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ABSTRACT

Dendrimers have been used to control the pore size and morphology of porous
materials during their synthesis. Various characterization techniques have also
been used to validate the formation of mesoporosity. Materials such as
cetyltrimethylammonium bromide (CTAB) and other co-polymers are com-
monly used as templates for the synthesis of mesoporous materials. However,
advantages of using dendrimers as templates for the synthesis of mesoporous
materials include: (1) ease of control of the final pore size (depending on the
dendrimer employed); (2) ease of removal of the dendrimer template by a
simple extraction method or calcination process, which does not strongly
interact with the inorganic species; (3) the monodispersed structure of the
dendrimer leads to the formation of monodispersed pores with a narrow size
distribution; and (4) the synthetic process require room (or relatively low)
temperatures as opposed to elevated temperatures used for other surfactants.
This mini-review is therefore focussed on the use of dendrimers as templating
or pore-directing agents for the synthesis of micro- and mesoporous materials.
The catalytic application of the mesoporous materials as heterogeneous sup-
ports is also discussed.
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repeating branching units attached to the initiator
core; and (c) the exterior (periphery) attached to the

Introduction

Dendrimers are well-defined, monodispersed, tree-
like, three-dimensional macromolecular structures
characterized by a high density of peripheral groups
[1]. They are composed of three main distinguishing
architectural components: (a) an interior core; (b) in-
terior layers (generations), which are made up of
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outermost interior generation (Fig. 1) [2, 3].
Dendrimers can be synthesized by either divergent
or convergent methods. In the divergent approach,
dendrimers are produced through an iterative
sequence of reaction steps, where additional itera-
tions lead to higher generations. The first example of
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Figure 1 Architectural components of a typical poly(propylene
imine) (PPI) dendrimer molecule.

a divergent approach for the synthesis of a well-de-
fined, branched structure was reported by Vogtle
et al. in 1978 [4], who called it “cascade synthesis”. In
1985, Tomalia et al. reported a modification of this
procedure to synthesize independent, divergent and
macromolecular “true dendrimers” in the form of
poly(amidoamide) (PAMAM) dendrimers [5]. In the
same year, Newkome et al. [6] reported the prepa-
ration of “arborols” (a synonym for dendrimers). In
contrast to the divergent method, the convergent
method involves the construction of the dendrimer
from the surface and inwards towards the core using
a two-stage process. The two or more dendritic seg-
ments or dendrons synthesized in the first stage are
simply joined together in the second stage to create
the final and complete dendrimer product. The first
convergent synthetic approach for accessing den-
dritic macromolecules was reported in 1990 by
Hawker and Fréchet [7].

Dendrimers have successfully been used as tem-
plates for the synthesis of metal nanoparticles, which
are often referred to as dendrimer-encapsulated
nanoparticles (DENSs) [3, 8, 9]. Researchers have also
employed dendrimers as templating or pore-direct-
ing agents in the synthesis of porous materials
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that have been used for the synthesis of porous silica
materials is outlined in Table 1.

Traditionally, porous silicas, aluminosilicates
[22, 23] and other oxides [24] were prepared in the
presence of micelles as structure directing agents.
Mesoporous materials are defined as those materials
that contain a pore with a diameter of between 2 and
50 nm, while microporous materials have a pore
diameter of less than 2 nm. Highly ordered meso-
porous silica materials were first discovered by sci-
entists at the Mobil Corporation in 1992 [23]. The first
reported so-called Mobil Crystalline Material abbre-
viated as MCM-41 was micrometre-sized and pos-
sessed hexagonally ordered mesopores [22]. These
particles had a variable morphology with a very
small amount of hexagonally shaped nanoparticles.
Due to the large surface area (700-1500 m?/g), nar-
row pore-size distribution (ranging from 2 to 10 nm),
high chemical and thermal stability and the ease of
silica functionalization, these materials were consid-
ered ideal as supports for adsorption, catalysis,
chemical separations and biotechnology devices.
However, one of the biggest challenges encountered
during the synthesis of these porous materials was
the ability to control pore structure and pore size.
Template chemistry aims to address this challenge by
enabling the synthesis of tailored micro- [25] and
mesoporous [23] silica structures through the use of
surfactant micellar structures and long-chain alkyl-
amine templates [26]. Since the discovery of these
materials, research efforts have been initiated to
achieve control over other physicochemical proper-
ties of mesoporous silicas, especially surface area,
pore size and morphology. Through such research
efforts, other families of mesoporous materials such
as Santa Barbra Amorphous (SBA) [24], Michigan
State University (MSU) [27], and Folded Sheet
Mesoporous (FSM) [28] were discovered. Since their

[10, 11]. A summary of different types of dendrimers ~ discovery, mesoporous materials have found

Table 1 A summary of types of dendrimers used for the synthesis of porous silica materials

Type of dendrimers References

G0-G5.5-PAMAM-NH, [11-15]

G4-PPI [16]

DAB-Am-4 polypropylenimine tetraamine, DAB-Am-8 polypropylenimine hexadecaamine, DAB-Am-32 [17-19]
polypropylenimine dotriacontaamine, DAB-Am-64 polypropylenimine tetrahexacontaamine

Carbosilane dendrimers [20]

Hyper-branched polyglycerol
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application in areas such as catalysis [29, 30] and
hydrogen storage [31]. To the best of our knowledge,
a review of the use of dendrimers as templating or
pore-directing agent for the synthesis of micro- and
mesoporous material has, at the time of preparation
of this mini-review, not appeared in the literature. To
this end, this review focused on the use of den-
drimers as templates or pore-directing agents for
accessing micro- and mesoporous materials.

Dendrimers as templating agent
for the synthesis of micro- and mesoporous
silica materials

Synthesis of disordered/ordered
mesoporous silica materials

As mentioned previously, dendrimers have been
employed as template for the synthesis of colloidal
metal nanoparticles [3]. However, lately, dendrimers
have also been successfully used as templates for the
control of pore size and morphology during the
synthesis of porous silica materials [11, 14]. For
example, Chujo et al. [14] prepared porous silica
using the acid-catalysed sol-gel reaction of tetram-
ethoxysilane (TMOS) in the presence of PAMAM
dendrimers (generations 1-5) containing amino and
ester end-groups. The same research group has
explored other polymers (e.g. polyoxazoline, which
were not successful in controlling the pore size [32].
Although the problem of phase separation of the
mixture was observed when PAMAM dendrimers)
containing primary amino end-groups were used,
this was not the case with ester-terminated den-
drimers. The resulted polymer hybrids were sub-
jected by pyrolysis at 600 °C to remove organic
segments (i.e. the dendrimers). The pore size of the
silica gels was found to correlate well with the
diameter of the dendrimers template. In this regard,
the radius of the generation 3.5 dendrimer of 12.9 A
is similar to that calculated by Tomalia [5, 33]. The
resulting porous silica materials had a surface area
ranging from 200 to 610 m?/g, making these materi-
als ideal for use as catalyst supports. Similarly, Lar-
sen et al. [11] reported the use of amine-terminated
PAMAM dendrimers as templates for the formation
of amorphous silica. Two possible pathways for the
formation of these materials were cited: (1) depend-
ing on the dendrimer size, production of mesopores
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and micropores with single molecules instead of
micelles and (2) spheroidal pores imprinted on the
inorganic solids are the expected pore shapes similar
to the dendrimer used. When dissolved in an aque-
ous-organic solution containing silicon sol-gel pre-
cursors, these amine-terminated dendrimers were
expected to behave in a manner similar to the alkyl-
amine templates used by the Mobil researchers for
the synthesis of mesoporous silica (MCM-41) and
silica-alumina materials. However, given key differ-
ences between the dendrimer and alkyl-amine tem-
plate chemistry, internal hydrocarbon chains should
be packed more densely in alkyl-amine templates
when compared with dendrimers since the former
has greater flexibility relating to micellare diameter.
The production of a sol-gel material both from the
meso- and microporous structures has also been
achieved without the removal of the carbosilane
dendrimer template [20]. This motivated Larsen et al.
to produce dendrimer-free mesoporous cavities in
xerogels using dendrimers as templates. In this
study, the sample was prepared by mixing genera-
tion 4 PAMAM dendrimers with n-butanol, tetraethyl
orthosilicate (TEOS) and HCI, to produce a
TEOS/dendrimer molar ratio of approximately 374:1.
This mixture was left in a container for 3 days at
343 K to form a white, paste-like product which was
dried for a further 3 h at 373 K. The resulting fine
powder was placed in a quartz U-tube for a further
1.5 h drying under a nitrogen flow at 803 K. Lastly,
the sample was calcined under air flow for 1.5 h at
833 K to remove the dendrimer template. During the
temperature programmed drying cycle, alkenes, car-
bon monoxide, alcohols and water evolved, but this
evolution ceased once the 1.5 h temperature plateau
of 803 K was reached. Water and carbon monoxide
evolved exclusively during the temperature pro-
grammed oxidation steps until the final temperature
of 833 K was reached, resulting in a carbon/hydro-
gen-free material. Other methods for template
removal (e.g. solvent extraction with CI,CH,
methanol and ethanol) proved ineffective. Charac-
terization of the synthesized material was performed
using XRD spectroscopy and other methods and
techniques. The X-ray diffraction patterns for the
calcined and uncalcined samples showed low 20
reflections (see Fig. 2). However, the intensity was
significantly less pronounced in the case of the
uncalcined sample.
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Figure 2 The XRD pattern obtained for the calcined and
uncalcined samples. Image reproduced from Ref. [11] with
permission from copyright (2000) American Chemical Society.

The 20 values for the calcined and uncalcined
materials were found to be 2.7 and 2.5°, respectively.
This was consistent with the notion that contraction
of the X-ray coherent distance in the gel structure
occurred during calcination and removal of the
template. The calculated radius for the calcined
sample was roughly 32 A. The experimental radius of
the PAMAM generation 4 dendrimer was deter-
mined to be 40 A, and this led to the conclusion that
successful imprinting of a mesoporous cavity was
achieved.

The nitrogen adsorption—desorption isotherm for
the calcined sample, which was measured at 77 K,
was found to be characteristic of microporous solids.
Evidence for the existence of the microporosity was
derived from the strong adsorption at low P/P,, and
the correlation of the data with the Dubinin-
Radushkevich equation. In order to determine the
nature of the microporosity, the Kr adsorption uptake
of this sample at 195 K was measured in a tempera-
ture range closer to that of conventional applications
and was thereafter modelled with a modified Hor-
vath-Kawazoe (HK) algorithm [34, 35]. The spherical
cavity model of Cheng and Yang [35] was adopted,
given the quasi-spherical nature of the dendrimer
template. Two zeolites, 5A and HY, were used to
calibrate this method (see Fig. 3a). The surface area of
the calcined sample was found to be 623 m?/g and
the material showed an wunusual pore-size
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distribution (see Fig. 3b). For comparison purpose,
the HK curve for a blank material prepared without
dendrimer template is also shown in Fig. 3b. The
blank materials showed a broad pore-size distribu-
tion curve. As expected for microporous (disordered)
silica materials, a maximum around 15-16 A was
recorded [20].

Upon heating the sample, contraction was
observed due to an inward collapse of the low-den-
sity dendrimer structure (see Fig. 4). This collapse is
attributed to the fact that the low-density structure of
a dendrimer (unlike an alkyl-amine) cannot with-
stand the high pressure created by gel densification
during heating. The amorphous nature of this mate-
rial makes it an interesting and unique class, which,
however, does not compete with zeolites in terms of
production of well-defined micro-cavities. The value
of the N, uptake for this material is approximately
equal to the one reported for zeolite 5A [36].

Although the size distribution of the cavities was
not well defined, the X-ray domains are expected to
become large enough for the elucidation of the geo-
metric arrangements of the cavities (via the analysis
of higher-order reflections) when the synthetic pro-
cedure is improved. From all characterization tech-
niques, it was evident that PAMAM dendrimer
templates can be successfully used for the synthesis
of microporous materials. However, these materials
possessed poor structural properties that led to the
collapse of pores at high temperatures. Therefore,
these materials are not ideal for use as catalysts or as
catalyst support materials [11]. In an attempt to
overcome these problems, Larsen et al. [19] used
polypropylenimine tetrahexacontaamine (DAB-Am-
64) dendrimers as templates for the production of
mesoporous silicas, which are referred to as NU-1. In
this study, the XRD 26 values of 3.25° and 3.6° were
obtained for the uncalcined and calcined samples.
Both of these values were found to be higher than
those obtained using PAMAM dendrimers as a tem-
plate. A BET-specific surface area of 637 m*/g was
obtained for the calcined sample, making these silica
materials more suitable for catalyst support applica-
tion. This can be attributed to the removal of the
dendrimer template. In a related study, Larsen group
reported the use of poly(propylene) imine (DAB-Am-
32 and DAB-Am-64) dendrimers as templates for the
synthesis of silicas using the sol-gel method [16]. The
materials synthesized using DAB-Am-32 and DAB-
Am-64 were labelled NU-2 and NU-1, respectively. In
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Figure 3 Horvath-Kawazoe
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Figure 4 A proposed mechanism of pore formation: short-range
ordering. Image reproduced from Ref. [11] with permission from
copyright (2000) American Chemical Society.

this method, no acid was added to enable an inves-
tigation of whether a similar material could be
reproduced without using HCl or any other acid. The
pyrolysis and oxidation behaviour of the synthesized
materials was also studied. The absence of higher-
order reflection from the XRD patterns for both
materials (NU-1 and NU-2), both before and after
calcination indicated the non-formation of three-di-
mensional arrangements with uniform cavities. Both
NU-1 and NU-2 materials showed a broad signal
appearing at 20 ~ 22°, which is typical of amorphous
materials. No significant difference relating to the
XRD data of the NU-1 synthesized with and without
acid was observed [16]. The BET-specific surface
areas for NU-1 and NU-2 materials were found to be
767.4 and 585.1 m?/g, respectively, as opposed to a
low surface area of 241.0 m*/g measured for the
material prepared in the absence of dendrimers. The
average pore-size diameter (PSD) of NU-1 and NU-2

observed for NU-2, it was concluded that the DAB-
Am-32 dendrimer is the less effective template for the
synthesis of stable mesoporous materials under these
reaction conditions (without use of acid).

The synthesis of porous and non-porous xerogels,
using functionalized dendrimers and arborols
respectively, has also been reported [38]. However,
the nature of the porosity of these xerogels was not
clearly explained and still remains a point of interest.
Tilley et al. [20] used carbosilane dendrimers as
building blocks for the synthesis of mesoporous
dendrimer-based silica xerogels. In this study, the
second- and third-generation triethoxysilyl-termi-
nated dendrimers were hydrolysed via the sol-gel
method to form micro- and mesoporous hybrid
dendrimer-silica xerogels. The dendrimers were
constructed according to a reported synthetic
methodology [39], which involves the hydrosilation
of terminal alkene groups with HSiCls, followed by
Grignard functionalization of vinyl or allyl groups to
the corresponding trichlorosilyl functionalities.
However, a formation of impurities is often observed
as a result of redistribution at silicon [40]. The
redistribution of by-products, which can potentially
complicate the reaction, was avoided by direct
hydrosilation of the resulting vinyl- or allyl with tri-
ethoxysilane. As shown in Fig. 5, the reaction led to a
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Figure 5 Synthesis of an
alkylsilane-based xerogel.
Image reproduced from Ref.
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high yield of G2'-(OEt);6 or G3' -(OEt),0s. Hydrolyses
of the G2'-(OEt);4 and G3'-(OFEt);0s in THF (2.5 M in
OEt groups) with small quantities of 1 N HCl led to
the formation of homogeneous sol solutions. These
sol solutions were allowed to gel for over 48 h in
polyethylene bottles, to produce clear monoliths. As
shown in Fig. 5, the monolith was removed from the
polyethylene bottles and the solvent processed to
give the xerogels X-G2' and X-G3’, respectively.
Infrared spectroscopy, XRD, and N, adsorption—
desorption techniques were used to characterize the
synthesized X-G2' and X-G3' materials. Infrared
spectroscopic data seem to indicate that both these
materials contain partially condensed
polysilsesquioxane moieties and the amorphous nat-
ure of both materials was confirmed by XRD data.
Nitrogen adsorption-desorption isotherms were
used to determine the surface area, pore volume, and
pore radius of the sample material. The average pore
radii of G-X2" and G-X3' were calculated to be 13.1
and 13.5 A, respectively. As shown in Table 2, an
increase in total surface area and pore volume was
observed with an increase in dendrimer generation.
Three different amine-terminated dendrimer
molecules were used as templates to produce both
microporous and mesoporous silica materials via a
neutral templating route based on hydrogen bonding
interactions between neutral amines and the inor-
ganic precursors (see Fig. 6) [15]. The three den-
drimers were [tris-(2-aminoethyl)amine] 1, a
structurally  related low  molecular weight
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polyamidoamine-type dendrimer 2 and a low
molecular weight dendrimer derived from pen-
taerythritol 3. The preparation and composition of
these silica materials were similar to those reported
by Tanev and Pinnavaria [41, 42]. While the reaction
time for the material synthesized using templating
molecule 1 was 18 h, both 2 and 3 were produced
within 36 h. As evidenced by thermogravimetric
analysis data, these materials displayed some weight
loss. The final silica materials were obtained after
calcination at 540 °C. It was determined from the
characterization data that while the materials pre-
pared using 1 and 3 were microporous, they differed
significantly with respect to surface areas. Although
the materials prepared using 2 showed a mesoporous
character, the observed pore architecture that is not
well-defined was most likely as a result of a combi-
nation of micropores and mesopores.

Xu et al. reported the use dendrimers as “green”
template for the synthesis of mesoporous silica
materials [21]. Amphiphilic dendritic polyglycerol
were employed as template and was simply removed
by water extraction instead of calcination process as
preferred by other authors. The surface area of the
silica material was found to be higher for calcined
samples when compared with water extracted sam-
ples. For instance, the surface area for water extracted
samples was 623.5 m?/g while a surface area of
749.5 m*/g was obtained for the calcined sample. The
higher surface area of the silica material was attrib-
uted to condensation of hydroxyl groups taking place
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Table 2 Nitrogen porosimetry data for the xerogels [20]
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Xerogel BET surface area Langmuir surface area Total pore vol Micropore volume Average pore radius
(m’/g) (m’/g) (cc/g) (cc/g) A
X-G2 325 613 0.21 0.12 13.1
X-G3' 490 1002 0.33 0.14 13.5
Microporous silica 496 0.31 0.25 16
[37]
Figure 6 Dendrimer HoN NH,
templating molecules during
NH,

the synthesis of amorphous
silica. Image reproduced from
Ref. [15] with permission from
Elsevier.

on the surface of silica and/or small changes that
may have occurred to the pore framework during
calcination. However, surprisingly, no significant
difference was observed in the respective average
pore sizes of the water extracted and calcined silica
material samples. In another related study, Dai et al.
[12] reported on the synthesis of mesoporous silica
materials using different generations of amphiphilic
polyamidoamine dendrimers as “green” template.
The dendrimer template was also removed using the
water extraction method. Higher surface area for the
calcined samples was observed in relation to those
subjected to water extraction method for the removal
of the dendrimer template. Similarly, no change in
average pore sizes was recorded for the calcined and
water extracted samples. While dendrimer-templated
silica materials reported by other authors did not
have well-ordered structures, Tanglumlert et al. [43]
managed to synthesize well-ordered mesoporous
silica materials using PAMAM dendrimers. For the
synthesis of these well-ordered mesoporous silica
materials, the silatrane was used as a silica precursor

\_\—NH HZNJ/ \I\NH;

under mild acidic condition using the sol-gel process.
The formation of amorphous silica was circumvented
by decreasing the dendrimer concentration.
Recently, mesoporous dendrimer-like mesoporous
silica nanohybrids (see Fig.7) were fabricated for
biomedical application [44]. The synthesis of these
porous dendrimer-like materials was inspired by
previous reports on the use of dendrimers as drug
carriers [45]. Qiao et al. [44, 46, 47] have published
some interesting work on the synthesis of dendrimer-
like mesoporous silica nanohybrid materials for
biomedical application. In this work, CTAB was used
as a templating agent (surfactant) and was subse-
quently removed by extraction method. Advantage of
these dendrimer-like mesoporous silica materials
(when compared with conversional mesoporous sil-
ica materials) include: (1) the formed centre-radial
pores are more accessible by various size molecules,
(2) the uniform pore-size distribution enable the use
of these materials as nanocontainers for small drug
molecules and (3) the existence of multi-scale pores
allow the diffusion through the porous matrices of
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Figure 7 Schematic illustration of dendritic silica particles with centre-radial pore channels, whose sizes gradually increase from a to c.
Image reproduced from Ref. [48] with permission from John Wiley and Sons.

the guest molecules of different sizes. As a result,
dendrimer-like mesoporous silica materials are per-
ceived to possess enhanced performance in different
applications such as catalysis, bioseparation and
biomedicine [47, 48]. Interestingly, since these meso-
porous silica materials have dendrimer-like struc-
tures, they can potentially be used as hard templates
for the synthesis of other mesoporous oxide materials
such as Co3;04 Fe,O; and MnO, as previously
reported by other authors [49]. The synthesis and
characterization and potential applications of den-
drimer-like mesoporous silica materials in biomedi-
cine, catalysis and energy were extensively reviewed
by Qiao et al. [48].

Dendrimers as templating agent
for the synthesis of mesoporous silica
nanospheres/nanocages

Other than in the control of the pore size and mor-
phology of mesoporous silicas, Knecht and Wright
[17, 18] have demonstrated the use of these templates
for controlling the size of the formed nanospheres.
For example, silica nanospheres were produced by
adding monosilic acid to either PPI or PAMAM
dendrimers with a known amine concentration in
phosphate-buffered solution at a neutral pH [18].
Analysis of the reaction products revealed a sig-
moidal and linear correlation between amine con-
centrations and silica production of PPl and PAMAM
dendrimers, respectively. The concentration of the
phosphate in solution was identified as a key factor
for controlling the size of the product, with the
activity and particle size increasing with an increase
in phosphate concentration [50, 51]. In a related
study, Knecht et al. [17] used PPI and PAMAM
dendrimers for the selective precipitation of
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30-300 nm silica nanospheres using a defined con-
centration of phosphate buffer and main group metal
salts. Although the silica production was not affected
by phosphate-buffered solutions, SEM showed a
linear dependence of silica particle size on the
phosphate buffer concentration lower than 20 mM.
Depending on the generation of the dendrimer tem-
plate used, the silica spheres with a constant average
diameter of between 250 and 350 nm were produced
at phosphate buffer concentration higher than
20 mM. We have recently reported a related encap-
sulation of Au and Ag nanoparticles within silica
nanospheres using generation 4 of amine-terminated
PAMAM dendrimers [13]. It was observed that the
phosphate buffer concentration has an effect on the
size of the silica nanosphere (see Fig. 8). The silica
nanospheres were found to have characteristics of
mesoporous materials after the removal of the den-
drimer template by a 500 °C calcination method.
Surface area and average pore size of 698.3 m*/g and
3.4 nm were obtained, respectively.

Imae et al. also reported on the synthesis of sphere-
like porous silica materials [52]. Using amine-termi-
nated PAMAM dendrimers as a structure directing
agent, the synthesis was carried out at elevated
temperatures (70-140 °C). Depending on the pH,
concentration of the dendrimer template and reaction
temperature, the ageing time was varied from 2 to
6 days. The average size of the sphere-like porous
particles was found to be 30-300 nm, depending on
the reaction conditions employed. Lee et al. [10]
synthesized small silica nanocages (~ 10 nm) using
generation 4 in-house immolative dendrimers. A
notable advantage about this method is option of
being able to functionalize the interior of the nano-
cages, which makes them suitable for the encapsu-
lation of other nano-sized materials.
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Figure 8 TEM images of G4-
PAMAM-NH, templated silica
nanosphere (G4-PAMAM-
NH,-Si0,) prepared in
different buffer concentrations:
a20 mM, b 40 mM, ¢ 60 mM
and d 80 mM. Image
reproduced from Ref. [13]
with permission from Elsevier.

0
1

In an attempt to extend this chemistry, Wright et al.
[53] were able to produce multicomponent silica
nanospheres using PAMAM dendrimers as templates
for both Au’ nanoparticles and silica condensation.
The resulting nanocomposite materials yielded ran-
domly distributed gold nanoparticles encapsulated
within the mesoporous silica nanospheres with a
diameter of 80 nm (see Fig. 9).

The synthesis of silica in the presence of pre-
formed Pt DENs was reported by Chandler et al. [54].
Although the porosity of the silica support that was
formed was not investigated, it can be safely assumed
that the mesopore structures were formed upon
dendrimer removal by calcination. The -catalytic
activity of the synthesized composite material was
evaluated for the hydrogenation of toluene.
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Dendrimers as templating agents
for the synthesis of micro- and mesoporous
titania materials

Titanium dioxide is one of the most important inor-
ganic oxides because of its versatility in terms of its
properties and applications. It is used in the paint
industry, as clothes colourants and sunscreen lotions
[55-59]. Wright et al. [60] adopted a previously
reported procedure for the synthesis of dendrimer-
templated silica nanospheres by using different gen-
erations (GO, G2, G4, G5 and G6) of amine-terminated
PAMAM and PPI dendrimers to synthesize titania
nanospheres. As in the case of silica [17], the size of
the titania nanospheres was found to increase when
the synthesis was carried out in phosphate-buffered
solution as opposed to water. Average sizes of
310-470 nm were recorded for different generations
of the PAMAM dendrimer-templated TiO, nano-
spheres. Different phase transitions were observed
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Figure 9 Schematic diagram of the synthesis of silica encapsulated dendrimer supported Au® nanoparticles.

during annealing to remove the dendrimer template.
For instance, the crystalline anatase phase was
observed upon heating at 600 °C. Another phase
transition from anatase to rutile was observed when
the annealing temperature was increased to 900 °C.
In another interesting study, Brahmi et al. [61] syn-
thesized mesoporous anatase nanocrystals at low
temperature from generation 4 phosphorus den-
drimers. The norm has always been that titania
transforms from amorphous phase to anatase during
annealing at higher temperatures (400-500 °C). These
mesoporous titanias were found to possess a rela-
tively high surface area relative to other reported
mesoporous titania materials synthesized using dif-
ferent surfactants. The BET surface area ranging from
158 to 240 m*/g was recorded for these phosphorus-
dendrimer-templated mesoporous titania materials.
As demonstrated by Bouchara et al. [62], oxo-based
mesoporous hybrid titania materials produced from
generation 5 or 7 dendrimers and carboxyl (COO™)
peripheral groups were found to possess a BET-
specific surface area of 37 m?/g and average pore
size of 9-30 nm. The average pore size of 9 nm was
attributed to the size a specific dendrimer molecule,
while the 30 nm pore size was due to the agglomer-
ation of dendrimer templates. The existence of
mesopore structure was assumed based on TEM
measurements. The nitrogen adsorption-desorption
isotherms of the calcined materials were found to be
of type II, which is characteristic of non-porous
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materials. Such an observation was attributed to the
incomplete removal of the dendrimer template dur-
ing calcination at 325 °C. The dual function of the
amine-terminated PAMAM dendrimers to template
both the nanoparticles and pores of the support
during the synthesis was also demonstrated by
Crooks et al. [63]. To this end, the sol-gel synthesis of
metal nanoparticles supported onto titania was
achieved. In this instance, the interior of the den-
drimer templated the nanoparticles, while the exte-
rior templated the titania pores within the sol-gel
matrix. While the synthesized titania supported
DENSs composite was found to be amorphous prior to
calcination, it was evident from powder X-ray
diffraction data that it was partially converted to the
crystalline anatase phase following calcination at
500 °C. With a BET surface of 34.0 m?/g prior to
calcination and a type III isotherm, the synthesized
composite material typifies a macroporous material.
After calcination, the BET surface area increased to
50.2 m*/g and a type IV isotherm was observed,
which is characteristic of mesoporous materials. The
post-calcination increase in the surface area of the
composite material was attributed to the meso-
porosity introduced by the dendrimer template.
Crooks’ research group has also achieved the syn-
thesis of titanium-supported Pd/Au bimetallic
nanoparticles using the same method [64].



J Mater Sci (2018) 53:12663-12678

Dendrimers as templating agent
for the synthesis of micro- and mesoporous
alumina materials

Similar to silica, alumina has important industrial
applications such use as adsorbents and catalyst
support in chemical reactions. However, one of the
limitations of alumina catalysts is the deactivation
emanating from coke formation and pore plugging
that negatively affects the diffusion of reactants and
products [65]. Therefore, the synthesis of alumina
with highly specific surface areas, and narrow, tun-
able pore-size distributions is of great industrial
importance. Very few reports on the use of den-
drimers as pore-directing agents for the synthesis of
mesoporous alumina appear in the literature. For
instance, Zhang and Wang [66] used different half-
generation (Generation 2.5, 3.5 and 4.5) PAMAM
dendrimer templates to control pore size during the
synthesis of mesoporous alumina materials. These
mesoporous alumina granules were synthesized
using a new Yoldas sol-gel process combined with an
oil-drop granulation process [67]. The oil-drop
method for the fabrication of mesoporous alumina
was first proposed by Wang and Lin [68]. Aluminium
isopropoxide was used as a precursor for the syn-
thesis of alumina granules. The materials prepared in
the presence of generation 2.5, 3.5 and 4.5 PAMAM
dendrimers were denoted as SC10, SA10 and SBI10,
respectively. TEM images revealed a sponge-like,
three-dimensional and randomly connected meso-
porous network. The core structure and pore channel
for the wuncalcined samples (SA10 and SB10)
appeared relatively narrower than that of the cal-
cined samples. However, the mesoporous aluminium
oxide was found to be different from the MCM-41
due to the lack of long-range order in the pore
structure. The prepared mesoporous alumina dis-
played a Type IV nitrogen adsorption—adsorption
isotherm and type H1 hysteresis loops, which are
both characteristics of mesoporous materials. The
BET surface area was found to decrease with an
increase in the dendrimer generation, while the
opposite was observed for the average pore size (see
Table 3). The generation 4 amine-terminated
PAMAM dendrimers was used as a single molecular
templating agent for the synthesis of mesoporous
aluminophosphate materials [69]. The amorphous
pre-calcination nature of these materials was
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attributed to the presence of the dendrimer template
in the hybrid materials. The materials were found to
possess mesopore structures after calcination, and the
average pore diameter of 5-8 nm was found.

Dendrimer-templated porous zeolite
formation

Zeolites are another class of well-known nanoporous
materials, used largely in industrial processes as
catalysts and adsorbent materials. They have also
been recently applied in agricultural, environmental
and biological technologies [70, 71]. Zeolites are
obtained by hydrothermal treatment of aluminosili-
cate materials in the presence of templates or sur-
factants which act as structure directing agents and
are responsible for the final porosity [36, 72, 73].
Lombardo et al. [74] demonstrated the use of car-
boxyl-terminated PAMAM dendrimers as templates
for the formation of porous zeolites. In this study, the
zeolite LTA was formed by a simple addition of the
aluminosilicate to an aqueous solution of the gener-
ation 3.5 PAMAM dendrimer. The dendrimer used in
this case possessed a charged surface that acts as the
main driving force influencing the crystallite aggre-
gation and provides the long-range assembly condi-
tions for the zeolite growth. The formation of porous,
stable, and monodispersed spherical aggregates, with
an average radius of 3500 li, was detected following
characterization of the material with XRD, SAXS, and
SEM techniques. The research group of Lombardo
et al. [75] have also synthesized SAPO-34 zeolite
using generation 4 amine-terminated PAMAM den-
drimers as templating agents.

Dendrimers as templates
for the fabrication of other inorganic
mesoporous materials

Non-silicious inorganic dendrimer-templated meso-
porous materials have also been reported. For
example, amine-terminated PAMAM dendrimers
(generation 4) were used as templates for the syn-
thesis of mesoporous ZnWO, materials [76]. These
as-formed materials were characterized using various
techniques and used as catalysts in the degradation
of rhodamine B (RhB) and malachite green (MG)
dyes. Pramanik and Imae [77] prepared PAMAM
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Table 3 Characterization data

3
of the mesoporous alumina Sample (cm”/g)

BET surface area (m*/g)

Average pore size (nm) Pore volume

samples during doping

( SN0-550 267.3
dendrimers [66] SC10-550 321.9
SA10-550 304.3
SB10-550 276.9

5.19 0.46
3.81 0.39
4.1 0.43
4.5 0.42

dendrimers templated mesoporous hydroxyapatite
(HAp) using the hydrothermal method. The precur-
sor for HAp was prepared by mixing aqueous solu-
tions of calcium nitrate and diammonium hydrogen
phosphate. For comparative purposes, the same
materials were also prepared using cetyltrimethy-
lammonium bromide (CTAB) and both porogens
gave comparable physicochemical properties. For
instance, a BET surface area of 62.58 and 56.46 m*/g
were obtained for micelle and dendrimer porogens,
respectively. Additionally, the pore volume for the
micelle templated materials was found to be
0.19 cm?/ g, while 0.18 cm®/ g was achieved for the
dendrimer-templated materials.

The oxidation of an alkene is an essential step in
the production of numerous fine chemicals and
pharmaceuticals [78-83]; hence, the need for effective
homogeneous and heterogeneous catalysts for the
oxidation of alkenes. The use of generation 4 and 5
poly(propylene)imine (DAB-Am), dendrimers as
templating agents for the sol-gel synthesis of meso-
porous titanosilicate and vanadosilicate oxidation
catalysts has been reported [84]. Unlike other studies,
where the synthesis and characterization of den-
drimer-templated mesoporous materials were the
only objectives of the studies, Bruce et al. [84] went
further by evaluating the catalytic activity in the
oxidation of cyclohexene by tert-butylhydroperoxide
(TBHP). Doping of these mesoporous catalysts with
vanadium and titanium led to the incorporation of
the transition metals into the final dendrimer-tem-
plated mesoporous silicate materials (see Fig. 10).
The synthetic protocol was adopted from the work of
Larsen et al. [11, 85].

Atomic absorption spectroscopy (AAS) and com-
bustion analyses, which were used for elemental
analysis of the «calcined metal-doped samples,
revealed that the expected titanium and vanadium
loadings were slightly less than was expected from
the sol-gel synthetic method. In order to determine
whether the metals were randomly dispersed
throughout the particles or formed a separate oxide
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phase, energy dispersion X-ray analysis (EDX) was
performed. In both titanium and vanadium-doped
samples, the metal atoms were found to be randomly
dispersed throughout the solid structures. The tem-
perature required to initiate the decomposition of the
dendrimer was found to be 108 °C lower than the
temperature reported for the decomposition of tran-
sition metal-free silicate by Larsen et al. [85]. The
respective average particle sizes of CU-D32 and CU-
D64 samples were approximately 0.15 and 0.20 um.
The PXD patterns showed that CU-D32-Ti and CU-
D64-Ti materials had a d-spacing of 21.1 and 23 A,
respectively. The catalytic activity of these materials
was evaluated for the epoxidation of cyclohexene (see
Fig. 11) [84]. The reaction products showed that all
catalysts were very effective in the production of
cyclohexene-oxide under mild oxidative conditions.

Iron phosphate has been reported as one of the best
oxidation catalysts [86]. Therefore, the synthesis of
mesoporous iron phosphate catalysts is of great
importance in the chemical industry. It should,
however, be borne in mind that the synthesis of
mesoporous iron phosphate materials by simple
surfactant template method has proven to be diffi-
cult. Despite such challenges, Lu and Imae [87] have
managed to use PAMAM dendrimer template to
access mesoporous iron phosphate. Mesoporous
cerium oxide, another potential oxidation catalyst has
also been synthesized in the presence of the carboxyl-
terminated PAMAM dendrimers [62]. The materials
were prepared using cerium isopropoxide as a pre-
cursor and SEM revealed globular morphology of
about 700 nm in size.

Overall conclusions

It is clear that dendrimers are capable of acting as
templating agents, not only for synthesis of metal
nanoparticle, but also for the production of
stable micro- and mesoporous materials. When syn-
thesizing the latter, dendrimer templates can be used
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Figure 11 Catalytic oxidation of cyclohexene by TBHP [84].

for controlling both the particle and pore sizes. The
concentration of the phosphate buffer used in the
preparation of certain types of dendrimers plays an
important role in determining the particle size of
templated mesoporous silicas. It is also possible to
simultaneously produce mesoporous oxide and
metal nanospheres supported on the very same oxide
material using dendrimers as the template.

Although PAMAM dendrimers are effective tem-
plates for the synthesis of micro- and mesoporous
oxide materials, materials derived from these den-
drimers have in some cases poor structural properties
which cause the pores to collapse at high tempera-
tures. As a result, pores that are significantly smaller
than those of the PAMAM template itself are formed.
Consequently, some of the mesoporous oxide pro-
duced in this way may not necessarily be ideal for
catalysts support material. The metal-doped meso-
porous oxide, which is catalytically active, can also
successfully be synthesized wusing dendrimer
templates.

The molar ratio of Si/dendrimer is assumed to play
an important role in pore connectivity and resistance
to collapsing; it is actually key when tailoring the
wall-thickness between voids. Thicker pore walls
improve the thermal and hydrothermal stability of
the frameworks [42]. The use of higher generation
dendritic molecules with an appropriate silica/

OH

cyclohexene oxide tert-butanol

template ratio can potentially yield well-defined
mesoporous structures. It has been found that the
total pore volume and size as well as relative fraction
of micro- and mesopores can be controlled by
changing the reaction period and temperature and
Si/surfactant ratio [88, 89].
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