Chapter 3

Photofunctional Rare Earth Hybrid Materials
Based on Organically Modified Mesoporous
Silica

Abstract This chapter mainly focuses on recent research progress in photofunc-
tional rare earth hybrid materials based on organically modified mesoporous silica.
According to the type of mesoporous host, the content includes photofunctional rare
earth hybrid materials based on organically functionalized MCM-type mesoporous
silica, organically functionalized SBA-type mesoporous silica, organically func-
tionalized POMs-type mesoporous silica, mesoporous silica composite with inor-
ganic host, and mesoporous silica—polymer composite. Herein, it focuses the
research progress of our group.
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3.1 Introduction

Compared to the traditional molecular sieves, mesoporous silica possesses high spe-
cific surface area and uniform pore diameter distribution, whose pore diameter is
large and can be controlled by means of selecting different templates or adding
organic compounds [1, 2]. In the field of host—guest chemistry, mesoporous silica is
used as the host for large guest molecules. There are a lot of methods to tune the
pore diameter of mesoporous silica, whose basic principle is to reduce or enlarge the
size or volume of the micelle of precursors [3, 4]. The free Si—~OH groups over the
mesoporous materials can undergo the silylation reaction. The surface silylation
reaction of mesoporous silica not only can change the surface polarity but also can
introduce other functional groups such as mecapto or amino groups. Mesoporous
materials have no active center; the low chemical reactivity and high stability limit
their applications. In this case, chemical modification of mesoporous silica materi-
als to improve their reactivity has become a hot research topic in recent years.
Organic groups interact with the Si—~OH group of mesoporous silica to form Si—C or
Si—O-C bonds, which realize the functionalization of mesoporous materials and
modify the hydrophobicity of the pore wall of mesoporous silica. Subsequently, all
kinds of hybrid materials based on mesoporous hosts have been developed [5, 6].
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Mesoporous materials are analogous nanomaterials with ordered arrays of uni-
form nanochannels. They can be used as supports for rare earth complexes [7-19].
MCM-41, one member of the M41S family, possesses regular hexagonal arrays of
mesopores, a variable pore diameter of 1.5-30 nm, and tailorable interior surfaces
[7-9]. These properties, together with its thermal and mechanical stabilities, make
it an ideal host for incorporation of active molecules, so some work has already been
devoted to this area [7-9]. SBA-15 has also become a very attractive host because
of its high hydrothermal stability and the presence of hexagonally ordered large
mesopores (P6mm symmetry group) interconnected by complementary micropores.
Previous results reveal that the obtained materials possess good luminescence
properties and photo and thermal stabilities. The mesoporous silica SBA-16 has
also been considered as a good support on account of its three-dimensional struc-
ture, consisting of ordered interconnected spherical mesopores, which has a cubic
cage-like structure with multidirectional and large pore systems allowing good
access for both functionalization and adsorption [10-14]. Periodic mesoporous
organosilicas (PMOs) possess some obvious advantages over porous sol—gel-
derived or grafted hybrid materials, such as highly ordered structures with very
uniform pores, homogeneous distribution of functional groups throughout the whole
framework, high loading amount, etc. [15-18].

Up to present, as an important functionalization approach, chemical modification
has been extensively utilized in all kinds of materials. The main functionalization
method for mesoporous materials is postsynthetic modification. Here only two
basic methods are introduced, one is grafting, and the other is co-hydrolysis/
polydensation [19, 20]. The grafting method is to link the functional group in the
channel of mesoporous host to realize the surface modification of them after the
formation of mesoporous structure (generally after removing template). The large
amount of Si—OH over the surface of mesoporous silica can behave as the anchor
point to graft organic functional groups, [21] and then the organic molecules react
with Si—OH to introduce the channels which are grafted onto the surface of meso-
porous silica host. The grafting method includes three aspects: inert surface group
grafting, active surface group grafting, and position selective grafting, respectively.
The removal of templates includes two methods: calcination and extraction.
Compared to calcination method, extraction method can retain a great amount of
Si—OH groups on the surface, which hardly lose and are easy to graft organic groups.
In the grafting modification of mesoporous silica, outside surface is more easily to
introduce functional groups than inside surface, and the functionalized groups over
outside surface exhibit superior reactivity. So it can selectively functionalize the
outside surface of mesoporous silica before removing templates. In order to decrease
the reactivity of the groups on outside surface and improve the selectivity of reac-
tion, it can first deactivate the outside surface and then functionalize the inside sur-
face of mesoporous silica. For these functionalized mesoporous silica with grafting
method, the organic functional groups possess low loading amount, so it is difficult
to control the content and position in the channel, and the distribution in the channel
is not uniform. Cohydrolysis/polycondensation belongs to one-step direct synthesis,
in which silane sources (cross-linking reagents) are added in the sol to synthesize
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the mesoporous materials [22, 23]. The functionalization and synthesis of mesopo-
rous silica are processed simultaneously. The advantage of this method to synthe-
size mesoporous materials is that the organic functional groups distribute in the
channels uniformly [24].

For photofunctional mesoporous hybrid materials, considering the requirement
of photoactivity, the functionalized units or groups should possess the emissive or
absorptive property. Single silane source like cross-linking reagents doesn’t have
apparent photoactivity, so it needs to be modified with photoactive ligands. In Chap.
2, the corresponding modified path has been discussed, which is important for pho-
tofunctional hybrid materials based on organically modified mesoporous silica. On
the basis of the above research on rare earth sol-gel-derived hybrid materials with
ORMOSILs, it is natural to further attempt the assembly of rare earth mesoporous
silica hybrids by grafting rare earth complex units with templates. Novel kinds of
rare earth mesoporous hybrid materials, which combine the luminescence proper-
ties of rare earth complexes and the particular properties of mesoporous materials,
have therefore received considerable attention in recent years. The research has
involved many kinds of typical mesoporous hosts such as MCM-41(48), SBA-
15(16), periodic mesoporous organosilicas (POMs), etc.

3.2 Photofunctional Rare Earth Hybrid Materials Based
on Organically Modified MCM-Type Mesoporous Silica

M41S mesoporous silica family consists of hexagonal crystal system MCM-41,
cubic crystal system MCM-48, and layer-like structural MCM-50. Among them,
MCM-41 mesoporous silica possesses hexagonal arrangement of one-dimensional
channels, which is the most popular system in the M41S family due to its easy syn-
thesis and simple structure. This kind of novel mesoporous materials not only breaks
the limit of too small pore diameter of old zeolite materials but also shows the new
character such as uniform channel, regular hexagonal or order arrangement, con-
tinuous tuning in 2-10 nm range of pore diameter, high specific surface area, good
thermal stability, etc. [7-9].

Functionalized mesoporous hybrid materials of photoactive rare earth com-
plexes have appeared in recent decades. The primary research is originated from
MCM-41 mesoporous hybrids fabricated with rare earth complexes. There have
been extensive studies of the encapsulation and assembly of guest molecules in
mesoporous channels [24-44]. Xu et al. study the direct encapsulation of rare
earth complexes into MCM-41 host to prepare the hybrid materials, mainly with
B-diketonates [24—27]. For example, rare earth complex [CsHsNC,sH;3][Eu(TTA),]
is incorporated into surface-modified mesoporous molecular sieve Si-MCM-41
via reactions of the surface Si—-OH with different silylation agents such as
(C,H;50);Si(CH,),NH(CH,),NH, (NSED), (C,Hs0);Si(CH,);NH, (APTES), and
(C,H;50)5Si1(CH,);CN (TSBT), whose photophysical properties are studied [24].
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The results show that the surface silylation of Si-MCM-41 provides a unique
chemical environment for the incorporated [CsHsNC,sHs;][Eu(TTA),] complex.
The content of the rare earth complex in the final products, obtained from chemi-
cal analysis, is 6.61% in NSED-Si-MCM-41, 1.84% in APTES-Si-MCM-41,
1.83% in TSBT-Si-MCM-41, and 0.42% in Si-MCM-41, respectively. Hydrogen
bonding interactions of the rare earth complex with its surrounding silylating
agents alter the photophysical properties of the rare earth complex, whose emis-
sion intensity and color purity in these surface-silylated Si-MCM-41 materials
increase in the order of Si-MCM-41 < TBST-Si-MCM-41 < APTES-Si-
MCM-41 < NSED-Si-MCM-41. Because of the strongest hydrogen bonding in
NSED-Si-MCM-41, the rare earth complex only emits light with a single wave-
length, corresponding to SDy-’F,, which is rarely seen in the luminescence of rare
earth complexes. Similarly, considering the suitable match between the pore
diameter of MCM-41 host and the size of rare earth complex guest, the other rare
earth B-diketonates can also be introduced to assembly the hybrid materials
[25-27].

Besides, Carlos’s group also study the MCM-41 hybrid materials with special
pyrazolylpyridine-derived ORMOSIL linkage [28-31]. Gago et al. use mesoporous
silica MCM-41 functionalized with a chelating pyrazolylpyridine ligand (MCM-
41-L2) (L2 = (3-triethoxysilylpropyl)[3-(2-pyridyl)-1-pyrazolyl] acetamide) as a
support for the immobilization of tris(#-diketonate) complexes RE(NTA); (RE = Eu,
Gd; NTA = 1-(2-naphthoyl)-3,3,3-trifluoroacetone) [28]. The spectroscopic studies
supported by ab initio calculations evident that the immobilized Eu** complex is an
eight-coordinate with a local coordination environment similar to that for a model
complex containing ethyl[3-(2-pyridyl)-1-pyrazolyl]acetate (L1). No emission from
the pyrazolylpyridine ligands is observed in the room-temperature emission spec-
trum of MCM-41-L2/Eu in spite of only about one-third engaged in coordination
with Eu®* ions, while the pyrazolylpyridine groups in the precursor ligand—silica
can exhibit efficient emission. Furthermore, the radiance value measured for MCM-
41-L2/Eu (0.33 yW-cm™) is only about one-half of that measured for the complex
Eu(NTA);-L1 (0.73 yW-cm=2), even though the concentration of emitting centers in
the MCM material is much lower, which suggests the existence of an unusual two-
step intermolecular energy transfer between “free” and “coordinated” ligands in
MCM-41-L2/Eu to culminate in the observation of enhanced Eu** luminescence.
Bruno et al. prepare hybrid ligand—silica by reaction of the ordered mesoporous
silica MCM-41 with 3-triethoxysilylpropyl 4-pyridylacetamide (L3) [29]. Elemental
analysis indicates a pyridyl group loading of 0.93 mmolg~'. Pyridyl-functionalized
MCM-41(L3) is treated with chloroform solutions of rare earth tris-p-diketonate
complexes Ln(NTA);(H,0), (RE = Eu, Gd) to give the surface-bound monosubsti-
tuted species Ln(NTA);(H,O)(L3), whose residual coordinated water molecules are
subsequently replaced by pyridine (py) or methyl phenyl sulfoxide (mpso) to give
immobilized RE(NTA);(py)(L) and RE(NTA);(mpso)(L3) species. Variation of the
excitation wavelength confirms that all of the Eu** occupies the same average local
environment within each sample. The interaction between the host and guest has a
strong effect on the excited states of the organic ligands. They further investigate a
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luminescent hybrid material by impregnating the Eu** p-diketonate complex
Eu(NTA);LO within the channels of MCM-41 (LO = 2-(3(5)-pyrazolyl)pyridine)
[30]. The low- (14 K) and room-temperature emission spectra of the Eu-modified
mesoporous material display the typical Eu** intra-4f° lines, whose 3D, quantum
efficiency is estimated to be 21.1%, which is lower than 46.1% for the model com-
plex Eu(NTA);LO0. This difference is ascribed to the presence of an excited state of
the organic ligands in the MCM-41, which lies approximately resonant with the °D,
intra-4f° level to open up an additional non-radiative channel.

Recently, Felicio et al. directly prepare MCM-41 hybrids incorporated with
Eu(TTA)s;ephen [31]. The combination of UV-Vis and photoluminescence spec-
troscopy shows that the complex incorporation seems to modify essentially the sec-
ond Eu** coordination shell. The impregnated hybrid material shows maximum °D,
quantum yield value of 0.31, which is almost in the same scale as covalently bonded
one. To deeply understand the photoluminescence process, the ligand-to-Eu?* intra-
molecular energy transfer and back-transfer rates are also predicted, which are in
good agreement. The dominant pathway involves the energy transfer between the
lowest energy ligand triplet and the 5Dy level (9.70 x 107 s71).

Zhang’s group study MCM-41-based hybrids with pyridine derivative linkages
in detail [32-34]. Firstly, Li et al. prepare organo-functionalized MCM-41 contain-
ing non-covalently linked 1,10-phenanthroline (phen-MCM-41) [32]. The one-step
synthesis presents an alternative to postsynthesis grafting methods. The high affin-
ity toward various cations and the blue emission of the modified phenanthroline that
is proven to be within the channel renders phen-MCM-41a promising candidate
both for optical devices and the removal of anions. The desired properties of MCM-
41 can be tailored by an appropriate choice of the precursors and the metal ions.
Their emphasis has been on NIR-luminescent mesoporous hybrids [33, 34]. For
instance, Sun et al. prepare NIR-luminescent mesoporous materials by linking ter-
nary rare earth (Er**, Nd*, Yb*, Sm*, Pr**) complexes to MCM-41 through a func-
tionalized phen group, 5-[N,N-bis-3-(triethoxysilyl)propyl]
ureyl-1,10-phenanthroline on the basis of Li’s work. Here, two j3-diketonates HFTH
(4,4,5,5,6,6,6-heptafluoro-1-(2-thienyl)hexane-1,3-dionate and TFNB (4,4,4-trifluo
ro-1-(2-naphthyl)-1,3-butanedione) are used as the second ligands [33]. Upon exci-
tation at the absorption wavelength of the organic ligands, all these materials show
the characteristic NIR luminescence of the corresponding rare earth ions. They fur-
ther prepare mesoporous hybrid material, Q-MCM-41 based on a bifunctional
ligand, 8-hydroxyquinoline-functionalized organosilane (Q-Si) [34]. Furthermore,
through ligand exchange reactions, new NIR-luminescent mesoporous REQ;-
MCM-41 (RE = Er, Nd, Yb) materials are prepared by linking rare earth quinolinate
complexes to Q-MCM-41. In addition, Feng et al. focus on the Tm mesoporous
MCM-41 hybrid materials. Still using phen-Si as linkage, they prepare three NIR-
luminescent thulium complexes covalently bonded to the ordered mesoporous
material MCM-41 (Tm(L);phen-MCM-41 (L = TTA, TFENB, DBM)] [36, 37]. The
full widths at half maximum (fwhm) of the 1474 nm emission band are 96 nm,
100 nm, and 110 nm for Tm(TTA);phen—-MCM-41, Tm(TFNB);phen-MCM-41,
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Fig. 3.1 The scheme for synthesis procedure and predicted structure of RE-MABA-MCM-
41(RE = Tb, Eu) (Top); selected HRTEM recorded along the [100], [110] zone axes (left, middle)
and SEM image (Right) of To-MABA-MCM-41 (Bottom) (Reprinted with permission from Ref.
[39]. Copyright 2010, Elsevier Publisher Ltd)

and Tm(DBM);phen-MCM-41, respectively. The good luminescent performances
enable these materials to have potential applications in optical amplification (broad-
ening amplification band from C band (1530-1560 nm) to S* band
(1450-1500 nm)).

Yan’s group has also prepare some rare earth mesoporous hybrids of MCM-41
hosts based on their previous work on the ORMOSILs introduced in Chap. 2 [37—
44]. Li et al. prepare a series of aromatic carboxylic acids (with amino, hydroxyl,
and methyl substituted groups) grafted ORMOSILs modified MCM-41 hybrid
materials through the different modification paths [37-39]. Here, an example is
given for the aminobenzoic acid grafted ORMOSILs modified MCM-41 hybrid
materials. The rare earth (Tb*, Eu**) complexes are covalently immobilized in
MCM-41 through the modification of MBA (meta-aminobenzoic acid) with TESPIC,
using a co-condensation method (Fig. 3.1 (Top)) [39]. The final luminescent meso-
porous materials have high surface area, uniformity in the mesopore structure, and
good crystallinity. The HTEM images (Fig. 3.1(Bottom) left and middle)) of
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Tb-MABA-MCM-41 suggest that the ordered pore structure is still substantially
conserved after the complexation, which shows p6mm symmetry and well-ordered
hexagonal structure in agreement with the SAXRD and N, adsorption/desorption
isotherms. The distance between the centers of the mesopore is estimated to be
3.91 nm, which is in good agreement with the value determined from the corre-
sponding XRD data. Moreover, Tb-MABA-MCM-41 exhibits the stronger charac-
teristic emission of Tb* and longer lifetime than Eu-MABA-MCM-41. Compared
with pure Tb(MABA); complex, the increase of luminescence intensity in
Tb-MABA-MCM-41 shows that the mesoporous MCM-41 is an excellent host for
the luminescence Tb(MABA); complex. Similarly, other kinds of aromatic carbox-
ylic acid ligands can be grafted onto an MCM-41 host [39, 40].

MCM-41 materials directly covalently bonded with modified p-diketones have
also been obtained [41-43]. Zhou et al. report MCM-41 mesoporous hybrids with
dibenzoylmethane (DBM) and acetylacetone (ACAC) ORMOSILs [40]. The hybrid
materials with covalently bonded MCM-41 have higher intensities and longer life-
times than those of pure complexes (Eu-DBM and Tb-ACAC), suggesting that
covalently bonded MCM-41 host can decrease the concentration quenching effect
and enhance the luminescent stability. Moreover, the luminescence properties of
mesoporous hybrids are comparable to those of sol-gel-derived hybrids with the
same ORMOSILs (TTA-Si) [41]. In addition, Li et al. functionalize MCM-41 meso-
porous silica with two kinds of macrocyclic calixarene derivatives Calix [4] and
Calix [4]Br (Calix [4] = P-tert-butylcalix[4]arene, Calix [4]Br = 5,11,17,23-tetra-
tert-butyl-25,27-bihydroxy-26,28-bibromopropoxycalix[4]arene)  [43].  More
recently, Gu et al. report the synthesis of organic ligands (9-hydroxyphenalenone
(HPO), 2-methyl-9-hydroxyphenalenone (MHPO), 6-hydroxybenz[de]anthracen-
7-one (HBAO)) and their assembly with phen-Si-functionalized mesoporous MCM-
41 to obtain the ternary Eu®* hybrid materials, EuL;phen-MCM-41 (L = HPO,
MHPO, HBAO) [44]. It is worth noting that the excitation spectra of these hybrid
materials have a broad absorption, which occupies from UV to visible region (250-
475 nm) consisting of two absorption centers from phen-MCM-41 and three ligands
(HPO, MHPO, HBAO), respectively. Upon ligand-mediated excitation with the vis-
ible light, the low efficient energy transfer occurs between the organic ligands and
europium(III) ion under visible excitation, but the maximum wavelength (456 nm/
457 nm/451 nm) locates at blue light region, which is in consistent with the blue
LED light. Then this hybrid material may be a feasible alternative in producing
time-resolved luminescence under LED excitation.

Besides MCM-41 hybrids, Meng et al. report the studies on functionalized
MCM-48 mesoporous hybrids with europium f-diketonate complexes
(Eu(DBM);-2H,0) using a simple wet impregnation method [44, 45]. MCM-48 has
a very high surface area, large pore volume, and narrow pore size distribution,
adjustable in the 1.5-10 nm range. The high surface area exhibited by MCM-48
makes it an attractive host for the insertion of large amounts of bulky molecules
with functional properties. Shifts in the absorption maxima are observed in the exci-
tation spectra, which is in relation to host—guest interactions between the organic
complex and the silica matrix. The role of the O>—Eu** charge-transfer band and the
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impact of silylation on the luminescence properties at room and high temperatures
are demonstrated.

3.3 Photofunctional Rare Earth Hybrid Materials Based
on Organically Modified SBA-Type Mesoporous Silica

SBA series belongs to mesoporous silica materials containing cage structures,
which is synthesized in strong acidic condition using double-chain surfactant as
template. Among the series, the most important system is pure mesoporous silica
material SBA-15 with hexagonal structure (P6mm), prepared using special hydro-
philic tri-block copolymer (poly (oxyethylene)-poly (oxypropylene)-poly (oxyeth-
ylene) (PEO-PPO-PEO) as template. Besides, another SBA-16 mesoporous silica
material with cubic cage structure can be synthesized using large PEO chain block
copolymer [10-14].

There are many reports on photofunctional rare earth SBA-15 mesoporous
hybrids [46—-61]. Zhang’s group concentrate on SBA-15-type hybrid materials with
ORMOSILSs derived from pyridine derivatives (bpy, phen, etc.) as the first ligand
and second ligand such as p-diketones (DBM, HFTH, TFNB) [46, 47]. In Peng
et al.’s work on phen-Si modified SBA-15 hybrids (Eu(TTA)3phen-SBA-15) [47],
and they confirm that these chemically bonded mesoporous hybrids show more
favorable luminescence performances than the corresponding doped systems. The
thermal stability of the rare earth complex is also evidently improved. Corriu et al.
prepare ordered mesoporous silica containing 3-chloropropyl groups by a direct
synthetic approach [48]. Nucleophilic displacement of chloro groups by cyclam
moieties (cyclam = 1,4,8,11-tetraazacyclotetradecane) is then achieved almost
quantitatively. Subsequent treatment of solids containing different amounts of
cyclam moieties with an ethanolic solution of Eu** chloride gives rise to 1:1 Eulll/
cyclam complexes. The EXAFS studies have shown that Eu(IIl) adopts an octahe-
dral geometry.

Besides, Sun et al. prepare the dual-functional ligand Q-Si and the mesoporous
hybrid material REQ;-SBA-15 (Q = 8-hydroxyquinoline; RE = Er, Nd, Yb) (Fig. 3.2)
[49]. After ligand-mediated excitation, all of the emission spectra of the LnQ;-
SBA-15 materials show the characteristic NIR luminescence of the corresponding
rare earth ions. As both the organic ligands and the emission of the rare earth ions
can be tuned, a variety of mesoporous materials exhibiting a wide range of optical
properties can be envisaged useful for optical applications. Besides, they further
realize the attachment of ternary rare earth complexes (RE(HFTH);phen) (RE = Er,
Nd, Yb, Sm) and (Pr(TFNB);phen) to the ordered SBA-15 mesoporous materials
via a functionalized phen-Si linker, all of which also display the characteristic NIR
luminescence of the corresponding RE** ions [50]. Based on their work on visible-
luminescent SBA-15 mesoporous hybrids, it can be expected that the luminescence
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Fig. 3.2 The scheme for synthesis procedure and predicted structure of REQ;-SBA-15 (RE = Nd,
Er, Yb) hybrids (Left); SEM images of surfactant-extracted Q-SBA-15 material (middle) and TEM
images of surfactant-extracted Q-SBA-15 material along the [110] (a) and [100] (b) zone axes
(Right) (Reprinted with permission from [49]. Copyright 2008, The American Chemical Society)

spectral region from 1300 to 1600 nm is of particular interest for telecommunica-
tions applications.

Yan’s group also study the functionalized SBA-15 mesoporous host with
ORMOSILs derived from different organic precursors, including p-diketones
(1-(2-naphthoyl)-3,3,3-trifluoroacetone (NTA), TTA, DBM, ACAC, calixarene
derivatives (Calix, Calix-NH,, Calix-NQO,), aromatic carboxylic acids, and sulfoxide
ligands (oxobenzyldimethyl sulfoxide, benzylsulfinylacetylbenzene, porphyrin and
hydroxyphenalen-1-one derivatives, etc.) [S1-61]. They all have high surface areas
and uniform mesostructures and crystallinities. The efficient intramolecular energy
transfer in mesoporous materials mainly occurs between the modified ligand and
the central RE** ion. For example, Li et al. prepare mesoporous hybrid materials by
linking the binary and ternary Eu** complexes to the functionalized ordered meso-
porous SBA-15 with the modified 1-(2-naphthoyl)-3,3,3-trifluoroacetone (NTA)
(Fig. 3.3) [51]. Among these, Eu(NTA-SBA-15);bpy exhibited the characteristic
emission of Eu** ion under UV irradiation with higher 3D, luminescence quantum
efficiency than the pure Eu(NTA);bpy complex and other hybrid materials. This
work can be extended to other p-diketone-grafted ORMOSIL-modified SBA-15
hybrid materials [52-56]. Li et al. synthesize the mesoporous hybrid materials
phen-RE(OBDS);-SBA-15 and phen-RE(BSAB);-SBA-15 (RE = Eu, Tb) by link-
ing the ternary rare earth (Eu*, Tb*") complexes to the functionalized ordered meso-
porous SBA-15 with the modified sulfoxide (OBDS-Si and BSAB-Si) [57]. The
resulted mesoporous hybrids exhibit a strong, nearly monochromatic emission of
Eu?* ions, and good thermal stability. Li et al. prepare three types of ternary rare
earth mesoporous hybrid materials ((RE(Calix-S15)phen, RE(Calix-NO,-S15)
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Fig. 3.3 Scheme of the synthesis process of NTA-Si and predicted structure of hybrid mesopo-
rous material Eu(NTA-SBA-15);bpy (Left); and HRTEM images of Eu(NTA-SBA-15);bpy
recorded along the [100] (fop) and [110] (bottom) zone axes (Right) (Reprinted with permission
from Ref. [51]. Copyright 2008 the American Chemical Society

phen, and RE(Calix-NH,-S15)phen) using modified macrocycle organic ligands
(Calix-Si, Calix-NO,-Si, and Calix-NH,-Si) as a linker [58]. Li et al. also function-
alize SBA-15 mesoporous silica with two kinds of macrocyclic porphyrin deriva-
tives (meso-(tetra(p-hydroxyphenyl)porphyrin (THPP), protoporphyrin IX (PPIX))
through condensation approach of TEOS [59]. They exhibit the characteristic NIR
luminescence of Nd* and Yb**.

Li et al. synthesize two kinds of binary and ternary rare earth (Nd* or Yb*)
hybrid materials using 9-hydroxyphenalen-1-one (HPNP)-modified silane as bridge
molecule and phen as assistant ligand, which display the characteristic NIR lumi-
nescence of Nd** and Yb** under the excitation at visible region [60]. Furtherly, Gu
et al. modify MHPO (2-methyl-9-hydroxyphenalenoe) with TESPIC to achieve
linkage (MHPOSI) and prepare photoconversion RE** (Eu**, Nd**, Yb*) mesopo-
rous hybrid materials [61]. The functionalized mesoporous SBA-15 network still
presents excitation capability in visible region in spite of the modification of organic
silane. Subsequently, they can exhibit characteristic visible (for Eu*) and NIR
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luminescence for (Nd* and Yb**). The photo conversion between the visible and
NIR light can be expected to have potential application in the practical fields.
Moreover, Gu et al. synthesize a series of new visible and near-infrared (NIR) lumi-
nescent rare earth complexes of hydroxybenz[de]anthracen derivatives (RE(HBAN);
(H,0),(NOs);, RE(HBAN);phen(NO;);) (HBAN-6-hydroxybenz[de]anthracen-
7-one, RE = Eu, Yb, Nd) and prepare the chemically bonded rare earth hybrids of
functionalized mesoporous silica (SBA-15) using HBAN-functionalized alkoxysi-
lane (HBAN-Si) as linker [62]. Worth noting here is that the excitation spectra of
these hybrid materials are extended to visible light region (439-535 nm). Upon
ligand-mediated excitation with the ultraviolet and visible light, the visible lumines-
cence for europium hybrids and NIR luminescence for Yb* and Nd** hybrids are
obtained.
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Li et al. put forward a novel method to construct the luminescent mesoporous
materials, in which the ionic liquid 1-methyl-3-[3-(trimethoxysilyl)propyl] imidaz-
olium chloride is incorporated into mesoporous SBA-15 framework by an in situ
sol-gel processing (Fig. 3.4) [63]. Then, an anion metathesis processing is per-
formed for introducing the rare earth p-diketonate complexes anion. Four kinds of
commercially available p-diketonate are used in here, which are benzoyltrifluoroac-
etone (BTA), hexafluoroacetylacetone (HTA), TTA, and trifluoroacetylacetone
(TAA), respectively. Subsequently, four europium-based mesoporous materials
SBA-15-IM*[Eu(L)4]” (L = TTA, BTA, HTA, or TAA) are obtained after anchoring
the europium p-diketonate complexes anion onto the SBA-15 framework. All the
resulting materials through ionic exchange possess higher quantum yields than
those covalently bonded mesoporous hybrid materials. This may be due to the fact
that ion exchange reaction forming the hybrid system through static force is benefi-
cial for the energy transfer and sensitized luminescence of rare earth ions.

Yan’s group prepare mesoporous SBA-16-type hybrids, TTA-S16, and DBM-
S16, by co-condensation of a modified f-diketone in the presence of Pluronic F127.
Novel mesoporous luminescent hybrids containing RE** (Eu®**, Tb*") complexes
covalently attached to the functionalized ordered mesoporous SBA-16 (TTA-S16
and DBM-S16), denoted by bpy-Ln-TTA-S16 and bpy-RE-DBM-S16, are obtained
by a sol—gel process (Fig. 3.5). The luminescence properties of these resulting mate-
rials have been characterized in detail, and the results reveal that the mesoporous
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hybrid material bpy-Eu-TTA-S16 has a stronger luminescence intensity, longer life-
time, and higher luminescence quantum efficiency than the corresponding DBM-
containing material bpy-Eu-DBM-S16, and bpy-Tb-DBM-S16 exhibits a stronger
characteristic emission of Tb** and a longer lifetime than the corresponding TTA-
containing material bpy-Tb-TTA-S16 [64]. Further, Gu et al. synthesize rare earth
complex functionalized mesoporous SBA-16-type hybrid materials by co-
condensation of modified 2-methyl-9-hydroxyphenalenoe (MHPOSi, from the
modification of TESPIC and TEOS) [65]. Among them, Eu** hybrid system shows
the ultraviolet excitation and visible emission, and Nd* and Yb** hybrids exhibit the
visible excitation and NIR emission.

3.4 Photofunctional Rare Earth Hybrid Materials Based
on POMs-Type Mesoporous Silica

PMOs (periodic mesoporous organosilicas) belong to hybrid materials with organic
functional groups that functionalized mesoporous silica host, in which organic
groups are contained within the mesoporous pore walls. The organic functional
groups are distributed in the mesoporous frameworks and cannot block the channel
or occupy the pore volume, whose flexibility can enhance the mechanical strength
of materials. Besides, the different organic groups can tune the hydrophilicity/
hydrophobicity of the materials surface and also can derive the new active center
through further reactions. PMOs realize the uniform distribution and high loading
amount of organic groups [15-17].

For mesoporous hybrids with PMO hosts, Guo et al. report novel periodic meso-
porous organosilica covalently grafted with phen-derived ORMOSILs (phen-PMO),
which is synthesized via co-condensation of 1,2-bis(triethoxysilyl)ethane and phen-
Si using a polyoxyethylene stearyl ether surfactant as a template (under acidic
conditions) [66]. Compared with the pure complex, the resulting hybrid material
exhibits better thermal stability and a similar emission quantum efficiency. Besides,
the PMO material is further synthesized through one-step co-condensation of
1,2-bis(triethoxysilyl)ethane (BTESE) and benzoic acid-functionalized organosilane
(BA-Si) using cetyltrimethylammonium bromide (CTAB) as a structure-directing
agent under basic conditions (Fig. 3.6, Bottom) [67]. XRD and N, adsorption—
desorption isotherms reveal the characteristic mesoporous structure with highly uni-
form pore size distributions. FESEM confirms that the morphology of the PMOs is
significantly dependent on the molar ratio of two organosilica precursors. In addi-
tion, BA-PMO is attempted as a supporter to link the Tb** ions via impregnation of
TbCl; into BA-PMO through a ligand exchange reaction. Under the UV radiation, it
exhibits a strong characteristic of emitting Tb** ions.

More recently, Sun et al. prepare periodic mesoporous organosilica material
(named as bpd-PMO) through co-condensation of bis(triethoxysilyl)ethane (BTEE)
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and a synthesized silsesquioxane precursor 4,4’-bis[Si(OEt);(CH,),]-2,2’-bipyridine
(bpd-Si) [68]. Subsequently, three NIR-luminescent PMO hybrid materials (named
as RE(DBM);bpd-PMO, RE = Er, Nd, Yb) covalently linked with rare earth com-
plexes are prepared via a ligand exchange reaction. The excitation spectra of the
RE(DBM);bpd-PMO extend to the visible light range, whose visible light excitation
produces the characteristic NIR luminescence of the corresponding RE** ions.

In recent years, Li et al. synthesize PMOs by linking rare earth (Tb*, Eu*) com-
plexes to mesoporous frameworks through modified 4-mercaptobenzoic acid
(MCBA) [69]. From the 29Si MAS NMR spectra, the peaks corresponding to the
organosiloxane T, [T, = RSi(OSi),0H;_,, n = 2-3] species can be identified clearly,
which indicates the existence of the Si—C bond in the hybrids. Besides, the relative
intensity of T; NMR signal is obviously stronger than T,, resulting in the degree of
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hydrolysis—condensation between BTESE and MCBA is completely. The absence
of various siloxane Q,, [Q,, = Si(OSi),, (OH)4.,,, m = 2—4] around —90 to —120 ppm
suggests that Si—C bond is not decomposed in the process of hydrolysis—condensa-
tion. Recently, Li et al. prepare the ternary mesoporous hybrid material bpy-Ln-
Calix-NH,-PMO (Ln = Eu, Tb) by linking ternary rare earth (Eu**, Tb*") complexes
to PMOs through functionalized Calix-NH, ligands [70]. The luminescence proper-
ties show that the triple-state energy level of Calix-NH, is more suitable for the
sensitization of Eu** than of Tb*', and the luminescence intensity of the °D, — F,
transition and the °D, luminescence quantum efficiency of this material are higher
than that of the pure bpy-Eu-Calix-NH, complex, further confirming that the ternary
complex bpy-Ln-Calix-NH, is covalently bonded to the PMO silicon network (see
Fig. 3.7).

Gu et al. use molecular linkage phen-Si to construct the phen-NH,-functionalized
periodic mesoporous organosilica (PMOs) hybrids by linking ternary europium
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complexes with phen-Si linkage and MHPO [71]. It is worth pointing out that the
europium hybrids show emission of both europium ion and phen-functionalized
PMOs, which can be integrated into the close white luminescence. This provides us
a strategy to obtain white emissive rare earth hybrids.

3.5 Photofunctional Rare Earth Hybrid Materials Based
on Organically Modified Mesoporous Silica and Other
Inorganic Hosts

From above introduction to the three main kinds of organically modified mesopo-
rous silica hybrid materials, we can draw a conclusion that the covalent linker still
plays an important role in preparing these mesoporous hybrids by postsynthetic
modification and in situ assembly approach. Besides, some work report the com-
parison of different mesoporous hosts except for the assembly process using differ-
ent templates. For example, Sun et al. achieve the NIR-luminescent RE(DBM);phen
complexes covalently bonded to the ordered mesoporous materials MCM-41 and
SBA-15 via a functionalized phen group phen-Si (RE = Er, Nd, Yb) [72]. The syn-
thesis parameters X = 12 and Y = 6 h (X denotes RE(DBM);(H,0),/phen-MCM-41
molar ratio or RE(DBM);(H,0),/phen-SBA-15 molar ratio and Y is the reaction
time for the ligand exchange reaction) are selected through a systematic and com-
parative study. The derivative materials are denoted as RE(DBM);phen-MCM-41
and RE(DBM);phen-SBA-15 (RE = Er, Nd, Yb). In addition, RE(DBM);phen-
SBA-15 hybrids show an overall increase in relative luminescent intensity and
lifetime compared to the RE(DBM);phen-MCM-41 materials, which is explained
by the comparison of the rare earth ion content and the pore structures of the two
kinds of mesoporous materials. Li et al. also prepare rare earth mesoporous hybrid
1 materials by introducing the ternary rare earth (Eu*, Tb*) p-diketonate
(TTA, TAA) into the functionalized mesoporous hosts through the coordination
bond and covalent bond by using 3-chloropropyltriethoxysilane modified 1,4,7,
10-tetraazacyclododecane (Cyclen-Si) as an organic bridge molecule [73]. Gu et al.
prepare a series of hybrid materials by linking rare earth (Eu**, Sm*) complexes to
mesoporous SBA-15/SBA-16 through 8-hydroxybenz[de]anthracen-7-one modi-
fied silane (HBA-Si) as linker [74]. The luminescence properties of these covalently
bonded materials (denoted as RE(HBA-SBA-15);phen and RE(HBA-SBA-
16);phen) are compared with ternary complexes (RE(HBA);phen) (RE = Eu, Sm).
Eu(HBA-SBA-15(16));phen hybrids display better thermal stability; their lumines-
cent lifetimes and quantum efficiencies are comparable to those of Eu(HBA);phen
complex in spite of its much less effective condensation of Eu®* species. In addition,
the luminescent performance of functionalized SBA-15 hybrids is more favorable
than that of functionalized SBA-16 hybrids, revealing that SBA-15 is a better host
material for rare earth complex than mesoporous silica SBA-16. Guo et al. prepare
ternary Eu(TTA);phen covalently bonded with the general mesoporous material
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SBA-15 and SBA-15-type of periodic mesoporous organosilica (PMO) material via
impregnation of Eu(TTA);-2H,O into phen-S15 and phen-PMO, respectively,
through a ligand exchange reaction [75]. Compared with the sample of
Eu(TTA);phen-PMO, the mesoporous hybrid material Eu(TTA);phen-S15 exhibits
longer luminescent decay time and higher luminescence intensity, emission quan-
tum efficiency, and absolute quantum yield. Meanwhile, the result of thermal treat-
ment demonstrates that the europium complex in Eu(TTA);phen-S15 material
possesses a better thermal stability than that in Eu(TTA);phen-PMO.

Li et al. prepare multifunctional precursor Ti-MAB-S15 (MAB = meta-
aminobenzoic acid) through the reaction of the carboxylic group with titanium alk-
oxide, and the amino group is modified with the coupling agent TESPIC and
covalently bonded to mesoporous silica SBA-15 (Fig. 3.8) [76]. The selection of
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ligand is the key point for the preparation of this hybrid material. Herein, the organic
ligand MAB is selected as multifunctional linker, which not only can be covalently
bonded to the framework of mesoporous silica and coordinate to lanthanide ions as
well as sensitize the luminescence of them, but also can modify the reactivity of
titanium precursor and introduce titania matrix to the hybrid system. Then, novel
luminescent mesoporous hybrid titania materials Eu(Ti-MAB-S15),(NTA); are
obtained by introducing the Eu(NTA);-2H,O complex into the hybrid materials
Ti-MAB-S15 via a ligand exchange reaction. Compared to the pure complex
Eu(NTA);-2H,0, the mesoporous hybrid titania material Eu(Ti-MAB-S15),(NTA);
presents longer luminescent lifetime and higher quantum efficiency, which indicates
that the introduction of the multifunctional ligand Ti-MAB-S15 can sensitize the
luminescence emission of Eu** ions.

In addition, they further put forward a novel method to assemble luminescent
rare earth hybrid materials containing ordered mesoporous Si—O network and amor-
phous Ti—-O (Al-O) network simultaneously (Fig. 3.9) [77]. Firstly, NTA-
functionalized SBA-15 mesoporous hybrid material (NTA-S15) is prepared, in
which NTA is covalently bonded to the framework SBA-15 by co-condensation of
modified NTA (denoted as NTA-Si) and TEOS. Subsequently, nicotinic acid (NA)
is selected as the second ligand, whose carboxylic acid group can react with metal-
lic alkoxide to moderate the reactivity toward hydrolysis and condensation, and the
heterocyclic group can coordinate to rare earth ions as well as sensitize the lumines-
cence of them. Finally, after the coordination reaction between rare earth ions and
functionalized organic ligand (NTA-S15 and NA-M (M = Ti, Al)) together with the
hydrolysis cross-linking reaction, the final mesoporous hybrids Ln(NA-
M),(NTA-S15); (Ln = Eu, Tb; and M = Ti, Al) are obtained. Further investigation
on the luminescence properties shows that the lanthanide mesoporous material con-
taining Al-O network presents stronger luminescence intensities, longer lifetimes,
and higher luminescence quantum efficiencies than the lanthanide mesoporous
hybrids containing Ti—O network, which indicates Al-O network is a better candi-
date host for supporting the lanthanide complex than Ti—O network.

Pang et al. recently prepare the luminescent mesoporous hybrids, Eu(M-
BDA),(TTA-SBA-15); and Eu(M-BDA),(TTA-MCM41); (M = Ti, Al) through the
coordination reaction between Eu’** ions and a functionalized organic ligand (TTA-
SBA-15 or TTA-MCM41 and M-BDA (M = Ti, Al)) followed by the hydrolysis
cross-linking reaction [78]. Results show that SBA-15-type mesoporous hybrid
Eu(M-BDA),(TTA-SBA-15),, with larger pore sizes than the corresponding MCM-
41-type hybrids Eu(M-BDA),(TTA-SBA-15);, presents longer luminescent life-
times and higher quantum efficiency than the latter because of spatial confinements
of mesoporous matrix nanochannels. The Al-O-based mesoporous hybrids also
exhibit more excellent luminescent properties than the corresponding Ti—O-based
hybrids, suggesting that the AI-O host is more beneficial to Eu** ion luminescence
than the Ti—O host. The quantum efficiency of Eu(Al-BDA)(TTA-SBA-15); is high,
even up to 43%.
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3.6 Photofunctional Rare Earth Hybrid Materials Based
on Organically Modified Mesoporous Silica and Polymer
Units

Fu et al. incorporate diurea cross-linked poly(oxyethylene) (POE)/siloxane hybrid
structure (di-ureasil) into the hexagonal array of one-dimensional channels of meso-
porous silica MCM-41 [79]. The hybrids display the intrinsic green emission of
MCM-41 superposed to the blue and purplish-blue di-ureasil components. Time-
resolved spectroscopy provides further support from energy transfer between the
mesoporous silica and the di-ureasil matrix.

Yan’s group focus on the research of ternary assembly of organically modified
mesoporous silica and polymer unit by means of the postsynthetic technology [80—
83]. Li et al. first assemble the mesoporous luminescent polymeric hybrid materials
containing rare earth (Eu**, Tb**) complexes covalently bonded to mesoporous sil-
ica SBA-15 [81]. The detailed luminescence studies on all the materials show that
the ternary rare earth mesoporous polymeric hybrid materials present stronger
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luminescent intensities, longer lifetimes, and higher luminescent quantum efficien-
cies than the binary rare earth mesoporous hybrid materials, indicating that the
introduction of the organic polymer chain is beneficial for the luminescence proper-
ties of the overall hybrid system. Further, they conduct the systematic and compara-
tive study of the mesoporous materials covalently bonded with rare earth complexes
containing organic polymeric chains, designated as Ln(DBM-SBA-15);PMAA and
Ln(DBM-SBA-16);PMAA (Ln = Eu, Tb; DBM-SBA-15 and DBM-SBA-16 denote
DBM-functionalized SBA-15 mesoporous material and DBM-functionalized SBA-
16 material, respectively) (Fig. 3.10) [81]. In addition, for further comparison,
SBA-15 and SBA-16 covalently bonded with the binary Ln* complex with DBM
ligand are also synthesized, denoted as Ln(DBM-SBA-15); and Ln(DBM-SBA-16);,
(Ln = Eu, Tb), respectively. The luminescence properties of all synthesized materi-
als are comprehensively characterized and compared.

Li et al. further compare a series of ternary mesoporous polymeric hybrids,
TTA-S16-Eu-PMMA, TTA-S16-Eu-PMAA, and TTA-S16-Eu-PVP (PVP = polyvi-
nylpyrrolidone), which are assembled by the Eu* complex covalently attached to
the TTA directly functionalized ordered mesoporous SBA-16 and three organic
polymers [82]. The ternary rare earth mesoporous polymeric hybrids show an over-
all increase in luminescent lifetime and quantum efficiency compared to binary rare
earth mesoporous hybrid TTFA-S16-Eu, especially the mesoporous hybrid with
PVP exhibits the highest luminescence quantum efficiency and longest lifetime. Gu
et al. prepare polymeric mesoporous hybrid materials containing europium (III)
complexes incorporated to mesoporous silica SBA-15/SBA-16 by simple physical
doping (impregnation) methods, followed by the additional polymerization reaction
of the monomer 4-vinylpyridine (vpd) extending along the mesoporous channels
[83]. After the physical doping and the polymerization reaction, the final ternary
materials  Eu(p-diketonate);pvpd-SBA-15/Eu(f-diketonate);pvpd-SBA-16  are
obtained. The XRD and BET results reveal that all of these hybrid materials have
uniformity in the mesostructure. The detailed luminescence investigation on all the
materials shows that Eu(TAA);pvpd-SBA-16 has the highest luminescence inten-
sity and the materials with TAA ligands have longer lifetimes.

Li et al. realize the linkage of the binary and ternary Eu** complexes to the
functionalized ordered mesoporous SBA-15 with the modified polymer
poly(ethylene glycol) (PEG) as a “bifunctional bridge,” where PEG is firstly modi-
fied with the coupling agent TESPIC and covalently bonded to mesoporous silica
SBA-15 (designated as PEG-SBA-15) [84]. They further prepare polymer-
functionalized mesoporous SBA-16-type hybrid materials with encapsulated rare
earth (Eu** and Tb*") complexes for luminescence. The organic molecule acryl-
amide (AM) is modified by a silane coupling agent TESPIC to form an alkene pre-
cursor, which is then covalently bonded to a mesoporous SBA-16 backbone [85].
Then, the flexible polymer chain polyacrylamide (PAM) within the pores of SBA-
16 can be formed by initiating the monomer. The luminescent mesoporous hybrids
(denoted as RE(S16-PAM-Si); and RE(S16-PAM-Si);phen, respectively) with the
organic polymer acting as a flexible linker between the mesoporous framework and
the rare earth complex are finally attained.
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3.7 Conclusion and Outlook

In conclusion, recent research progress in the photofunctional rare earth hybrid
materials based on mesoporous silica has been summarized, which mainly consist
of three important classes with the different mesoporous hosts to be functionalized.
The first is the rare earth hybrids based on MCM-41(or 48). The second is the rare
earth hybrids based on SBA-51(or 16). The third is the rare earth hybrids based on
POMs. Among all the results, it is suggested that SBA-15 is the most favorable host
for the luminescence of rare earth ions, whose mesoporous hybrids display the best
luminescent performance. Besides, both inorganic host and organic polymer host
can be introduced to the mesoporous hybrid materials, providing new opportunities
to obtain new systems and new applications. However, some problems still exist in
the field of photofunctional rare earth materials based on mesoporous silica. The
most important one is how to develop the practical applications of these materials.
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