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Abstract

A study on the preparation of supramolecular and
polymeric materials containing lanthanide ions and
their luminescent or catalytic properties
Hyungwoo Kim
Department of Materials Science and Engineering
Seoul National University

Lanthanide(III) ions are of great interest due to their characteristic optical
properties such as narrow emission and long lifetime originated from
intraconfigurational f-f transition. In this study, lanthanide(III) ions were
utilized as a luminescence center in organogelators after coordination with
aromatic molecules, showing enhanced luminescence and color change during
gelation in organic solvents. A lanthanide(III) ion was also incorporated in the
binding sites of a molecularly imprinted polymer as a signal transducer in
luminescence sensing. When a lanthanide(III) ion was doped in microporous
organic polymer, gas adsorption and catalytic activity of the polymer were
enhanced.
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Firstly, Eu(III) and Tb(III) complexes (Eu2 and Tb2) were prepared with
phenanthroline derivatives, which formed organogels in n-decane. The
organogels of Eu2 and Tb2 showed red and green emissions, respectively,
when excited at 330 nm. TEM images of dry gels of Eu2 and Tb2 showed
entangled fiber network structures with fiber diameters ranging from 20 to 80
nm. Because of the structural similarity of Eu2 and Tb2, they formed stable
mixed gels of different compositions in n-decane. The emission spectrum of a
mixed gel showed emission peaks from Eu(III) at 595 and 618 nm and from
Tb(III) at 496 and 551 nm when excited at 330 nm. A broad emission was
observed around 470 nm that was attributed primarily to the ligands of Tb2. At
a ratio of Eu2 / Tb2 of 1 : 19 by weight, the mixed gel exhibited white
luminescence. The 1931 CIE color coordinates of the mixed gel were x = 0.36
and y = 0.30 in the white region. The TEM image of the dry gel revealed
entangled fibers with diameters ranging from 20 to 80 nm without evidence of
self-sorting. Trimetallic organogelators, Eu4 and Tb4, were prepared by
coordination of Eu2 and Tb2 with two 1,3-diketone groups. Eu4 showed three
transitions of Eu(III) ion in red region and a ligand-centered emission but Tb4
showed only a broad emission in greenish blue region from the ligands. Eu4
and Tb4 also formed a homogeneous mixed gel in n-decane, showing a whitish
luminescence at the ratio of 3 : 1 by weight. Furthermore, Eu4 showed film-
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forming property. The complex was fabricated as a not only thin film by spin
casting but also free-standing film by melt casting without losing the red
luminescence. A Er(III) complex, Er4 was also synthesized and fabricated as
fiber network embedded in cross-linked EGDMA film. The film showed an
emission in NIR region ranging from 1450 to 1650 nm, potentially utilized in
telecommunication.
Secondly, it was demonstrated that the molecularly imprinted system bearing
the Eu(III) ions could be used for the direct detection of chromophoric organic
molecules. A molecularly imprinted polymer containing Eu(III) ions in binding
cavities (MIP-Eu) was prepared by polymerization of a complex of nonchromophoric monomer (3-allylpentane-2,4-dione) and the Eu(III) ion.
Picloram was used as a template molecule, which is a widely used chlorinated
herbicide persistent in water or soil. The ability of MIP-Eu to recognize the
template was investigated by photoluminescence spectroscopy. It was able to
detect the template molecules captured in the cavities directly by observing the
sensitized luminescence of the Eu(III) ions. The emission peak intensities of the
Eu(III) ions at 594 and 616 nm intensified with the increase in the picrolam
concentration. The specific recognition ability of MIP-Eu was also investigated
for the template against its structural analogs such as dicamba and 2-amino-4,6dichloropyrimidine-5-carboxaldehyde by photoluminescence spectroscopy.
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Lastly, a Yb(III)-incorporated microporous polymer (Yb-ADA) was
synthesized and its gas adsorption property and catalytic activity were studied.
The adamantane-based porous polymer (ADA) was obtained from an ethynylfunctionalized adamantane derivative and 2,5-dibromoterephthalic acid through
Sonogashira-Hagihara cross-coupling. ADA had carboxyl groups which were
used for Yb(III) coordination under basic condition. The Brunauer-EmmettTeller (BET) surface area of ADA was 970 m2 g-1. As Yb(III) ions were
incorporated into ADA, the surface area of the polymer (Yb-ADA) was reduced
to 885 m2 g-1. However, Yb-ADA exhibited a significantly enhanced CO2 and
H2 adsorption capacities despite the reduction of the surface area. The CO2
uptakes of ADA and Yb-ADA were 1.56 and 2.36 mmol g-1 at 298 K,
respectively. The H2 uptake of ADA also increased after coordination with
Yb(III) from 1.15 to 1.40 wt% at 77 K. Yb-ADA showed a high catalytic
activity in the acetalization of 4-bromobenzaldehyde and furfural with
trimethylorthoformate and could be reused after recovery without severe loss of
activity.

Keywords: Lanthanide, luminescence, organogel, molecular imprinting,
microporous polymer, catalysis.
Student Number: 2008-20639
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Chapter I.

Introduction

I-1. Lanthanide(III) Ions and Applications

I-1-1. Principle of Lighting on Lanthanide(III) Ions
The trivalent lanthanide ions have shown their abilities in various fields due to
their unique luminescent properties. They have been used in lasing phosphor,
electroluminescent materials for organic light-emitting diode (OLED), optical
fibers for signal amplification and sensors for biological and clinical purposes.
Intraconfiguraltional 4f-4f transitions of lanthanide(III) ions are responsible for
long-lasting and narrow emissions. The emissions cover not only visible light
region but also ultraviolet (UV) and near-infrared (NIR) regions. Typically,
Eu(III) emits red light, Sm(III) orange light, Dy(III) yellow light, Tb(III) green
light and Tm(III) blue light in visible region. Also, Yb(III), Nd(III) and Er(III)
emit NIR light and Gd(III) UV light. The f-f transitions are less affected by
external chemical environment because 4f orbitals are perturbed and shielded by
5s2 and 5p6 subshells in proximity. Sometimes, 4f-5d transitions occur in special
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case such as Ce(III) with exhibition of intense and various colored emissions
depending on the ligands, indicating the 5d orbitals interact directly with external
ligands. Most of electronic transitions are spin-fobidden f-f transitions according
to the selection rule, having low absorption coefficients less than 10 L mol-1 cm-1.
This weak absorption inhibits the direct excitation of lanthanide(III) ions,
resulting the only feeble luminescence. This has been overcome by the
coordination of organic ligand to lanthanide(III) ions after Weissman investigated
an indirect excitation of lanthanide(III) complexes.[1] The ligands in the
complexes absorb the light instead of metal ions and induce the photo-induced
energy transfer to excited lanthanide(III) ions, named sensitization or antenna
effect.[2] Following this method, the luminescence of lanthanide(III) ions can be
obtained efficiently with a high quantum yield.
The sensitization mechanism is shown in Figure I-1. Once the organic ligand
is irradiated by light energy, the ligand is excited to the first excited singlet
energy state (S1). Then, the excited energy is quickly relaxed to the lowest
vibrational level in S1 state by internal conversion and deactivated radiatively or
non-radiatively. The radiative deactivation generates fluorescence, but the nonradiative deactivation populates the first excited triplet state (T1) by intersystem
crossing. The intersystem crossing is known to be processed by spin-orbit
coupling and enhanced by a heavy paramagnetic ion effect. The excited energy in
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T1 is immediately relaxed to the lowest vibrational level and also decayed
radiatively or non-radiatively. The radiative decay from T1 to S0 emits
phosphorescence having a long lifetime and large stokes shift due to the parityforbidden transition. On the other hand, in the case of non-radiative transition, the
energy is transferred to excited states in lanthanide(III) ion by phonon-assisted
pathways. In principle, two mechanisms are possibly included. One of the
mechanisms is Dexter energy transfer, meaning that electrons are exchanged
between the ligand and the metal ion through the good overlap of orbitals. The
other one is Förster resonance energy transfer. This mechanism transfers energy
by dipole-dipole coupling and less dependent on the distance than the Dexter
mechanism. The S1 state could be involved in the energy transfer towards the
metal ion, but the lifetime was desperately short to transfer the energy compared
to T1 state. After the energy transfer and internal conversion, the emitting level of
lanthanide(III) ion is indirectly populated and ready to emit the line-like
luminescence efficiently.[3]
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Figure I-1. Schematic description of energy transfer by sensitization mechanism
in lanthanide(III) complex. The main energy transfer is shown in solid black
arrows. The dotted black arrows indicate internal conversion. S = singlet, T =
triplet, ISC = intersystem crossing, ET = energy transfer.

Otherly, charge transfer states such as ligand-to-metal charge transfer (LMCT)
or intra-ligand charge transfer (ILCT) are also related to the energy transfer.
Those states should be positioned much higher than resonance level of
lanthanide(III) ion to transfer energy. Otherwise, they work as a quencher of
lanthanide(III) ion.
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To improve the luminescent properties of lanthanide(III) ions, the energy
transfer is sufficiently facilitated and non-radiative processes should be
suppressed. The chromophore group of the ligand should be located near the
lanthanide(III) ion because the energy transfer is highly dependent on the
distance between the sensitizer and the metal ion. Vibrational deactivation should
be diminished. The bond vibrations such as O-H, N-H and C-H nearby dissipate
excited energy and severely devastate the quantum effciency. Also, the collision
with solvent molecules has an detrimental effect on the luminescence. The energy
back transfer hinders the lanthanide(III) ion from achieving the high quantum
yield. In each step of energy migration, there are possiblities for the back transfer.
There are theoretically and empirically optimized energy gaps, for instance the
energy gap between S1 and T1 state should be approximately 5000 cm-1 to
efficiently prevent the back transfer and the gap between T1 and resonance level
of lanthanide(III) ion should range from 2500 to 4000 cm-1.[4,5] The above issues
can be unraveled by the coordination with proper organic ligands which preserve
the metal ion from external atmosphere.

I-1-2. Application of Lanthanide(III) Ions in Organogels
Low molecular weight organogels are thermally reversible and vicoelastic
materials. Generally they are composed of an organic solvent with a low
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concentration (<2 wt%) of a small molecule gelator. Above the critical gelation
concentration, they are self-assembled to form one-dimensional fiber-like
supramolecules through non-covalent driving forces such as hydrogen bonding,
π-π interaction, donor-acceptor interaction, solvophobic interaction, van der
Waals interaction, metal coordination and so on. The fibrous strands are
entangled physically to form a three-dimensional network and immobilize whole
solvent molecules. The organic solvent is absorbed by surface tension and the
resulitng substance becomes as a solid-like gel.[6] This type of gel is also called a
physical gel or supramolecular gel (Figure I-2a). Cholresterol and fatty acid
groups have been considerably incorporated in organogelators for self-assembly.
Also the rigid aromatic rings are used to enhance intermolecular interactions by
π-π interaction. Urea and amide bonds can induce multiple hydrogen bondings.
Polymer gels are also known, which are obtained chemically or physically.
The chemical gels are constructed by cross-linking of the polymer chain through
covalent bonding, which fixes the gel to be thermally irreversible. However, the
physical gels are formed by non-covalent cross-linking, mainly hydrogen
bonding,

without

losing

thermo-reversibility

(Figure

I-2b).

Various

conformational changes of polymer promote the intra- and intermolecular
interactions in the gels. Syndiotactic[7] or isotactic[8] polystyrene polymers show
gelation properties. Syndiotatic poly(methyl methacrylate)[9] and poly(γ-benzyl-L-
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glutamate)[10] also gelate organic solvents. Furthermore, some copolymers are
known to form organogels.[11,12]

(a)

LMWG

Fiber

Entanglement

1D Polymer

Entanglement

(b)
X

Monomer

Figure I-2. Schematic descriptions of the gelation processes from (a) low
molecular weight gelator and (b) conventional polymer. The dotted circles mean
physical entanglements.

A number of luminescent organogels containing lanthanide(III) ions have
been reported. Mostly, luminescent lanthanide(III) ions were incorporated in
polymers having carboxylic acid functionality, for example, poly(acrylic acid)
and photophysical properties were investigated.[13,14] Supramolecular polymer
gels were fabricated based on the coordination bonds with lanthanide(III) ions.
Lanthanide(III) ions have high coordination numbers ranging from 6 to 12,
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facilitating cross-linking to fabricate the gel. Rowan groups explored the
metallo-supramolecular polymer gels with tridentate ligand 1 (Figure I-3a).[15,16]
The ligand could not only bind lanthanide(III) ions but also sensitize them.
Besseling group also synthesized bifunctional ligands and induced chemical
cross-linking by using lanthanide(III) ions (Figure I-3b).[17]
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Figure I-3. Structures of bis(tridentate) ligands (a) 1 and (b) C6 and C7.4.

Some physical gels were doped with lanthanide(III) ions or lanthanide(III)
complexes. In Figure I-4, low molecular weight gelators of 1 and 2 could form
the supramolecular gels doped with an europium complex, 3.[18] In the gel state,
luminescence was enhanced noticeably, suggesting the excited energy in the
ligand migrated to an europium(III) ion efficiently.
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Figure I-4. Structures of low molecular weight gelators (1 and 2) and
europium(III) complex (3).

Wang et al. incorporated dysprosium(III) ion in an ethanol gel formed by 1
(Figure I-5).[19] During the sol-gel transition by the temperature change, the
metal-centered blue emission was switched on and off reversibly. Only in the gel
state, the energy transfer occurred.
O
C2H5O
Si
C2H5O
OC2H5

OC14H29

N
H

1

OC14H29
OC14H29

Figure I-5. Structure of 1.

A low molecular weight organogelator with an europium(III) complex was
also reported (Figure I-6). In this research, photophysical properties as NIR
emission and two-photon absorption were studied.
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Figure I-6. Structure of lanthanide(III) ion-containing organogelator.
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I-2. Molecular imprinting

I-2-1. Principle of Molecularly Imprinted Polymers
As enzyme-related catalysis was started to be elucidated,[20] the interest in
the molecular recognition, binding process, control of chirality has been grown.
Among the related studies, a molecular imprinting is a feasible strategy to
synthesize an artificial receptor, mimicking the biological receptor. During the
process of the molecular imprinting, tailored binding sites are formed in crosslinked polymeric matrices. Molecularly imprinted polymers abbreviated as
MIPs have been investigated widely due to their application potentials in many
fields including separation, sensing, enzyme-like catalysis, solid-phase
extraction and so on.[21-24]
Compared to the biological receptors, MIPs have several advantages. The
most advantageous feature is that MIPs can be prepared quite simply on a large
scale. Because of the cross-linked structures, MIPs are stable physically and
thermally and inert to external environments. Furthermore, they can be
chemically modified with ease to control their binding properties. However,
fundamentally, MIPs have drawbacks such as low sensitivity and selectivity.[25]
The MIPs are fabricated as follows. Firstly, template molecules are
assembled with functional monomers via covalent or non-covalent bonds.
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The resulting complexes are polymerized with suitable monomers and crosslinkers to form the polymer matrices. The template molecules in the polymer
matrices are extracted to leave cavities. The cross-linking density influences the
rigidity of the polymer matrices. When the polymers are rigid, it is beneficial to
form shape-resistant cavities. However, it could be detrimental for the template
removal and the binding site accessibility. Porogenic solvents can be used in the
polymerization to improve the accessibility. All processes are shown in Figure
I-7.

+
Template

(b) Polymerization
with cross-linker

(a) Complexation

Functional
monomer

Complex

(c) Removal of template

Cross-linked polymer

Molecularly imprinted polymer

Figure I-7. Schematic description for preparation of molecularly imprinted
polymer including three steps of (a) complexation, (b) cross-linking and (c)
removal of template molecules.
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For the complexation of a template with a functional monomer, covalent or
non-covalent bondings can be used. The covalent approach was early suggested
by Wulff and coworkers.[26] They used a boronate ester as a linkage (Figure I8a). The complexes were also obtained by ketal and Schiff base formation
(Figure I-8b and I-8c).[27,28] In the case of the covalent imprinting, template
molecules are covalently attached to functional monomers. Because of this, the
more homogeneous cavities are expected after removing the template molecules.
However, it is difficult to find proper chemical bondings, which can be easily
formed and cleaved.
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OMe

N

H2N

Figure I-8. Schematic descriptions for covalent imprinting based on (a)
boronate ester, (b) ketal and (c) Schiff base.
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On the other hand, the non-covalent approach uses various physical
interactions e.g., hydrogen bonding, dipole-dipole interaction, ion paring, van
der Waals interaction and hydrophobic interaction for the template-monomer
complexation.

Mosbach

and

coworkers

intensively

investigated

this

approach.[29,30] The complexes obtained from these interactions are not stable
and can be easily broken under polymerization conditions. Excess of functional
monomers are required to maintain the complex structure, bringing about the
structural heterogeneity in binding sites. After cross-linking, the template
molecules can be removed easily. Some functional groups can strongly interact
with a specific template molecule. For example, amidine[31] and urea groups[32]
could form stable complexes with a phosphonic monoester and a salt form of
penicillin G respectively through multipoint hydrogen bonds (Figure I-9a and I9b). Metal coordination between a Ni(II) ion and His-Ala is also utilized for
imprinting the dipeptide (Figure I-9c).[33] In addition, post-treatment methods
such as blocking free functional monomer[34] or tuning the size of imprinted
sites[35] are known to improve the binding performance.
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Figure I-9. Schematic descriptions for noncovalent complexes based on (a)
amidine, (b) urea and (c) metal coordination.

A sacrificial spacer can be used in the formation of the template-monomer
complex.[36] In this method, it is critical to use easily cleavable chemical bonds
such as carbonate[37] or urea[38] bonds. The phenyl urethane bond is thermally
reversible.[39] It is stable at room temperature, but cleaved to be isocyante and
phenol groups on heating (Scheme 1-1). The resulting electrophilic isocyanate
group can be easily converted to various functional groups by the reaction with
nucleophiles. Several template molecules were complexed with functional
monomers via thermally reversible urethane bonds. After polymerization, the
templates were easily removed by simple heating. At the same time, the
functionality in binding sites could be controlled by the reaction between the
dissociated isocyanate groups and the added nucleophiles (Figure I-10).[40,41]
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Scheme 1-1. Thermo-reversible urethane bond.
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Figure 1-10. Schematic descriptions for urethane bond-assisted hybrid systems
imprinted by (a) estrone and (b) diethylstilbestrol.

I-2-2. Application of Molecularly Imprinted Polymers for Luminescent
Sensing
Conventionally, rebound template molecules are analyzed indirectly by
liquid and gas chromatography and mass spectrometry, which involves tedious
isolation and sample preparation steps. The direct detection of analytes with
MIPs has been also developed using quartz crystal microbalance (QCM),
surface plasmon resonance (SPR) and optical or electrical methods. Among
them, the use of luminescence in sensing is practically useful because the
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luminescence is quite sensitive to environment, lowering the limit of detection.
A variety of luminophore have been used for sensing the analytes bound to
MIPs. Quantum dots (QDs) are very promising luminescent nanoparticles for
detecting analytes, showing sharp emissions with high quantum yields.[42]
A molecularly imprinted matrix was fabricated with co-loading of magnetic
nanoparticles and QDs (Figure I-11).[43] The Fe3O4 nanoparticles were used for
easy separation of the MIP by applying an external magnetic field. The
luminescence of Mn2+-doped ZnS QDs incorporated in a pesticide
pentachlorophenol (PCP) imprinted silica was quenched in the presence of PCP.
The quenching was originated from the photo-induced charge transfer. The
excited charges in the conduction bands of the QDs could be transferred to the
LUMO level of the analytes. The quenching efficiency of PCP was the highest,
indicating that PCP was bound to the imprinted matrix selectively compared to
those of other structure analogs.
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Figure I-11. Synthetic procedure of PCP-imprinted silica particles doped with
magnetic particles and QDs.

The CDs@MIP for the detection of dopamine was prepared using highly
luminescent carbon dots (CDs) functionalized with methyldimethoxy silane
groups (Figure I-12). CDs as a signal transducer have some attractive attributes
including tunable photoluminescence properties, biocompatibility and low
cytotoxicity. CDs were synthesized by pyrolysis of anhydrous citric acid.[44]
The luminescence of the CDs@MIP was quenched depending on the
concentration of dopamine, demonstrating that the CDs@MIP could be served
as a fluorescence sensor for dopamine.
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Figure I-12. Preparation of dopamine-imprinted silica particles doped with
luminescent carbon dots.

Several organic fluorescent dyes were incorporated into binding sites of
MIPs.[45-47] Rurack group introduced a fluorescent monomer from a
nitrobenzoxadiazole fluorophore containing a urea group that turned on upon
binding to the target analyte having the carboxylate unit into a MIP matrix
(Figure I-13).[48] Core-shell silica microparticles with the MIP as a thin shell
showed fast response to the template molecules.
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Figure I-13. Schematic route for a turn-on fluorescence sensor based on MIP.

The lanthanide ions with unique photophysical properties have also been
used in luminescent sensing. Liu et al. reported the Eu(III) complex-based MIP
sensor for optosensing of λ-cyhalothrin (LC).[49] Mesoporous silica particles
were covalently tethered with a red luminescent Eu(III) complex, Eu(TTA)3Bpc
(TTA, 2-thenoyltrifluoroacetone; Bpc, 2,2'-bipyridine-4,4'-dicarboxylic acid)
(Figure I-14). These particles (mSiO2-Eu(TTA)3Bpc) were used as stabilizers
for Pickering emulsion polymerization of the template-monomer complex. The
characteristic emission of Eu(III) complex centered at around 615 nm was
gradually quenched with the increasing concentrations of LC.
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Figure I-14. Synthetic strategy of europium(III)-containing MIP by Pickering
emulsion polymerization.
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I-3. Microporous Organic Polymers

I-3-1. Principle of Microporous Organic Polymers
As zeolite, discovered in 1756, and activated carbon were broadly explored
in adsorption applications, porous materials have attracted a great deal of
attention. According to the pore diameter, pores are classified as micropore (<2
nm), mesopore (2-50 nm) and macropore (>50 nm) following the IUPAC
definition. Among them, microporous materials have been widely used due to
their high surface areas in various fields such as gas storage, fluid absorption,
separation, catalysis, sensing and so on.[50]
There are many types of microporous materials. Metal-organic frameworks
(MOFs) have been intensively researched so far.[51,52] Generally, MOFs have
crystalline structures and high surface areas (Figure I-15a).[53] However, most of
MOFs are structurally fragile and it is still challenging to fabricate durable
MOFs with maintaining their unique porosities. Covalent organic frameworks
(COFs) are also crystalline materials, composed of organic elements. Most of
COFs were constructed via B-O bonds showing reversibility to induce
crystalline structures similar in the metal coordination (Figure I-15b).[54]
However, the fabrication of COFs is still complicated and the surface areas are
insufficient compared to MOFs. Polymers of intrinsic microporosity (PIMs)
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were firstly developed by Mckeown group.[55] PIMs are not cross-linked
polymers, but show the intrinsic porosity generated by the contorted structures
in the solid state. Some PIMs have a good processability, but relatively low
surface areas than cross-linked porous polymers (Figure I-15c).
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Figure I-15. Structures of (a) ligands in MOF-210, (b) COF-103 and (c) PIM-1.

Recently, cross-linked microporous organic polymers (MOPs) have been
widely investigated as a promising class of porous materials showing high
surface areas and physicochemical stability. A variety of organic building
blocks and synthetic methodologies to link them are available, which has drawn
more attention to MOPs in recent years, compared to traditional porous
materials. A vast majority of MOPs have been prepared in forms of highly
cross-linked networks by transition metal-mediated coupling reactions.
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Suzuki coupling reaction was used for synthesizing PAF-11 and PP-CMP.
PAF-11 showed high adsorption performance for small molecules such as
methanol, benzene and toluene with a surface area of 952 m2 g-1 calculated by
the Langmuir model (Figure I-16a).[56] PP-CMP having a conjugated structure
was found to harvest light with a BET surface area of 1,083 m2 g-1 (Figure I16b).[57]
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Figure I-16. Synthetic descriptions of microporous organic polymers by Suzuki
reaction.
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Another palladium-mediated coupling reaction, Sonogashira-Hagihara
reaction is also used for preparing porous frameworks such as adamantanebased porous polymers (Figure I-17a).[58] Cooper group synthesized a series of
conjugated microporous polymers having different functional groups by
Sonogashira-Hagihara reaction. They researched the effect of functionalities on
gas adsorption property of the polymers (Figure I-17b).[59]
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Figure I-17. Synthetic descriptions of microporous organic polymers by
Sonogashira-Hagihara reaction.
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Ullmann reaction has been used in the synthesis of a porous polymers from a
macrocycle as a monomer[60] and a boroxine ring[61] (Figure I-18).
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Figure I-18. Synthetic descriptions of microporous organic polymers by
Ullmann reaction.

Yamamoto reaction has been particularly successful in coupling phenyl rings
to produce porous aromatic frameworks with extremely high surface areas.[62,63]
PAF-1 and PPN-4 showed the significantly high BET surface areas of 5,600 and
6,461 m2 g-1 respectively (Figure I-19).
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PPN-4 (X = Si)

Figure I-19. Synthetic descriptions of microporous organic polymers by
Yamamoto reaction.
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There has been continuous interest in metal catalyst-free reactions for the
mass production of MOPs that can alleviate environmental and economic
concerns. Transition metal-mediated coupling reactions have often suffered
from problems such as difficulty in the purification of the products, high cost of
the catalysts and complicated reaction pathways.[64] One of the most familiar
metal catalyst-free reactions for polymer synthesis is a condensation reaction
where the elements of water are eliminated. A number of highly cross-linked
MOPs have been prepared by the condensation of multiamino-functionalized
monomers with aldehydes, carboxylic acids, and anhydrides. The reaction
between amino and aldehyde functional groups preferably formed aminal
linkages through pre-formed imine linkages (Figure I-20a).[65] From obenzenedianmine and aldehyde monomer, a benzimidazole-linkage was
obtained (Figure I-20b).[66] Porous aromatic poly(amide) and poly(imide)
networks have been synthesized by the reaction of a multiamine with an
aromatic diacid and an aromatic dianhydride, respectively (Figure I-21).[67,68]
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Aldol self-condensation of multiacetyl-containing aromatic compounds was
also reported to produce MOPs consisting of α,β-unsaturated ketone and 1,3,5trisubstituted benzene units formed by dimerization and cyclotrimerization,
respectively (Figure I-22a).[69] Among other metal catalyst-free reactions used
for the synthesis of MOPs, an electrophilic aromatic substitution reaction of
1,3,5-trihydroxybenzene with a benzaldehyde derivative (Figure I-22b)[70] and a
nucleophilic substitution reaction of hexachlorocyclotriphosphazene with a
multiamino-functionalized compound are notable (Figure I-22c).[71]
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Figure I-22. Structures of microporous organic polymers synthesized by (a)
aldol reaction (b) electrophilic aromatic substitution and (c) nucleophilic
substitution.

I-3-2. Metal-Doped Porous Polymers
Recently, many efforts to enhance gas adsorption properties of porous
materials were reported. As metal-doping strategy was found to be effective for
enhancing gas adsorption properties of porous materials theoretically and
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experimentally,[72,73] diverse metal ions have been doped in various types of
frameworks including MOFs and porous organic polymers. With this strategy,
the polymers showed improved features not only in gas adsorption but also in
catalysis, electrical properties and photophysical properties.
Lithium ion has been doped for increasing hydrogen uptake. Theoretical
calculations showed that lithium ion had the strong interaction with hydrogen
by forming the dative bond between electrons in σ-bond of H2 and empty 2s
orbital of Li.[74,75] Also, methane and CO2 gases were simulated to be captured
efficiently through electrostatic interactions with cationic lithium ions doped in
COFs as well as MOFs.[76,77] Li et al. reported that the Li-doped conjugated
microporous polymer and attained the high H2 storage capability of 6.1 wt% at
77 K.[78] Lately, Zhu group synthesized a microporous organic polymer, PAF18-OH having hydroxyl groups. After lithiation of OH groups in PAF-18-OH,
CO2 and H2 uptakes significantly increased by quadrupolar interaction even
though the BET surface area decreased from 1121 to 981 m2 g-1 (Figure I23).[79]
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Figure I-23. Schematic description for lithiation of microporous organic
polymer (PAF-18-OH).

Transition metals such as rhenium, rhodium and iridium were incorporated in
conjugated microporous polymers by Cooper group.[80] The metal ions were
introduced by post coordination (Figure I-24a) or by the metal complex
polymerization (Figure I-24b). Through two strategies, the porous framework
was metalated without the hindrance of π-conjugation. The iridium-containing
conjugated polymer, CMP-CpIr-3 was successfully applied in catalysis of
reductive amination.
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Porous materials containing lanthanide(III) ions have been also studied.
Lanthanide(III) ions were incorporated in MOFs by coordination with
carboxylate groups of organic linkers (Figure I-25). Lanthanide(III) ions are dblock metal ions and having flexible high coordination numbers. They can be
coordinated with labile ancillary ligands such as water molecules and the open
metal site is formed when these ligands are removed. The exposed metal site
induces the increase of gas adsorption by dipolar and/or quadrupolar interaction
and potential catalytic activity. In addition, lanthanide(III) ions can improve the
frameworks with their own luminescent or electrical properties.
To name a few, 1,4-phenyldiacetic acid (Figure I-25a) was reacted with
Er(III) ions and the resulting isostructural framework, Er2(PDA)3 showed high
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stability and selective gas adsorption for CO2 over Ar or N2 because of size
selectivity and host-guest interaction obtained from well-defined porosity.[81]
Lee et al. prepared lanthanide-organic frameworks by using a phosphine oxidebased tricarboxylate (Figure I-25b) for coordinating Nd(III), Sm(III), Eu(III)
and Gd(III) ions, which exhibited enhanced surface areas and gas adsorptions.
The resulting optical and magnetic properties of the frameworks were also
investigated.[82] The trigonal ligand, 1,3,5-benzenetrisbenzoic acid (Figure I25c) and various lanthanide(III) ions were used in the preparation of lanthanidecoordinated frameworks by Zou and coworkers. They reported that the effect of
the metal ions on gas and vapor adsorptions.[83]
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Chapter II.

Synthesis and Characterization of Organogelators
Having Lanthanide(III) Ions and Their Gelation and
Luminescent Properties

II-1. Introduction

The lanthanide(III) ions have great potential in display and sensor applications
due to their unique narrow luminescence and long lifetime as a result of the
intraconfigurational f-f transitions inside the 4f shell. Particularly lanthanide(III)based organic light-emitting displays (OLEDs) have attracted a lot of attention
due to their potential for very high internal quantum efficiency, exceeding the
theoretical limit of 25 % for the OLEDs with purely organic molecules.[1] In
practical applications, the lanthanide(III) ions are used after complexation with
organic compounds because of the difficulty in populating their resonance levels
by direct excitation.[2] Lanthanide(III) ion-containing complexes have the organic
ligands around the metal ions in proximity as an antenna. Excited species are
generated optically or electrically in the organic ligands and, in turn, the excited
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ligands light on the lanthanide(III) ions by intramolecular energy transfer. By
using this sensitization, the characteristic luminescence from lanthanide(III) ions
can be obtained efficiently.
In recent years, a white-light emission has been extensively studied because of
its potential applications in lighting and display devices.[3-5] Basically white light
is produced by tuning blue, green and red emissions, which are often obtained
from Ir(III), Tb(III) and Eu(III) ions doped in an suitable host[6-8] or coordinated
with organic ligands.[9-12] A variety of combinations have been proposed for
achieving white luminescence. Dinuclear Ir(III)/Eu(III) complexes were reported
to produce an almost white-light emission via partial energy transfer from the
excited Ir(III) moiety to the Eu(III) complex.[13] In a different approach, whitelight with a very broad emission was observed from a mononuclear Ir(III)
complex with acetylacetonato and 1-methyl-2-phenylimidazole ligands.[14]
Several research groups used organic chromophoric ligands as blue and green
emitting sources. Guo et al. obtained white light by tuning blue, green and red
emissions from a Eu(III) complex with organic ligands that contained blue- and
green-emitting fluorophores.[15] Law et al. reported a Eu(III) complex containing
a double emission center of bluish-green (ligand) and red f-f emissions [Eu(III)]
that produced pure white-light.[16] Xu et al. reported that a Al3Eu2
heteropentanuclear complex with incomplete energy transfer from the ligand to
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the lanthanide center displayed a bright white-light emission.[17] Shelton et al.
recently utilized the solvent-dependent aggregation behavior of a Eu(III) complex
for color tuning to produce white light.[18]
Lanthanide(III) complexes are also processed into a thin film by several
methods for device fabrication, of which high-vacuum thermal evaporation is a
widely used technique. Alternatively, the complexes are dispersed in inorganic or
organic films because many of them have poor film forming ability. The
difficulty in this technique is achieving a high concentration of the lanthanide(III)
ions in the matrix while preventing cluster formation. Several studies used a
dendron as an organic ligand. The dendron having a coordination site as a focal
point was complexed with a lanthanide(III) ion to form a lanthanide-cored
dendrimer.[19] A polyamidoamine-type dendrimer having multiple amide groups
capable of coordination with lanthanide(III) ions was also reported in an attempt
to increase the lanthanide(III) concentration.[20] These dendrimer systems showed
good processibility, but suffered from the poor efficiency of the antenna groups.
To enhance the energy absorption, strong chromophores were introduced into the
dendrimer. However they were located only at the periphery of the dendrimer,
remaining distant from the lanthanide ion.[20,21]
Furthermore, NIR emissions of lanthanide(III) ions have attracted a great
interest in optical amplification as the more information is carried by the light
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signal. Even Nd(III), Er(III) and Yb(III) are mainly used in NIR emission
application, Er(III) is most widely investigated in telecommunication as doped
in silica fibers because emission wavelength of Er(III) at 1.54 µm satisfactorily
matches with transparent silica window.[22-25] However, it suffers from several
limits such as low molar absorption coefficient of Er(III) ion, heterogeneous
dispersion in silica matrix due to low solubility and so on. There have been
some efforts to overcome the shortages through coordination of Er(III) with
organic ligands such as small molecules[26-31] and polymers[32-34] or incubation
of Er(III) in zeolite with organic dyes.[35-38]
In this work, Eu(III) and Tb(III) complexes were prepared with
phenanthroline derivatives which gelated n-decane. Since Eu(III) and Tb(III)
complexes had the same structures except the metal ions, they formed stable
mixed gels of different compositions that emitted red and green light from
Eu(III) and Tb(III) ions, respectively. Furthermore, The color of emission was
able to be tuned by controlling gel compositions and white light was finally
obtained by combining emissions of Eu(III) and Tb(III) with those of their
ligands. Also, a trimetallic disc-like Eu(III) organogelator mainly comprised of
a 1,3,5-benzenetrisacetoacetamide core and phenanthroline derivatives was
demonstrated to be processed to be not only organogels in a non-polar solvents
but also films by solution or melt casting owing to its disc-like shape and large
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molecular weight. Er(III) complex gelated ethylene glycol dimethylacrylate
(EGDMA) and fibrous structure was further immobilized by in situ crosslinking in gel state by UV curing. Each state was investigated by absorption
spectra and NIR emission was observed from resulting Er(III) film after crosslinking.
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II-2. Experimental

Materials.

1,3,5-Triacetoacetamidobenzene,[39]

5-amino-1,10-

phenanthroline[40] and 3,4,5-tris(dodecyloxy)benzoic acid[41] were prepared
following

synthetic

procedures

reported

previously.

Ethylene

glycol

dimethylacrylate (EGDMA) was purified by passing through a column filled
with aluminum oxide (Aldrich) to remove the inhibitor. All other chemicals
were purchased from Aldrich and used without any further purification.
Tetrahydrofuran (THF) was dried over sodium metal and distilled. Other
reagent grade solvents were used as received.

Measurements. 1H and 13C NMR spectra were recorded on a Bruker Avance
300 (300 MHz) and Avance 500 (125MHz) spectrometer. Elemental analyses
were performed using a Flash EA 1112 elemental analyzer. FT-IR
measurements were made on a PERKIN ELMER Spectrum GX I using KBr
pellets. X-ray diffraction patterns were obtained using Bruker Xps GADDS (Cu
Kα radiation, λ = 1.54 Å). Thermogravimetric analyses (TGA) were performed
on a TA modulated TGA2050 with a heating rate of 10 oC/min under nitrogen.
Differential scanning calorimetry (DSC) measurements were made on a TA
modulated DSC Q10 with a scanning rate of 1 or 10
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o

C/min under

nitrogen.Optical textures of the mesophases were observed with a Leica DM LP
equipped with a Mettler Toledo FP 82HT heating stage and a Mettler Toledo
FP 90 central process controller. UV-Vis spectra were obtained with the use of
a Sinco S-3150 spectrometer. Fluorescence measurements were performed on a
Shimadzu RF-5301PC spectrofluorometer. Near-infrared emission spectra were
measured with the Peltier-cooled Hamamatsu H9170-75 photomultiplier system.
SEM images were obtained by using a JEOL JSM-6330F microscope. TEM
images were taken by using a JEM1010 microscope operating at 80 kV. The
organogel was heated up to dissociation temperature and dropped on a carboncoated copper grid which was preheated at the same temperature. The sample
was cooled to room temperature and dried.

Synthesis of Compound 1. To a solution of 3,4,5-trioctyloxybenzoic acid
(2.0 g, 2.96 mmol) in chloroform (100 mL) was added thionyl chloride (0.43
mL, 5.93 mmol). After stirred for 4 h at rt, the solvent and thionyl chloride were
removed by evaporation. The crude product was dissolved in THF (100 mL)
followed by addition of a solution of 5-amino-1,10-phenanthroline (0.69 g, 3.56
mmol) and triethylamine (0.41 mL, 2.96 mmol) in THF (10 mL). The reaction
mixture was stirred overnight at rt. After evaporation of the solvent, the product
was isolated by recrystallization in ethanol. Yield: 78%. 1H NMR (300 MHz,
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CDCl3, ppm): δ 9.25 (d, J = 4.8 Hz, Ar-H, 1H), 9.17 (d, J = 2.4 Hz, Ar-H, 1H),
8.35-8.24 (overlap, Ar-H, 3H), 8.11 (s, CONH, 1H), 7.72-7.63 (m, Ar-H, 2H),
7.12 (s, Ar-H, 2H), 4.08 (tt, overlap, OCH2, 6H), 1.88-1.76 (m, OCH2CH2, 6H),
1.54-1.26 (m, alkyl chain proton, 54H), 0.89 (t, J = 3 Hz, CH3, 9H). 13C NMR
(125 MHz, CDCl3, ppm): δ 166.94, 153.48, 150.20, 150.04, 146.54, 144.79,
142.10, 136.07, 131.31, 130.70, 129.04, 128.34, 124.96, 123.58, 122.84, 121.19,
106.45, 73.82, 69.66, 32.12, 32.10, 30.55, 29.95, 29.93, 29.89, 29.84, 29.79,
29.67, 29.62, 29.58, 29.55, 26.29, 22.86, 14.28. IR (KBr, cm-1): 3420, 3249,
2920, 2851, 1643, 1585, 1505, 1468, 1424, 1381, 1338, 1231, 1120, 990, 880,
738, 650. Anal. Calcd for C55H85N3O4: C, 77.51; H, 10.05; N, 4.93. Found: C,
77.77; H, 9.74; N, 4.87.

Synthesis of Eu2. To a solution of compound 1 (1.0 g, 1.17 mmol) in hot
ethanol (100 mL) was added dropwise a solution of europium(III) chloride
hexahydrate (0.21 g, 0.59 mmol) in ethanol (3 mL). The reaction mixture was
refluxed for 2h. The precipitate was isolated by filtration, washed with ethanol
and dried in vacuo. Yield: 85%. IR (KBr , cm-1): 3080, 2924, 2853, 1639, 1572,
1527, 1494, 1468, 1427, 1385, 1337, 1234, 1115, 996, 540, 418. Anal. Calcd
for C110H172Cl3EuN6O9: C, 66.70; H, 8.75; N, 4.24. Found: C, 66.74; H, 8.72; N,
4.21.
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Synthesis of Tb2. To a solution of compound 1 (1.0 g, 1.17 mmol) in hot
ethanol was added dropwise a solution of terbium(III) chloride hexahydrate
(0.22 g, 0.59 mmol) in ethanol. The reaction mixture was refluxed for 2h. Then,
precipitates were isolated by filtration, washed with ethanol and dried in vacuo.
Yield: 87%. IR (KBr , cm-1): 3049, 2923, 2852, 1640, 1571, 1529, 1496, 1468,
1426, 1385, 1337, 1234, 1115, 735, 539, 419. Anal. Calcd for
C110H172Cl3TbN6O9: C, 66.46; H, 8.72; N, 4.23. Found: C, 66.46; H, 8.72; N,
4.12.

Synthesis of Er2. To a solution of compound 1 (1.0 g, 1.17 mmol) in hot
ethanol was added dropwise a solution of erbium(III) chloride hexahydrate
(0.22 g, 0.59 mmol) in ethanol. The reaction mixture was refluxed for 2h. Then,
a precipitate was filtered off, washed with ethanol and dried in vacuo. Yield:
89%. IR (KBr , cm-1): 3083, 2922, 2852, 1641, 1574, 1527, 1496, 1468, 1426,
1384, 1336, 1233, 1114, 735, 541, 419. Anal. Calcd for C110H172Cl3ErN6O9: C,
66.18; H, 8.68; N, 4.21. Found: C, 66.18; H, 8.60; N, 4.22.

Synthesis of Eu3. A solution of 1,3,5-triacetoacetamidobenzene (63.17 mg,
0.17 mmol) in N-methyl-2-pyrrolidone (3 mL) was mixed with a solution of
NaOH (21.54 mg, 0.54 mmol) in methanol (3 mL). This mixture was slowly
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added to a solution of Eu2 (2.0 g, 1.01 mmol) in hot chloroform (100 mL). The
reaction mixture was refluxed overnight. After solvent evaporation, the product
was dissolved in chloroform and precipitated in methanol. The precipitate was
isolated by filtration, washed with methanol and dried in vacuo. The product
was obtained as a brown powder. Yield: 74 %. IR (KBr, cm-1): 3392, 3241,
2922, 2852, 1645, 1584, 1523, 1502, 1470, 1426, 1381, 1337, 1231, 1118, 736,
520, 418. Anal. Calcd for C348H534Eu3N21O36: C, 69.16; H, 8.91; N, 4.87.
Found: C, 68.99; H, 9.10; N, 4.63.

Synthesis of Tb3. A solution of 1,3,5-triacetoacetamidobenzene (50.70 mg,
0.14 mmol) dissolved in N-methyl-2-pyrrolidone (10 mL) was mixed with a
solution of NaOH (17.29 mg, 0.43 mmol) in small amounts of methanol. This
mixture was slowly added to a solution of Tb2 (805.46 mg, 0.41 mmol) in hot
chloroform. The reaction mixture was refluxed overnight. After solvent
evaporation, the resulting product was dissolved in chloroform and precipitated
in methanol. The precipitate was filtered off, washed with methanol and dried in
vacuo. The product was obtained as a orange solid. Yield: 79%. IR (KBr , cm-1):
3247, 2920, 2851, 1643, 1584, 1524, 1505, 1469, 1424, 1384, 1339, 1241, 1120,
739, 538, 458. Anal. Calcd for C348H534Tb3N21O36: C, 68.92; H, 8.87; N, 4.85.
Found: C, 68.64; H, 8.92; N, 4.66.
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Synthesis of Er3. A solution of 1,3,5-triacetoacetamidobenzene (50.70 mg,
0.14 mmol) dissolved in N-methyl-2-pyrrolidone (10 mL) was mixed with a
solution of NaOH (17.29 mg, 0.43 mmol) in small amounts of methanol. This
mixture was slowly added to a solution of Er2 (808.84 mg, 0.41 mmol) in hot
chloroform. The reaction mixture was refluxed overnight. After solvent
evaporation, the resulting product was dissolved in chloroform and precipitated
in methanol. The precipitate was filtered off, washed with methanol and dried in
vacuo. The product was obtained as a orange solid. Yield: 83 %. IR (KBr , cm1

): 3248, 2922, 2852, 1646, 1583, 1524, 1500, 1468, 1425, 1380, 1337, 1231,

1118, 738, 524, 415. Anal. Calcd for C348H534Er3N21O36: C, 68.63; H, 8.84; N,
4.83. Found: C, 68.75; H, 8.83; N, 4.76.

Synthesis of Eu4. 2,2,6,6-Tetramethyl-3,5-heptanedione (0.1 mL, 0.47
mmol) was preactivated with NaOH (19.42 mg, 0.49 mmol) in methanol (3 mL).
This mixture was added dropwise to a solution of Eu3 (946.7 mg, 0.16 mmol)
in hot chloroform (100 mL). After reflux overnight, solvent was evaporated.
The resulting product was isolated by precipitation with chloroform as a good
solvent and methanol as a non-solvent. The yellow precipitates were obtained
by filtration, washed with methanol and dried in vacuo. Yield: 89%. IR (KBr ,
cm-1): 3423, 3246, 2922, 2852, 1644, 1583, 1526, 1502, 1468, 1424, 1380,
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1338, 1232, 1120, 740, 536, 415. Anal. Calcd for C381H588Eu3N21O39: C, 69.94;
H, 9.06; N, 4.50. Found: C, 69.99; H, 9.11; N, 4.53.

Synthesis of Tb4. 2,2,6,6-Tetramethyl-3,5-heptanedione (0.08 mL, 0.38
mmol) and NaOH (15.59 mg, 0.39 mmol) were dissolved in small amounts of
methanol. This solution was added dropwise to a solution of Tb3 (762.60 mg,
0.13 mmol) in chloroform. The reaction mixture was refluxed overnight. After
solvent evaporation, the resulting product was dissolved in chloroform and
precipitated in methanol. The precipitate was filtered off, washed with methanol
and dried in vacuo. The product was obtained as a orange powder. Yield: 90%.
IR (KBr , cm-1): 3246, 2921, 2851, 1644, 1584, 1525, 1504, 1468, 1424, 1380,
1339, 1231, 1120, 738, 536, 410. Anal. Calcd for C381H588Tb3N21O39: C, 69.72;
H, 9.03; N, 4.48. Found: C, 70.10; H, 8.91; N, 4.30.

Synthesis of Er4. 2,2,6,6-Tetramethyl-3,5-heptanedione (0.08 mL, 0.38
mmol) and NaOH (15.64 mg, 0.39 mmol) were dissolved in small amounts of
methanol. This solution was added dropwise to a solution of Er3 (780.60 mg,
0.13 mmol) in chloroform. The reaction mixture was refluxed overnight. After
solvent evaporation, the resulting product was dissolved in chloroform and
precipitated in methanol. The precipitate was filtered off, washed with methanol
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and dried in vacuo. The product was obtained as a orange powder. Yield: 91%.
IR (KBr , cm-1): 3251, 2921, 2851, 1645, 1583, 1526, 1504, 1468, 1425, 1380,
1338, 1231, 1120, 738, 536, 412. Anal. Calcd for C381H588Er3N21O39: C, 69.45;
H, 9.00; N, 4.46. Found: C, 69.11; H, 8.93; N, 4.42.
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II-3. Results and Discussion

II-3-1. Synthesis and Characterization
Scheme 1 shows the synthetic route for the disc-like lanthanide(III) complexes.
Ligand 1 having a rigid phenanthroline moiety tailored with three alkyloxy chains
was prepared by amidation reaction of 5-amino-1,10-phenanthroline with 3,4,5trioctyloxybenzoic acid. 1,10-Phenanthroline is well known for its better
coordinating ability than 2,2’-bipyridine[42] and for its good energy absorption
property. Ln2 complexes were prepared by complexation of ligand 1 with
lanthanide(III) ions such as europium(III) chloride hexahydrate, terbium(III)
chloride hexahydrate and erbium(III) chloride hexahydrate. Complexation was
confirmed by elemental analysis. Lanthanide(III) ions in Ln2 complexes have
four exchangeable coordination sites, which are occupied by chloride or water
molecules.
Ln3 complexes were prepared by the reaction of Ln2 complexes with 1,3,5triacetoacetamidobenzene, which has three 1,3-dicarbonyl moieties. 1,3Diketones are widely used as ligands in metal coordination, but there have been
only a few reports on β-ketoamide complexes. Crans et al. reported a
coordination behavior for acetoacetamide that was similar to that of a 1,3diketone in the complexation with oxovanadium(IV), where two carbonyl
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oxygens were coordinated to the metal atom.[43] Since acetoacetamides can be
easily prepared by the reaction of the corresponding amines with diketene, they
could be versatile ligands like 1,3-diketones.
1,3,5-Triacetoacetamidobenzene has a planar structure because three βcarbonyl moieties are connected to the benzene ring through an amide bond.[39]
Ln3 complexes have a disc-like structure bearing three equivalents of Ln2
complexes around a 1,3,5-triacetoacetamidobenzene core. The solubility of
1,3,5-triacetoacetamidobenzene changed dramatically after coordination. 1,3,5Triacetoacetamidobenzene showed poor solubility in common organic solvents
because of the strong intermolecular hydrogen bonding between the NH and
carbonyl groups. However, Ln3 complexes obtained by its coordination with
lanthanide(III) ions were very soluble in solvents such as dimethylformamide,
tetrahydrofuran and dichloromethane, suggesting that all carbonyl oxygen
atoms of 1,3,5-triacetoacetamidobenzene were involved in coordination.
Ln3 complexes were further reacted with 2,2,6,6-tetramethylheptane-3,5dione to replace the OH ligands because the luminescence properties of
lanthanide ions are strongly influenced by the OH groups, which serve as
efficient quenchers of the emission. The resulting heteroleptic Ln4 complexes
contain six 1,10-phenanthroline units derived from Ln2 complexes and six βdiketonate groups derived from 1,3,5-triacetoacetamidobenzene and 2,2,6,6-
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tetramethylheptane-3,5-dione. Ln4 complexes were soluble in a wide variety of
solvents including octanol, ethyl acetate, dichloromethane and toluene.

OC12H25

C12H25O

O
N

NH

H
N

C12H25O

OC12H25

N

H O
2

C12H25O

LnCl3

OC12H25

O

N
Ln

OC12H25

Ln2
Ln = Eu, Tb, Er

NHCOCH2COCH3

NHR

OC12H25

NHCOCH2COCH3

RHN

OC12H25

HN

2OH-

O

OC12H25

NHR
N

N
N

O

3+

OC12H25

OC12H25
C12H25O

OC12H25
O

C12H25O

O

O

O

N

HN

N

OC12H25
NH

Ln

OC12H25
C12H25O

N
H
N

C12H25O

OC12H25

NH

Ln
O
R=

OC12H25

O

N

Ln3
Ln = Eu, Tb, Er

O

OC12H25

Cl Cl

C12H25O

O

OC12H25

N
H

N

N

O

1

H3COCH2COCHN

Cl

N

O

O

N
OC12H25

HN

O

OC12H25

N O
N
Ln

O
O

H
N
O
N

N
H

N
O
N

C12H25O

O

O N

N

O

OC12H25

NH

Ln
N

NH

OC12H25

HN

O
O

O

OC12H25
C12H25O

OC12H25
OC12H25

Ln4
Ln = Eu, Tb, Er

Scheme II-1. Synthesis of lanthanide(III) complexes.
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3OH-

Ln2 complexes showed not only mesophases but also organogelation
depending on metal ions. However any self-assembled structure did not appear
in Ln3 complexes probably due to the strong intermolecular interaction.
Interestingly, Ln4 complexes exhibited liquid crystal phases and sol-gel
transitions again after coordination with 2,2,6,6-tetramethylheptane-3,5-dione.
Europium(III) and terbium(III) complexes in Ln2 or Ln4 structures showed
thermotropic mesomorphism. However, in the case of erbium complexes,
mesophase was not exhibited. It was presumed that erbium(III) ion affected
self-assembly of compounds by its size or electronic structure. Liquid crystal
structures were confirmed by XRD (Figure II-1). Eu2 and Tb2 showed smectic
orderings having d100-spacings of 33.72 and 33.98 Å and d200-spacings of 16.55
and 16.67 Å respectively. Eu4 and Tb4 showed hexagonal packing structures
having d200-spacings of 38.75, 36.81 and 37.12 Å and d210-spacings of 28.32,
27.78 and 27.96 Å respectively. These d-spacings are in the ratio of 1/2:1/√7,
which is in good agreement with a hexagonal lattice with the lattice parameter
of a = 87.20 and 85.01 Å. All phase transition temperatures and corresponding
enthalpies were determined by DSC (Table II-1). Birefringences of all
complexes were investigated by POM as shown in Figure II-2.
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Figure II-1. Small angle X-ray diffractograms of (a) Eu2 and Tb2 and (b) Eu4
and Tb4.

Table II-1. DSC analyses of Eu2, Tb2, Eu4 and Tb4. The scanning rate of
compounds was 10 oC min-1 and 1 oC min-1, respectively.
T, oC [ΔH, kJ/mol]
Second heating

Second cooling

Eu2

Cr 240.13 (63.15) I

I 223a Sm 214.72 (41.28) Cr

Tb2

Cr 216.75 (44.25) I

I 216.1a Sm 177.88 (20.55) Cr

Eu4

Cr 131.85 (1.74) I

I 124.5a Colh 119.02 (2.52) Cr

Cr 92.86 (5.77) I
I 90.4a Colh 65.36 (5.39) Cr
Tb4
Abbreviations: Cr ) crystalline; Sm ) smetic mesophase; Colh ) columnar
hexagonal mesophase; I ) isotropic. a Determined by POM.
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Figure II-2. POM images of (a) Eu2, (b) Eu4, (c) Tb2 and (d) Tb4 on second
cooling.

Organogelation was investigated by a vial inversion method. In the case of
Ln2, gelation occurred in n-decane by only Eu2 and Tb2. Er2 did not show a
sol-gel transition until 2 wt% in n-decane. However, all Ln4 complexes could
gelate n-hexane as well as n-decane because of lower melting point confirmed
by DSC and better solubility in non-polar solvent than Ln2. Their critical
gelation concentrations were less sensitive to kind of metal ions and
considerably lower than Ln2, indicating that Ln4 could form the fibrous
structure easily (Table II-2). In the bulky structure of Ln4, atomic effect might
be reduced compared to Ln2 during gelation.
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Table II-2. Critical gelation concentrations of lanthanide(III) complexes.

Ln2

Ln4

CGC (n-decane)

CGC (n-hexane)

Eu2

0.7 wt%

-

Tb2

1.9 wt%

-

Er2

-

-

Eu4

0.4 wt%

0.5 wt%

Tb4

0.4 wt%

0.6 wt%

Er4

0.5 wt%

0.7 wt%

In Figure II-3, photographs of various gels in vial are shown. Entangled fiber
network structures were measured by TEM after drying on the carbon-coated
copper grids. Dry gels from Eu2 (1 wt% in n-decane) and Tb2 (2 wt% in ndecane) showed fiber diameters ranged from 20 nm to 80 nm and those from
Eu4, Tb4 and Er4 (1 wt% in n-hexane) from 0.02 to 1 µm as shown in Figure
II-4.

Figure II-3. Photograph of gels obtained from (a) 1 wt% of Eu2 in n-decane,
(b) 2 wt% of Tb2 in n-decane, (c) 1 wt% of Eu4 in n-decane, (d) 1 wt% of Tb4
in n-decane and (e) 1 wt% of Er4 in n-decane.
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Figure II-4. TEM images of dry gels obtained from (a) 1 wt% of Eu2 in ndecane, (b) 2 wt% of Tb2 in n-decane, (c) 1 wt% of Eu4 in n-decane, (d) 1 wt%
of Tb4 in n-decane and (e) 1 wt% of Er4 in n-decane.

II-3-2. White-Light Emission from Mixed Organogels
The most fascinating property of lanthanide(III) ions is their characteristic
luminescence. As Eu(III) and Tb(III) ions were coordinated with the same
ligands, Eu(III) and Tb(III) complexes exhibited almost the same absorption
spectra, but their emission spectra were quite different. Figure II-5a shows the
UV-Vis absorption and emission spectra of Eu2 and Tb2 in chloroform. When
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excited at 330 nm, Eu2 gave emissions corresponding to two transitions at 595
nm (5D0→7F1) and 618 nm (5D0→7F2), although the red 5D0→7F2 transition was
much more intense. Tb2 gave a greenish emission with four transitions at 496
nm (5D4→7F6), 551 nm (5D4→7F5), 588 nm (5D4→7F4) and 625 nm (5D4→7F3)
and gave an intense and broad emission at around 440 nm from its ligands,
which was not significant for Eu2. The intense emission at around 440 nm was
attributed to partial energy transfer from the ligand to Tb(III).

Figure II-5. (a) Emission spectra from Eu2 and Tb2 in chloroform excited at
330 nm. The absorption spectra of the two complexes are included as an inset.
(b and c) Photographs of organogels of Eu2 (b) and Tb2 (c) (2 wt% in ndecane) taken under 365 nm irradiation.
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Due to their structural similarities, Eu2 and Tb2 also formed homogeneous
mixed gels.[44] The emission spectra of a mixture of Eu2 and Tb2 in n-decane
(2 wt%) measured in the sol and gel states showed peaks corresponding to
emissions from the ligands and sensitized Eu(III) and Tb(III). The emission
peaks from Eu(III) appeared at 595 and 618 nm and from Tb(III) at 496 and 551
nm when excited at 330 nm. Furthermore, a broad emission was observed
around 470 nm that was attributed primarily to the ligands of Tb2. After
examining the emission spectra of the mixed gels with various compositions, a
ratio of Eu2 / Tb2 of 1 : 19 by weight was deemed to provide an optimum
white-light emission.
The critical gelation concentration of the mixture of Eu2 and Tb2 (1 : 19 by
weight) (Eu2-Tb2) was 1.3 wt% in n-decane which was higher than that of Eu2
(0.7 wt%) but lower than that of Tb2 (1.9 wt%), suggesting the absence of
orthogonal self-assembly of Eu2 or Tb2.[42] The same ligand structures of two
complexes were supposed to enhance intermolecular interactions between Eu2
and Tb2 to form a homogenous mixed gel. The TEM image of the dry gel
revealed entangled fibers with diameters ranged from 20 nm to 80 nm without
evidence of self-sorting (Figure II-6a).[45,46]
The absorption and emission spectra of Eu2-Tb2 in n-decane (2 wt %)
obtained in the sol and gel states are described in Figure II-6b. In the sol state at

- 64 -

100 oC, the absorption bands of the ligands appeared below 400 nm with a λmax
of 275 nm and their emission bands were between 360 and 600 nm when
excited at 330 nm. However, the emissions from the Eu(III) and Tb(III) ions
were barely noticeable. After gelation at 25 oC, the absorption maximum was
red-shifted by 8 nm probably because of intermolecular ground state
interactions[50] and interestingly, Eu(III) and Tb(III) emissions intensified
significantly with a slight diminution of emission from the ligands, suggesting
efficient intramolecular energy transfer from the ligands to the core metal ions.
The most intensive transitions in Eu2 (5D0→7F2) and Tb2 (5D4→7F5) were
enhanced 22 and 2 times, respectively after gelation.
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Figure II-6. (a) TEM image of the dry gel obtained from Eu2-Tb2 in n-decane
(2 wt%). (b) Emission spectra of the sol and gel of Eu2-Tb2 in n-decane (2
wt%) when excited at 330 nm. The absorption spectra of two states are shown
in the inset.
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Emission quenching of Eu(III) and Tb(III) in the sol state could be a result of
non-radiative transitions, which are dependent on temperature. Accordingly, the
effect of temperature on luminescence intensity was investigated by using a
solution of Eu2 in n-decane, which was prepared to have the same Eu2
concentration (0.1 wt%) as in Eu2-Tb2. At 0.1 wt% and 25 oC, Eu2 couldn’t
gelate n-decane. The luminescence intensity of the solution for the 5D0→7F2
transition of Eu(III) increased on cooling from 100 to 25 oC, but this increase
was only 5-fold (Figure II-7a). The same experiment was carried out using a
solution of Eu2-Tb2 in toluene (2 wt%) in which gelation did not occur. The
luminescence intensity only increased 2-fold on cooling (Figure II-7b). These
results suggested that emission quenching was reduced significantly by gelation.
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Figure II-7. Emission spectra obtained from (a) a solution of Eu2 (0.1 wt%) in
n-decane and (b) a solution of Eu2-Tb2 (2 wt% ) in toluene when excited at
330 nm.
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Similar emission intensity increases by gelation were observed for Eu2 and
Tb2 gels formed in n-decane (2 wt %), indicating that the luminescences of the
two components were unperturbed in the mixed gels. The absorption maxima of
Eu2 and Tb2 were also found to be red-shifted by 8 nm by gelation (Figure II-8
and II-9).

Figure II-8. (a) Emission spectra of the sol (100 oC) and gel (25 oC) of Eu2 in
n-decane (2 wt%) excited at 330 nm. The absorption spectra of two states are
shown in the inset. (b and c) Photographs of the sol (b) and the gel (c) of Eu2 in
n-decane (2 wt%) under 365 nm irradiation.
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Figure II-9. (a) Emission spectra of the sol (100 oC) and gel (25 oC) of Tb2 in
n-decane (2 wt%) excited at 330 nm. The absorption spectra of two states are
shown in the inset. (b and c) Photographs of the sol (b) and the gel (c) of Tb2 in
n-decane (2 wt%) under 365 nm irradiation.

Figure II-10a and II-10b show photographs of the sol (100 oC) and gel (25
o

C) of Eu2-Tb2 (2 wt%, n-decane) taken under 365 nm irradiation, respectively.

The two-component gel exhibited white luminescence. In the sol state, the CIE
color coordinates of Eu2-Tb2 were x = 0.20 and y = 0.23 in the blue region and
these changed to x = 0.36 and y = 0.30 in the white region by gelation (Figure
II-10c).
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Figure II-10. Photographs of the sol at 100 oC (a) and gel at 25 oC (b) of Eu2Tb2 (2 wt%, n-decane) taken under 365 nm irradiation. (c) CIE color
coordinates of Eu2-Tb2 at the sol and gel states in n-decane (2 wt%).

Emission spectra of Eu4 and Tb4 in chloroform are shown in Figure II-11.
Eu4 showed three transitions in red region at 581 nm (5D0→7F0), 595 nm
(5D0→7F1) and 618 nm (5D0→7F2) as reported data.[44] A ligand-centered
emission appeared between 360 and 600 nm. On the other hand, Tb4 did not
show the luminescence from Tb(III) ion. A broad emission in greenish blue
region was only observed from the ligands, suggesting the poor energy transfer
from the triplet states of the ligands to the emitting level of Tb(III) ion.[ 47-49]
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Figure II-11. Emission spectra from Eu4 and Tb4 in chloroform excited at 330
nm. The absorption spectra of the two complexes are shown in the inset.

Emission spectra of sol and gel states of Eu4 and Tb4 in n-decane (1 wt%)
are described in Figure II-12. The organogel of Eu4 showed the significantly
enhanced emission intensities from europium(III) ion at 581 nm, 595 nm and
618 nm with the decrease of the emission intensity from the ligands compared
with the solution.[44] The metal-centered emission was not observed in the
organogel of Tb4 as in the solution but the emission from the ligands was
enhanced after gelation.
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Figure II-12. Emission spectra of the sol (70 oC) and gel (25 oC) of Eu4 (a) and
Tb4 (b) in n-decane (1 wt%) excited at 330 nm. The absorption spectra of two
states are shown in the inset.

Eu4 and Tb4 formed a homogeneous mixed gel in n-decane (Eu4-Tb4),
showing a whitish luminescence at the ratio of 3 : 1 by weight. The critical
gelation concentration of Eu4-Tb4 (3 : 1 by weight) was 0.5 wt%. The TEM
image of the dry gel revealed entangled fibers with diameters ranged from 60
nm to 180 nm (Figure II-13a). Emission spectra of Eu4-Tb4 in n-decane (1
wt%) at sol and gel states are shown in Figure II-13b. The CIE color
coordinates of a Eu4-Tb4 solution were x = 0.18 and y = 0.13 in the blue
region, which were shifted to x = 0.24 and y = 0.18 in the boundary of the white
region after gelation.
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Figure II-13. (a) TEM image of the dry gel obtained from Eu4-Tb4 (3 : 1 by
weight) in n-decane (1 wt%). (b) Emission spectra of the sol (70 oC) and gel (25
o

C) of Eu4-Tb4 in n-decane (1 wt%) excited at 330 nm. Absorption spectra of

two states are shown in the inset.

II-3-3. Film-Forming Properties of the Europium(III) Complex
One of the distinguishing features of Eu4 was a film-forming property. A thin
film was prepared by spin-casting at 1500 rpm on a quartz plate from a 5 wt%
dichloromethane

solution

to

investigate

the

optical

absorption

and

photoluminescence (PL) property. Eu4 showed an absorption maximum at 274
nm in the chloroform solution (10-6 M). In the film and gel states, the maximum
absorption peaks were red-shifted by 4 and 8 nm, respectively, which was
ascribed to the intermolecular ground state interactions.[50] Regardless of the
different absorption patterns, all the samples showed the same PL emission peaks
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corresponding to the transitions from the excited state 5D0 to the ground states 7FJ
of europium (III). Three transitions were observed at 595 nm (5D0→7F1), 618 nm
(5D0→7F2) and 656 nm (5D0→7F3). The 5D0→7F2 transition was the strongest,
showing the typical red color emission of europium (III).[51]
The PL intensity of the 5D0→7F2 transition increased with the increase in the
concentration of Eu4 up to 10-4 M in toluene, but decreased markedly at higher
concentrations because the concentration quenching occurred. Also, the PL
intensity at 25 and 75 oC were insignificantly changed in 10-3 and 10-4 M of
toluene soltions having similar concentration with 1 wt% of gel (Figure II-14).
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Figure II-14. (a) Emission spectra of Eu4 in toluene with various concentrations
obtained at 25 oC (λex = 310 nm). (b) Emission spectra of Eu4 in toluene obtained
at 25 and 70 oC (λex = 310 nm).
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Concentration quenching effect was diminished in the gel state. Figure II-15
shows the UV-Vis and PL spectra of Eu4 in the solution and gel states. A 1 wt%
solution of Eu4 in n-decane (1.13 x 10-3 M) prepared at 70 oC showed a weak PL
emission due to the quenching. As the solution turned into a gel at 25 oC, the PL
intensity of the 5D0→7F2 transition was increased by about 6 times. Since the PL
intensity is also dependent on temperature, the emission spectra of Eu4 in toluene
(10-3 M ) were measured at 25 and 70 oC. The PL intensity of the solution for the
5

D0→7F2 transition was increased, but only by 31 % on cooling from 70 to 25 oC

(Figure II-16).

Figure II-15. UV-Vis spectra (left) and emission spectra excited at 275 nm
(right) of Eu4 in the solution and gel states. Photographs of the sol (left) and the
gel (right) were taken after 365 nm irradiation.
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Figure II-16. Emission spectra of Eu4 in n-decane at 25 and 70 oC and in toluene
at 25 and 70 oC (λex = 310 nm).

This result suggests that the probability of emission quenching was reduced
significantly by gelation. Additionally, a freestanding film with a thickness of
about 54 μm obtained by melt casting on a silicon-coated substrate at 140 oC also
showed bright red color upon UV irradiation at 365 nm (Figure II-17).

Figure II-17. Photographs of a freestanding film of Eu4 (left) and after 365 nm
irradiation (right).
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II-3-4. NIR-Emitting Er(III) Film Through the Gel-State Polymerization
Although organogels have been used in various fields, they still suffer from
intrinsically weak durabilities in many cases. To immobilize gel fibers
effectively, polymerization was required to occur in the gel state without
disruption of the fibers. Er4 showed a gelation behavior not only in aliphatic
solvents but also in EGDMA, one of the well-known cross-linking agents in
radical polymerizations. The CGC of Er4 in EGDMA was found to be 4 wt%
and the fiber network in the gel was investigated by TEM and SEM
measurements (Figure II-18).

Figure II-18. TEM (left) and SEM (right) images of the dry gel obtained from
Er4 in EGDMA (5 wt%).

Because Er4 gel in EGDMA was sensitive to heat, UV polymerization was
carried

out

with

2,2-dimethoxy-2-phenylacetophenone

- 76 -

(DMPA)

as

a

photoinitiator. DMPA (2 wt%) was dissolved to 5 wt% of Er4 in EGDMA by
gentle heating. Once the gel was formed, the gel was irradiated by a high
pressure mercury arc lamp (3 mW cm-2). Under UV light, the gel maintained its
shape without collapsing. Photograph of each step was taken as shown in
Figure II-19. Er4 gel with DMPA was placed on quartz plate by means of drop
casting and the transparent Er4 film was obtained after UV irradiation (Figure
II-20). In SEM images (Figure II-21), the surface of the film was measured to
be rugged compared to a normal EGDMA film, supporting that the fibrous
structure was supposed to be maintained during gelation and embedded in the
cross-linked film. The film showed a thickness of 84 µm averagely and became
no more soluble in common organic solvents and fusible by heat.

Figure II-19. Photographs of Er4 gel in EGDMA at 5 wt% (left), with DMPA
(middle) and after UV irradiation (right).
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Figure II-20. Photographs of Er4 film after cross-linking by UV irradiation.

Figure II-21. SEM images of films obtained from (a) 5 wt% of Er4 in EGDMA
and (b) only EGDMA after UV cross-linking.

Absorption spectra of Er4 in sol, gel and film state were investigated (Figure
II-22). Er4 in sol state (1 wt% in EGDMA) showed an absorption maximum at
291 nm, but in gel state (5 wt% in EGDMA), it was blue-shifted by 20 nm. The
film state showed comparable absorption spectrum to gel state, indicating that
Er4 gel fiber network was probably maintained in the film during cross-linking.
Excitation (λem = 1533 nm) and emission (λex = 325 nm) spectra are shown in
Figure II-23. Excitation spectrum of NIR emission is similar to absorption
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spectrum of Er4 film, suggesting the energy transfer occurred from peripheral
ligand to Er(III). Also the resulting emission spectrum was considered to be
obtained from the frozen fiber network inside the film. Emission spectrum is
generated by intraconfigurational 4f-4f transition from 4I13/2 level to 4I15/2 level
in Er(III). Broad NIR emission ranged from 1450 nm to 1650 nm and full width
at half maximum (fwhm) was found to be around 100 nm useful for wavelength
division multiplexing (WDM) around 1.54 µm.[52,53]

Figure II-22. Absorption spectra of Er4 in sol, gel and film states.
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Figure II-23. Excitation (λem = 1533 nm) and emission (λex = 325 nm) spectra
of Er4 film.
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II-4. Conclusions

Organogelators containing Eu(III), Tb(III) and Er(III) ions were synthesized
and their self-assembled properties were characterized. Eu2 and Tb2 formed
stable organogels in n-decane. A metal-centered emission was significantly
enhanced in the gel state as compared with the sol state. Two-component mixed
gels were obtained from a mixture of two gelators without evidence of selfsorting. A white luminescence was achieved by controlling the composition of
the mixed gel to give a bluish ligand-centered emission that was well-balanced
by the red and green emissions from Eu(III) and Tb(III) core ions. Trimetallic
organogelators, Eu4 and Tb4, also formed a homogeneous mixed gel in ndecane. The mixed gel of Eu4 and Tb4 had a bluish emissions from the ligands
and the red emissions from Eu(III) ions and showed a whitish luminescence.
Especially, Eu4 could be processed into a thin film or free-standing film without
losing its photoluminescence. Furthermore, a film could be fabricated from a gel
fiber network through the gel-state polymerization. Er4 gelated EGDMA and
the resulting gel was cross-linked after in situ UV irradiation in gel state. The
fiber network was embedded in the film during polymerization and photphysical
properties were investigated.
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Chapter III.

Preparation of a Molecularly Imprinted Polymer
Containing

Europium(III)

Ions

for

Luminescent

Sensing

III-1. Introduction

The lanthanide(III) ions have attracted great interests in sensor applications
due to their unique photophysical properties. Their luminescence resulting from
intraconfigurational f-f transition is narrow, long-lasting and sensitive to the
coordination environments, which makes them a promising candidate for signal
transducers. Since the lanthanide(III) ions have very low molar absorptivities, it
is difficult to populate their resonance levels by direct excitation. As an
alternative, indirect excitation of the lanthanide(III) ions via an organic-based
antenna is widely used to obtain strong luminescence. The organic ligands
located around the lanthanide(III) ions absorb light and sensitize the
lanthanide(III) ions by intramolecular energy transfer.[1]
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Molecular imprinting is a practical method for preparing artificial receptors. In
the molecular imprinting process, a complex of a functional vinyl monomer and a
template is copolymerized with a cross-linking agent and subsequent removal of
the template from the polymerized matrix generates binding cavities.[2-8] In sensor
applications of molecularly imprinted polymers, the bound molecules are usually
analyzed by an indirect method such as choromatography.[2,3] However, this
method has a drawback such that an additional separation process is required.
Several direct sensing methods have been developed, involving the detection of
changes in optical properties upon molecular binding[9] by using quantum
dots,[10,11] dyes[12,13] and fluorescent polymers[14] as probes. The use of the
lanthanide(III) ions to signal the detection has also been reported.[15-19] In these
studies, the sensors were designed to detect organophosphonates and
organophosphates, which have strong binding affinity for europium(III) ions. The
imprinted polymer matrices contained both the europium(III) ions and the
sensitizing chromophore moieties. Once the target molecules were bound to the
ions by coordination, there was observed an increase of luminescence intensity,
regardless of their structures. This result was attributed to the fact that the
luminescence of the europium(III) ions is sensitive to the coordination number
and geometry as well as the ligand structure.
In this work, a facile synthesis of a luminescence sensor based on the

- 89 -

europium(III) ion-containing molecularly imprinted polymer was described.
Different from previous works, this study uses non-chromophoric monomers
for coordination with the europium(III) ions and for polymerization. As a result,
the europium(III) ion-containing imprinted polymer showed significant
luminescence only after binding of chemicals bearing sensitizing chromophore
moieties. This type of sensor may be suitable for detecting chromophoric toxic
chemicals, such as aromatic acid herbicides and insecticides. Picloram was
selected as a model template because it is a widely used chlorinated herbicide
persistent in water or soil, which is a suspicious endocrine disruptor and also a
detriment to the environment.[20]
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III-2. Experimental

Materials. 3-Allylpentane-2,4-dione was synthesized according to the
reported procedure.[21] Azobisisobutyronitrile (AIBN) was recrystallized in
methanol before use. Ethylene glycol dimethacrylate (EGDMA) was purified
by passing through a column filled with aluminum oxide (Aldrich) to remove
the inhibitor. All other chemicals and reagent grade solvents were purchased
from Aldrich and used without any further purification.

Measurements. 1H NMR spectra were recorded on a Bruker Avance 300
spectrometer (300 MHz). UV-Vis spectra were obtained with the use of a Sinco
S-3150 spectrometer. Fluorescence measurements were performed on a
Shimadzu RF-5301PC spectrofluorometer. The pH values of solutions were
measured using a Schott Lab-860 pH meter.

Polymerization of the Europium(III) Complex. To a solution of 3allylpentane-2,4-dione (578 mg, 4.12 mmol) in ethanol (100 mL) was added a
solution of NaOH (164.89 mg, 4.12 mmol) in water (5 mL). Then, solutions of
europium(III) chloride hexahydrate (503.60 mg, 1.37 mmol) in ethanol (2 mL)
and picloram (331.87 mg, 1.37 mmol) in ethanol (2 mL) were added dropwise
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in sequence. After stirring 2 h at room temperature, EGDMA (3.89 mL, 20.62
mmol) and AIBN (225.69 mg, 1.37 mmol) were added and the reaction mixture
was refluxed for 4 h. The white precipitates were isolated by filtration, washed
with tetrahydrofuran, water and methanol and dried in vacuo.

Extraction of the Europium(III) Ions and the Template Molecules. The
cross-linked polymers were stirred overnight in a HCl and ethanol solution (1 :
9, v/v) and isolated by filtration. The polymers were soxhlet extracted with
ethanol for 2 days, collected and dried in vacuo.

Incorporation of the Europium(III) Ion into the Polymer Matrix (MIPEu). To a mixture of the extracted polymer (1.20 g) in ethanol (100 mL) and a
solution of NaOH (81.86 mg, 2.05 mmol) in water (2 mL) was added a solution
of europium(III) chloride hexahydrate (250.00 mg, 0.68 mmol) in ethanol (2
mL). The reaction mixture was refluxed overnight. The white precipitates were
isolated by filtration, washed with water and methanol and dried in vacuo.

Preparation of the Europium(III) Coordinated Non-Imprinted Polymer
(NIP-Eu). This polymer was prepared in the same manner as MIP-Eu except
that picloram was omitted.
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Rebinding and Selectivity Test. In rebinding test, picloram was dissolved in
methanol (10 mL) at various concentrations (0, 0.05, 0.1, 0.2, 0.3, 0.4 mM).
Then, the pH of each solution was adjusted to 6 with a 0.1 M aqueous NaOH
solution. MIP-Eu or NIP-Eu (100 mg) was added to the solutions. After
incubation for 1 h, luminescence at 616 nm was monitored. In selectivity test,
picloram and its analogs were dissolved in methanol (10 mL) at a concentration
of 0.4 mM and the pH of each solution was adjusted to 6 with a 0.1 M aqueous
NaOH solution. MIP-Eu or NIP-Eu (100 mg) was added to solutions. After
incubation for 1 h, luminescence at 616 nm was monitored. All measurements
were repeated three times.
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III-3. Results and Discussion

III-3-1. Synthesis and Characterization
Scheme III-1 shows the fabrication of the europium(III) ion-containing
molecularly imprinted polymer. 3-allylpentane-2,4-dione and picloram (4amino-3,5,6-trichloro-2-pyridinecarboxylic acid, template) were used as ligands
for the complexation with the europium(III) ion. 3-Allylpentane-2,4-dione has a
β-diketone structure and an allyl group. β-Diketone is well known for its good
coordinating ability and widely used as a ligand in metal coordination.[22] Three
β-diketone ligands were first coordinated with the europium(III) ion by the
reaction of 3-allylpentane-2,4-dione and europium(III) chloride hexahydrate in
basic aqueous ethanol. Generally, the coordination number of a trivalent
europium ion complex is eight or nine. The chloride or water molecules were
replaced by occupying the remaining two exchangeable coordination sites with
picrolam. Picloram has an aromatic ring which can function as a sensitizing
chromophore and two coordination sites, pyridinic nitrogen and carboxylic
oxygen.
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Scheme III-1. Schematic description of the preparation of the europium(III)
ion-containing molecularly imprinted polymer.

Figure III-1 shows the changes in emission of the β-diketone coordinated
europium(III) ion by the addition of picloram at pH 6 under excitation at 320
nm. The emission intensity increased continuously until one equivalent of
picrolam was added to the europium(III) ion, suggesting the formation of a
europium(III) ion complex coordinated with three β-diketones and one picrolam.
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Figure III-1. The changes in the emission of the β-diketone coordinated
europium(III) ion by addition of picloram at pH 6 under excitation at 320 nm.
The β-diketone coordinated europium(III) ion was prepared from 1 eq. of
europium(III) ion and 3 eq. of 3-allylpentane-2,4-dione in MeOH. The inset
shows the changes in the 616 nm emission.

Without isolation of the complex, the copolymerization of its allylic groups
with ethylene glycol dimethacrylate (EGDMA) was carried out using
azobisisobutyronitrile (AIBN) as an initiator. The radical polymerization of
allyl monomers generally produces oligomers because of the chain transfer to
the monomers,[23-26] but they are copolymerized with acrylates.[27,28] A
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considerably large amount of initiator was required to obtain a cross-linked,
insoluble polymer as white fine powders.
The template molecules together with the europium(III) ions were removed
from the polymer matrix by solvent extraction with HCl/ethanol, and then only
the europium(III) ions were reintroduced into the polymer matrix by reacting
the polymer with europium(III) chloride hexahydrate. By this process, the
europium(III) ions were placed in the binding cavities of the imprinted polymer
(MIP-Eu) through coordination with three β-diketo groups. A non-imprinted
polymer (NIP-Eu) was also prepared in the same manner as MIP-Eu except
that picloram was omitted.

III-3-2. Rebinding Test
The ability of MIP-Eu to recognize the template (picrolam) was investigated
by photoluminescence spectroscopy. For the rebinding test, picloram solutions
of various concentrations in methanol were prepared and their pHs were
adjusted to 6 with a 0.1 M aqueous NaOH solution. MIP-Eu was added to each
solution and incubated for 1 h. The emissions of the mixtures were measured at
an excitation wavelength of 250 nm. Figure III-2a shows the spectra obtained
by subtracting the spectrum of the MIP-Eu in methanol from the original
spectra of the mixtures. The characteristic and narrow emission peaks of the
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europium(III) ions appeared at 594 and 616 nm, corresponding to 5D0→7F1 and
5

D0→7F2 transitions, respectively. The intensities of these peaks increased with

the increase in the picrolam concentration.
Figure III-2b shows the plots of the changes in the emission intensity of
MIP-Eu and NIP-Eu vs the concentration of picrolam. A ∆I/I0 parameter was
used to analyze the luminescence changes, where I0 was the emission intensity
in the absence of picloram and ∆I was equal to I - I0. The emission of MIP-Eu
was much more sensitive to the picrolam concentration than that of NIP-Eu
was. The ∆I/I0 of MIP-Eu increased sharply with the increase in the picrolam
concentration up to 0.1 mM and then slowly increased thereafter. At the
concentration of 0.1 mM, the enhancement of the emission intensity of MIP-Eu
was more than four times that of NIP-Eu, demonstrating the high recognition
ability of MIP-Eu. Because the europium(III) ions were placed in the binding
cavities, the template molecules were likely trapped in the cavities via
coordination with the europium(III) ions.
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(a)

(b)

Figure III-2. (a) Emission spectra of MIP-Eu in aqueous methanol in the
presence of various concentrations of picloram. Emission spectra were obtained
at 250 nm excitation. (b) The concentration effect of picloram on emissions of
MIP-Eu and NIP-Eu. ∆I: emission intensity change upon addition of picloram
(I - I0), I0: emission intensity in the absence of picloram.

The binding affinity of MIP-Eu for picrolam was also confirmed by visual
observation. Figure III-3 shows the photographs of the as-synthesized polymer,
MIP-Eu and the picloram-bound MIP-Eu. The polymers did not have a
distinct color in daylight. Under irradiation at 365 nm, however, the assynthesized polymer containing the europium(III) ions and picloram appeared
bright red. The imprinted polymer (MIP-Eu) did not show visible emission
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owing to the absence of a chromophoric ligand, but exhibited a red color after
incubation for 1 h in a 0.4 mM picloram solution in methanol.

Figure III-3. Photographs of the as-synthesized polymer, MIP-Eu and MIPEu incubated in a 0.4 mM picloram solution in methanol for 1 h taken in (a)
daylight and (b) under 365 nm irradiation.

Picloram molecules trapped in cavities were coordinated with europium(III)
ions. But, the coordination was dependent on the pH. Ligands are protonated in
acidic condition or europium(III) oxides are possibly formed after competition
between hydroxide ions and ligands in basic condition. Both cases result in the
disruption of the coordination.[29] The pH of picloram solution (0.4 mM) was
adjusted with 0.1 M of aqueous HCl and NaOH solutions and found that the
emission was most intensified after binding picloram at the pH 6 as shown in
Figure III-4.
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Figure III-4. The effect of pH on emission of MIP-Eu in 0.4 mM of picloram
solution. ∆I : emission intensity change upon addition of picloram (I-I0), I0 :
emission intensity without picloram.

III-3-3. Selectivity Test
The specific recognition ability of MIP-Eu was investigated for the template
and its structural analogs, dicamba and 2-amino-4,6-dichloropyrimidine-5carboxaldehyde (ADC) by photoluminescence spectroscopy. The rebinding test
was carried out in the same manner as described above. Solutions of picloram
and its analogs in methanol were prepared to have a concentration of 0.4 mM
and a pH of 6. After incubation of MIP-Eu for 1 h, the emissions of the
mixtures were measured at an excitation wavelength of 250 nm. Figure III-5a
shows the spectra obtained by subtracting the spectrum of the MIP-Eu in
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methanol from the original spectra of the mixtures. Figure III-5b shows the
changes in the emission intensity (∆I/I0) of MIP-Eu by addition of analytes.
MIP-Eu showed the highest recognition ability for picrolam and lowest
recognition ability for ADC. Although dicamba has the carboxylic oxygen
which can function as a possible coordination site, its binding affinity to MIPEu was much lower than that of picrolam, proving that the template was most
accessible to the europium(III) ion for coordination.

(a)

(b)
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Figure III-5. (a) Emission spectra of MIP-Eu in aqueous methanol in the
presence of picloram and its analogs (0.4 mM). Emission spectra were obtained
at 250 nm excitation. (b) Structures of analytes and their effect on emissions of
MIP-Eu and NIP-Eu. ∆I: emission intensity change upon addition of picloram
(I - I0), I0: emission intensity in the absence of picloram.
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III-4. Conclusions

It was demonstrated that the molecularly imprinted polymer bearing the
europium(III) ions could be used for the direct detection of the chromophoric
template molecule. The europium(III) ion was located in the binding cavities,
which were produced in the non-chromophoric cross-linked polymer matrix. In
the binding process, the template was trapped in the cavity to coordinate with
the europium(III) ion. The imprinted polymer had high recognition ability for
the template and showed enhanced luminescence emission in its presence. Since
the luminescence emission of the europium(III) ion is very sensitive to the
chromophoric ligand, this system has great potential to detect chromophoric
chemicals.
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Chapter IV.

Preparation of a Yb(III)-Incorporated Porous Polymer
by Post-Coordination: Enhancement of Gas Adsorption
and Catalytic Activity

IV-1. Introduction

Microporous organic polymers (MOPs) with high surface area and
physicochemical stability have attracted considerable attention as gas
adsorbents.[1-4] Compared to traditionally used porous materials such as zeolites
and activated carbons, MOPs have an advantage in their synthesis and
modification. A variety of building blocks and synthetic methodologies are
available for MOPs. In addition, MOPs can be further functionalized using
diverse chemical methods which, combined with an appropriately selected
building block, will provide the MOPs with the desired property for a specific
application.
Several factors govern the gas adsorption behaviors of MOPs, including
surface area, pore shape and size, and functionality of the framework. Many
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efforts to enhance gas adsorption properties of MOPs, particularly for carbon
dioxide (CO2) and hydrogen (H2), have been reported.[5-21] For example, several
studies demonstrated that an introduction of a polar functional group into an
MOP enhanced its CO2 uptake significantly.[13-18] The effects of metal ions on
the gas adsorption of MOPs have been also studied. Lithium ion-doped porous
polymers showed an increase in CO2 and H2 adsorptions.[19-21] High
expectations have been also given for metal-containing MOPs for their use in
the catalysis of an organic reaction.[22-28]
In this work, a Yb(III)-incorporated microporous polymer (Yb-ADA) was
synthesized from adamantane derivative and 2,5-dibromoterephthalic acid. Yb
is an element in the lanthanide series that has the most common oxidation state
of +3. An Yb(III) ion normally has a coordination number of six to nine.
Depending on coordination conditions, it has labile small molecules such as
water as ligands that are easily eliminated to form open metal sites. The cationic
open metal sites are known to induce chemical binding with H2 as well as
CO2.[29,30] Furthermore, Yb(III) complexes are widely used as a Lewis catalyst
in organic reactions such as aldol condensation, cyanation, and Michael
reaction.[31-33] Yb(III) catalysts supported on ion exchange resins were also
reported to show a similar catalytic activity.[34,35] Herein the synthesis of YbADA and its enhanced gas adsorption and catalytic activity were demonstrated.
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IV-2. Experimental

Materials. 1,3,5,7-Tetrakis(4-ethynylphenyl)adamantane was synthesized by
according to the literature.[36] All chemicals purchased from Aldrich and TCI
were used without any further purification. Other reagent grade solvents were
used as received.

Measurements. 1H NMR spectra were recorded on a Bruker Avance 300
spectrometer (300 MHz). Solid state 13C CP/MAS NMR spectra were recorded
on a Bruker Avance 400 WB spectrometer (100 MHz) equipped with CP-MAS.
Fourier transform infrared (FT-IR) measurements were made on a PERKIN
ELMER Spectrum GX I using KBr pellets. Thermogravimetric analyses (TGA)
were performed on a TA modulated TGA2050 with a heating rate of 10 oC/min
under nitrogen. N2 and CO2 uptakes were measured by using a Belsorp-Max
(BEL Japan, Inc.) apparatus. Ultra-high purity grade N2, H2, and CO2 gases
were used for all adsorption measurements. X-ray photoelectron spectroscopy
(XPS) measurements were performed on a KRATOS AXIS-Hsi spectrometer
equipped with a Mg Kα X-ray source.
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Preparation of the Adamantane-Based Porous Polymer (ADA). To a
solution of 1,3,5,7-tetrakis(4-ethynylphenyl)adamantane (100 mg, 0.19 mmol)
and 2,5-dibromoterephthalic acid (80 mg, 0.25 mmol) in DMF (3 mL) were
added PdCl2(PPh3)2 (30 mg, 0.04 mmol) and CuI (10 mg, 0.05 mmol). After
degassing for 10 min, diisopropylamine (3 mL) was added dropwise to the
reaction mixture. After stirring for 24 h at 90 oC, the precipitated polymer was
isolated by filtration and acidified in an aqueous HCl solution (1 N, 10 mL).
The resulting polymer was filtered, washed with water, DMF, and acetone, and
Soxhlet extracted with MeOH. The polymer was dried in vacuum at 150 oC.
Yield: 84%. IR (KBr, cm-1): 3394, 3035, 2933, 2901, 2855, 2198, 1684, 1606,
1507, 1447, 1406, 1359, 1207, 1190, 1117, 1017, 834, 784, 730, 564.

Preparation of the Yb(III)-Coordinated ADA Polymer (Yb-ADA). ADA
(60 mg) was dispersed in EtOH (50 mL) and then the pH was adjusted to 8 with
an aqueous NaOH solution (2 M). A solution of ytterbium(III) chloride
hexahydrate (103.33 mg, 0.27 mmol) in water (2 mL) was added dropwise to
the polymer suspension. After stirring for 10 h at rt, the product was isolated by
filtration and washed with water, ethanol, and acetone. The polymer was dried
in vacuum at 150 oC. Yield: 92 %. IR (KBr, cm-1): 3747, 3620, 3394, 2931,
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2855, 2195, 1698, 1636, 1522, 1405, 1363, 1272, 1118, 1017, 835, 779, 675,
569.

General Procedure for Acetalization. To a solution of an aldehyde (0.1
mmol) and trimethyl orthoformate (0.03 mL, 0.3 mmol) in MeOH (10 mL) was
added a catalyst (30 mg). The reaction mixture was stirred for 12 h at rt. The
catalyst was removed by filtration. After evaporation of the solvent, the residue
was analyzed by 1H NMR spectroscopy.
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IV-3. Results and Discussion

IV-3-1. Synthesis and Characterization
The adamantane-based porous polymer (ADA) was synthesized from an
ethynyl-functionalized adamantane derivative and 2,5-dibromoterephthalic acid
through Sonogashira–Hagihara cross-coupling. A slight excess amount of the
ethynyl-functionalized

adamantane

monomer

with

respect

to

2,5-

dibromoterephthalic acid was used because of side reactions such as
homocoupling between ethynyl groups.[37,38] ADA had two carboxyl groups
which could be utilized for Yb(III) coordination. Under basic conditions, the
carboxyl group was deprotonated and the resulting carboxylate was reacted
with Yb(III) chloride hexahydrate to form a Yb(III) complex. A synthetic
pathway of ADA and Yb(III)-coordinated ADA (Yb-ADA) is shown in Scheme
IV-1.
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Scheme IV-1. Synthesis of ADA and Yb-ADA.

The incorporation of Yb(III) ions in ADA was confirmed by XPS
measurements. The O 1s and C 1s peaks appeared at the binding energy of 530
and 283 eV, respectively in ADA (Figure IV-1). After coordination with
Yb(III), the polymer (Yb-ADA) emitted Yb 4d photoelectrons with the
corresponding binding energy at 185 eV in addition to O 1s and C 1s
photoelectrons. The Cl 2p photoelectrons were also detected at 198 eV because
an Cl anion could remain as a counter ion for Yb(III). On the assumption that
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Yb(III) ions were distributed homogeneously in Yb-ADA, atomic ratios of C, O,
and Yb were estimated by using XPS elemental analysis. The ratio of C : O :
Yb was found to be 86.36 : 13.64 : 0 in ADA and 69.88 : 27.79 : 2.33 in YbADA. The concentration of Yb was smaller than the value calculated from the
ideal structure probably because various coordination structures could be
formed. The XPS elemental analysis results and theoretical compositions are
summarized in Table IV-1. Theoretical values were calculated on the
hypothesis that all ethynyl groups were participated in the coupling reaction and
Yb(III) was coordinated with one carboxylate group.

Figure IV-1. XPS spectra of ADA and Yb-ADA.
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Table IV-1. Atomic composition of ADA and Yb-ADA determined by XPS
Polymer

ADA

Yb-ADA

Atomic composition (%)
C

O

Yb

Theoretical

88.57

11.43

-

XPS analysis

86.36

13.64

-

Theoretical

68.89

26.67

4.44

XPS analysis

69.88

27.79

2.33

Figure IV-2 shows the 13C NMR spectra of ADA and Yb-ADA. In ADA, the
carbon peaks from the carboxyl and ethynyl groups appeared at 165 and 80 ppm,
respectively. The peak for aromatic carbons adjacent to the adamantane ring
appeared at 149 ppm and the peaks for other aromatic carbons appeared at 130
and 123 ppm. The admantane carbon peaks were shown at 38 and 44 ppm. All
these peaks were also observed in Yb-ADA, indicating that the ADA structure
was preserved while coordinated.
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Figure IV-2. Solid-state 13C NMR spectra of ADA and Yb-ADA.

Thermal properties of ADA and Yb-ADA were investigated by TGA (Figure
IV-3). Both ADA and Yb-ADA were thermally stable up to 200 oC and
degraded gradually as the temperature increased further. ADA and Yb-ADA
had char yields of 65 and 73 wt%, respectively at 800 oC. The higher char yield
of Yb-ADA could be caused by the coordinated Yb(III) ions.

- 116 -

Figure IV-3. TGA thermograms of ADA and Yb-ADA.

IV-3-2. Gas Adsorption Properties
The N2 adsorption/desorption isotherms and pore distributions of ADA and
Yb-ADA are shown in Figure IV-4. The Brunauer-Emmett-Teller (BET)
surface area of ADA calculated from the N2 adsorption isotherm at 77 K was
970 m2 g-1. As the Yb(III) ions were incorporated into ADA, the surface area of
the polymer (Yb-ADA) was reduced to 885 m2 g-1. The incorporation of Yb(III)
ions into ADA also appeared to change the pore size distribution when
calculated by nonlocal density function theory (NLDFT) with a cylindrical
model. Given the calculation, the proportion of ultrafine micropores (< 1 nm)
was reduced after coordination and larger micropores were observed more in
Yb-ADA. One possible explanation for this result was that the pore structure
was changed by coordination and deviated from the cylindrical model. The
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micropore volume decreased from 0.36 to 0.34 cm3 g-1 after coordination,
leading to the surface area decrease.
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Figure IV-4. (a) N2 adsorption/desorption isotherms at 77 K for ADA and YbADA and (b) their pore size distributions calculated using NLDFT.

The CO2 adsorptions were measured up to 1 bar at 273 and 298 K (Figure
IV-5a). ADA showed the CO2 adsorption of 2.57 and 1.56 mmol g-1 at 273 and
298 K, respectively. Yb-ADA exhibited significantly enhanced CO2 adsorption
capacity of 3.49 and 2.36 mmol g-1 at 273 and 298 K, respectively even though
it had a smaller surface area compared to ADA. This result was attributable to
the fact that the cationic open metal sites of Yb(III) interacted with CO2
electrostatically.[39-41] The interaction between Yb(III) and CO2 was further
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proved by the heat of adsorption measurement (Figure IV-5b). The heat of
adsorption was obtained from the CO2 adsorption isotherms at 273 and 298 K.
Yb-ADA showed a larger initial heat of adsorption (31.7 KJ mol-1) than ADA
(28.5 KJ mol-1).

80
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Yb-ADA@298 K
ADA@273 K
ADA@298 K

60

(b)
Heat of adsorption (KJ mol-1)

CO2 Uptake (cm3 g-1)

(a)

40

20

0
0.0

0.2

0.4 0.6
0.8
Pressure (Bar)

34
32
30
28
26
24

1.0

Yb-ADA
ADA

0

15
30
CO2 Absorbed (cm3 g-1)
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Figure IV-5. (a) CO2 adsorptions at 273 and 298 K for ADA and Yb-ADA and
(b) their isosteric heats of adsorption for CO2.

The capture of CO2 from flue gas is of great interest because CO2 is
considered one of the main causes of global warming. Flue gas usually
comprises mostly nitrogen and approximately 15% CO2.[42,43] Accordingly, the
high selectivity of CO2 over N2 at low pressures is essential for the efficient
separation of CO2 in flue gas. The initial CO2 and N2 adsorption isotherms at
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298 K are compared in Figure IV-6. The comparison of initial adsorptions has
been reasonably used to investigate the interaction between a gas and a porous
polymer while excluding other factors such as gas-gas interactions and pore
shapes.[44-46] The CO2 and N2 adsorption isotherms showed linear slopes within
the pressure range of 0.0 to 0.1 bar. The initial CO2 adsorption slope of YbADA was steeper than that of ADA, while two polymers showed a similar
initial slope in the N2 adsorption. The selectivity of CO2 over N2 was calculated
based on the initial uptake slopes. The CO2/N2 selectivity of Yb-ADA was 38,
which was 2.7 times higher than that of ADA (14).

Figure IV-6. CO2 and N2 adsorption isotherms of ADA and Yb-ADA at 298 K
within the pressure range of 0.0 to 0.1 bar.
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Figure IV-7 shows the H2 adsorption isotherms at 77 and 87 K. The H2
uptake of ADA also increased after coordination with Yb(III) from 1.15 wt% to
1.40 wt% at 77 K and from 0.81 wt% to 0.95 wt% at 87 K. The initial heats of
adsorption of Yb-ADA and ADA, calculated from adsorption isotherms at 77
and 87 K, were 11.5 and 7.7 KJ mol-1, respectively. The gas adsorption
properties of the polymers are summarized in Table IV-2. Micropore volume
and total pore volume were determined at P/P0 = 0.1 and P/P0 = 0.995,
respectively. Also, CO2 uptakes were measured at 273 K and at 298 K in
parenthesis and H2 uptakes at 77 K and 87 K in parenthesis.

1.6
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1.2

0.8

0.4

Yb-ADA@77 K
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Figure IV-7. (a) H2 adsorption isotherms at 77 and 87 K for ADA and YbADA and (b) their isosteric heats of adsorption for H2.
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Table IV-2. Surface areas (SBET), micropore volumes (Vmicro), total pore
volumes (Vtotal), fraction of micropore volume (V0.1/total), and CO2 and H2
uptakes of ADA and Yb-ADA.

V0.1/total

CO2 uptake
@ 1 bar
-1
(mmol g )

H2 uptake
@ 1 bar
(wt%)

0.82

0.44

2.57 (1.56)

1.15 (0.81)

0.85

0.40

3.49 (2.36)

1.40 (0.95)

SBET

Vmicro

Vtotal

(m g )

(cm g )

(cm g )

ADA

970

0.36

Yb-ADA

885

0.34

Polymer

2

-1

3

-1

3

-1

IV-3-3. Catalytic Activity
The catalytic activity of ADA and Yb-ADA in a condensation reaction was
investigated. An acetal formation reaction of 4-bromobenzaldehyde and furfural
with trimethyl orthoformate was arranged as a model reaction and determined
conversion yields by 1H NMR spectroscopy. ADA with catalytic carboxyl
groups produced acetals in very low yields of 5% and 28 % for 4bromobenzaldehyde and furfural, respectively. In contrast, in the presence of
Yb-ADA, 4-bromobenzaldehyde and furfural were completely converted to the
corresponding acetals under the same reaction conditions. Without the polymers,
the reaction did not occur (Table IV-3). Yb-ADA was reused 5 times
consecutively in the acetalization of 4-bromobenzaldehyde and furfural.
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Conversion yields were almost retained, implying that Yb-ADA as a
heterogeneous catalyst could be reused after recovery without severe loss of
activity (Figure IV-8).

Table IV-3. Conversion yields in acetalization of 4-bromobenzaldehyde and
furfural.
OMe
O

CH(OMe)3, catalyst
MeOH

Br

O

OMe
Br

OMe

CH(OMe)3, catalyst
MeOH

O

O

OMe

Yield (%)
4-bromobenzaldehyde

Catalyst

Furfural

Without the catalyst

0

0

ADA

5

28

Yb-ADA

100

100

4-Bromobenzaldehyde
Furfural

Conversion yield (%)

100
80
60
40
20
0

1

2

3
Cycle

4

5

Figure IV-8. Conversion yields of Yb-ADA in 5 cycles of acetalization.
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IV-4. Conclusions

The synthesis of the adamantane-based porous polymer containing Yb(III)
ions by post-coordination was reported. The polymer showed the enhancement
of gas adsorption and catalytic activity in acetalization. Following the inclusion
of Yb(III) ions, CO2 uptake of the polymer was enhanced by about 50% at 298
K and H2 uptake by 21% at 77 K. The Yb(III)-coordinated polymer also
functioned as a heterogeneous catalyst in acetalization. These results suggested
that cationic open metal sites of Yb(III) in the polymer strongly interacted with
electron rich parts of H2 and CO2 for adsorption, and with an unshared electron
pair on the oxygen atom for catalysis. This work demonstrates that the
introduction of metal ions of interest into MOPs is an efficient way to further
optimize their properties.
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국문요약

란탄족 원소는 f-f 전이로 인하여 좁은 발광 스펙트럼과 긴 발광
수명을 나타내는 독특한 광학적 성질을 가지고 있다. 본 연구에서는
발광성을 띠는 란탄족 원소를 방향족의 유기물 안에 도입하여 유기
젤화제를 만들었으며, 유기 용매의 젤화 거동을 관찰하였고 젤화에
의한

란탄족

원소의

발광

세기

증가와

발광색의

변화

등을

관찰하였다. 란탄족 원소의 종류에 따라서 젤화제는 가시광선 영역의
발광뿐만 아니라 근적외선 영역의 발광까지 나타낼 수 있었으며,
다양한 형태의 필름으로도 제조되었다. 또한 란탄족 원소는 그
광학적 성질로 인하여 분자 날인 고분자에서 신호 변환 장치로
활용되었으며, 다공성 고분자에 도핑되어 고분자의 기체 흡착 거동과
촉매 특성의 향상에 쓰였다.
먼저

유기젤의

경우,

유로피움과

터븀

이온을

phenanthroline

유도체에 배위결합 시켜서 유기 젤화제 Eu2 와 Tb2 를 합성하였고,
n-decane 의 젤화 거동을 관찰하였다. Eu2 와 Tb2 의 유기젤은 각각
빨간색과 초록색의 발광을 나타내었으며, 해당 건조젤을 TEM 으로
확인하였을 때, 20 에서 80 nm 두께의 섬유조직이 형성되었음을
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확인하였다. 구조적 유사성으로 인하여 두 젤화제의 혼합물도 ndecane의 젤화 거동을 보였다. 각 이온의 고유 발광 특성을 유지하여,
유로피움의 발광이 595 와 618 nm 에서, 터븀의 발광은 496 과 551
nm 에서 관찰되었다. 또한 주로 Tb2 의 리간드에서 나오는 형광이
470 nm 에서 관찰되었다. Eu2 와 Tb2 의 비율이 1 : 19 일 때, 색좌표
(1931 CIE color coordinates) 에서 (0.36, 0.30) 값을 나타내는 백색광을
얻었다. 혼합된 건조젤을 TEM 으로 조사하였을 때, 20 에서 80 nm 의
두께를 갖는 섬유구조가 상분리 없이 관찰되었다. Eu2 와 Tb2 를
이용하여 세 개의 금속 이온을 갖는 Eu4 와 Tb4 를 합성하였다. Eu4
는 리간드의 발광뿐만 아니라, 빨간색 영역의 유로피움 발광도
나타나는 반면, Tb4 는 리간드의 녹청색 발광만 보였다. Eu4 와 Tb4
역시 혼합젤을 형성하였고 3 : 1 의 비율에서 백색 영역의 발광이
관찰되었다. Eu4 는 필름형성 특성을 보였다. 어븀 이온이 도입된 Er4
를 합성하여 EGDMA 에서의 젤화 거동을 조사하였다. 젤 상태에서의
중합

반응을

통하여

제조한

어븀

이온을

갖는

경화성

필름은

광통신에 이용할 수 있는 NIR 발광을 보였다.
두 번째로, 유로피움 이온을 분자 날인 고분자에 도입하여 방향족
분자를 광학적으로 감지하는 센서를 제조하였다. 유로피움 이온과 3-
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allylpentane-2,4-dione 의 컴플렉스와 EGDMA 의 공중합을 통하여
인식자리에 유로피움 이온을 갖는 분자 인식 고분자를 합성하였다.
주형분자로는 제초제로 쓰이고 환경 호르몬으로써 위험성을 지니며
토양이나 물에 잔존하기 쉬운 picloram 을 선택하였다. 분자 날인
고분자의 인식자리에 있는 유로피움은 picloram 존재 시 594 과 616
nm

에서

강한

발광을

보였다.

또한

다른

구조적

유사체들과

비교하였을 때 picloram 을 선택적으로 검출함을 확인하였다.
마지막으로, 이터븀 이온을 함유한 다공성 고분자 (Yb-ADA) 를
제조하고 그에 따른 기체 흡착 거동과 촉매 성능의 향상에 대해
연구하였다. 아다만탄 기제의 모노머와 2,5-dibromoterephthalic acid 로
부터 다공성 고분자를 제조한 후, 이터븀 이온을 도입하였다. 금속
이온이 도입되면서 전체적인 BET 비표면적은 970 에서 885 m2 g-1 로
감소하였지만, 이산화탄소 흡착량은 1.56 에서 2.36 mmol g-1 로
증가하였고 수소 흡착량은 1.15 에서 1.40 wt% 로 증가하였다. 또한
Yb-ADA 는 이터븀의 영향으로 bromobenzaldehyde 와 furfural 의
아세탈 반응에서 촉매 활성을 보였으며, 재사용이 가능한 것을
확인하였다.
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