically not 
compatible because crystalline materials can in most cases not accommodate the 
type of curvatures present in the mesostructures. Thus, as soon as crystallization 
of the walls to bulk occurs, the mesostructures deteriorate or collapse, as has been 
observed in many cases. Thus, further exploration including new synthesis strate-
gies involving novel emerging techniques is worthy of tremendous endeavors.

3.2.3  Mesostructure Design

The adjustment of mesostructures is still a challenging task in the preparation of 
periodic mesoporous hybrid materials, while it is a key step in regulating their phys-
icochemical properties. A lot of factors could cause the phase transformation of the 
mesopores, including interactions between the organic and inorganic species [60], 
the reaction temperature and time [61], the addition of some inorganic additives 
[62], the nature of surfactant that could be clarified using the molecular surfactant 
packing parameter [63], the molar ratios of the surfactant and inorganic precursor 
[64], and so forth. Herein, the molar ratios of the reactants were found to be critical 
for determining the final mesostructures of the hybrid materials, and different meso-
phases could be obtained by adjusting the amount of added reagents and surfactant. 
A synthesis condition map of periodic mesoporous titanium phosphonates with vari-
ous phases has been explored (Fig. 3.12) [65]. The molar ratios of Ti/P should be 
fixed as 3:4 and 1:4 for hexagonal and cubic mesostructures, respectively, under the 
experimental conditions, while mixed phases with poor pore periodicity also existed 
at these two Ti/P ratios. It was easy to understand the Ti/P ratio in hexagonal meso-
phases because one Ti atom was coordinated to four P atoms, whereas one P was 
coordinated to three Ti atoms and was also connected to one C atom. The P spe-
cies was superfluous in the cubic mesophases, which was probably due to the exist-
ence of some P atoms with a low-coordination state. By varying the molar ratios 
of C16TABr/Ti, a general range for the synthesis of different mesophases was con-
firmed, namely in the region of 0.1 < C16TABr/Ti < 0.4 (Ti/P = 3:4) for a hexagonal 
phase, at 0.4 < C16TABr/Ti < 1.9 (Ti/P = 3:4, 1:4) for a mixed phase with poor pore 
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regularity, and within the range of 1.9 < C16TABr/Ti < 2.3 (Ti/P = 1:4) for a cubic 
phase, which was in agreement with the previously reported molecular surfactant 
packing parameter theory that the hexagonal phase is formed at a low surfactant/
inorganic species ratio and the cubic phase formed at a high ratio [63]. Lamellar 
mesostructured aluminum organophosphonate with unique inorganic–organic hybrid 
network could be synthesized from the reactions of aluminum tri-isopropoxide with 
methylene disphosphonic acid with the assistance of alkyltrimethylammonium 
when the corresponding atomic ratios decreased to Al/P/C16TABr = 1:4:2 [66].  
The organic diphosphonic bridges were embedded in the integrated hybrid sheets 
with surfactant micelles inserted between the sheets. The removal of the surfactant 
would lead to the irreversible collapse of the lamellar phase, which signified that it 
had limited values from a practical applications point of view.

As to the mesoporous siliceous materials, the curvature of the mesostructures 
increases from lamellar via hexagonal to cubic phases, and the control of the mes-
ostructure is commonly dependent on the hydrophilicity/hydrophobicity ratio and 
the molecular weight of the surfactants [67, 68]. The ease in tuning the surfactant 
composition via living polymerization paves the way for adjusting the mesophase. 
Initially, it is considered that lower hydrophilicity/hydrophobicity ratios lead to 
the formation of mesophases with small curvatures (e.g., lamellar), and high ratios 
are favorable for the generation of the ones with large curvatures (e.g., hexagonal 
and cubic) [69]. For example, the utilization of EO80PO30EO80 with a high EO:PO 
ratio led to the preferential formation of cubic Ia3̄d phases and cage-type ones 
with Fm3̄m and Pm3̄m structures [70, 71]. In the cases of non-silica-based hybrid 
materials, the hexagonal mesophases are usually preferred in spite of the molecule 
structures and compositions. This may be due to the fact that the hybrid network 
condensed incompletely, and the arrangement of surfactant scaffolds containing 

Fig. 3.12  a The synthesis condition map of periodic mesoporous titanium phosphonates, mainly 
considering the adding amounts of reagents and surfactant, TEM images of cubic (b, c) and hexag-
onal (d, e) mesoporous titanium phosphonate materials. Reprinted with permission from Ref. [65]. 
Copyright 2010, Wiley-VCH

3.2 Surfactant-Mediated Synthesis Strategy
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inorganic species attached at the hydrophilic portions can make a difference from 
those of silica-based mesostructures [72]. Furthermore, the complex coordina-
tion chemistry between metal ions and organic bridges and the weak interactions 
among the organic components may be devoted to the formation of relatively sta-
ble hexagonal phases.

The final mesostructures are remarkably influenced by the rational control 
of organic–inorganic–organic interactions and cooperative assembly of precur-
sor molecules and their related species and surfactants. Therefore, final meso-
structures depend on the surfactant liquid–crystal phases. Significantly, different 
types of surfactants possess distinct critical micelle concentration (CMC), while 
a surfactant with low CMC value is an important criterion toward enhancing the 
regularity of mesostructures. Surfactants with high CMC usually lead to cubic 
mesophases. If the CMC values further increase, it is difficult to produce periodic 
mesostructures. Different synthesis pathway has its own advantages and disadvan-
tages. EISA method can fit wide preparation conditions owing to the alleviated 
hydrolysis speed of metallic precursors, though this strategy needs relatively rig-
orous conditions including temperature and humidity. Hydrothermal autoclaving 
is a quick and efficient route, though energy consumption is required for the high 
temperature and pressure. Ionic liquid is high cost and not suitable for broad appli-
cation. One should choose the most suitable pathway depending on the practical 
situation. Exploring low cost, environmentally friendly, and reproducible method 
is still an urgent requirement.

On the other hand, mesoporous materials can be divided into ordered and disor-
dered structures from the viewpoint of pore/channel packing regularity. The syntheses 
of disordered wormhole-like mesoporous non-siliceous hybrid materials templated 
by supramolecular surfactants have also contributed a great deal to the exploit-
ing of the organization principles in the surfactant-assisted strategy. Disordered 
mesostructures have no unit cell, symmetry, or space group. Although the resultant  
mesostructures are disordered, uniformly sized mesopores, high surface area, and 
easy modulation can usually be achieved, offering them potential in catalysis, adsorp-
tion, separation, and immobilization. Due to the complexity, it is still difficult to pass 
a definitive verdict as to which kind of mesostructures, disordered or ordered, is more 
beneficial in applications. The exploration of the territory of preparing mesoporous 
phosphonate-based hybrids is not as mature as the silicas and carbonaceous materi-
als owing to the complex interconnected factors, coordination, and solgel chemistry. 
Thus, further investigation should be of significance and justifies investment.

3.2.4  Pore Size Control

The control of the pore size of mesoporous materials is a vital issue, as it is 
directly linked to their application. Pore sizes mainly depend on the hydropho-
bic volumes of the template molecules. With this core idea in mind, the inten-
tional selection of surfactants with various lengths of hydrophobic chains can 
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make it possible to control the pore size. Using soft templates with low molecular 
weights (Fig. 3.13), such as C16TABr and oligomeric surfactants (e.g., C16EO10 
and C16EO20), the pore diameters are usually distributed in the range of 2–4 nm 
[46–48, 52, 55, 56]. In general, the block–copolymer micelles are larger than those 
aggregated by low molecular weight surfactants. For instance, the pore width 
could be largely expanded to 6–10 nm if triblock copolymers (EO80PO30EO80, 
EO106PO70EO106, and EO20PO70EO20) were employed [48, 73, 74]. On the other 
side, diblock–copolymers always direct larger pore sizes compared to triblock–
copolymers with similar molecular weights or PPO chains because the latter tends 
to bending aggregation. High molecular weight block–copolymers are of great 
interest owing to the relatively large mesopores in the resultant mesoporous mate-
rials. Colloidal templating of polystyrene-block-poly(oxyethylene) (PS-b-PEO) 
was newly developed for the fabrication of porous aluminum phosphonates with 
large spherical pores [75]. PS-b-PEO was dissolved in a mixture of THF and etha-
nol in the presence of water to form spherical aggregates and then mixed with pre-
cursor solutions before preparation. Then, the mixed solutions were spray-dried at 
different temperatures, from 110 to 230 °C, and calcined at an appropriate temper-
ature to eliminate the surfactants. Interestingly, the size of the spherical PS-b-PEO 
aggregates (the number of PS-b-PEO molecules in the aggregates) was variable 
on the basis of the amount of water present. Therefore, the pore diameter could be 
controlled from large mesopores (30 nm) to macropores (200 nm), as it was related 
to the size of the colloidal PS-b-PEO template.

The addition of organic swelling agents is another significant way to expand 
the pore sizes. The hydrophobic organic species can be solubilized inside 

Fig. 3.13  Adjustment of the mesoporous size based on surfactant molecules with different 
hydrophobic volumes

3.2 Surfactant-Mediated Synthesis Strategy
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the hydrophobic regions of the surfactant micelles based on hydrophobicity– 
hydrophobicity interactions, leading to micelle swelling. With C16TABr  acting 
as a structure-directing agent and 1,3,5-trimethylbenzene (TMB) as an auxiliary 
one, Qiu et al. [76] prepared a series of hierarchically porous HKUST-1 with 
adjustable interconnecting micropores and mesopores by the self-assembly of 
framework–building blocks in the presence of surfactant micelles. The synthe-
sized mesostructured MOFs possessed a mesopore system with diameters tunable 
from 3.8 to 31.0 nm, which depended on the synthetic conditions. Additionally, 
the mesoporous walls were constructed by a crystalline microporous network 
containing a 3D system of channels with a pore diameter of 0.82 nm, which was 
confirmed by the XRD, N2 sorption, and TEM analysis. The surface area of the 
MOFs decreased remarkably from 1,124 to 579 m2 g−1 with the increase of the  
TMB/C16TABr molar ratio from 0 to 0.50. It is noteworthy that the enlargement of 
the pore sizes usually implicates the sacrifice of the specific surface area.

The effect of the nature of surfactant species and the addition of organic swell-
ing agents on the pore size control were systematically studied [77]. Spherical 
aluminum phosphonate particles were obtained using Pluronic F127 with the 
formation of larger mesopores (10.5 nm) than those architectured using Brij58 
(4.1 nm) and Pluronic F68 (6.3 nm). Further expansion of the mesopores from 
10.5 to 15 and 20 nm was achieved by the addition of typical aromatic com-
pounds 1,3,5-TMB and 1,3,5-tri-isopropylbenzene as organic swelling agents, 
respectively. The boiling points of the aromatic compounds were quite important 
for the successful fabrication of high-quality spherical particles of the ordered 
mesoporous aluminum phosphonates. In addition, when aromatic compounds 
are regarded as model molecules, aerosol-assisted fabrication in the presence 
of designed and/or synthetic organic compounds such as fine chemicals is quite 
potential for the production of spherical supports with ordered mesopores.

These phenomenons have indeed given us a hint. Other substances that can be 
dissolved in the micelle cores may also expand pore diameters. Binary surfactant 
systems can result in products with tunable pore sizes and bimodal or trimodal 
pores. This has been testified in mesoporous siliceous materials. For example, 
blending two quaternary cationic surfactants with different carbon chains together 
(e.g., C12TABr, C16TABr, C16TABr, and C22TABr) can change the pore sizes of 
MCM-41 mesostructures to intermediate values between that templated by a sin-
gle surfactant [78]. With respect to mesoporous non-siliceous materials, a step fur-
ther involving binary and even ternary surfactant system is full of interest to be 
explored.

Additionally, the reaction medium of the synthetic systems, as well as the 
crystallization time, is also inevitable to affect the pore size of the resultant mes-
ostructured hybrids. A series of amorphous porous zirconium phosphonate mate-
rials constructed from HEDP, having tunable from micropore to mesopore sizes, 
were hydrothermally synthesized in a C16TABr–H2O–ethanol ternary system 
[79]. The as-synthesized materials were mesostructured and could be transformed 
into (super-)microporous hybrid solids after surfactant-extracted process. It was 
observed that ethanol played a role as cosurfactant in assisting the formation of 
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zirconium organophosphonate mesostructures, by achieving the charge density 
matching between the surfactant and hybrid nanoparticles. By varying the hydro-
thermal time from 1 to 72 h at 110 °C, the pore sizes of the obtained zirconium 
phosphonates could be efficiently tuned from micropore (0.87 nm) to mesopore 
(2.5 nm) range, and their micropore-specific surface areas ranged from 116 to 
509 m2 g−1 with the pore volumes in the range of 0.11–0.35 cm3 g−1. Considering 
the acidity and tunable pore sizes, the prepared porous zirconium phosphonates 
may find their potential applications in adsorption, shape-selective heterogeneous 
catalysis, ion exchange, and proton conduction.

3.2.5  Improving the Crystallization of Pore Walls

A high degree of crystallinity of the hybrid structures is quite significant for 
improving the properties and thus the applicability of these materials in many 
fields. Attempts to crystallize the materials through heat treatment always resulted 
in the collapse of the periodic mesoporous structures and the deterioration of 
the hybrid frameworks, which could impede their extended applications [80]. 
Revealingly, using organosilane instead of inorganic precursors, organic–inorganic 
hybrid periodic mesoporous benzene–silica was synthesized with a crystalline 
wall structure, formed from the structure-directing interactions between the ben-
zene–silica precursor molecules and between the precursor molecules and the sur-
factants [81], which has supplied scientific researchers with an alternative method 
to prepare crystalline mesostructures of hybrid materials.

Kimura et al. [82] reported the preparation of lamellar mesostructured alu-
minum phosphonates with a crystalline hybrid framework from the reaction of 
aluminum triisopropoxide with methylene diphosphonic acid in the presence 
of alkyltrimethylammonium CnTMA (n ≥ 14) surfactants. This was only under 
restricted conditions, and the crystal structure of the hybrid framework has not 
been defined yet because of the ill-resolved diffraction peaks. In the study, meth-
ylene groups can be embedded in the sheets (integrated hybrid frameworks) of the 
lamellar AOP-1 by a surfactant-assisted strategy. Al atoms are six-coordinated, 
connected to oxygen atoms only, and bonded to P atoms through oxygen atoms, 
and water molecules are ligated to the Al atoms. However, the ethylene groups are 
embedded in the hybrid framework, but the framework is not constructed from 
Al, P, and the organic group only. P atoms are bonded to AlO6 units, which is a 
common structure for the reported crystalline AOPs. The six-coordinated Al atoms 
are surrounded by four oxygen atoms (two Al–O–P bonds and two water ligands) 
and two F atoms, meaning that the framework is not pure. On the other side, such 
hybrid mesostructures are unstable, and the surfactants could not be removed 
without the collapse of the mesostructure.

Microwave-assisted synthesis has been shown to be a facile and moder-
ate approach for promoting the crystallization of porous materials at a relatively 
low temperature [83, 84]. Ma et al. [73] reported the successful preparation of 
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ordered, hexagonal, mesoporous metal (Ti, Zr, V, and Al) phosphonate materials 
with microporous crystalline walls using a microwave-assisted procedure in the 
presence of triblock copolymer F127 as a template. Corresponding metal chlo-
rides and ethylene diamine tetra(methylene phosphonic acid) were chosen as the 
inorganic precursors and the coupling molecule, respectively. The most important 
benefit of applying microwave irradiation here is probably the fast dissolution of 
the gel and the simultaneous abundant nucleation in the synthetic mixture, caused 
by the rapid heating and efficient heat transfer using this technique, which conse-
quently results in the fast crystallization and high crystallinity [85, 86]. During the 
microwave treatment, the small nascent metal phosphonate crystals are formed. 
However, the microwave treatment seems hardly contributive to the formation of 
ordered mesopores. Thus, the periodic assembly of phosphonate crystals along the 
surfactant F127 micelles to form a hexagonal mesophase could only be realized 
after a hydrothermal aging process, which helps the further crystallization of small 
crystals. The prepared metal phosphonates possessed a hierarchical porous struc-
ture with pore sizes of 7.1–7.5 nm for mesopores and 1.3–1.7 nm for micropores, 
respectively, and were thermally stable up to approximately 450 °C, with the pore 
structure and hybrid framework well preserved. The ordered hexagonal mesopores 
and one-dimensional pore channels could be confirmed using TEM images, and 
crystal lattice fringes could be observed in the magnified image of the pore walls 
(Fig. 3.14). The crystalline phase of these phosphonate-based hybrids could be 
attributable to the corresponding metal phosphonates crystals formed by the exten-
sive coordination of phosphonic claw groups with metal ions rather than tiny metal 
oxide particles. The phosphonate groups are homogenously incorporated into the 
hybrid framework of the obtained materials.

The pivotal factor to obtain well-defined mesoporosity and fine crystalliza-
tion is to slow down the coordination rates between the metal centers and organic 
linkers so as to allow the assembly of nanosized building blocks and surfactant 
micelles. Acetic acid can chelate many metal ions, such as Cu2+, to form a deriva-
tive of metal–acetate bidentate bridging [87]. Namely, the acetic acid could com-
pete with the carboxylate linkers to coordinate with metal ions and influence the 
deprotonation of the linker as well. Under the synergic effect of both factors, 
phase segregation was limited thus to fit the liquid–crystal templating mecha-
nism. N2 adsorption–desorption, TEM, and XRD indicated the generation of well-
defined mesopore channels within the microporous copper carboxylates, which 
presented high crystallinity assigned to the HKUST-1. However, the mesostructure 
possessed no long-range order.

The positively charged surfactants (S0H+) and cationic inorganic species (I+) 
are assembled together by a combination of electrostatic, hydrogen-bonding, and 
van der Waals interactions (S0H+) X−I+ (X− = Cl−, NO3

−, HySO4
2−y, etc.). If 

X− was substituted by disulfonate anions, an analogous mechanism was pro-
posed to be accomplished to form a series of highly ordered mesoporous metal 
sulfonates [88]. The coordination expansion based on X−I+ could form pillared-
layered metal disulfonates in the mesoporous wall (Fig. 3.15, a kind of cadmium 
disulfonate crystal is taken as a representative). In a typical synthesis procedure 
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for mesoporous metal–organic framework material, MMOF-1, Cd(NO3)2, and 
1,5-naphthalenedisulfonic acid (1,5-nds) were used as inorganic and organic 
precursors, respectively, and nonionic triblock copolymer F127 was used as the 
soft template in the acidic system. The controlled release of metal ions by crown 
ether 1,10-diaza-18-crown-6 (NC) is necessary to slow down the coordination 
rate between the inorganic and organic species and thus finally to retard nuclea-
tion kinetics and crystal growth of the MOFs around the micelles, resulting in the 
final formation of well-structured hexagonal mesoporosity by the surfactant F127-
induced self-assembly process, with the mesopore walls constructed by crystalline 
metal disulfonate [Cu(1,5-nds)(H2O)2]n. Other common ligands including ethyl-
enediamine, ethylene diamine tetraacetic acid, nitrilotriacetic acid, 2,2′-dipyridyl, 
and ethylene diamine tetra(methylene phosphonic acid) were also tried in order to 
replace crown ether, but no ordered mesopores were observed in the dense crys-
talline products, and in some cases, impure phases related to the coordination of 

Fig. 3.14  TEM images (a–e) and SAED pattern (inset of e) of the semicrystalline titanium 
phosphonate material. The circles in e highlight the intercrystalline micropores. Reprinted with 
 permission from Ref. [73]. Copyright 2011, Wiley-VCH

3.2 Surfactant-Mediated Synthesis Strategy
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newly added ligands with metal cations also appeared. This was probably due to 
the hydrophobic surface of NC being able to effectively isolate the innerly embed-
ded metal cations from the sulfonate anions during the hydrothermal process. This 
strategy could be extended to prepare other mesoporous MOFs. Using 1,5-nds, 

10 nm

d110

d200

100 nm

(a)

(b) (c)

Fig. 3.15  Schematic model for the formation of mesoporous MOFs, where the coordination numbers 
in the right figure do not reflect the real situation (a). TEM images and electron diffraction pattern  
(b, c). Reprinted with permission from Ref. [88]. Copyright 2012, American Chemical Society
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mesoporous MOFs constructed by metal disulfonate [La(1,5-nds)1.5(H2O)5]n 
and [Cu(1,5-nds)(H2O)4]n were successfully prepared, named as MMOF-2 and 
MMOF-3, respectively. Mesoporous MOFs consisting of layered Sr[C2H4(SO3)2] 
were obtained using ethanedisulfonic acid, named as MMOF-4. It is expected 
that the crystalline mesoporous frameworks can be constructed from many other 
types of easily crystallized materials by controlled release of metal ions, leading 
to enhanced functionality. This soft-templating assembly route should be generally 
transferable to other mesoporous MOFs with an appropriate choice of functional 
groups.

The controlled synthesis of mesoporous non-siliceous organic–inorganic 
hybrids includes the adjustment of pore sizes, mesophase symmetry, crystallin-
ity of the pore walls, and micro-/macroscopic morphologies. Various mature and 
burgeoning technologies can be employed to attain the desired targets. However, 
the achievement of well-structured mesophases and a high crystalline degree at the 
same time are still a contradiction. The effective control of the mesophase is still 
challenging, but especially significant in the areas of adsorption, separation, and 
catalysis.
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Abstract The well-structured and controllable micro- or macromorphology of 
porous nanomaterials is of great importance for practical applications. The possi-
bility to fabricate films, spheres, monoliths, and so on has been explored. Different 
morphologies show distinct potentials in various areas. Spheres can be used in  
biosensoring and chromatograph packing; films are applicable in the areas of catal-
ysis and separation; and monoliths can find fit in photonic devices. Controllable 
synthesis on both the mesoscale (mesostructure) and macroscale (morphology) is 
therefore necessary. The assembly of structures and the control of morphologies 
for mesoporous materials is a concerted campaign and affect each other. The fac-
tors that determine the ultimate morphologies of the mesoporous materials include 
several elements: hydrolyzation and condensation of inorganic precursor species, 
types of the surfactant molecules, interaction between precursors or their related 
species and surfactants, additives, and physical techniques. As to mesoporous sili-
ceous materials, one can achieve mesoporous structures with various morphologies 
such as fibers, films, monoliths, spheres, vesicles, and “single crystals,” through 
manipulating these factors. Notwithstanding, the morphologies of mesoporous non-
siliceous materials are still restricted in several relatively simple types due to the 
considerably complicated reaction systems and unpredictable coordination between 
inorganic and organic moieties. Some classical morphologies of mesoporous 
hybrid materials are thus presented as follows.

Keywords Morphology control · Mesoporous spheres · Mesoporous fibers ·  
Mesoporous films · Mesostructured nanorods · MOF nanoplates · Mesoporous 
monoliths

4.1  Spheres and Fibers

The sphere is one of the most common shapes for materials, which has minimal vol-
ume and maximal surface area. Mesoporous spheres can be directly used in chroma-
tographic substrates, catalysts and carriers, drug delivery, and electrode materials, 
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thus drawing wide attention. A modified Stöber method combined with surfactant 
self-assembly is usually adopted to prepare mesoporous silica microspheres. Instead 
of employing typical emulsion-templating methods with nonpolar solvents such as 
trimethylbenzene, a self-templating emulsion route was developed for the formation 
of a spherically shaped hollow manganese phosphonate-based hybrid with hierar-
chically porous shells [1]. Drops of liquid organophosphonic claw molecules added 
to a manganese chloride solution did not disappear immediately but, in contrast, 
the drops broke up into many smaller nanosized spheres under mild stirring, and 
an emulsion-like solution was thus generated. The phosphonic droplets became cov-
ered with the subsequently growing layers of the manganese phosphonates, which 
could preserve the initial shape of the nanodrops. Upon heating under hydrother-
mal conditions, a portion of phosphonic droplets gradually defused out through the 
formed phosphonate shell to react with the remaining inorganic metal precursors in 
the mixed solution, and this process was similar to the Kirkendall effect [2]. The 
continuous supply of phosphonic acid and metal ions exerted a thermodynamic 
control over the condensation between the inorganic units and the organic moieties. 
Correspondingly, hollow manganese phosphonate microspheres possessing meso-
cellular foam structures close to the internal shell and secondary smaller mesostruc-
tured pores approaching the surface layers were formed. The progress that resulted 
in the formation of phosphonate hybrid microspheres is reminiscent of the interfa-
cial emulsion polymerization technique that has been developed for the nanoscaled 
silver hollow sphere (using n-dodecane/water emulsion) and silica (using an oil/
water emulsion) hollow nanosphere synthesis [3, 4]. The average diameter of these 
hybrid microspheres is approximately 0.5–2 mm (Fig. 4.1). The shell thickness is 
about 150 nm, which results from the aggregation of nanospherical particles with 
diameters of 5–35 nm. A novel mesocellular foam structure, akin to mesostruc-
tured cellular foam (MCF), can be seen. Secondary mesostructured pores of several 
nanometers emerge near the inferior pore surface layers.

More recently, on the basis of the water-soluble but ethanol-insoluble properties 
of DTPMP, we developed a template-free strategy to synthesis organic–inorganic 
hybrid of cobalt phosphonate hollow nanostructured spheres, exhibiting high effi-
ciency in oxidizing degradation of organic contaminants in the presence of perox-
ymonosulphate. A facile phosphate-mediated self-assembly methodology has been 
carried out to prepare mesoporous nickel phosphate/phosphonate hybrid micro-
spheres, showing surface area of 267 m2 g−1 and total pore volume of 0.191 cm3 g−1 
[5]. It could be considered that drops of liquid organophosphonic claw molecules 
added to a manganese chloride solution did not disappear immediately but, in con-
trast, the drops broke up into many smaller nanosized spheres under mild stirring, 
and an emulsion-like solution was thus generated. The phosphonic droplets became 
covered with the subsequently growing layers of the manganese phosphonates, 
which could preserve the initial shape of the nanodrops. Upon heating under hydro-
thermal conditions, a portion of phosphonic droplets gradually defused out through 
the formed phosphonate shell to react with the remaining inorganic metal precur-
sors in the mixed solution. The continuous supply of phosphonic acid and metal 
ions exerted a thermodynamic control over the condensation between the inorganic 
units and the organic moieties. Correspondingly, hollow manganese phosphonate 
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microspheres possessing mesocellular foam structures close to the internal shell and 
secondary smaller mesostructured pores approaching the surface layers were formed.

Surfactant-templated periodic mesoporous titanium phosphonate materials with 
alkyleneamine-bridged hybrid frameworks have been synthesized by using the cor-
responding tetra-phosphonic acid EDTMP as the coupling molecule in an etha-
nol–water system in the presence of the surfactant Brij 56. By precisely adjusting 
the composition of the solutions, the spherical morphology with an average diam-
eter of 400–500 nm could be only obtained with the water–ethanol ratio of 3:1 in 
the reaction system [6]. The resulting materials exhibited a hexagonal (p6mm) mes-
ophase, accompanied by a BJH pore width of about 2.2 nm and a specific surface 
area of 606 m2 g−1. In addition, irregular macrovoids could be observed throughout 
the hybrid microspheres, which would facilitate mass transport through the micro-
spheres. The hydrolysis of TiCl4 in the organophosphonate solution gave a multiple 
component system of organophosphonate–ethanol–water, and thus microemulsion 
drops were formed undermild stirring. The interfacial microemulsion polymerization 
of mesophase titanium phosphonate sols rendered the formation of mesostructured 
titanium phosphonate spheres with homogeneously attached organophosphonate 
units. In this process, phase separation might take place in the growing aggregates of 

Fig. 4.1  a, b SEM and c, d TEM images of hollow manganese phosphonate microspheres with 
hierarchical porosity. Hollow spheres emphasized with arrows in (a). Reprinted with permission 
from Ref. [1]. Copyright 2014, Royal Society of Chemistry

4.1 Spheres and Fibers
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phosphonate-based mesophases and water/alcohol domains, leading to the creation 
of sporadic huge macrovoids in hierarchical porous network.

The aerosol-assisted methodology is an effective approach to obtain spherical 
particles of silica-based and non-silica-based materials, which is based on the 
sprayed aerosol particles sacrificing and serving as “spherical templates” during 
the heat treatment process [7, 8]. Spherical aluminum phosphonate particles with 
uniform mesopores could be fabricated with the assistance of triblock copolymers 
by temperature-dependent spray-drying (Fig. 4.2a, b) [9, 10]. Pore diameter was 
widely controlled from 6 to 21 nm by changing surfactants and adding organic 
additives. In order to obtain periodic mesostructures inside the spherical morphol-
ogy, the evaporation rate of the solvents (ethanol and water) should be moderate. 
This could allow the residual soluble species to infiltrate the surfactant scaffolds 
for the construction of resultant hybrid frameworks with sufficient density [9]. 
With a further increase in the amount of surfactant molecules with expanded cores 
(PS-b-PEO), aluminum phosphonates of a fibrous morphology (Fig. 4.2c, d) were 

Fig. 4.2  Porous spherical (a, b) and fibrous (c, d) aluminum phosphonate particles prepared 
through a spray-drying method in the presence of P123 and colloidal PS-b-PEO templates, 
respectively. a, b Reproduced from Ref. [9] by permission of The Wiley-VCH. c, d Reproduced 
from Ref. [10] by permission of The American Chemical Society
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mixed with the spherical ones at a high spray-drying temperature (230 °C) due to 
the high viscosity of the cloudy precursor solutions [10]. Similarly, Marquez et al. 
firstly employed the aerosol route to obtain Benchmarked micro- or nanosized 
HKUST-1, ZIF-8, and Fe3(BTC)2 (BTC = 1,3,5-benzene tricarboxylate) as well 
as template-assisted Fe3(BTC)2 MOFs of various morphologies, and the resulting 
high space time yields make this continuous method very promising for the indus-
trial production and shaping of MOFs [11].

4.2  Nanoplates and Films

Surfactant molecules can selectively adsorb onto the crystallographic planes to domi-
nate the crystallite growth other than performing as onefold templating agents. In the 
mixed system of surfactant N-ethyl perfluorooctylsulfonamide (C2H5NHSO2C8F17, 
N-EtFOSA)–IL 1,1,3,3-tetramethylguanidine (TMGT) for the synthesis of HKUST-1,  
the Cu2+ metal ions dissolved in TMGT react with the deprotonated BTC3− to struc-
ture the nanosized framework building blocks [12]. On the one hand, the surfactant 
molecules play the role of a template in the mesopore formation. On the other hand, 
the surfactant can selectively adsorb onto the crystallographic planes of the MOF, 
thus serving as a directing agent and kinetically controlling the anisotropic growth 
of the MOF. Then the nanosized building blocks with the surfactant N-EtFOSA mol-
ecules assemble to form MOF crystals, and the morphologies are determined at the 
surfactant concentrations. The shapes of the mesoporous MOFs with microporous 
crystalline walls change from hexagonal via a round to square-shaped nanoplates 
(Fig. 4.3).

Various desired morphologies could be obtained by controlling the crystallite 
growth on the confined substrates. With using mesoporous silicas as model sup-
ports, highly crystalline homogeneous MOF thin films of HKUST-1 and ZIF-8 
combining both micro- and mesoporosity can be successfully synthesized through 
a layer-by-layer (LBL) methodology [13]. The control over the growth process can 
be easily achieved by varying the growth cycle numbers. The preferential orienta-
tion of the film was along (111), which was due to the interactions between metal 
ions and the OH groups on the silica foam surface.

As to PMO-type materials, morphological variation is possible via the evap-
oration-induced self-assembly (EISA) route [14]. On the basis of a solgel pro-
cess, techniques including spin coating, dip coating, spray coating, and slip 
casting can be used to prepare the thin films. For spin coating, high-speed 
rotation-induced centrifugal forces are employed to evenly disperse pre-
cursor solution, containing inorganic species and surfactants, on substrates 
to form thin films. Dip coating is similar to spin coating, but it relies on con-
trolled dipping of substrates in a precursor solution to form the films. These 
two techniques are most popularly utilized. As to spray coating, an aero-
sol dispenser or sprayer is used to disperse the precursor solution onto sub-
strates. Slip casting features the substrates containing some pores, whose sizes 

4.1 Spheres and Fibers
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Fig. 4.3  Schematic illustration for the formation of mesoporous MOF nanoplates in surfactant–IL 
solutions at low (a), medium (b), and high (c) surfactant concentrations. Reprinted with permission 
from Ref. [12]. Copyright 2012, Royal Society of Chemistry

Fig. 4.4  Representative TEM images of 250 °C-calcined mesoporous aluminum phosphonate 
films prepared using a 2.0 g, b 2.4 g, c 2.8 g, and d 3.2 g of EO80PO30EO80. Reprinted with per-
mission from Ref. [15]. Copyright 2007, Royal Society of Chemistry
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can affect the thickness of thin films. Besides the two approaches, mesoporous 
thin films can also be made by pulsed laser deposition and electrochemi-
cal deposition. In accordance with these strategies, a great diversity of hybrid 
organic–inorganic materials with controllable morphologies can be achieved by 
combination with existing techniques. Ordered mesoporous aluminum phospho-
nate films with high transparency were prepared through the spin coating of an  
ethanol–water solution containing methylene diphosphonic acid, aluminum 
chloride, and an EOnPOmEOn-type triblock copolymer [15]. The amount of 
EO80PO30EO80 in the precursor solution strongly influenced the mesostructural 
ordering of the aluminum phosphonate films (Fig. 4.4), and careful heating was 
essential to maintain the mesostructure after surfactant removal. The mesostruc-
tural ordering was gradually decreased with an increase in the added amount of 
EO80PO30EO80, leading to the formation of other phases that are not defined by 
assemblies of EO80PO30EO80. Much larger pores were formed over the entire 
films and would be formed through a phase separation by the presence of excess 
EO80PO30EO80.

4.3  Nanorods

The formation of phosphonate-based hybrids in a microemulsion system could 
also result in mesoporous materials with various morphologies. If HEDP and 
tetrabutyl titanate were used as precursors, the multicomponent microemulsion 
drops were mainly composed of alkoxide, water, ethanol from the solvent, and 
butanol from the hydrolysis of tetrabutyl titanate. The interfacial microemulsion 
polymerization of titanium phosphonate sols and titanium oxo clusters caused 
the formation of mesostructured titania phosphonate nanorods with a length of 
80–150 nm and a thickness of 18–38 nm, possessing homogeneously attached 
organophosphonate units. The nanorods formed aggregates with the microemul-
sions to give a hierarchical macroporous structure [16]. The multipoint BET sur-
face area was 257 m2 g−1, with a BJH pore size of 2.0 nm and a total pore volume 
of 0.263 cm3 g−1.

A low-temperature hydrothermal method was developed for the synthesis 
of lanthanide phenylphosphonate nanorods that are expected to exhibit some 
novel properties [17]. The mechanism of synthesis and shape control of lantha-
nide phenylphosphonates is proposed from a kinetic perspective. On one hand, 
the used p-toluenesulfonate could form loose complex through the electrostatic 
action with La3+ cations to direct the crystal growth process. On the other hand, 
the addition of p-toluenesulfonate can significantly decrease the viscosity of 
the solution, which increases the mobility of the components in the system and 
allows atoms, ions, or molecules to adopt appropriate positions in developing 
crystal lattices [18].

A coordination modulation method, in which acetic acid is used to directly 
influence the coordination equilibria, can be used to control the crystal growth of 

4.2 Nanoplates and Films
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nanosized [{Cu2(ndc)2(dabco)}n] crystals (ndc = 1,4-naphthalene dicarboxylate, 
dabco = 1,4-diazabicyclo[2,2,2]octane) [19]. The competitive interaction between 
the coordination mode used to construct the framework and the acetate–copper inter-
action played a crucial role in determining the reaction rate and crystal morphol-
ogy. The mechanism of anisotropic crystal growth could be related with the oriented 
attachment (Fig. 4.5). The coordination modulation method affords perfect frame-
work regularity in the nanocrystals, which allows the nanocrystals to be applied as 
crystalline porous materials.

Karimi and Morsali successfully used different concentrations of mesoporous 
silica (SBA-15) for directed growth of the archetypal MOF-5 microcrystals along 
preferred crystallographic orientations, leading to the formation of interesting 
micromorphologies [20]. At concentrations as low as 1 wt%, flower-like frame-
works are produced, instead of the conventional cubic microcrystals, and unusual 
nanorods of MOF-5 appear at 3 and 5 wt% of mesoporous silica. Formation of 
nucleation seeds via linkages between the silanol groups of mesoporous silica and 
the metallic centers of the MOF is hypothesized to be responsible for oriented 
arrangement of MOF species. Interestingly, no substrate prefunctionalization is 
needed to make the SBA-15 a proper structure directing agent, and silanol interac-
tions are found to be sufficient for suitable framework connectivity.

Although non-siliceous nanorods have been prepared through different strate-
gies, the simultaneous introduction of well-structured mesoporosity has been 
scarcely reported. Different from the conventional inorganic crystalline materials, 
the unpredictable growth process of non-siliceous materials and the complexity 
of synthesis systems make them difficult to produce specific micromorphologies 
with sufficient reproducibility. Correspondingly, new techniques and supermole-
cules are expected to mediate the nucleation process and thus direct the ultimate 
morphologies.

Fig. 4.5  Proposed growth mechanism for [{Cu2(ndc)2(dabco)}n] nanorods. The growth process 
of nanocubes is a consequence of nanoparticle aggregation-mediated crystal growth. The selec-
tive coordination modulation on the (100) surfaces of the nanocubes induces the oriented attach-
ment leading the growth of nanorods in the [001] direction. Reprinted with permission from Ref. 
[19]. Copyright 2009, Wiley-VCH
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4.4  Monoliths

Rigid monoliths are of great significance to optical devices. The molding of the 
powders into monoliths is also necessary with several advantages including 
mechanical stability, ease of handling and recovery, and greater structural uniform-
ity to meet the broad needs of industry and household. They can be directly used 
across the areas of catalysis, sorption, separation, and water treatment.

Periodic mesoporous titanium phosphonate (PMTP-2) monoliths were synthe-
sized by combining autoclaving process and EISA strategy. After experiencing 
low-temperature hydrothermal aging of the reaction mixture of HEDP and TiCl4 
in the presence of oligomer surfactant Brij 56, the complete condensation and 
coordination of titanium and phosphonic acid could result in the generation of a 
transparent liquid with great viscosity. The solvent was subsequently evaporated 
at 50 °C, similar to the EISA method, resulting in titanium phosphonate mono-
liths (Fig. 4.6) [21, 22]. This might be caused by the polymerization of the organic 
bridged groups in the network with the inorganic species, making them more like 
some kinds of macromolecular polymer with mechanical strength and ductility. A 
mild ethanol exaction process could efficiently remove the involved soft template 
molecules, leaving highly ordered hexagonal mesostructures [21]. The as-synthe-
sized samples could be molded into various macroscopic morphologies, and valu-
ably, the monolithic shape could be well preserved even after surfactant removal, 
which may potentially fulfill the qualifications for some industrial devices. The 
resultant surface area and pore volume were determined to be 1,034 m2 g−1 and 
0.51 cm3 g−1, respectively. The organophosphonate groups were homogeneously 
incorporated in the framework of the periodic mesoporous hybrid solids, present-
ing a thermal stability up to approximately 450 °C.

A major challenge for the practical use of MOFs is to deliver them in a suitable 
shape. However, coordination polymers are mostly obtained and characterized in a 
powdered crystalline state, and thus typically compounding with binders and pel-
letizing is required causing a reduction of the inner surface area and pore blocking. 
On the contrary, coordination polymer gels should provide a versatile access to 
the synthesis of porous solid bodies of any desired shape at relatively low costs. 
Aerogels combine both high surface area and good surface accessibility due to 
their bimodal micro- and macroporous structure. Therefore, they can be utilized 
as catalyst supports or as catalysts themselves. Kaskel and coworkers reported the 
synthesis of iron–BTC aerogels with high permanent porosity and total pore vol-
umes of up to 5.6 cm3 g−1 by a solgel approach [23]. The resulting purified gel is 
placed in an autoclave and subsequently the adsorbed ethanol is exchanged with 
CO2 for a time of about 24 h to produce monolithic aerogels. Depending on the 
initial concentration of the solutions, aerogels with densities of 14.5, 32.4, 62.1, 
and 110.5 mg cm−3 are obtained from 0.05, 0.1, 0.2, and 0.4 M trimesic acid solu-
tions, respectively. Figure 4.7 showed an aerogel and the corresponding xerogel 
that was dried at 40 °C for 48 h. The picture highlights the shrinkage of air-dried 
gels due to the syneresis.

4.4 Monoliths
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The main challenges in the preparation of mesoporous monolith materials can 
be associated with the following points:

Firstly, prevention of cracking. There are two interfaces, gas/liquid (solid) and 
liquid (solid)/solid (substrate or container) interfaces in the preparation, whose dif-
ferent contraction coefficients often result in cracking of the monolith.

Fig. 4.6  a Photographs of as-synthesized periodic mesoporous titanium phosphonate materials 
and the final monolithic product after surfactant removal by extraction, b, c corresponding TEM 
images. Reprinted with permission from Ref. [21]. Copyright 2010, Royal Society of Chemistry



71

Secondly, assembly inside monolith bulk phase. When preparing mesoporous 
films, it is found that surface tension can greatly affect the assembly of mesostruc-
ture. Generally, at the gas/liquid (solid) interface of the film surface or the liquid 
(solid)/solid interface of the bottom, ordered mesostructures are easily organized. 
While in the middle (inside) of the films, it is highly possible to form disordered 
mesostructure. For monolith materials, it needs to assemble mesostructures in a bulk 
middle region, thus the synthetic condition could be more rigid than that of films.

Fig. 4.7  Photograph of an aerogel obtained from 0.2 M trimesic acid solution in comparison 
with an air-dried xerogel of similar original size (a) and scanning electron micrographs (SEM) 
of a xerogel (b) and an aerogel sample (c). Reprinted with permission from Ref. [23]. Copyright 
2009, Royal Society of Chemistry

4.4 Monoliths
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Lastly, maintenance of crack-free morphology after template removal. 
This point is very important for monoliths, but in most cases, it is very diffi-
cult to achieve. Indeed, after removing surfactant templates by extraction or ion 
exchange, the framework shrinks more or less, inducing the crack of monoliths. 
Using the CO2 supercritical method or lyophilization can help to retain integral 
monoliths to a large extent, but these techniques have been seldom applied in the 
preparation of mesoporous hybrid materials, further exploration is of considerable 
value from the scientific point of view.
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Abstract Applications of organic–inorganic non-siliceous hybrid materials are 
emerging. But the developments of mesoporous hybrid materials lag far behind 
the achievements in syntheses. More strictly, there has been no breakthrough yet 
in practical applications. However, vital commercial applications are in prospect 
owing to substantial studies on mesoporous non-siliceous hybrid materials, espe-
cially on their intrinsic characteristics and extended modification potential. As 
compared to general bulk analogues, mesoporous materials possess higher specific 
surface areas and larger porosities, making them more applicable in many fields. 
Owing to their extensive porosity, adjustable composition, and controllable struc-
tures, mesoporous non-siliceous hybrid materials have been developed as multi-
functional materials to display versatile and excellent performances beyond the 
traditional use as catalysts and adsorbents, even contributing to the developments 
in the fields ranging from energy storage and conversion to medical diagnosis and 
therapy. The hybrid frameworks also demonstrate the capability of post-decoration 
for improved performances and extended potential applications.

Keywords Application exploration · Post-synthetic modification · Photocatalysis ·  
Adsorption and separation · Energy storage and conversion · Biomaterials

The typical applications are summarized in Fig. 5.1.

Chapter 5
Modification and Potential Applications  
of Organic–Inorganic Non-Siliceous Hybrid 
Materials
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5.1  Multiphase Adsorption and Separation

As one of the most important potentials of mesoporous hybrids, adsorption has 
attracted much interest. The considerable inner surface area, adjustable pore size, 
controllable surface compositions, excellent pore accessibility, and the possibility 
of functionalization make mesoporous non-siliceous hybrid materials ideal for use 
in the areas of adsorption and separation, for example, in waster water treatment.

5.1.1  Gas Adsorption

As one of the most important potentials of mesoporous hybrids, adsorption has 
attracted much research interest, such as storage of fuel gases (e.g., hydrogen and 
methane) and greenhouse gas (e.g., carbon dioxide) capture. Selection of the right 

Fig. 5.1  A summary of potential applications of mesoporous non-siliceous hybrid materials
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molecular building blocks can effectively tune the framework connectivity, pore 
size, and surface area and thereby optimize its hydrogen sorption capacity. Yaghi 
and coworkers synthesized a series of mesoporous MOFs with ultrahigh surface 
area, which exhibited large total hydrogen uptake at 77 K [1]. Zhou et al. prepared 
mesoporous PCN-105 presenting hydrogen uptake at 1.0 bar of 1.51 wt% at 77 K 
and 1.06 wt% at 87 K, respectively [2]. Generally, the functionality of the organic 
linkers has little influence on hydrogen sorption and a large MOF cavity does not 
make effective contributions to excess hydrogen uptake capacities. Improving the 
interactions between H2 and the framework presents a major challenge and bot-
tleneck for MOFs to store hydrogen in a practical manner. An alternative high-
density fuel source to hydrogen and gasoline is methane due to its cleaner and 
more abundant nature. The methane adsorption capacity in micro-/mesoporous 
UMCM-1 at 298 K could reach 8.0 mmol g−1 at 24.2 bar [3]. Noticeably, unlike 
hydrogen, the interactions between methane and the aromatic hybrid framework 
are strong enough. The safe, cheap, and convenient means for methane storage are 
still in its deficiency. Rigorous research toward robust and available mesoporous or 
even hierarchical porous hybrid materials for large-scale applications is urgently 
needed.

The capture of greenhouse gases such as CO2 under practical conditions is quite 
significant because of the implications for global warming, and the removal of 
CO2 from industrial flue gas has become an important issue. One feasible option 
to curtail the rise of the threats is to capture CO2 from the combustion of fossil 
fuels. Among a number of CO2 capture solids including porous carbons [4, 5], 
amine-modified mesoporous silicas [6], and carbon–CaO nanocomposites [7], 
exhibiting certain advantages such as high surface area, large pore volume, uni-
form pore width, low cost, and relatively high stability is promising for CO2 cap-
ture over a wide range of operating conditions. In recent years, much attention has 
been focused on mesoporous non-siliceous hybrids for CO2 capture due to ultra-
high surface area, adjustable surface chemistry, and relatively low cost [8–10]. The 
CO2 uptake of the cubic mesoporous titanium phosphonates was approximately 
1.0 mmol g−1 at 35 °C [11], which was much higher than some pure silica adsor-
bents and comparable with some amino-modified mesoporous silica with similar 
surface areas [12]. Theoretically, the incorporation of accessible nitrogen donor 
groups into the network of porous materials can dramatically influence the gas 
uptake ability, especially for base carbon oxide [4]. Thus, combined with the supe-
riority of large surface area and high pore volume, the CO2 uptake capability could 
be enhanced obviously (about 36.7 wt% at 1 atm and 273 K) when nitrogen-rich 
organic linkages were intentionally used [13]. Recent theoretical and experimen-
tal studies have revealed the correlation between the amount of CO2 adsorbed and 
the surface area or pore volume, as well as the increase of adsorption enthalpy for 
the host materials with open metal sites and active organic functionalities [4, 14]. 
In particular, the incorporation of mesoporosity and even hierarchical porosity can 
optimize the adsorption capacity and kinetics. The CO2 adsorption equilibrium for 
meso-/macroporous titanium phosphonates (B–Ti–1/2) could be reached within 
50 min [15] (Fig. 5.2). The CO2 uptake was 0.89 mmol g−1 at 40 °C, which was 
comparable with commercially activated carbon [16].

5.1 Multiphase Adsorption and Separation
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It is noteworthy that the adsorption capacity of porous metal phosphonates 
remained stable even after multiple cycles, making them promising in practical 
applications [10]. Increasing the CO2–framework interactions and improving the 
porosity of the phosphonate hybrid frameworks present the major challenge and 
bottleneck in capturing CO2. Creating open metal sites and introducing basic sites 
have been shown to effectively increase the interactions. Moreover, in compari-
son with the carboxylate-based MOFs, the storage of fuel gases such as hydrogen 
and methane on porous metal phosphonates is scarcely reported. Rigorous inves-
tigation toward highly stable and affordable metal phosphonates for theoretical 
research and practical applications is urgently needed.

5.1.2  Liquid Adsorption and Separation

Adsorption from liquid phase is much more complicated as compared with gas-
phase adsorption, due to the competitive behaviors between solute and solvent for 
the solid surface. The adsorption of a solute is mainly dependent on the molecu-
lar sizes and physicochemical properties and on the textual properties and surface 
chemistry of an adsorbent. It can be envisioned that metal phosphonates can per-
form as good adsorbents for the removal of heavy metal ions from waste waters, 
due to that the organic functionalities serve the formation of complexes with metal 
ions through acid–base interactions, and the easy separation of the loaded solid 
adsorbent from liquid phase is preferable.

Besides the majority of efforts have been concentrated on the gas adsorption 
or storage, mesoporous hybrid materials have recently been developed as adsor-
bents for the removal of heavy metal ions, in which the organic functionali-
ties of these adsorbents serve the formation of complexes with heavy metal ions 
through acid–base interactions. For instance, the coupling organophosphonic 

Fig. 5.2  TGA records 
of CO2 adsorption for 
the titanium phosphonate 
samples, tested at 40 °C. 
Reprinted with permission 
from Ref. [15]. Copyright 
2011, Royal Society of 
Chemistry
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molecules were homogeneously incorporated into the mesoporous walls of the 
titanium phosphonate materials, and the specific structure of ethylenediamine 
could chelate metal ions [17]. The adsorption of Cu2+, Pb2+, and Cd2+ appeared 
to follow a Langmuir-type behavior, with the ions being almost quantitatively 
adsorbed until saturation of the binding sites was reached. The calculated maxi-
mum adsorption capacity was 36.49, 29.03, and 26.87 mmol g−1 adsorbent 
for Cu2+, Pb2+, and Cd2+, respectively (Fig. 5.3). The PMTP-1 adsorbent pos-
sessed high distribution coefficients (Kd), particularly at low metal ion concen-
tration (67,440 ml g−1 when treating 0.2 × 10−4 mol L−1 Cu2+ solution). The 
Kd value decreased to 1,517 ml g−1 when the Cu2+ concentration increased to 
1.8 × 10−4 mol L−1, denoting their high affinities for the uptake of Cu2+ ions at 
low levels. Interestingly, the Kd value of Cu2+ ions was higher than those of Pb2+ 
(669–52,500 ml g−1) and Cd2+ ions (427–50,000 ml g−1), suggesting some selec-
tivity of the PMTP-1 adsorbent to different metal ions. Therefore, the competitive 
adsorption experiment was also performed by treating a mixed ionic solution of 
10 ml containing equal amounts (0.1 × 10−4 mol L−1) of Pb2+, Cu2+, and Cd2+ 
with 20 mg of PMTP-1 sample. The residual concentrations of the metal ions were 
determined by atomic absorption spectroscopy. The adsorption amounts of 3.21, 
2.10, and 2.05 mmol g−1 were obtained for Cu2+, Pb2+, and Cd2+, respectively. 
This proved a distinct preference of the PMTP-1 adsorbent for the uptake of Cu2+ 
ions compared to that of Pb2+ and Cd2+ ions, indicating that the synthesized peri-
odic mesoporous titanium phosphonate materials have an innate selective affinity 
for the adsorption of Cu2+ over Pb2+ and Cd2+ ions.

Fig. 5.3  a Adsorption isotherms and b distribution coefficient profiles of the PMTP-1 adsorbent. 
The solid line in a represents a simulation of the adsorption according to the Langmuir equation. 
Reprinted with permission from Ref. [17]. Copyright 2010, Royal Society of Chemistry

5.1 Multiphase Adsorption and Separation
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Further experiments confirmed that, besides the ethylenediamine groups, many 
electronegative groups or atoms including –OH, –SH, and N could contribute to 
metal ion adsorption. Moreover, competitive adsorption experiments demon-
strated that the phosphonate-based adsorbents had an innate selective affinity for 
the adsorption of one particular ion over the others. A distinct preference of the 
PMTP-1 adsorbent for the uptake of Cu2+ ions, compared with that of Pb2+ and 
Cd2+ ions, was observed. This phenomenon was observed in the previous ethyl-
enediamine-containing mesoporous silica, which had also a distinct preference for 
the uptake of Cu2+ ions over Ni2+ and Zn2+ ions [18]. Therefore, it is important 
from a technical point of view to select suitable coupling molecules with a specific 
structure and to enlarge the surface area and pore volume of the hybrid materials, 
and thus to improve the adsorption performance.

Meanwhile, the adsorption characteristics of organic pollutants on mesoporous 
metal phosphonate materials were also identified. It was revealed that mesoporous 
titanium phosphonate PMTP-1 exhibited excellent adsorption performance for 
the cationic dye methylene blue (MB) as target pollutant from aqueous solution 
[19]. The adsorption equilibrium was achieved after 30 min of contact time, and 
the adsorption of MB on PMTP-1 was best fitted to the Langmuir isotherm model 
with the maximum monolayer adsorption capacity of 617.28 mg g−1, indicating 
that the PMTP-1 could be used as an efficient adsorbent for the removal of textile 
dyes from effluents. Results of kinetic studies indicated that the adsorption process 
followed the pseudo-second-order model, which suggests that the process might 
involve chemisorption.

The adsorption of biomacromolecules such as proteins from solution onto 
solid surfaces is also of great scientific importance in many areas, such as biol-
ogy, medicine, biotechnology, and food processing [20]. Under pH conditions 
close to the isoelectric point, the adsorption of lysozyme on aluminum phospho-
nate hybrid materials was dominated by host–guest hydrophobicity–hydrophobic-
ity interactions [21]. Interestingly, unlike inorganic framework adsorbents used for 
the adsorption of proteins [22], the porous phosphonate hybrid adsorbents had an 
organic–inorganic framework, which contains plenty of hydrophobic alkyl groups 
inside the framework [21]. The hydrophobicity/hydrophilicity could be controlled 
at a chemical dimension. So the hydrophobic interactions between the organic 
groups inside the channel walls and the nonpolar side chains of the amino acids 
on the surface of lysozyme were greatly enhanced, leading to an increased mon-
olayer adsorption capacity. When extra-long hydrophobic alkyl chains (–[CH2]6−) 
were incorporated, the resultant adsorption ability was higher than for organo-
phosphonates with fewer hydrophobic –CH2– groups. Since various biomolecules 
exhibit distinct isoelectric points and spatial sizes, the molecules can be effectively 
adsorbed and separated by changing the pH and the porosity and pore structures of 
metal phosphonates.

Chromatography (e.g., gas and liquid phase) is one of the most power-
ful separative methods in analytical chemistry. PMOs and organically modified 
mesoporous silicas have been employed as the stationary phases in reverse-phase 
high-performance liquid chromatography (HPLC) in the form of packed columns, 
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for the separation of only neutral compounds [23, 24]. However, packed columns 
usually result in low resolution as a result of peak broadening, which impairs the 
separation efficiency of these hybrid materials. Recently, a series of hexagonal 
periodic mesoporous metal phosphonates with semicrystalline pore walls syn-
thesized by microwave irradiation were first employed as the stationary phase in 
the open-tubular capillary electrochromatography (OTCEC) separation technique 
[25], which combines the efficiency of capillary electrophoresis and the selectivity 
of HPLC. The presence of functional groups inside the framework and the excel-
lent properties of the obtained metal phosphonates, including well-ordered pores 
with large surface area and pore volume and high thermal stability, improved 
selectivity and so encouraged their use as the stationary phase in wall-coated 
OTCEC separation for various substances including acidic, basic, and neutral 
compounds. In the case of neutral compounds including benzene, nitrobenzene, 
naphthalene, and anthracene (Fig. 5.4), the elution order was benzene < nitroben-
zene < naphthalene < anthracene on the mesoporous titanium phosphonate-coated 
capillary, suggesting a hydrophobicity mechanism for the separation of the spe-
cies. In contrast, for the ordered mesoporous titanium phosphonate constructed 
from the same phosphonate linkers (EDTMP) but with an amorphous framework, 
benzene, naphthalene, and anthracene could be well separated, while benzene and 
nitrobenzene could not be completely separated. This indicated that, in addition to 
hydrophobic interactions, suitable polarization of the crystalline mesoporous phos-
phonates is responsible for the effective separation of benzene and nitrobenzene. 
Since the separation efficiency mainly depends on the host–guest interactions 
between stationary and mobile phases, such as hydrophobicity–hydrophobic-
ity interaction, polarity, and intermolecular forces, phosphonate hybrid materi-
als, constructed by long alkyl chains [21], multidimensional linkages [26, 27], 
or phosphonic linkers with polar pendant groups [28, 29], can also be used in 
chromatography techniques, and this is worth exploring. Three non-, micro- and 
mesoporous Cd-MOF isomers were used to prepare mesoMOF, and the resultant 

Fig. 5.4  OTCEC separation 
of neutral compounds at 
pH = 3.0. PMTP-1 and 
EDTMP-Ti stand for 
amorphous and crystalline-
ordered mesoporous titanium 
phosphonates, respectively. 
Reprinted with permission 
from Ref. [25]. Copyright 
2011, Wiley-VCH

5.1 Multiphase Adsorption and Separation
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mesoMOFs were employed as stationary phase for liquid chromatography (LC) 
separations [30]. The open channel of mesoMOF has a dimension of 1.7 × 2 nm2, 
which could facilitate the incorporation of Rh6G (1.3 × 1.6 nm2) but exhibit size 
exclusion of the larger dye Brilliant Blue R-250 (1.8 × 2.2 nm2). And the micro-
MOF isomer (0.8 × 1.5 nm2) with smaller pores could not work.

Mesoporous non-siliceous hybrids have been successfully applied to adsorbing 
gas, toxic metal ions and organic contaminants, and separating organic compounds, 
though some further studies are still needed to illustrate the host–guest interactions, 
such as model fitting and calculation analysis, supplying theoretical basis to direct 
the synthesis and to optimize the adsorption/separation capabilities. Moreover, the 
capacity of gas or liquid adsorption/separation is directly related to the surface 
area, pore volume, pore sizes, and framework composition. Thermal, chemical, 
and mechanical stabilities are crucial to the practical applications of mesoporous 
hybrids. Adjusting pore width through using organic groups with demanded length 
or proper surfactant molecules can make the adsorption or separation of guests with 
different dimensions feasible. Engineering pore walls with exquisite functionalities 
enables further potential of mesoporous hybrid materials in separating some special 
mixtures that cannot be finished by classical porous inorganic solids, for example, 
liquid/liquid separation and enantioselective separation.

5.2  Energy Conversion and Storage

With the rapid development of human civilization, energy issues have received 
increasing attention. Coal, petrol, and natural gas as traditional fossil fuels are 
exceedingly depleted, accompanied with the emission of harmful chemicals to the 
atmosphere. In response to the energy crisis and environmental contaminations, clean 
energy and sustainable developments are the basic principles, and renewable solar 
energy is regarded as an alternative to conventional fossil fuels. Furthermore, there 
has been significant interest in the development of alternative electronic devices.

5.2.1  Photocatalysis

By introducing specific functional groups into the hybrid materials, photochemi-
cal and photoelectric energy conversion can be realized. The photocatalytic pro-
cess is representative of the utilization of solar energy. Pristine titania is one of the 
most investigated photocatalysts for environmental remediation and energy stor-
age due to the industrial availability, stability, and appropriate band gap. However, 
pure titania allows only absorption of the UV portion of the solar radiation. As 
many guest ions could be introduced into the titania framework via phosphonic 
modification, mesoporous titanium phosphonates are considered to be potential 
photocatalysts. In general, the homogeneous doping (C, P, N, etc.) of titanium 
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phosphonates network from the bridging molecules and well-structured poros-
ity could increase the photoadsorption efficiency and enhance the mass trans-
fer. Correspondingly, a noticeable shift of adsorption edge to visible light region 
was achieved for titanium phosphonate, in contrast to that of pure titania [31]. 
Interestingly, the band gap energies could be descended by lowering the pH value 
of the synthesis system [32]. The shift of the absorption onset toward the lower 
energy range revealed that the titanium phosphonate materials might make a better 
use of solar energy. The photocatalytic activity of these materials was enhanced 
because the absorption edge shifting to higher wavelengths, except for the sample 
synthesized at pH = 10.5, which had a small surface area. The extension of the 
adsorption to visible region of titanium-based phosphonate hybrids resulted in an 
unprecedentedly impressive photoactivity under the simulated solar light illumina-
tion. When the porous structure was adjusted properly with a large surface area of 
more than 1,000 m2 g−1, the photocatalytic activity could be further enhanced due 
to the presence of more active adsorption sites [17].

Normally, most of the wastewater produced by industrial process and house-
hold contains both organic and inorganic contaminants, such as heavy metal ions 
and dyes. To cater for the need of the practical applications, a comprehensive cat-
alyst is urgently required [17]. The mixtures of Rhodamine B (RhB), Cu2+, and 
Pb2+ were selected as probes (Fig. 5.5). In the presence of ordered mesoporous 
titanium phosphonate, the concentration of RhB decreased in the early 2 h and the 
photodecoloraction rates decreased in the next 6 h until the dyes were completely 
decomposed. A degradation efficiency of 89.2 % was achieved after 100 min of irra-
diation, which was even higher than the degree of degradation for RhB on its own 
(68.4 %) after the same interval. This could be explained by a new broad absorption 

Fig. 5.5  a UV–vis diffuse–reflectance spectra of PMTP-1 before and after Cu2+ ion loading;  
b one-pot heavy metal ion adsorption in the wastewater treatment as well as RhB photodegradation 
using PMTP-1 under simulated solar light irradiation. Reprinted with permission from Ref. [17]. 
Copyright 2010, Royal Society of Chemistry

5.2 Energy Conversion and Storage
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peak between 600 and 900 nm caused by the complex of Cu2+ on the surface of the 
hybrid network, giving rise to a better use of visible light. Independently, the con-
centrations of the metal ions decreased gradually with the reaction time, and nearly, 
98 % of ions could be removed after 8-h experiment, which signified that the pres-
ence of RhB did not prohibit the adsorption process of the heavy metal ions. Herein, 
both organic and inorganic pollutants could be eliminated under simulated solar 
light radiation, while the homogeneously coordinated metal ions on the hybrid mate-
rials could improve the photocatalytic activity simultaneously [17]. This inspired us 
with an alternative method for the preparation of new photocatalysts.

Improving the separation efficiency of photoinduced charge carriers is the basic 
rule for designing new photocatalytic systems. In general, there are two strategies 
[33]. Doping with metallic and nonmetallic elements was considered to reduce the 
band gap for wide band gap metal oxides [34]. The other efficient approach is cou-
pling with other materials so as to build a heterojunction structure at the interface 
to enhance the separation efficiency of photogenerated electron–hole pairs dur-
ing the photocatalytic process. Mesoporous phosphonated titania hybrid materials 
were prepared with the use of amino trimethylene phosphonic acid (ATMP) as the 
coupling molecule and triblock copolymer F127 as the template [35], in which the 
phosphonate groups homogeneously anchored on the mesoporous titania, allowing 
monolayer adsorption of Zn2+ by extensive coordination with the organic bridg-
ing groups (Fig. 5.6). The highly dispersed photoactive ZnO nanoparticles were 
then formed through low-temperature annealing (180 °C) of the Zn2+ adsorbed 
mesoporous phosphonated titania, and the resultant ZnO-coupled mesoporous 
phosphonated titanium oxide photocatalysts exhibited excellent photocatalytic 
activity and stability in the photodegradation of RhB under both UV and visible 
light irradiation [36]. In comparison with the pristine mesoporous phosphonate tita-
nia, the commercial titania P25, and the ZnO/mesoporous titania prepared by con-
ventional impregnation, the superior photocatalytic performance and stability of the 
coupled catalyst of ZnO nanoparticles highly dispersed on the mesoporous phos-
phonated titania might be due to the coupling effect, the well-defined mesoporos-
ity and the incorporation of phosphonic moieties into the TiO2 network, presenting 
potential applications in the fields of environmental remediation and solar cells.

Fig. 5.6  Typical synthesis procedure of the ZnO-phosphonated-TiO2 mesoporous-coupled pho-
tocatalysts. Reprinted with permission from Ref. [36]. Copyright 2014, Elsevier
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Particularly, MOFs have demonstrated great potential in artificial photosyn-
thesis since the organization of different molecular components can be realized 
[37]. The charge-separated excited states of the chromophoric building blocks cre-
ated upon photon excitation can migrate over long distances to be harvested as 
redox equivalents at the MOF/liquid interfaces via electron transfer reactions or 
can directly activate the substrates that have diffused into the MOF channels for 
photocatalytic reactions [38]. García and coworkers reported the application of the 
highly stable Zr-containing MOFs (NH2–UiO–66(Zr)) in photoactive hydrogen 
production under UV irradiations [39]. By incorporating [ReI(CO)3Cl(5,5′-dcbpy)] 
(dcbpy = 2,2′-bipyridine-5,5′-dicarboxylic acid), the active electrocatalyst for 
CO2 reduction, into a highly stable Uio-67(Zr) framework, Lin et al. have success-
fully prepared an active photocatalyst for CO2 reduction with an obvious higher 
turnover number (TON) than that of the homogeneous complex [40].

As heterogeneous photocatalysts, MOFs are even superior to inorganic semi-
conductors in that the effective use of solar light by MOFs can be more facilely 
achieved by modifications on the metal ions or the organic ligands due to the 
versatile coordination chemistry of the metal cations, the availability of differ-
ent organic linkers, and the possibility to modulate the composition, structure, 
and thus the properties of the MOFs. By taking advantage of the high tunability 
of the MOF materials, NH2–Uio–66(Zr) with mixed 2-aminoterephthalic acid 
(ATA) and 2,5-diaminoterephthalate (DTA) ligands was prepared and was dem-
onstrated to show higher performance for photocatalytic CO2 reduction due to its 
enhanced light adsorption and increased adsorption of CO2 [41]. Rosseinsky and 
coworkers recently reported the synthesis of a water-stable porous porphyrin MOF 
(Al-PMOF) by treating AlCl3 with free-base mesotetra(4-carboxyl-phenyl)por-
phyrin under hydrothermal conditions [42]. The four carboxylate groups of each 
porphyrin linker of the Al-PMOF coordinate to eight Al centers, while the metal 
centers form an Al(OH)O4 chain bridged by carboxylate oxygen atoms and μ2-
OH− moieties. The connectivity of the Al-PMOF is similar to that of MIL-60 [43]. 
The Al-PMOF is photoactive with visible light excitation and has been evaluated 
for the visible-light-driven hydrogen generation from water (Fig. 5.7). When the 
proton reduction was carried out using the Al-PMOF/MV2+/EDTA/Pt system that 

Fig. 5.7  Proposed 
photocatalytic reactions using 
Al-PMOF in the presence 
of MV (i) or in the absence 
of MV (ii). Reprinted with 
permission from Ref. [42]. 
Copyright 2012, Wiley-VCH

5.2 Energy Conversion and Storage
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is analogous to the strategy used by Mori et al., low activity was found with much 
less than stoichiometric amounts of H2 generated for each porphyrin strut. The 
authors believed that the low activity resulted from slow diffusion of methyl violo-
gen through the Al-PMOF channels, which leads to ineffective electron transfer 
from the reduced viologen radical to Pt nanoparticles. Interestingly, when methyl 
viologen was removed from the reaction mixture, the rate and quantum yield of 
hydrogen generation increased to about 200 μmol g−1 h−1 and about 0.1 %, 
respectively, more than 1 order of magnitude higher than the MV-based approach. 
In the MV-free approach, about 0.7 H2 molecules were generated for each por-
phyrin strut in 6 h of photocatalytic reaction. The Al-PMOF frameworks remained 
intact after the photocatalytic reaction, as revealed by powder XRD and further 
confirmed by no detectable leaching of the porphyrin strut into the solution. The 
ability to post-synthetically metalate the porphyrin strut in this system should allow 
further tuning of the photocatalytic activity to increase hydrogen generation TONs.

All these studies demonstrate the high potential of MOFs as promising pho-
tocatalysts. Photoactive MOFs have shown interesting potential in solar energy 
utilization, though research on photocatalysis based on MOF materials is still in 
its infancy. They provide a promising platform to integrate different functional 
molecular components to achieve light harvesting and photocatalysis. Further 
studies focused on the optimization of porous structures are worthy of efforts as 
well. Photoactive non-siliceous hybrids are believed to receive increasing attention 
from both synthetic chemists and material scientists.

5.2.2  Photoelectrochemical Conversion

Dye-sensitized solar cells (DSSCs) have been widely investigated since 1991 [44]. 
Up to now, by subtly designing the organic photoactive dye molecules, judiciously 
choosing electrolytes and optimizing assembling technology, the energy conver-
sion efficiency could be promoted to as high as approximately 15 % [45]. Typical 
SSCs consist of three parts: working electrodes, counter electrodes, and liquid or 
polymeric electrolytes (Fig. 5.8). As regards the working electrode, TiO2 is the most 
commonly used semiconductor, performing as an electron selective layer between 
the photosensitizers (organic dyes and quantum dots) and electron-collecting con-
ducting glasses. Important aspects for optimization of the cell performance are 
selection of the photosensitizers and its attachment motif to the semiconductor sur-
face. Several of the most efficient dye-sensitized SCs (DSSCs) contain ruthenium–
polypyridyl complexes as dyes, though the costly dyes and complicated fabrication 
procedure are typically involved, which prohibit their practical potential. On the other 
hand, traditional preparation for the dye-sensitized electrodes of solar cells is accom-
plished by the adsorption of dye molecules onto the presynthesized semiconductor 
electrodes, which usually leads to a very low loading amount of the photosensitive 
molecules. An alternative strategy for the construction of new DSSCs was proposed 
using hybrid metal sulfonate mesoporous materials with large conjugated hybrid 
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framework (Fig. 5.9) [46]. Ordered hexagonal mesoporous titanium tetrasulfonate 
materials (CuPcS4–Ti) were synthesized through a hydrothermal process with the 
assistance of surfactant F127, using the copper(II) phthalocyanine–tetrasulfonic acid 
tetrasodium salt (CuPcS4) as coupling molecules. It was confirmed that the CuPcS4 
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Fig. 5.8  Schematic illustration of sensitized solar cells. A typical working electrode (WE) is 
composed of transparent conductive glass (TCG), TiO2, and sensitizers (organic dyes and quan-
tum dots). The sensitized nanostructures are immersed in redox electrolyte, and the circuit is 
closed by a counter electrode (CE). The latter is usually illuminated through a counter electrode 
(CE). Energy band diagram showing the conduction- (CB) and valence-band (VB) edges of the 
wide band gap semiconductor (e.g., TiO2), the ground and excited level of the sensitizers and 
the redox potential Eredox. Upon solar light illumination, electrons are injected from the excited 
state into the TiO2, while the oxidized QD is recharged by the redox electrolyte

Fig. 5.9  a Proposed skeletal structure of the synthesized CuPcS4–Ti material, b current–voltage 
characteristics of the mesoporous CuPcS4–Ti-based solar cell under simulated sunlight irradia-
tion. Reprinted with permission from Ref. [46]. Copyright 2010, American Chemical Society

5.2 Energy Conversion and Storage
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groups were homogenously incorporated into the hybrid framework, and the syn-
thesized materials could be stable to around 328 °C with the hybrid framework and 
ordered mesopores well preserved. Substituted dye molecules like phthalocyanines 
with sulfonic groups could be used as the coupling molecules. The one-pot conden-
sation between metal precursors and dyes allowed the molecular-level penetration 
of large π-aromatic groups into the semiconductor network homogenously, result-
ing in an unprecedented large loading amount of organic dyes, but without the 
disadvantages of dye aggregation and electron ill-transmission because of the iso-
lation of single dye centers by the surrounding semiconductor oligomers. A high 
dye content of Ti/CuPcS4 molar ratio at around 50 was achieved, which could be 
useful in the photoelectric conversion applications. A novel model of isolated dye 
centers surrounded by semiconductor oligomers was set, which could effectively 
suppress the aggregation of dye molecules that may decrease the conversion effi-
ciency in some traditional dye-sensitized solar cells. It was proved that the syn-
thesized CuPcS4–Ti exhibited a relatively high conversion efficiency of 0.53 %. 
More metal phosphonates, sulfonates, and carboxylates with large conjugated 
structures are still expected. This model supplies us with an alternative strategy for 
the construction of new dye-sensitized solar cells from organic–inorganic hybrid 
mesoporous materials.

Though efficient in terms of good interfacial electronic coupling in DSSCs, 
dyes bearing carboxylate anchors have shown limited stability in aqueous and 
highly oxidizing conditions [47], and bifunctional long-chain carboxylic acids 
tend to form undesirable looping structures. Very recently, phosphonic acids 
were found to offer a promising alternative owing to their high affinity toward 
the surfaces of metal oxides and the relatively stronger binding than carboxylic 
acids [48, 49], and they would thereby give better long-term stability of DSSCs. 
Mulhern et al. [50] have analyzed the influence of the surface-attachment func-
tions of the dyes on electron transfer at the dye–TiO2 interface and long-term sta-
bility. Chalcogenorhodamine dyes were attached to the surface of nanocrystalline 
TiO2 through phosphonic or carboxylic acid functions. No significant changes in 
the photoelectrochemical performances of DSSCs were observed. H aggregation 
(i.e., plane-to-plane π-stacking, which broadens the absorbance and causes a blue 
shift) and electron transfer reactivity were observed when varying the nature of the 
anchoring group. However, phosphonic linkers were found to enhance the dye–
TiO2 bond stability, particularly upon immersion of the material in acidified ace-
tonitrile. Carboxylic-functionalized dyes desorbed completely from TiO2 within 
30 min, while no more than 20 % desorption occurred with phosphonic-function-
alized dyes after 2 days of immersion under the same conditions. By varying the 
solvent, pH, electrolyte, semiconductor, and presence of oxygen, Hanson et al. 
[47] carried out a series of investigations of the relative desorption of –PO3H2 
versus –COOH substituted [RuII(bpy)3]2+ under different conditions. Carboxylic-
based dyes were found to detach between 5 and 1,000 times faster than their phos-
phonic counterparts in all tested media.

Nonetheless, in addition to the fact that phosphonic acids present more sta-
ble alternatives, the charge injection rates can be prohibited to some extent due 
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to the tetrahedral phosphorus center and loss of conjugation [50, 51]. Combining 
the superior binding stability of phosphonate and the good electron injection 
efficiency of carboxylate has resulted in a feasible method (Fig. 5.10) [52]. A 
bis(tridentate)-ruthenium complex containing phosphonic and carboxylic acids 
was elaborated [51]. The underlying basis of this strategy was that the carboxylate 
moiety only needed to be positioned on the ligand that was involved in the charge 
transfer to the TiO2, while the phosphonate moieties could be installed on the 
opposing ligand that did not need to participate directly in the injection process. 
This led to interesting electron injection properties from the dye into the semi-
conductor and a good stability in aqueous media. The absolute power conversion 
efficiencies (PCEs) were not remarkable, which was expected because of the poor 
spectral coverage of the dyes, but the trends in the data provide indirect informa-
tion about how charge collection is affected by the dye structure.

In the context of solar energy conversion, quantum-dot-sensitized solar cells 
(QDSSCs) are a promising alternative to existing photovoltaic technologies due 
to the tunable band gap and promise of stable, low-cost performance [53]. In 
addition, the QDs open up a way to utilize hot electrons and to generate multi-
ple electron–hole pairs with a single photon through impact ionization. The use 
of organic linkers between the QDs and titania provides a means of eliminating 
recombination and leads to an increased conversion efficiency and improved sta-
bility [53, 54]. Ardalan et al. [55] investigated the effects of self-assembled mon-
olayers with phosphonic acid head groups on the bonding and the performance of 
cadmium sulfide (CdS) SSCs. Several organophosphonic acids with different tail 
groups (–NH2, –COOH and –CH3) were taken as the linkers. It was demonstrated 
that the nature of the tail group does not significantly affect the uptake of CdS 
quantum dots on TiO2 nanocrystallites nor their optical properties, but the pres-
ence of the phosphonic-based linkers had a significant effect on the photovoltaic 
device performance. The PCEs in devices made with phosphonic acids were up to 
about 3 times higher than those without any anchoring agent, which might be due 
to the organic linkers acting as recombination barriers or the passivated defects at 
the TiO2 surface (Fig. 5.11) [55]. However, the electrical measurements showed 

Fig. 5.10  Ruthenium dye 
functionalized by both 
phosphonic and carboxylic 
acids was anchored on TiO2 
substrate. Reprinted with 
permission from Ref. [52]. 
Copyright 2013, American 
Chemical Society
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that the highest Jsc (∼1.1 mA cm−2) and power conversion efficiency (∼0.44 %) 
were achieved. Furthermore, the electron injection yield depends on the distance 
between QDs and TiO2, and it decreases with the increase of linkage chain length 
[56, 57]. This is a factor worth considering in understanding the functionality of 
phosphonic linkers and rational design of better photoelectrochemical materials.

Sensitized solar cells play an indispensable role in sustainable development and 
the exploration of clean energy. It is noteworthy that phosphonate-based DSSCs 
and QDSSCs show inadequate photolight conversion efficiency, though the corre-
sponding stability of the electrodes shows potential for long-term use. Since QDs 
can effectively capture solar energy due to the size-dependent absorbance, QD–
dye cosensitized solar cells can be worthy of investigation. This can not only make 
full use of sun light, but also combines the advantages of QDs and organic dyes. A 
functionalized pore system for energy conversion and storage can be derived from 
either inorganic components or organic bridging groups with fine photosensitiv-
ity, the synergistic effect between which can further improve the ultimate perfor-
mance. So mesoporous hybrid materials have provided a promising platform for 
solar energy utilization. If catalytically competent Ir, Ru, and Re complexes with 
functional organic linkers were introduced into the hybrid framework, the final 
materials could be used to catalyze water oxidation and CO2 reduction. It can be 
imagined that a plenty of valuable efforts will be contributed to developing and 
inventing photosensitive, conductive, or even redox-active porous hybrids for 
energy conversion and storage in the coming years.

5.2.3  Potential Fuel Cell Applications

Extensive research has been devoted to realizing polymer-supported electrolyte 
membrane fuel cells consisting of perfluorosulfonic acid polymers (e.g., Nafion); 

Fig. 5.11  Schematic illustration of the QDs sensitized photoanode in the presence of self-assem-
bled monolayers (SAMs) with phosphonic acid head groups on the bonding and the correspond-
ing current–voltage curves. Reprinted with permission from Ref. [55]. Copyright 2011, American 
Chemical Society
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however, these polymers have some drawbacks, such as operation temperature, 
humidity, and cost [58]. The use of metal phosphonates as inexpensive proton-con-
ducting membranes for fuel cell applications represents a rising research direction 
[28, 59]. The phosphonate groups with three oxygen atoms can coordinate with 
metal ions into multidimensional hybrid frameworks, while the oxygen atoms may 
still be available to further perform as hydrogen-bonding acceptors [29]. These 
sites can serve to anchor carrier molecules or directly transfer protons as part of 
a conduction pathway. Taylor et al. reported the PCMOF3 with a layer structure, 
Zn3(L)(H2O)2 · 2H2O (L = [1,3,5-benzenetriphosphonate]6−), in which the phos-
phonate and Zn2+ ions did not saturate each others coordination spheres [51]. 
Thus, the interlayer region was abundant in phosphonate oxygen atoms and Zn-
ligated water molecules. The resultant proton conductivity in H2 was measured 
as 3.5 × 10−5 S cm−1 at 25 °C and 98 % relative humidity (RH). An Arrhenius 
plot gave a low activation energy of 0.17 eV for proton transfer, indicating the 
Grotthuss hopping mechanism [60].

Conductivity is a product of the magnitude of the charge, the number of charge 
carriers, and the mobility of the charges. Conductivity can be tuned by introduc-
ing acidic and hydrophilic units, such as carboxylate, phosphonate, and sulfonate 
groups, due to the presence of hydrophilic oxygen atoms acting as hydrogen-
bonding acceptors. After the C3-symmetric trisulfonate ligand in PCMOF2 (triso-
dium 2,4,6-trihydroxy-1,3,5-trisulfonate benzene) was isomorphously substituted 
with the C3-symmetric tris(hydrogen phosphonate) ligand, the resulting mate-
rial PCMOF21/2 had its proton conduction raised 1.5 orders of magnitude com-
pared to the parent material, to 2.1 × 10−2 S cm−1 at 90 % RH and 85 °C, while 
maintaining the parent MOF structure (Fig. 5.12) [61]. This was due to the pores 
being partially lined with the hydrogen phosphonate groups rather than exclusively 

Fig. 5.12  a Structure of PCMOF21/2 showing a single pore and space filling cross section of a 
pore, b the corresponding proton conductivity data (90 % RH). Reprinted with permission from 
Ref. [61]. Copyright 2013, American Chemical Society
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non-protonated sulfonate groups, which should augment proton conduction. A 
series of MOF–polymer composite membranes exhibited an enhanced low-humid-
ity proton conductivity, compared with that of pure MOF submicrometer crystals, 
{[Ca(D-Hpmpc)(H2O)2] · 2HO0.5}n, at 25 °C and about 53 % RH [62]. It was 
found that the available proton carriers in the MOF structure provided a basis for 
the conductivity, and the large humidification effect of PVP with adsorbed water 
molecules greatly contributed to the proton transport in the composite membrane.

Phosphonate-based MOFs have gradually attracted scientists’ interest. As dis-
cussed above, the efficient preparation of porous crystalline metal phosphonates 
still presents many difficulties. If metal phosphonates are to serve as proton con-
ductors for practical application, it would be preferable that they function under 
relatively mild conditions (e.g., at low temperatures and in anhydrous conditions). 
It is considered that this goal may be achieved through preprotection or post-func-
tionalization of the phosphonic bridging groups.

Notably, the considerable ion-exchange capability of metal phosphonates has 
been confirmed [63, 64]. Zirconium tetraphosphonates possess an open frame-
work structure with 1D cavities decorated with polar and acidic P = O and P–OH 
groups [65]. In addition to the excellent proton conductivity, the hybrid was fully 
protonated by adding HCl and then subjected to several acid–base ion-exchange 
reactions with alkaline metal ions, such as Li+, Na+, and K+. Anionic MOF of 
Zn2.5(H)0.4–0.5(C6H3O9P3)(H2O)1.9–2(NH4)0.5–0.6 was synthesized with the use 
of urea and 1,3,5-benzenetriphosphonic acid [66], in which ammonium ions are 
exchangeable with Li+. Due to a certain degree of flexibility of the hybrid frame-
work, a reversible insertion/desertion of Li+ through the pores and elastic network 
can be envisioned, showing potential for secondary batteries. Although this aspect 
is not extensively studied, the intrinsic porosity within the conductive hybrid mate-
rials (ions or protons) remains largely unknown but worthy of research effort.

Crystalline porous MOFs with hydrated water possess interesting proton-con-
ducting properties, but only at ambient temperatures [67, 68]. The synthesis of 
coordination polymers with high-temperature proton conductivity can be gener-
ally divided into two distinct approaches. First, inherently acidic frameworks can 
be obtained either by self-assembly of the corresponding functionalized ligands 
or by post-synthetic modifications of the MOFs. These result in reticular struc-
tures with covalently attached acidic groups decorating the pores of the extended 
coordination network [69, 70]. The alternative way is to imbue the pores of coor-
dination polymers with nonvolatile guest molecules as a medium that provides 
multiple proton delocalization pathways for efficient proton transport. Generally 
speaking, the ionic conductivity depends on the amount and mobility of charge 
carriers (protons). Therefore, the inclusion of stronger acids into porous structures 
should greatly improve the proton-conducting properties of such hybrid materials. 
Ponomareva et al. [71] reported the impregnation of the mesoporous MIL-101 by 
nonvolatile acids H2SO4 and H3PO4. Such a simple approach afforded solid mate-
rials with potent proton-conducting properties at moderate temperatures, which 
was critically important for the proper function of onboard automobile fuel cells. 
These hybrid compounds demonstrate high proton conductivity (σ) over a broad 
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temperature range. In fact, the achieved σ values of 1 × 10−2 S cm−1 at 150 °C 
and σ = 3 × 10−3 S cm−1 under ambient conditions not only beat those of any 
other MOF-based compounds but are among the highest values reported to date 
for proton-conducting materials. The confirmed framework and chemical stability 
at elevated temperatures make such materials promising for automobile fuel cell 
PEM applications.

Recently, it was showed that porous MOFs could perform as outstanding tem-
plates and/or precursors to fabricate porous carbons and related nanostructured 
functional materials based on their high surface areas, controllable structures, 
and abundant metal/organic species in their scaffolds [72, 82]. ZIF-7, as another 
member of ZIFs, was employed as a self-sacrificed precursor with environmen-
tally friendly glucose as an additional carbon source to produce nitrogen-doped 
porous carbon (Fig. 5.13) [73]. The addition of the environmentally friendly car-
bon source glucose not only improves the graphitization degree of samples, but 
also favors removal of Zn metal and zinc compound impurities from ZIF, leading 
to the formation of metal-free in situ nitrogen-doped porous carbons. Compared to 
other porous carbons, the Carbon-L (the sample was derived from glucose/ZIF-7 
composites that were synthesized under liquid condition) exhibits not only much 
higher electrocatalytic activity, which is close to that of commercial 20 % Pt/C, 
but also better stability and increased tolerance to the methanol crossover effects, 
which is superior to the 20 % Pt/C catalyst. Results indicate that both high electri-
cal conductivity and the content of pyridinic N of the prepared Carbon-L play a 
key role in electrocatalytic activity for ORR.

Pt containing MOF-253 was synthesized and subsequently subjected to pyro-
lytic carbonization under non-reactive gas atmosphere [74]. Upon pyrolysis, Pt 
nanoparticles embedded in electronically conductive carbon media were produced. 

Fig. 5.13  ZIF-7/glucose composite-derived nitrogen-doped porous carbons as metal-free 
electrocatalysts for ORR exhibiting excellent electrocatalytic activity and operation stability. 
Reprinted with permission from Ref. [73]. Copyright 2013, Royal Society of Chemistry
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The membrane electrode assemblies (MEAs) made of these electrocatalysts were 
tested as both anode and cathode in a H2/air single cell fuel cell. As the anode, 
the most promising electrocatalyst (C3) demonstrated an open circuit voltage of 
970 mV and power density of 0.58 W mg−1

Pt  comparable to the commercial elec-
trode power density (0.64 W mg−1

Pt ) at 0.6 V in a single cell test. At the cathode, a 
power density of 0.38 W mg−1

Pt  at 0.6 V was achieved. This confirms the promising 
potential of this simple approach to be used as a technique to prepare efficient fuel 
cell electrocatalysts.

In fact, a new family of highly porous carbons and composites derived from 
metal–organic frameworks, known as MOF-derived carbons (MDCs), are attract-
ing tremendous interest for clean energy and environmental applications recently, 
including hydrogen purification and storage, electrodes for secondary batteries, 
supercapacitors, electrochemicocatalysis, vapor or gas sensing, carbon capture, 
and gas separation. Given the flexibility in designing a wide variety of precursor 
MOF structures with well-structured porosity, functional framework ligands, and 
metal centers, recent efforts are actively concentrated on preparing stable (chemi-
cally and thermally) carbon structures with hierarchical porosity and active func-
tional groups, such as conversion of the intrinsic metal centers to highly active 
catalytic oxides. The advantages of MDCs include controlled pore sizes and spe-
cific surface areas, which have been advancing in templating its intrinsic metal 
oxide and even extra functionality.

5.3  Heterogeneous Catalysis

The exploration of mesoporous non-siliceous hybrid materials as heterogeneous 
catalysts is of considerable interest due to their porosity which is favorable for the 
diffusion of reactants and products. It is possible to tailor the porous structures 
and functionality to yield chemo-, regio-, stereo- and/or enantioselectivity by cre-
ating an appropriate environment around the catalytic center in the restricted space 
available. Furthermore, owing to the homogeneous compositions of hybrid frame-
works, a homogeneous distribution of active sites can thus be envisioned.

5.3.1  Pure Hybrid Framework

As an attractive alternative to reduce the consumption of fossil fuels, biodiesel 
is renewable and biodegradable and can be synthesized by transesterification of 
triglycerides or esterification of free fatty acids. Typically, the practical indus-
trial production involves homogeneous acid (e.g., concentrated sulfuric acid) and 
alkaline catalysts, which are of serious environmental concern and pose difficul-
ties in separation and purification of the target products. Recently, mesoporous tin 
phosphonate hybrid monolith was used to catalyze the esterification of long-chain 



95

fatty acids with methanol under mild conditions [75]. As an example, the catalyst 
showed excellent catalytic activity at room temperature and 94 % isolated yield 
was obtained for lauric acid. The catalytic activity showed negligible loss after 
five recycles. Supermicroporous iron phosphonate with interparticle mesoporosity 
found potential in transesterification reactions under solvent-free conditions [76]. 
The electrophilicity of the carbonyl carbon of the reactant ester group was the main 
driving force of the reaction. Negatively charged free P–OH in the porous frame-
work could prevent molecules enriched with π-electron clouds from entering the 
porous channels. Thus, the π electrons were responsible for the minimal conver-
sion of ethyl acrylate to the corresponding transesterified product in comparison 
with the other target esters. After the fifth cycle, the yield of methylcyanoacetate 
decreased slightly to 85.6 %, compared with 88.9 % in the first run, indicating the 
stability of the catalytic activity. The catalytic stability after multiple cycling could 
be due to the stability of Me–O–P bond, leading to the solid hybrid phosphonate 
frameworks and no leaching of active components during the reaction process.

Acid content is one of the key elements to determine catalytic activity and 
efficiency. Mesostructured zirconium organophosphonate, possessing a specific 
surface area of 702 m2 g−1 and a uniform pore size of 3.6 nm, was synthesized 
with the assistance of C16TABr using HEDP as coupling molecule [77]. The 
existence of defective P–OH was confirmed, showing an ion-exchange capac-
ity of 1.65 mmol g−1. The resultant hydroxyethylidene-bridged mesoporous 
zirconium phosphonate served as acid catalyst for the synthesis of methyl-2,3-O-
isopropylidene-β-D-ribofuranoside from D-ribose, exhibiting high catalytic activity 
with rapid reaction rate (a product yield of 35.6 % after reaction at 70 °C for 3 h), 
which were comparable to the catalytic performance of liquid HCl (yield of 26.2 %) 
or commercial ion-exchange resin (yield of 33.0 %). The excellent catalytic activity 
could be attributable to the high surface area of the synthesized mesoporous zirco-
nium phosphonates. The high specific surface area is beneficial for the distribution 
of the active sites and for their exposure so that they can readily be attached by the 
reactants, and the mesopores aid in the acceleration of mass transfer.

Nonetheless, it was difficult to achieve a high concentration of the desired 
metal phosphonates in the conventional synthesis methods, since the condensa-
tion between P–OH and metal ions during the preparation process often results in 
the extensive formation of P–O–M (M = Ti, Zr, V, Al, etc.) bonds. In order thus to 
increase the defective P–OH concentration in metal phosphates and phosphonates 
for the improvement of the H+ exchange capacity, a series of alkyl amines were 
used as protecting groups during the condensation process, based on the reversible 
reaction between alkyl amines and P–OH groups in the phosphonic bridging mol-
ecules (Fig. 5.14) [64]. The alkyl amines first partially occupied the P–OH sites by 
acid–base reactions, followed by the condensation between the added alkoxides and 
residual P–OH and P = O groups. Extraction with HCl finally released the P–OH 
defects of the resultant solids, leading to a high H+ exchange capacity and acid con-
tent. In the absence of amines, the P/Ti ratio reached a plateau of 1.35–1.51 when the 
added P/Ti ratio was larger than 1.75, due to the limit of coordination ability of Ti4+ 
ions with phosphonic acids. In the presence of amines, the P/Ti ratio of obtained 
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solids exhibited a sharp initial rise and finally reached a plateau of 1.59–1.80, which 
was higher than without amines added. Correspondingly, a similar tendency was 
observed for the H+ exchange capacity of the synthesized materials. The highest H+ 
exchange capacities were confirmed as 2.44–2.79 and 5.51–5.80 mmol g−1 for the 
samples synthesized without and with amines assistance, respectively. A high yield 
of 48.7 % for methyl-2,3-O-isopropylidene-β-D-ribofuranoside was achieved. The 
product yield did not decrease even after 10 reuses.

Tin phosphonate hybrid with mesoscopic voids was synthesized using diphos-
phonic acid as spacers and employed as the catalyst for the polymerization of 
styrene to polystyrene in the absence of solvent and for the partial oxidation of 
styrene to phenylacetaldehyde and acetophenone in the presence of various aprotic 
solvents with dilute aqueous H2O2 as an initiator/oxidant [78]. The polymeriza-
tion was completed at room temperature within 2–3 h, but the BET surface area 
of tetragonal tin phosphonate was relatively low (338 m2 g−1). Using C16TABr as 

Fig. 5.14  Alkyl amine-assisted preparation of titanium phosphonates (a), the P/Ti molar ratios 
(b), and ion-exchange capacity (c) of the resultant titanium phosphonates. Reprinted with per-
mission from Ref. [64]. Copyright 2011, Royal Society of Chemistry
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structure-directing agent, the surface area of tin phosphonate could be increased to 
723 m2 g−1, with the formation of micropores due to cross-linking of the ligand 
[79]. This hybrid demonstrated excellent catalytic activity in the direct one-pot 
oxidation of cyclohexanone to adipic acid using molecular oxygen under liquid 
phase conditions. The tin in the framework activated the molecular oxygen, help-
ing to form the cyclic six-membered transition state, which further rearranged into 
a cyclic ester.

CO2 can serve as C1 building block for various organic chemicals. One of the 
most promising reaction schemes currently seems to be the formation of cyclic 
carbonate via coupling of CO2 and epoxides, which are useful as monomers, sol-
vents, and pharmaceutical/fine chemical intermediates, and in biomedical appli-
cations [80]. Carboxylate-based MOFs have been extensively studied in this area 
[81–85]. Song et al. [81] reported the coupling reaction of CO2 with propylene 
oxide to produce propylene carbonate catalyzed by MOF-5 in the presence of qua-
ternary ammonium salts. The synergetic effect between MOF-5 and quaternary 
ammonium salts had excellent effect in promoting the reaction. The cycloaddition 
of CO2 with epoxides is considered to be catalyzed by basicity and promoted by 
the Lewis acidic sites. On the basis of the intrinsic catalytic sites of the metal-
connecting points (weak Lewis acid), the introduction of basic amino groups could 
lead to an enhanced catalytic performance [84]. Bifunctional hybrid catalysts con-
taining moderate Lewis acidic and basic sites are preferred in the cycloaddition 
reactions. The bifunctionality can not only enhance the conversion and selectivity, 
but can also simplify the reaction conditions. The attempted bifunctionality can be 
obtained through judicious selection of precursors or through pre- and post-modi-
fication of the organic linkers. Up to now, reports concerning metal phosphonates 
for the coupling of CO2 and epoxides have been relatively scarce. Since metal 
phosphonates show similar characteristics of composition and structure and higher 
stability compared to their carboxylate counterparts, it is meaningful to explore the 
catalytic activity of metal phosphonates in this burgeoning area.

Modified Fenton reactions have emerged as promising strategies for water 
treatment, especially for persistent and non-biodegradable pollutants. Generally, 
homogeneous Co2+/peroxymonosulfate systems have been proven to be consider-
ably efficient due to the powerful oxidizing ability of catalytically generated sul-
fate radicals toward the decomposition of organic molecules. On the other side, 
the introduction of multifarious transition metal centers in metal phosphonates can 
present distinct catalytic activities. For instance, cubic mesoporous titanium phos-
phonates showed superior photoactivity in degrading organic dyes under simulated 
solar light irradiation as compared with commercial P25 catalyst [11]. Effective 
catalytic hydrogenation of 4-nitrophenol to 4-aminophenol under ambient condi-
tions could be achieved through the use of mesoporous nickel phosphate/phospho-
nate hybrid microspheres as the catalyst [86]. Mesoporous vanadium phosphonate 
material constructed from a dendritic tetraphosphonate could perform as an excel-
lent catalyst for the aerobic oxidation of benzylic alcohols with high reactivity and 
shape selectivity [26]. It is reasonably speculated that porous cobalt phosphonate 
materials could fit the qualification of the Fenton reaction for oxidizing organic 
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contaminants, which has been scarcely reported to the best of our knowledge. 
Organic–inorganic hybrid of cobalt phosphonate hollow nanostructured spheres 
was prepared in a water–ethanol system through a mild hydrothermal process in 
the absence of any templates using DTPMP as bridging molecule [87]. Cobalt 
phosphonate materials possessed amorphous frameworks with alternatively linked 
cobalt sites and organophosphonic bridging groups, providing abundant active 
sites for the catalytic oxidizing degradation of organic contaminants with the assis-
tance of peroxymonosulfate under ambient conditions. The kinetic study showed 
that MB decomposition followed pseudo-first-order model with a heterogeneous 
reaction activation energy of 50.2 kJ mol−1, and sulfate radicals were confirmed to 
be the active species. The experimental results suggested that cobalt phosphonate 
material could perform as an efficient heterogeneous catalyst for the degradation 
of organic contaminants, providing insights into the rational design and develop-
ment of alternative catalysts for wastewater treatment.

In addition, the activity of hollow frameworks of mesoporous MOFs can be 
modified by tailoring the linkers to adjust the overall porosity or include chiral-
ity. Hwang et al. [88] proposed a way to selectively functionalize coordinatively 
unsaturated metal sites (CUS) in MIL-101 by attaching electron-rich functional 
groups onto unsaturated chromium sites. Trimeric chromium octahedral clusters in 
MIL-101 possess terminal water molecules, removable from the framework after 
vacuum treatment at 423 K for 12 h, thereby creating on the CUS Lewis acidic 
sites usable for the surface functionalization. The synthesis of the ethylenedi-
amine-grafted MIL-101 (ED-MIL-101) was performed by coordinating ED to the 
dehydrated MIL-101 framework in toluene while heating under reflux. The amine-
grafted MIL-101 exhibited a remarkably high activity in the base-catalyzed reac-
tion and behaved as a size-selective catalyst. For example, the conversion of the 
condensation of benzaldehyde into trans-ethylcyanocinnamate on ED-MIL-101 
was 97.1 %, with a selectivity of 99.1 %. Interestingly, ED-MIL-101 also revealed 
size dependency for the catalytic activities when the substituent groups of car-
bonyl compounds in the Knoevenagel condensation changed. Encapsulation of 
noble metals, such as palladium, over the amine-grafted MIL-101, has also been 
studied. Palladium-loaded APSMIL-101 and ED-MIL-101 have obviously high 
activities during the Heck reaction at 393 K that were comparable to those of a 
commercial Pd/C catalyst (1.09 wt% Pd) after a certain induction period (0.5–1 h), 
probably because of the slow diffusion of the reactants to reach accessible metal 
sites in the pores. Gascon et al. [89] further showed that MOFs with non-coordi-
nated amino groups, IRMOF-3 and the amino-functionalized MIL-53, were stable 
solid basic catalysts in the Knoevenagel condensation of ethyl cyanoacetate and 
ethyl acetoacetate with benzaldehyde. The catalysts were stable under the studied 
reaction conditions and could be reused without significant loss in activity. The 
catalytic performance of IRMOF-3 in various solvents suggests that this open, 
accessible, and well-defined structure behaves more like a homogeneous basic 
catalyst, in contrast to other solid basic catalysts. MIL-101 could act as heteroge-
neous catalyst for the selective allylic oxidation of alkenes with tert-butyl hydrop-
eroxide [90]. The selectivity toward α,β-unsaturated ketones reached 86–93 %. 
The temperature of the catalyst activation strongly affects the ketone yield. 
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MIL-101 is stable to chromium leaching, behaves as a true heterogeneous catalyst, 
can be easily recovered by filtration, and can be reused several times without loss 
of catalytic performance.

5.3.2  Post-functionalization for Catalysis

The homogeneously integrated organic functional moieties inside the hybrid 
framework permit the potential for post-functionalization to achieve further 
physicochemical characteristics, which is mainly based on the organic reactions. 
Chemically designed ordered mesoporous titanium phosphonate hybrid materials 
have exhibited the capacity to be functionalized by sulfation with chlorosulfonic 
acid (ClSO3H) to form stable hydrosulfated esters (Fig. 5.15) [91]. The specific 
alkyl hydroxyl structure of the coupling molecule HEDP makes its sulfation facile. 
Approximately 2.69 and 3.93 mmol g−1 of H+ were assigned to the grafted sul-
fonic groups and the defective P–OH from the hybrid framework, respectively. The 
acid strength revealed a Hammett indicator of H0 < −11.35, indicative of a strong 
solid acid. It was also proven that the hydrosulfated groups remained at the pore 
walls even in hot water (up to 80 °C), which allowed the functionalized sample 
to be used as an ion exchanger and acid–base catalyst in room or low temperature 
reactions. For example, the sulfated materials could be used in the esterification of 
oleic acid and methanol under ambient temperature and pressure, giving a much 
higher conversion (87.3 %) than the unfunctionalized materials (4.9 %).

Transition metal-based catalysts are of great significance in sustainable envi-
ronmental and energy chemistry. Inspired by the Langmuir adsorption behavior 
of metal ions onto porous phosphonates [11, 17], a step further would transform 
the metal ions into active components, which could have potential application in 
some catalytic reactions. To achieve a high dispersion of CuO nanoparticles, the 

Fig. 5.15  Surface functionalization of monolithically ordered mesoporous titanium phospho-
nates prepared from HEDP using the ClSO3H treatment. Reprinted with permission from Ref. 
[91]. Copyright 2010, Royal Society of Chemistry
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Cu2+ ions were firstly coordinated on the metal phosphonate material in the form 
of monolayers, and a subsequent calcination at 450 °C generated the highly dis-
persed CuO active components (Fig. 5.16) [92]. Since the PMTP-1 microspheres 
were thermally stable to 450 °C, the high-temperature calcination could achieve 
a high dispersion of CuO while maintaining the mesoporous hybrid framework. 
The density and distribution of the surface organic functional groups could be 
tuned, allowing for an indirect adjustment of the dispersion of the Cu2+ and the 
final CuO loading amounts. A main reduction peak at 217 °C was observed in the 
temperature-programmed reduction (H2-TPR) analysis of the synthesized cata-
lysts, which was lower than for pure CuO and CuO catalysts supported on inor-
ganic metal phosphates without organic ligands (252 °C). It is commonly accepted 
that a high dispersion of active components on the supports can contribute toward 
improving the catalytic oxidation performance [93, 94]. The oxidation of toxic 
CO was selected as the probe reaction, and the catalytic activity of the synthesized 
supported catalyst was higher than those materials with the same CuO content but 
prepared by the conventional impregnation methods. Moreover, the synthesized 
catalyst showed a significant stability for low-temperature CO catalytic oxidation.

Noble metals, such as Au, Ag, Pt, and Pd, have been known for their catalytic 
performances. Encapsulation of noble metal nanoparticles inside the metal phos-
phonate frameworks may extend their applications in catalysis and energy con-
version by catalytic spillover [95, 96]. Interestingly, noble metal nanoparticles 
with different size regimes could be made through different reduction methods, 
reduction in ethanol (10–15 nm), and at elevated temperature under hydrogen 
(2–4 nm) [93]. This provides a simple way to control the size of the loaded active 
components. Canivet et al. [97] developed one-pot post-synthetic grafting of a 
nickel-based organometallic catalyst within a MOF framework under mild condi-
tions, preventing the interactions of the organic graft with the metal nodes and the 
encapsulation of metal particles. The imine condensation occured in the presence 

Fig. 5.16  Simulated formation process of CuO nanoparticles highly dispersed on metal phos-
phonate materials synthesized using EDTMP. Reprinted with permission from Ref. [92]. 
Copyright 2010, Royal Society of Chemistry
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of the Ni(PyCHO)Cl2 (PyCHO = 2-pyridine carboxaldehyde) methanolic solu-
tion to directly generate the diimino nickel complex anchored into the MOF. This 
method allowed the rapid preparation of a MOF-based catalyst whose activity and 
selectivity were demonstrated for the selective ethylene dimerization to give the 
corresponding alpha olefin (1-butene) in liquid phase. Leaching test showed that 
the reaction did not proceed any longer if the filtrated catalytic solution is again 
put under catalytic conditions in the presence of Al-based cocatalyst.

MOF-based supported heterogeneous catalysis has attracted increasing research 
attention because the nanopores of MOFs can not only serve as templates for synthe-
sizing monodisperse active species but also provide well-defined microenvironments 
that could induce selectivity control on the encapsulated active species in catalytic 
reactions. The loading of metal nanoparticles/nanoclusters into MOFs was first real-
ized by chemical vapor deposition using volatile organometallic precursors in the gas 
phase [98, 99]. Moreover, combination of active metal NPs with the functionalities 
within the host, multifunctional catalysts capable of promoting different reactions, 
or one-pot cascade reactions can thus be realized. A preferred system for catalyst 
study is Pd@mesoMOFs [100, 101], and other systems including Au@mesoMOFs 
[102] and Ni@mesoMOFs [103] are also attractive. The catalytic reactions are 
mostly focused on oxidation of alcohols, hydrogenation reaction, and C–C cou-
pling reaction. For instance, Li and He et al. reported the one-pot cascade synthe-
sis of methyl isobutyl ketone (MIBK) from acetone catalyzed by Pd@MIL-101(Cr), 
which was obtained by a simple impregnation method [101]. MIBK is manufactured 
via a three-step process involving condensation, dehydration, and hydrogenation, 
wherein 0.11–0.34 wt% Pd loading was found to be suitable for the desired selec-
tivity and conversion, probably due to the monodispersion of NPs throughout the 
pores. Kim and coworkers successfully prepared Ni nanoparticles embedded inside a 
mesoporous MOF (MesoMOF-1) using gas-phase loading and subsequent reduction 
(Fig. 5.17) [103]. The resulting Ni@MesoMOF-1 could further act as a catalyst for 
hydrogenolysis of nitrobenzene or hydrogenation of styrene with good activity.

Fig. 5.17  TEM images of a MesoMOF-1 and b Ni@MesoMOF-1. Lattice fringes are observed 
in both (a) and (b), indicating Ni nanoparticles are aligned with a long-range order. Reprinted 
with permission from Ref. [103]. Copyright 2010, Royal Society of Chemistry
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Catalytic reactions are indeed surface interaction processes, where the metal 
joints and organic bridging groups perform as active sites. The special composi-
tions and a variety of structural features can engender catalytic activity (Fig. 5.18). 
Post-modification can mainly be based on the organic motifs inside the framework, 
which can create novel physicochemical properties, such as acidity/alkalinity, 
hydrophobicity/hydrophilicity, and chirality. However, there are still issues con-
cerning thermal stability and chemical robustness, due to the nature of the com-
ponents of the materials. Catalysis supported by mesoporous non-siliceous hybrid 
materials is still in its infancy.

5.4  Biomaterials

Numerous applications of nanomaterials emerge in biology owing to nanosizes 
matching well within the dimensions of organisms. Low-dimensional nanomateri-
als such as nanospheres and nanoparticles have found application in biomedicines 
and biotechnologies. Furthermore, mesoporous hybrid materials are remarkably 
attractive due to the synergistic roles of both interactions with biological mole-
cules at the organic–inorganic surfaces and confinement in regular mesopores.

5.4.1  Biomolecule Adsorption and Separation

Immobilization of enzymes on solid supports can improve enzyme stability, 
facilitate separation and recycling, and maintain the catalytic activity and selec-
tivity [104]. Classical mesoporous silicas usually suffer from the easy leach-
ing of immobilized enzyme molecules due to the lack of interactions between 
enzymes and host materials, which results in the loss of catalytic activity upon 
multiple uses reversely. Microperoxidase-11 (MP-11) has dimensions of about 
3.3 × 1.7 × 1.1 nm. The pore sizes of Tb-mesoMOF dominantly distributed 
around 3.0 and 4.1 nm in addition to a small portion of micropore size around 
0.9 nm. Organic components in the hybrid materials (MP-11) could be success-
fully immobilized in mesoporous MOFs containing nanoscopic cages of around 
4.0 nm under the drive of host–guest hydrophobic interactions [105]. The corre-
sponding loading amount could reach 19.1 mmol g−1. Accordingly, as compared 
with the mesoporous silica counterpart, the resulting enzyme-loaded MOFs exhib-
ited superior enzymatic catalysis performances and reusability for polyphenol 
oxidation in the presence of hydrogen peroxide than the mesoporous silica coun-
terparts (Fig. 5.19).

Mesoporous zirconium organophosphonates using 1-phosphomethylproline 
(H3PMP) as the bridging molecule possess tunable mesopores, high surface area, 
and large pore volume, exhibiting high adsorption capacity and adsorption rates 
for enzymes [106]. For lysozyme (Lz) adsorption, the adsorption equilibrium was 
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reached within 30 min. The adsorption capacity for Lz and papain was as high 
as 438 and 297 mg g−1, respectively. Furthermore, Lz loaded on mesoporous zir-
conium phosphonates retained a structural conformation similar to its free state, 
suggesting that no denaturation of Lz occurred during the adsorption process. No 
leaching of Lz from the solid was observed when shaking the Lz-loaded solid in a 
buffer solution. The loading of biomolecules into the porous phosphonate hybrid 
networks is directly correlated with the strength of host–guest interactions [107], 
surface area, and pore size [105, 106]. Correspondingly, separation of biomole-
cules can be feasibly realized through utilizing the targeted phosphonic bridging 
groups and adjusting the porosity of the phosphonate materials.

The controllable adsorption and separation of proteins are indispensable for 
the application of biosensors, biocatalysts, and disease diagnostics. Size-selective 
adsorption of guest protein molecules, which mainly depends on the porous prop-
erties of sorbents, has attracted tremendous research interest due to the feasibility 
to adjust the porosity of the host solid materials. Although usual porous sorbents 
have good capacities toward adsorbates, they still confront the predicament in sep-
arating proteins from each other. Hollow manganese phosphonate microspheres 
(HMPM) with hierarchical porosity showed size selectivity toward Cytochrome 
C (Cyt C, 12,400 Da, 2.6 × 3.2 × 3.3 nm3) and the protein bovine serum albu-
min (BSA, 66,400 Da, 5.0 × 7.0 × 7.0 nm3) [108]. The result of simultaneous 
adsorption on a manganese phosphonate spherical hybrid is shown in Fig. 5.20. 

Fig. 5.19  Immobilization of MP-11 in mesoporous MOFs for catalytic oxidation of 3,5-di-
tert-butylcatechol to o-quinone. Reprinted with permission from Ref. [105]. Copyright 2011, 
American Chemical Society
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Cyt C adsorption increased sharply at the initial contact time and slowed down 
gradually until adsorption equilibrium was reached, demonstrating an adsorption 
efficiency of 85.7 %. In contrast, the HMPM hybrid showed much lower adsorp-
tion capability for BSA (13.1 %). This might have resulted from the porous hier-
archy of HMPM. The mesostructured pores with small pore size were distributed 
in the shell sections of manganese phosphonate microspheres, which would per-
mit the penetration of small molecules (Cyt C) through the adsorbent and block 
BSA molecules with larger size. Thus, the analogous “semipermeable membrane” 
effect would favor the separation of proteins with different sizes. Noticeably, the 
microspherical morphology with porous hierarchy was destroyed by a ball-mill-
ing technique before adsorbing proteins, leading to a slight decrease of specific 
surface area to 48 m2 g−1 and a wide pore size distribution from 0 to 40 nm. As 
seen in Fig. 5.20b, both the protein molecules can be adsorbed and the separa-
tion goal cannot be achieved. Moreover, the resultant adsorption ability of Cyt C 
is much lower than that of HMPM, which may be due to the existence of competi-
tive adsorption of the two proteins on the sorbent surface. Therefore, such a good 
selectivity is mainly attributable to the peculiar porosity of the manganese phos-
phonate microspheres.

5.4.2  Drug Delivery

The storage capacity and release of drug in porous host materials are governed 
by various factors such as pore size, shape, connectivity, and host affinity. As to 
traditional porous materials including silica and polymeric matrixes, drug loading 
capacity is usually not sufficiently high and encapsulated drug is difficult to be 

Fig. 5.20  Time-dependent adsorption curves of Cyt C and BSA for the pristine HMPM (a) 
and the HMPM material after a ball-milling treatment (b). Reprinted with permission from Ref. 
[108]. Copyright 2014, Royal Society of Chemistry
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released specifically. Porous materials with large volumes and regular structures 
are desired to realize a high loading and a controlled release. Férey et al. tested 
the abilities of MIL-100(Cr) and MIL-101(Cr) for the delivery of ibuprofen, show-
ing remarkable adsorption with 0.347 and 1.376 g g−1, respectively [109]. The 
complete release of ibuprofen was achieved for MIL-100(Cr) and MIL-101(Cr) 
after 3 and 6 days, respectively. Compared with MCM-41, MIL-101(Cr) demon-
strated a four times higher loading capacity and much longer release time (2 days 
for MCM-41), which was probably due to the stronger interaction between ibupro-
fen and the MIL-101(Cr) framework (π–π and acid–base interactions). However, 
chromium is toxic, prohibiting further clinical applications. The biocompatible 
nanoscale Fe-MIL-100, along with microporous iron(III) carboxylate, was pre-
pared by Férey et al. for drug delivery and imaging to reconcile the cytotoxic-
ity and high drug loading capacity [110]. The low toxicity was confirmed by the 
reversible weight increase and return to normality after injection in 1–3 months 
as well as the absence of immune or inflammatory reactions. The antitumoural 
drug busulfan (Bu) could be loaded into Fe-MIL-100, and the same activity was 
obtained for the entrapped Bu as free Bu due to entrapped Bu in its molecular 
form within the pores.

Controlled drug delivery and release technology offer numerous advantages in 
comparison with conventional dosage forms including improved efficacy, reduced 
toxicity, and improved patient compliance and convenience. This process mainly 
depends on the variations of pH, light, redox potential, and temperature. The 
designed delivery systems of “molecular lock” are able to selectively release the 
entrapped guests. The incorporation of 1,4-bis(phosphomethyl)piperazine (BPMP) 
introduced pH sensitivity into the metal phosphonate hybrid network (Fig. 5.21) 
[111]. The pH sensitivity was derived from the reversible protonation under acidic 
conditions and deprotonation with weakly basic piperazines under different pH 

Fig. 5.21  a A recycle process of pH-sensitive ZrBPMP materials: adsorption, desorption, and 
regeneration. b The PDS release profiles of PDS-loaded mesoporous zirconium phosphonates in 
simulated gastric fluid (pH = 1.2) and intestinal fluid (pH = 7.5). Reprinted with permission 
from Ref. [111]. Copyright 2010, Royal Society of Chemisty
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conditions, thereby endowing mesoporous zirconium phosphonates with revers-
ible cationic–neutral surface properties. The designed delivery systems of “molec-
ular lock” are able to selectively release the entrapped guests. For instance, the 
negatively charged PDS (a photosensitizer of sulfonated phthalocyanine for pho-
todynamic therapy of tumors) could then be adsorbed or released through strong 
electrostatic interaction according to the pH conditions. The integration of H3PMP 
and BPMP would lead to phosphonate hybrids with bifunctionality, pH sensitiv-
ity, and functionalizability [111]. The reversible protonation–deprotonation of 
L-proline groups of H3PMP and piperazine groups of BPMP on the mesoporous 
walls under different pH values (pH sensitivity) as well as the further function-
alization with cell-penetrating peptides via the carboxyl in L-proline group of 
H3PMP on outer surface (functionalizability) endowed the materials with pH-con-
trollable release function and high cell penetration capability [112]. Thus, a time- 
and pH-controlled oral colon-targeted nucleic acid delivery system was developed. 
Using salmon sperm DNA as model nucleic acid allowed it to remain intact during 
delivery. The penetration capability through biomembranes was enhanced through 
further functionalization with a cell-penetrating peptide of octaarginine.

5.4.3  Biosensors

Nanoscale Fe-MIL-101_NH2 presented an alternative way for drug delivery and 
imaging via PSM (Fig. 5.22) [113]. The presence of amino groups on the par-
ticles allowed for covalent attachment of biologically relevant cargoes by PSM. 
An optical imaging contrast agent was firstly loaded by treating the NPs with 
BODIY-Br (1,3,5,7-tetramethyl-4,4-difluoro-8-bromomethyl-4-bora-3a,4a-diazas- 
indacence) in THF at room temperature. The BODIPY loading was determined 
to be 5.6–11.6 wt%. Confocal microscope images of the BODIPY-loaded par-
ticles with HT-29 cells demonstrated fluorescence, which was an indication for 
the penetration of the particles through cell membrane and release of the flu-
orescent cargoes. The ethoxysuccinato-cisplatin (ESCP), a prodrug of cispl-
atin, was also loaded by treating the NPs with ESCP, which was first activated 
by 1,1-carbonyldiimidazole in DMF at room temperature. Thus, the NH2-
functionalized MIL-101(Fe) NPs provided an efficient platform for delivering 
the ESCP prodrug with an overall payload of 12.8 wt%. However, these NPs 
were not stable in PBS buffer at 37 °C and experienced rapid degradation. To 
improve the control of degradation, these particles were coated with a thin silica 
layer, resulting in a longer half-life of 16 and 14 h for the BODY- and ESCP-
loaded particles, respectively, in PBS buffer at 37 °C compared to 2.5 and 1.2 h 
of the uncoated particles. Functionalization of silica-coated particles with cyclic 
peptide c(RGDfk) showed that these NPs had cytotoxicity comparable to that of 
cisplatin when treated against HT-29 cells. The work affords a valid approach 
for the design of a wide range of nanomaterials for imaging and therapeutic 
applications.

5.4 Biomaterials
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Numerous studies have indicated that nanoparticle-based therapeutics and 
diagnostic agents show enhanced efficacy and reduced side effects, due to their 
unique physicochemical properties [114, 115]. The vast majority of nanocarriers 
can be classified into two categories: either purely inorganic (e.g., quantum dots) 
or purely organic (e.g., liposomes). Noticeably, nanosized metal phosphonate 
hybrids have the potential to combine attractive characteristics of both inorganic 
and organic nanocarriers including robust particle morphologies, compositional 
and structural diversity, biocompatibility, and bioactivity, to provide a unique plat-
form for delivering agents, therapeutics, and biosensing [116]. Surface modifi-
cation of iron oxide nanoparticles by phosphonates has a wealth of applications 
including magnetic resonance imaging (MRI), drug delivery, and hyperthermia for 
cancer treatment [117–119]. Lartigue et al. [119] reported the modification of iron 
oxide nanoparticles with carbohydrates derivatized by phosphonate groups. The 
magnetic, hyperthermal, and relaxometric properties of the phosphonated nano-
particles made them promising candidates for MRI imaging and hyperthermia. On 

Fig. 5.22  Schematic representation of covalent attachment of BODIPY-Br and ESCP, further 
coating with silica and final release as imaging contrast agent and anticancer drug. Reprinted 
with permission from Ref. [113]. Copyright 2009, American Chemical Society
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the basis of poly(quaternary ammonium) brushes grown by atom transfer radical 
polymerization using an initiator grafted via a phosphonate group to the surface 
of magnetite nanoparticles [120], recyclable antibacterial magnetic nanoparticles 
were successfully synthesized. Given the convenience of separation of the nano-
particles from the bacterial culture tests using an external magnetic field, the 
resultant nanoparticles presented high antibacterial activity against E. coli even 
after eight exposure tests. When cyclodextrin groups were attached to magnetite 
nanoparticles using a phosphonic linkage [121], the anchored cyclodextrin formed 
inclusion complexes with diclofenac sodium salt, a non-steroidal anti-inflamma-
tory drug, demonstrating the potential for targeted drug delivery.

In the past few years, some implant semiconductor biomaterials functionalized 
by phosphonic acids, such as In2O3 and TiO2, have been investigated for biosensor 
applications. In2O3 nanowires were first grafted with 3-phosphonopropionic acid, 
and then, the terminal carboxylic acid groups were activated by EDC–NHS aque-
ous solution [122], resulting in a nanowire surface reactive toward the amine groups 
present on antibodies. After passivation with an amphipathic polymer (Tween 20), 
the resultant sensors were found to be capable of performing rapid, label-free, elec-
trical detection of cancer biomarkers directly from human whole blood collected by 
a finger prick. However, up to now, detection and treatment of organism diseases 
are two consecutive and inseparable processes in clinical diagnostics and medicine, 
but their academic studies are often isolated from each other. It is still challeng-
ing and significant to design a “diagnospy” carrier that combines the functions of 
biomolecule quantitative detection and bioresponsive drug controlled release [123, 
124]. An interesting study pioneered by Li et al. [125] was to intentionally design a 
smart system on the basis of hybrid phosphonate–TiO2 mesoporous nanostructures 
capped with fluorescein labeled oligonucleotides, which could realize simultane-
ous and highly efficient biomolecule sensing and controlled drug release (Fig. 5.23). 
The incorporation of phosphonate could shift the absorption edge of titania to the 
visible light range and introduce positively charged amino groups to interact with 
negatively charged fluorescein labeled oligonucleotides, resulting in the closing of 
the mesopores and the fluorescence quenching of fluorescein at the same time. The 
further addition of complementary single DNA strands or protein target led to the 
displacement of the capped DNA due to hybridization or protein–aptamer reactions. 
Correspondingly, the pores were opened, causing the release of entrapped drugs as 
well as the restoration of dye fluorescence. Moreover, target concentration-depend-
ent fluorescent signal response could be used to monitor treatment effects in real 
time, thus providing proof for determining drug dose or adjusting the treatment pro-
gram. The luminescence intensity linearly increased with the increasing of thrombin 
concentration, until a plateau was reached. There was a good linearity relationship 
between the (F/F0 – 1) value and thrombin concentration increasing from 5 to 175 nm 
with the correlation coefficient of 0.996. The limit of detection (LOD) was 2.3 nm. 
Interference experiments exhibited that human serum albumin, collagenase, lysozyme, 
cytochrome c, hemoglobin, and trypsin presented much lower fluorescence intensity 
restoration and drug release capacities than that of human thrombin due to the almost 
unopened aptamer-capped mesopores. This mesoporous hybrid system provides a 
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novel perception to utilize non-siliceous hybrid materials as the supports in sensing 
and control release applications.

Mesoporous non-siliceous hybrid materials can perform as host materials in the 
fields of biosensing and biotechnology owing to their well-defined porosity, low 
biotoxicity, and capacity of incorporation of biogroups. Introduction of specific 
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Fig. 5.23  a Schematic illustration of bioresponsive detection and drug controlled release system 
based on phosphonate–TiO2 hybrid material. b Bioresponsive sensing and drug release selectiv-
ity of FAM–O–PTi system among different proteins. Reprinted with permission from Ref. [125]. 
Copyright 2013, Royal Society of Chemistry
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organic bridging groups could result in distinct biomimic performance. However, 
many practical detecting or sensing applications require extraordinarily high sen-
sitivities. Optical sensors are molecular receptors whose optical properties can be 
changed upon binding to specific guests. Optical sensing and imaging systems 
have been intensively investigated for their capability of providing high sensitivity, 
fast, and easy detection processing, biocompatibility, and adaptability to a wide 
variety of conditions [126]. Since lanthanide-based hybrids are photoluminescent 
materials with ease of functionalization, they are a promising class of materials 
for applications in sensing and optical imaging. Mesoporous cerium phosphonate 
nanostructured hybrid spheres are prepared with the assistance of C16TABr while 
using EDTMP as the coupling molecule [127]. The resulting hybrid is constructed 
from the cerium phosphonate nanoparticles, accompanied by high specific sur-
face area of 455 m2 g−1. The uniform incorporation of rare earth element cerium 
and organophosphonic functionalities endows mesoporous cerium phosphonate 
with excellent fluorescence properties for the development of an optical sensor 
for selective Hg2+ detection on the basis of the fluorescence-quenching mecha-
nism. The signal response of mesoporous cerium phosphonate against the Hg2+ 
concentration is linear over the range from 0.05 to 1.5 μmol L−1, giving a LOD 
of 16 nmol L−1 (at a signal-to-noise ratio of 3) (Fig. 5.24). Most of the common 
physiologically relevant cations and anions did not interfere with the detection of 
Hg2+. Although lanthanide-based MOFs with valuable luminescent properties, 
which can be defined as crystalline organic–inorganic hybrids to some extent, have 
been gradually utilized as optical sensing materials [128–130], nevertheless, there 
are still some knotty problems. The major one is the insufficient water solubility 
that restricts the further uses in biologic systems, and the emission band usually 
contains multipeaks, reducing the monochromaticity and measurement precision. 
Hence, the present mesoporous cerium phosphonate hybrid nanostructured spheres 
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Fig. 5.24  Scheme of Hg2+ detection by mesoporous cerium phosphonate nanostructured 
spheres based on fluorescence-quenching mechanism. Reprinted with permission from Ref. 
[127]. Copyright 2014, American Chemical Society
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with well-defined porosity and good dispersity in water hold a promising potential 
for practical biosensing applications.
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Abstract A summary of the synthesis, properties and applications of mesoporous 
non-siliceous organic–inorganic hybrid materials is provided herein. With the use 
of organophosphonic/sulfonic/carboxylic acids and their derivatives (salts, esters) 
as coupling molecules, mesoporous metal phosphonate/sulfonate/ carboxylate 
materials with a homogeneous distribution of considerable organic functional 
groups in the hybrid frameworks could be achieved. A variety of methods have 
been developed to successfully incorporate mesoporosity into the hybrid networks 
and control the resultant micro-/macro-morphologies. Mesoporous non-siliceous 
organic–inorganic materials have found diverse potential applications across broad 
ranges in adsorption and separation, catalysis, sustainable energy conversion and 
storage, and biomaterials. Nonetheless, there are still unclear areas that deserve 
research fellows to imagine and explore.

Keywords Mesoporous materials · Organic–inorganic hybrid · Non-siliceous 
hybrid · Perspectives

Mesoporous metal carboxylates, phosphonates, and sulfonates, as the three most 
fascinating members of non-siliceous hybrids with alternative organic–inorganic 
frameworks, have attracted great research interest in the past decades due to their 
outstanding physicochemical properties. In order to improve the accessibility 
of the pores, a template-free methodology via enlarging the organic linkages has 
been proved to be facile and effective, but restricted. The soft-templating approach 
has been realized to synthesize mesoporous hybrids with a uniform pore width, 
high surface area, and even hierarchical porosity. The control over the mesophase 
symmetry, the pore sizes, and the crystallinity of the pore walls is relevant to the 
structure of the surfactant molecules and the synthesis method. Morphological 
adjustment through a variety of fabrication techniques is feasible, which endows 
them with capabilities in diverse production fields. The synthesized mesoporous 
non-silica-based hybrid materials could be utilized as efficient host solids for 
the adsorption and separation of gas, liquid, heavy metal ions, as well as organic 
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constituents. They were also useful for eco-friendly photocatalysis and solar cells 
under simulated solar light irradiation, and biomaterials for enzymatic engineering, 
drug delivery, and medical diagnosis. Further functionalization of the mesoporous 
hybrids could make them oxidation and acid catalysts, both with impressive perfor-
mances in the areas of sustainable energy and environment.

As compared with the counterparts of phosphonates and carboxylates, reports 
with regard to mesoporous metal sulfonates are relatively rare. This is mainly 
due to the weaker combination between metal linkers and organosulfonic groups, 
which leads to a less robust framework. However, besides applications in adsorp-
tion/separation and photoelectrochemistry, the weaker ligating nature of sulfonic 
bridging units predisposes the network to certain degrees of flexibility, namely a 
dynamics material. Correspondingly, the resultant materials can be used to selec-
tively adsorb and detect metal ions and small molecules. The reversible insertion/
desertion of Li+ and protons through the pores and elastic network can also be 
envisioned. Although this aspect is not extensively studied, the intrinsic porosity 
within the electrically conductive hybrid materials remains largely unknown but is 
worthy of research efforts.

The strong binding ability of phosphonic acids usually leads to dense lay-
ered architectures of metal phosphonates. Correspondingly, phosphonate-based 
MOFs have distinct differences from the carboxylate- and sulfonate-based coun-
terparts, such as the relatively high thermal and chemical stability and extremely 
low solubility. On the contrary, these typically render metal phosphonates diffi-
cult to obtain crystalline phases with determined structures. Developments of 
high-throughput hydrothermal or solvothermal techniques and advances in powder 
XRD modeling and refinement will significantly increase the number of structur-
ally characterized phosphonate-based MOFs, and it will be exciting to watch this 
field as it develops.

The exploration of synthetic methodologies and extended applications of 
mesoporous non-siliceous hybrid materials remains promising and valuable. Due 
to the complexity of the interactions between organic groups and metallic cent-
ers, the achievement of intentional control over the pore size, pore channel reg-
ularity and mesophase is still a challenge. The practical value of mesoporous 
non-siliceous hybrids is limited by their relatively poor thermal and hydrother-
mal stabilities as compared with those of silica-based materials. The effort for 
the enhancement of the thermal and hydrothermal stability of metal phospho-
nate materials is of great importance, and the crystalline pore wall is first in line. 
However, it remains contradictory and challenging to achieve the high crystalli-
zation and well-structured hierarchical porosity (especially micro-/mesoporosity) 
simultaneously. The coordination rate between the inorganic units and organic 
moieties determines the nucleation kinetics and thus the crystal growth. “Crown-
mediated controlled-release” methodology might provide a new route in the 
rational design of crystalline metal phosphonates with well-defined porous struc-
tures. Considering the intimate relation of phosphonates versus phosphates, 
carboxylates versus carbonates, and sulfonates versus sulfates, non-siliceous mate-
rials may act as precursors in preparing inorganic courterparts with interesting 
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structures and novel properties, thus improving the performances of phosphates in 
catalysis, photoelectricity, and secondary batteries.

Overall, the development in organic–inorganic non-siliceous hybrid materials 
signifies a pivotal step toward exploring and finding new multifunctional hybrid 
materials and has significantly expanded the application ranges. Nowadays, 
the molecular approaches of solid-state chemistry and organic synthesis have 
reached a high level of sophistication. As a consequence, original hybrids can be 
designed through the synthesis of new hybrid nanosynthons, allowing for the cod-
ing of hybrid assemblies presenting a spatial ordering at different length scales. 
Particularly, the synthesis through the simultaneous use of self-assembly pro-
cesses together with external factors, such as electrical or magnetic fields, or even 
through the use of strong compositional flux variations of the reagents during the 
synthesis is a worthwhile area to explore. The increasing interest in the field of 
functional hybrid materials will be amplified in the future by the growing inter-
est of materials scientists, chemists, and biologists to fully exploit this opportunity 
for discovering materials and devices benefiting from the best of the two realms: 
inorganic and organic. Besides of their high versatility that offers a wide range of 
possibilities in terms of physicochemical properties and shaping, hybrid nanocom-
posites present the paramount advantage of facilitating both integration and minia-
turization of the devices, thereby offering a prospect of promising applications in a 
variety of fields including catalysis, photoelectrochemistry, ionics, mechanics, sep-
eration, functional and protective coatings, sensors, biology, and medicine. Finally, 
the explosion of new strategies that we are presently witnessing for rational design 
of innovative hybrid materials allows us to dream of further challenging steps in 
creating intelligent materials. Therefore, it is wonderful to envision the possibility 
of building in the future advanced materials that will respond to external stimuli, 
intellectively adapt, self-replicate, self-repair or self-destroy at the end of their 
useful lifetime.
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