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Abstract 

A study on the fabrication of fluorescent sensors using 

molecularly imprinted nano-sized particles and fibers 

Youngdo Kim 

Department of Materials Science and Engineering 

Seoul National University 

 

 

Molecular imprinting has been considered as a practical way to produce materials 

with molecular recognition properties due to its ease of use and low cost. In this study, 

the fluorescent sensors based on molecularly imprinted nanomaterials were developed 

using various fluorescent materials as a signal transducer.  

Firstly, a highly sensitive molecularly imprinted fluorescent sensor was prepared by 

using a CdSe quantum dot (QD) as a signal transducer and a mesoporous silica 

nanoparticle as an imprinting material. Bisphenol A (BPA) was chosen as a model 

template, which is known as an endocrine disruptor. Binding sites were selectively 

formed between the pores and CdSe QDs were encapsulated in the pores of the 

mesoporous silica. QD-encapsulated, molecularly imprinted mesoporous silica particles 

(QD-MIMS) exhibited excellent molecular recognition properties in terms of both 

sensitivity and selectivity. Owing to the proximity of the binding sites to the QDs, a 

significant, concentration-sensitive fluorescence quenching was observed in the 

presence of BPA. QD-MIMS showed a linear Stern-Volmer relationship for BPA and its 

analogs. QD-MIMS had a much larger quenching constant for BPA (by more than ten 

times) than for BPA analogs, demonstrating the high selectivity of QD-MIMS. 
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Secondly, a molecularly imprinted polymer-based fluorescent sensor was fabricated 

through an organogelation process. The sensor was comprised of a molecularly 

imprinted nanofiber as a receptor and a CdSe/ZnS quantum dot as a signal transducer. 

Histamine was selected as a model template. An organogelator with two different 

polymerizable groups, an acrylate and a diacetylene was successfully synthesized. As a 

functional monomer for complexation with the template, an acrylate having a carboxyl 

group was used. The QD and template-containing organogel formed in n-decane was 

polymerized in the presence of a photoinitiator and a cross-linker by UV irradiation to 

produce highly cross-linked organogel nanofibers. The template molecules were 

removed by extraction with methanol/acetic acid (9:1 v/v) to give the QD-incorporated, 

histamine imprinted organogel nanofibers (QD-HIOGNF). QD-HIOGNF showed high 

molecular recognition properties toward histamine in respects to both sensitivity and 

selectivity. The fluorescence intensity of QD-HIOGNF decreased sensitively as the 

concentration of histamine increased. QD-HIOGNF could be reused for sensing after 

removing the bound analytes. 

Thirdly, a facile and versatile sensing assay of diethylstilbestrol (DES) was developed 

by fabricating a molecularly imprinted fullerene-silica nanocomposites (MIFSNCs). 

Fullerene encapsulated in a microemulsion with the aid of the non-ionic surfactant was 

incorporated into the silica network by the sol-gel reaction of triethyl orthosilicate and a 

triethoxysilane-DES complex as silica precursors. MIFSNCs exhibited a fast kinetic 

binding and high molecular recognition properties in terms of both sensitivity and 

selectivity. MIFSNCs showed a notable fluorescence quenching under all given 

concentrations of DES. On the other hand, non-imprinted fullerene-silica 

nanocomposites (NIFSNCs) showed only a few amount of quenching for the 

concentrations of DES.  
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Lastly, a molecularly imprinted mesoporous silica in which the tetraphenylethylene 

based AIE active chromophore was selectively introduced into the inner pore of the silica 

network was prepared. DES was chosen as a target molecule and connected to the 

triethoxysilane moieties via the thermally reversible urethane bonds. DES-selective 

imprinted cavities which have two-point binding sites were successfully formed between 

the pores of the silica framework by the sol-gel reaction and subsequent removal of DES. 

The AIE chromophore-grafted, DES imprinted mesoporous silica nanoparticles (TFPE-

DIMS) showed a specific binding ability for the target template and a fast kinetic binding 

profile. The degree of fluorescence quenching of TFPE-DIMS was concentration-

sensitive. The sensitivity and selectivity of TFPE-DIMS were estimated by the Stern-

Volmer equation. TFPE-DIMS displayed a much larger Stern-Volmer quenching 

constant for DES than for DES analogs with a high molecular imprinting factor. TFPE-

DIMS also showed a great recovery of its initial fluorescence intensity even after several 

extraction and rebinding cycles.  
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Chapter I. 

 

 

Introduction 

 

I-1. Molecular Imprinting 

 

 

I-1-1. Principle of Molecular Imprinting 

   Since the development of host-guest chemistry,[1] the interest in the molecular 

recognition, binding process, control of chirality has grown. Among the related studies, a 

molecular imprinting is a feasible strategy to synthesize an artificial host, mimicking the 

natural receptor. During the process of the molecular imprinting, tailored recognition sites 

were formed in cross-linked polymeric matrices. Molecularly imprinted polymers (MIPs) 

have been widely investigated due to their applications in broad fields including 

separation, sensing, enzyme-like catalysis, solid-phase extraction and so on.[2-5] 

   Compared to the biological receptors, MIPs have several advantages. MIPs can be 

prepared quite easily by a large scale synthesis. Because of the rigidity of cross-linked 

structure, MIPs showed a moderate physical/chemical stability and inertness to the 

external environment. Moreover, they could be applied by chemical modification with 

ease to improve their binding properties. However, conventional MIPs prepared by a bulk 

polymerization had major shortcomings such as low sensitivity and poor site 

accessibility.[6-8] 

   MIPs were fabricated as the following procedures (Figure I-1). Firstly, (a) the model 

template was complexed with functional monomer via covalent or non-covalent bonding. 
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(b) The resulting complexes underwent the subsequent polymerization with suitable 

cross-linkers to form the cross-linked polymeric network. Lastly, (c) the template 

molecules were removed to generate the binding sites. 

 

Figure I-1. Schematic procedure of the preparation of molecularly imprinted polymer. 

 

   The covalent imprinting technique was early developed by Wulff et al.[9] A boronate 

ester as a covalent linkage was used to form a template-functional monomer complex 

(Figure I-2a). They also used ketal and Schiff base formation to link the template and 

functional monomer by a covalent bonding (Figure I-2b and I-2c).[10,11] The covalent 

approach involved a stable covalent linkage between the template and monomer. This is 

why a fairly homogeneous cavity can be formed after the extraction of the template 

molecule. The functional group left in the cavity can interact with a target analyte during 

the rebinding process. However, the extraction of the target template usually required 

rather harsh conditions. The number of proper covalent bondings which are reversible 

was also limited. 
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Figure I-2. Schematic designs of covalent imprinting approach based on (a) boronate 

ester, (b) ketal and (c) Schiff base. 

 

   The non-covalent imprinting method was pioneered by Mosbach and co-workers.[12,13] 

This approach used the template-functional monomer complex obtained from non-

covalent interactions such as hydrogen bonds, ionic interactions, hydrophobic 

interactions, and metal-ion chelating interactions. For instance, guanidine-functionalized 

molecularly imprinted silica xerogels were investigated by Alam group.[14] As described 

in Figure I-3, the guanidine groups functionalized on xerogel surface could allow an 

efficient two-point hydrogen bonding with phenylphosphoric acid used as a template. The 

complex was simply formed by mixing the template and functional monomer in the 

appropriate solvent, which brings about a relatively low stability of the complex. In 

addition, an excess amount of functional monomers was usually used to retain the 

complex structure. Therefore, it was hard to achieve the structural homogeneity in 

imprinted sites. However, the non-covalent technique showed much more flexibility in 

terms of fabrication due to the wide range of functional monomers and template 
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molecules available as well as the absence of a laborious chemical synthesis. 

 

 

Figure I-3. Schematic design of non-covalent complex based on the guanidine groups. 

 

Subsequently, several studies reported mixed covalent-noncovalent approaches which 

encompass the advantages of both methods. Suslick group designed a monomolecular 

imprinting system comprised of the Fréchet-type phenyl-benzyl ether-based dendrimers 

and polyhydroxylated tetraphenylporphyrins as the functional monomer and the template, 

respectively (Figure I-4).[15] The multiple hydroxyl groups containing porphyrin template 

can covalently conjugated with the dendron by N,N′-Dicyclohexylcarbodiimide-mediated 

esterification. The subsequent removal of porphyrin template produced an imprinted 

structure able to act as multipoint non-covalent recognition sites. 

 

 

Figure I-4. Schematic design of mixed covalent-noncovalent imprinting approach based 

on the Fréchet-type phenyl-benzyl ether-based dendrimers and tetraphenylporphyrins. 
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Takeda and co-workers developed a novel molecularly imprinted polymer via mixed 

covalent-noncovalent imprinting.[16] Two allyl(4-carboxyphenyl)disulfides made a 

covalent conjugation with the target molecule (bisphenol A) through ester bonds (Figure 

I-5a). After the reductive cleavage of the disulfide bonds, remaining two thiol residues 

were further reacted with 4,4’-dithiodibenzoic acid to yield the imprinted cavities bearing 

two carboxylic acid residues for binding with bisphenol A (Figure I-5b-d). 

 

 

Figure I-5. Schematic designs of mixed covalent-noncovalent imprinting approach based 

on the construction of prosthetic group-coupled tunable binding cavities. 

 

 Metal ion coordination was also investigated for molecular imprinting in order to 

provide a better elaborate conformation of the stable monomer-template complex. Li 

group designed a molecularly imprinted polymer which used zinc(II)-protoporphyrin 

(ZnPP) as a fluorescent functional monomer for the recognition of histamine 

(template).[17] As shown in Figure I-6, a co-functional monomer, methacrylic acid (MAA), 
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could interact with histamine through the hydrogen bonding and ZnPP could make a 

coordination with histamine simultaneously, which formed a stable complex of histamine 

with ZnPP and MAA. Liu et al. introduced a new functional monomer containing amidine 

group and triamine functionality for the preparation of a molecularly imprinted polymer 

(Figure I-7).[18] Amidine group formed hydrogen bonds with the phosphate group of the 

template. Copper ion (Cu2+) was coordinated by the triamine part of a functional monomer, 

which was further coordinated with the pyridine nitrogen of the template, thus providing 

more stable conformation of the complex. 

 

 

Figure I-6. Schematic description for the assembly of histamine with ZnPP and MAA. 
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Figure I-7. Schematic design of a cross-linked functional monomer-template complex 

having amidine and triamine moieties for the preparation of a MIP. 

 

   Introducing a sacrificial spacer (sacrificial covalent bond) was a more sophisticated 

semi-covalent molecular imprinting approach.[19] The breakable chemical bonds such as 

carbonate or urea bonds were required to be used to form a linkage with the template 

molecule. Ye group prepared MIP microspheres based on a cholesterol-linked template 

monomer, cholesteryl (4-vinyl)phenyl carbonate (Figure I-8a).[20] This carbonate ester 

bond was easily hydrolyzed to produce imprinted sites in the polymer. The two-point 

binding site via the urea functionality was suggested by Lübke et al. (Figure I-8b).[21] The 

reductive cleavage of a carbonyl spacer produced aromatic amines which formed 

hydrogen bonds to the model target during the rebinding process. 

 

 

Figure I-8. Schematic design for a MIP based on the covalent conjugation of (a) a 

cholesterol via a carbonate ester bond and (b) 2,3,7,8-tetrachlorodibenzodioxin via a urea 

bond.   

  

The thermally reversible urethane bond, the phenyl urethane bond was also widely 

investigated as one of sacrificial covalent bonds.[22] It can be easily cleaved to be 

isocyanate and phenol groups upon heating (Scheme I-1). The resulting isocyanate group 
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was electrophilic, so easily converted to various functionalities through the reaction with 

the corresponding nucleophiles. 

 

 

Scheme I-1. Cleavage of thermally reversible urethane bond. 

  

Several studies have focused on the template-monomer complexation via thermo-

reversible urethane bonds. Lee and coworkers suggested the template-monomer complex 

where two polymerziable maleimides having an isocyanate group reacted with the 

template via thermally reversible urethane bond (Figure I-9a).[23] Jung et al. introduced a 

molecular imprinting into the mesoporous silica matrix.[24] An isocyanate group 

containing two reactive silyl groups reacted with the template to give the template-

monomer complex where two thermally reversible urethane bridges were designed to act 

as sacrificial spacers (Figure I-9b). 
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Figure I-9. Schematic designs for thermo-reversible urethane bond assisted MIP systems 

imprinted by diethylstilbestrol.  

 

 

I-1-2. Application of Molecularly Imprinted Nanomaterials for Fluorescent Sensor 

   Conventional detection methods, including liquid and gas chromatography, mass 

spectrometry and enzyme-linked immunosorbent assay required a tedious isolation, long 

operation time and laborious sample preparation procedures. MIPs have been used for the 

direct sensing of the target in combination with quartz crystal microbalance, surface 

plasmon resonance and optical or electrochemical methods. Among these, the 

fluorescence-based optical methods may be valuable since they have simple procedures, 

non-destructive and fast response time, which opened the applications to various 

physiological samples.  

   A variety of fluorescent materials have been used for MIPs-based fluorescent sensor.  

The lanthanide(III) ions showed unique photophysical properties resulting from 

intraconfigurational f-f transition in sensor applications based on MIPs.[25,26] Kim et al. 

reported a molecularly imprinted matrix fabricated by radical polymerization with the 

loading of europium(III) ions (MIP-Eu) (Figure I-10).[27] The europium(III) ion can 

coordinate with three β-diketones and one picloram (template) to form a defined complex 

for the MIP synthesis. The luminescence of europium(III) ions incorporated in the binding 

cavities of the imprinted polymer was strongly intensified by the addition of picloram. 

The increase in the luminescence was originated from the formation of a stable 

coordination where an alternative and indirect excitation of the europium(III) ions can be 

allowed via an organic-based antenna. A europium(III) ion coordinated with three β-

diketones further coordinated with one picloram, which resulted in the formation of a 
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luminescent europium(III) complex.  

 

 

Figure I-10. Schematic design of a MIP system based on the europium(III) ion 

coordination. 

 

Organic fluorescent moieties were also incorporated into MIPs. A 

nitrobenzoxadiazole (NBD) type of functional monomer was constructed by Wan and 

coworkers.[28] It had a polymerizable methacrylate group with both a urea group (4-

position) and a short ethylene spacer which can allow the Y-shaped hydrogen bond with 

the target molecule carrying the carboxylate unit (N-carbobenzyloxy-L-phenylalanine, Z-

L-Phe) (Figure I-11). The fluorescence of NBD monomer turned to increase upon the 

subsequent binding of Z-L-Phe arising from an intramolecular charge transfer (ICT) 

process. 

 

 

Figure I-11. Schematic design of a highly fluorescent MIP system based on a NBD type 
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of fluorescent monomer.  

  

Murase et al. reported core-shell type MIP particles by two-step emulsifier-free 

emulsion polymerizations.[29] As described in Figure I-12, the model template (cortisol) 

was connected to methacryl group. After the polymerization in shell layers, the cortisol 

was removed to form a specific binding cavity. The performance of the cortisol 

recognition was confirmed by rebinding the cortisol labeled with a fluorophore, the 

dansyl group (Dansyl-Cortisol). Specific binding ability of target analytes with core-shell 

type cortisol-imprinted polymer was evaluated by fluorescence measurements. 

 

 

Figure I-12. Schematic design of the core-shell type MIP nanoparticles based on the 

rebinding of a dansyl-labeled cortisol. 

 

Quantum dots (QDs) with unique size-dependent optical properties have attracted 

much attention as a signal transducer. Recently, Xu et al. reported a molecularly imprinted 

polymer coated QD (MIP@QD) sensor as a ratiometric fluorescence probe for the 

detection of 2,4,6-trinitrotoluene (TNT).[30] The incorporation of two differently sized 

CdTe QDs emitting red and green fluorescence into core-shell structured matrix was 

conducted: the red-emitting QD in silica nanoparticles as the core and the green-emitting 
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one in imprinted mesoporous silica as the shell (Figure I-13). The red QD-encapsulated 

silica nanoparticles as the core was prepared using the reverse micro-emulsion method. 

The green QD-embedded silica shell having imprinted sites was fabricated on the surface 

of the core by the surface imprinting technique introducing dummy template 

(trinitrophenol), functional monomer (3-aminopropyl triethoxysilane) and cross-linker 

(tetraethyl orthosilicate) in the presence of green QDs. In addition, using 

cetyltrimethylammonium bromide allowed the shell to form the mesoporous structure. 

When TNT rebound to the imprinted cavity the fluorescence of QDs can be quenched by 

the charge-transfer induced resonance energy transfer.  

 

 

Figure I-13. Schematic design of mesoporous silica based MIP@QD ratiometric 

fluorescence probe. 
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I-2. Mesoporous Silica 

 

 

I-2-1. Sol-Gel Reaction 

   The sol-gel reaction is a representative chemical wet process used for the preparation 

of glassy and ceramic materials. During the reaction, the sol state underwent gradual 

changes towards the growth of a gel-like network bearing both a liquid phase and a solid 

phase. The solid phase exhibited a broad range of structure or morphology from discrete 

colloidal particles to continuous chain-like polymer networks. 

   The mesoporous silica which is a form of silica having well-defined mesopore 

structure can be fabricated by this sol-gel reaction with the aid of self-organization of the 

templates (surfactant). Even though Japanese researchers firstly synthesized mesoporous 

silica nanoparticles, Mobil Corporation laboratories also prepared the same materials and 

classified them as Mobil Crystalline of Materials (MCM). MCM-41 has a hexagonal 

arrangement of mesopores with space group p6mm.[31] MCM-48 has a cubic arrangement 

of mesopores with space group Ia3d.[32] MCM-50 has a laminar structure with space 

group p2.[33] 

   A material comprised of both organic and inorganic building blocks can attract a great 

attention due to the capability to integrate an extensive functional modification of organic 

chemistry with advantages of highly stable inorganic substrate. The range of this hybrid 

materials can be broaden by the surface functionalization. The general methods regarding 

the development of the porous hybrid materials based on organosilica units were the 

following[33]: 1) the functional modification of the pore surface of a pure inorganic silica 

material (grafting), 2) the condensation of an inorganic silica with organosilica precursors 

(co-condensation) and 3) the introduction of organic moieties as bridging units into the 
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pore wall using bissilylated organosilica precursors (periodic mesoporous organosilica). 

 

 

I-2-2. Post Synthetic Functionalization of Mesoporous Silica (Grafting) 

   Grafting of as-synthesized mesoporous support involved the post functionalization of 

the inner surface of mesopores by the attachment of organic functional groups.[34-44] The 

sol-gel reaction of organosilane containing an organic residue, R [(R'O)3SiR] with a 

single (≡Si-OH) and the geminal (=Si(OH)2) silanol group of the pore surface can form 

corresponding organic residues inside the pore (Figure I-14). This organic residue can be 

various organic functional moieties by the postsynthetic modification. The grafting 

method usually maintained the original mesostructure of the pure silica phase, whereas 

the silica wall lining led to the reduction in the porosity of the material. During the initial 

stage of the reaction, the process in which the reaction of organosilane occurred 

concurrently with the opening of a pore caused the disturbance of additional diffusion of 

molecules into the center of pores. As a result, the pores can be closed by the 

nonhomogeneous distribution of organic groups. 
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Figure I-14. Schematic route for an organic functional group modification of mesoporous 

silica phases having terminal organosilanes via grafting method (R = organic functional 

group). 

    

 

I-2-3. Direct Synthesis (Co-Condensation) 

Direct synthesis method which also refers to co-condensation method was another 

approach to synthesize functionalized mesoporous silica.[45-62] The co-condensation of 

tetraalkoxysilanes [(RO)4Si] with terminal trialkoxyorganosilane [(R'O)3SiR] in the 

presence of structure-directing agents can produce mesoporous silica where pore walls 

are anchored covalently with organic functional groups (Figure I-15). Compared to the 

grafting method, the blocking of a pore can be prevented since functionalized organic 

residues are direct components of the silica matrix. In addition, much more homogeneous 

distribution of organic functionalities was expected to occur. However, the concentration 

of terminal trialkoxyorganosilane precursors was very sensitive to the degree of 

mesoscopic order of the material. Different silica precursors can exhibit different 
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hydrolysis and condensation reaction rates, which may cause the homocondensation 

reaction. It was a major drawback of co-condensation process because different organic 

units cannot be guaranteed to be distributed homogeneously. To retain the organic 

functionality, only extraction can be used during the removal of the structure-directing 

agent. 

 

 

Figure I-15. Schematic route for an organic functional group modification of mesoporous 

silica phases having terminal organosilanes via co-condensation method (R = organic 

functional group). 
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I-2-4. Periodic Mesoporous Organosilica (PMO) 

   It has been well known that organic-inorganic hybrid silica can be obtained by sol-gel 

reaction of bridged organosilane precursors of the type (R'O)3Si-R-Si(OR')3.
[63,64] It has 

a large surface area of up to 1800 m2g-1 as well as high thermal stability, but the pore 

system was disordered with a wide pore size distribution. The periodic mesoporous 

organosilica (PMO) can be prepared by sol-gel reaction of bissilylated organosilica 

precursors with the template which was used for the synthesis of pure mesoporous silica. 

The organic bridge can act as an integral component of the silica network for PMO 

(Figure I-16).[65-75] Organic bridge units present in PMO were introduced in the three-

dimensional network of silica matrix via two covalent bonds, and thus followed the 

homogeneous distribution in pore walls. The pore system was periodically ordered with 

a narrow pore size distribution. The stoichiometric functionalization of organic units also 

facilitated a high degree of organic functional groups. PMO is emerging as a promising 

material for a series of technical applications in sensing, delivery, separation and 

catalysis.[76] 
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Figure I-16. Schematic synthetic pathway of PMOs using bissilylated organic bridging 

units (R = organic bridge). 
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I-3. Organogel 

 

 

I-3-1. Definition of Organogel 

There has been a considerable increase of interest during the last many years in the 

properties and structure of gels. The terminology of a “gel” has been used since 

prehistoric times but the definition of a gel was a matter of discussion.[77-79] Even though 

there are still many different definitions of a gel, a substance can be defined as a gel in 

general if (i) the material shows a continuous morphology on a microscopic scale with 

macroscopic dimensions that is unchanged on the time scale of an analytical experiment 

and (ii) its rheological behavior exhibits a solid-like material and yet it is composed 

predominately of a liquid at microscopic level.[80] 

Depending on the interchain interaction in the three-dimensional network structure, 

this gel can be classified into two groups: chemical and physical gel. Chemical gels 

usually involved the formation of covalently cross-linked networks swollen with a liquid 

(solvent) and are thermally irreversible.[81] The formation of physical gels where the 

interchain attractions were attributed to non-covalent interactions, including electrostatic, 

hydrogen bonding and π-π stacking was thermally reversible and the gel stability highly 

depended on the temperature, pH, and the nature of the liquid.[82]  

An organogel, a viscoelastic system, can be defined as a semi-solid formulation 

which has an immobilized external solvent. It was also described as thermoreversible 

physical gels. The apolar phase was immobilized within the three-dimensional network 

structure formed owing to the physical interactions among the self-assembling structures 

of compounds regarded as organogelators. Especially the organic molecules of a molar 

mass less than 3000 Da are classified as low molecular-mass organogelators (LMOGs).[83] 
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They can be self-assembled to form a three-dimensional fibrillar network structure, which 

can be reversibly disassembled (sol) upon heating and reassembled (gel) upon cooling. 

The gelation process depended not only on the organogelator molecules but also on the 

solvent, which made the organogels difficult to obtain.  

 

 

I-3-2. Driving Force of Fibrous Networks in Organogel 

   The organic gelator molecules self-assembled via strong intermolcular interactions, 

allowing preferential one-dimensional growth, generally to form fibers, strands, or 

crystals.[84] Figure I-17 described the formation of a three-dimensional gel network. An 

organogel was usually prepared by heating a organogelator in an organic solvent until the 

gelator molecules were fully dissolved, and then cooling the solution to the temperature 

below which the flow no longer was recognizable over long periods. The structure of 

linear aggregates in the gel was determined by the direction and strength of the 

intermolecular forces. Because of the directional anisotropy in these forces, the self-

assembly of gelator molecules can be preferred in one-dimensional growth and resulted 

in the formation of thin fibers. Several thin fibers created bundles which can minimize 

the interfacial free energy of a single fiber. The growth and entanglement of these bundles 

led to the formation of a three-dimensional gelator organization that was discernable at 

macroscopic scale. 

 

 

Figure I-17. Schematic illustration of the mechanism of gel formation of a 3D network. 
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   Aggregation in organogels resulted from a different set of intermolecular interactions 

between gelator molecules such as ionic-ionic, hydrogen bonding, dipole-dipole, van der 

Waals and π-π stacking. Various simple geometries, for example spheres, lamellae and 

fibrills, result from a balance between intermolecular interactions of organogelators with 

organic liquids. Crystallization can also occur instead of gelation.[85] 

 

 

I-3-3. Types of Organogelators 

   In designing the structure of a gelator, specific intermolecular interactions determined 

the anisotropy that was required for the gelation.[86] The inherent strength, self-

complementarity and directionality were also significant factors for a gelator. In particular, 

the organogelators can be categorized into two groups based on their capability to form 

hydrogen bonding. The kinds of organogelators which do not form hydrogen bonds 

included anthracene, anthraquinone and steroid-based molecules, whereas the hydrogen 

bond-forming organogelators usually comprised amino acids, amide, hydroxy, urea 

moieties and carbamate. The organogel was a promising candidate for the fabrication of 

functional materials due to its nanoscale morphology with macroscopic length. It can, 

however, suffer from the lack of mechanical and chemical stability that limits the 

application. 

 

Hydrogen bond forming organogelators 

   The amino acid moieties can effectively promote the physical junctions for gelation 

process in the organic solvent predominantly by hydrogen bonding. Certain N-stearoyl 

amino acid derivatives possessing a long hydrophobic alkyl tail with free terminal amine 
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groups formed the stable gels with long thin fibers of several micrometers in organic 

solvents such as toluene or acetonitrile (Figure I-18).[87] A long-chain aminoamide 

derivative was modified by replacing the iminodiacetic acid core with various forms of a 

chiral and natural ʟ-amino acid, including ʟ-glycine, ʟ-alanine, ʟ-phenylalanine, ʟ-

glutamic acid and ʟ-serine. 

 

 

Figure I-18. Molecular description of N-(2-aminoethyl)-α-[(1-

oxoheptadecyl)amino]acetamide derivative organogelators. 

 

The simple types of a LMOG formed from a cyclic β-aminoalcohol was synthesized 

as shown in Figure I-19.[88] 1,2,3,4-Tetrahydroisoquinoline derivative was capable of 

forming reversible gels in common polar and apolar solvents through hydrogen bonding 

between amine and hydroxyl group as the driving force. During the process of gelation 

the one-dimensional linear aggregates could grow into a two-dimensional bilayer 

structure by the hierarchical self-assembly. The subsequent stacking of bilayers resulted 

in a lamellar structure which further yielded entangled fibers. 
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Figure I-19. Molecular design of a derivative of 1,2,3,4-tetrahydroisoquinoline 

organogelator. 

  

Several carbamate and urea-based organogelators were prepared and compared in 

aspects of the strength of the intermolecular binding.[89] As presented in Figure I-20, the 

urea groups have the extra hydrogen-donor compared to carbamate ones. Each C=O 

group on urea-based organogelator can interact through hydrogen bonding with both N-

H groups of the adjacent molecule, leading to a three centers-two bonds interaction. As a 

result, the urea-based organogelator showed an increase in thermal stability with a low 

critical gelation concentration. 

 

 

Figure I-20. Molecular descriptions of the carbamate (1 and 2) and the urea (3, 4 and ent-

3) based organogelators. 

  

 



- 24 - 

 

π-π interactions-based organogelators 

   The increasing interest in π-conjugated materials has aroused the study for 

supramolecular organization in the bulk state.[90-94] Accordingly, besides hydrogen 

bonding, weak non-covalent interactions such as π-π interactions[95], electrostatic[96], 

dipole-dipole[97] and van der Waals forces[98] can also control the preferential formation 

of the supramolecular organization in the molecular structure. A novel peripherally 

dimethyl isophthalate (DMIP) functionalized poly(benzyl ether) dendron-based 

organogelator with photoresponsive azobenzene moieties self-assembled into the stable 

organogels in various apolar and polar organic solvents with a low critical gelation 

concentration (Figure I-21).[99] The dendritic organogels showed multistimuli-responsive 

behavior upon reversible gel-solution phase transition. The main driving force of the 

formation of the dense three-dimensional fibrillar networks was attributed to the strong 

intermolecular multiple π-π stacking of the peripheral DMIP motifs along with the 

dendritic architecture. 
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Figure I-21. Molecular description of poly(benzyl ether) dendritic organogelator 

containing azobenzene. 

  

LMOG system composed of an anthracene, a uracil, and long alkyl chains exhibited 

excellent gelation ability toward organic aromatic solvents, cyclohexane, DMSO, ethanol, 

and ethyl acetate (Figure I-22).[100] Both the aromatic anthracene unit and long alkyl 

chains contributed to the enhancement of π-π interactions in aromatic solvents. The 

additional uracil group which possesses the amidic N-H achieved the cooperation of 

hydrogen bonding to form a large three-dimensional fibrous gel network. 
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Figure I-22. Molecular description of an anthracene organogelator based on uracil. 

  

The molecules containing modified steroid units also showed gelation behavior.[101] 

The cholesterol-linked organogelator having both azobenzene and diacetylenic units 

formed the helical fiber in the gel network (Figure I-23). The self-assembly of cholesteryl 

moieties were known to be achieved via weak van der Waals interactions. The azobenzene 

group can undergo photo-induced isomerization. When the rate and degree of 

isomerization reached a specific point, the molecular helical packing in the gel network 

can be formed. The rigid diacetylene unit can be topo-polymerized, which dramatically 

enhanced the stability of the designed helical gel phases. 

 

 

Figure I-23. Molecular description of a cholesterol derivative organogelator containing 

both azobenzene and diacetylenic moieties. 
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Polymerizable organogelators 

   The organogelators bearing the polymerizable groups, including vinyl, methacrylate, 

acrylate, or diacetylene units have been reported. The bis(amido)cyclohexane and 

bis(ureido)cyclohexane derivatives 1 and 2 which contain two methacrylate groups 

formed a stable gel from the solution state (Figure I-24).[102] The subsequent 

photopolymerization resulted in a highly cross-linked well-ordered gel structure.  

 

 

Figure I-24. Molecular descriptions of polymerizable organogelators based on 

bis(amido)cyclohexane and bis(ureido)cyclohexane derivatives 1 and 2. 

  

A series of ureido substituted organogelators having diacetylenic moieties were 

designed as shown in Figure I-25.[103] To obtain the high solubility, the triethoxysilane 

function that can provide the steric hindrance and the lipophilicity was introduced, 

resulting in the formation of a stable translucent organogel. The short alkylene spacer 

length hindered the photopolymerization due to the rigidity of urea unit. Increasing the 

length of the alkylene spacer minimized the influence of the rigidity of two hydrogen 

bonded urea moiety close to the polymerizable group, and thereby the urea function was 

kept way from the polymerizable function. 
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Figure I-25. Molecular description of ureido substituted diacetylenic organogelators. 

  

To pursue a unique structural feature where the nano-scale thin fibers formed by the 

self-assembly of the organogelators were embedded in a polymer matrix, a novel hetero-

bifunctional organogelator was designed (Figure I-26).[104] It consisted of two different 

polymerizable groups, acryl and diacetylene functions and exhibited the gelation ability 

in common organic solvents at room temperature. Both of polymerizable groups 

participated in the gel state polymerization of an organogel by UV irradiation. The 

polymerization of acryl groups could produce a polymer matrix while simultaneously 

maintaining the gel network. At the same time, the resulting polydiacetylene chains 

allowed the formation of more distinct nanofibrillar structure. 

 

 

Figure I-26. Molecular description of a hetero-bifunctional organogelator based on two 

different polymerizable fragments. 
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Chapter II. 

 

 

Preparation of CdSe Quantum Dot-Encapsulated Molecularly 

Imprinted Mesoporous Silica Nanoparticles for Fluorescent 

Sensing of Bisphenol A 

 

II-1. Introduction 

 

 

   Molecular imprinting is a promising methodology to fabricate materials that function 

as synthetic receptors with predetermined recognition sites.[1] Molecular imprinted 

materials have several merits such as mechanical and chemical stability, ease of 

preparation and wide range of applications as compared to biological receptors,[2-4] but 

often suffer from poor site accessibility and low selectivity. Some of these shortcomings 

have been overcome by adopting various nanofabrication techniques,[5-8] but it is still 

demanding to prepare imprinted materials with high sensitivity and selectivity. The 

challenge is also on a way to convert binding events into quantitative measurements.[9-13] 

In recent years, there has been a keen interest in simultaneous detection and removal of 

highly toxic organic pollutants. 

   Herein, a novel molecularly imprinted fluorescent sensor is developed. A CdSe 

quantum dot (QD) and mesoporous silica nanoparticle are used as a signal transducer and 

an imprinting material, respectively. QDs are monodispersed colloidal semiconductor 

nanocrystals. Owing to its discrete size-dependent characteristic optical properties, 
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flexible chemical processability and great photostability, the application of QDs towards 

sensing and recognizing elements is of a considerable interest.[14-16] A mesoporous silica 

nanoparticle has a highly crosslinked rigid structure, which is suitable for the generation 

of a delicate binding site by a molecular imprinting technique. The formation of 

recognition sites near the surface that offers high accessibility for a target molecule is 

guaranteed due to its high pore volume and nano-sized wall thickness.[17,18] Moreover, a 

variety of functional groups can be introduced into the mesoporous silica by co-

condensation and grafting methods. Selectively functionalized mesoporous silica 

particles have been widely studied for wide applications in sensing, delivery, separation 

and catalysis.[19-23] The recent development of sol-gel chemistry allowed controllable 

fabrication of a highly sensitive and selective fluorescent sensor and selective 

functionalization of mesoporous silica nanoparticles is used to mitigate the drawbacks of 

conventional bulk imprinted materials. 
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II-2. Experimental Section 

 

 

   Materials. 3-(Triethoxysilyl)propyl isocyanate, allyltriethoxysilane and 1,10-

decanedithiol were obtained from Tokyo Chemical Industry. LumidotTM CdSe (capping 

agent: hexyldecylamine), dibutyltin dilaurate (DBDU), tetraethyl orthosilicate (TEOS), 

cetyltrimethylammonium bromide (CTAB), bisphenol A, 4,4’-biphenol, diethylstilbestrol 

and hydroquinone were purchased from Aldrich. All chemicals were used without any 

purification. 

 

 

   Instruments. 1H NMR and 13C NMR spectra were recorded on a Bruker Avance 

DPX-300 (300 MHz) and a Jeol JNM-LA400 (100 MHz) spectrometer, respectively. 

Solid-state 13C CP/MAS NMR spectra were obtained on a Bruker Avance DSX-400 (100 

MHz) spectrometer equipped with the CP/MAS probe. Samples were spun in air at 

approximately 7 kHz. Powder X-ray diffractograms were obtained with the use of a 

Bruker Nanostar Small Angle X-Ray Scattering system (Cu Kα radiation, = 1.54 Å). 

Scanning electron microscopy (SEM) images were obtained by using a JEOL JSM-6330F 

microscope. Transmission electron microscopy (TEM) images were obtained by a Carl 

Zeiss LIBRA 120 operating at 120 kV. TEM samples were dispersed in methanol and a 

drop of the mixture was placed on a carbon-coated copper TEM grid. N2 adsorption-

desorption measurements were carried out using Belsorp-Max (BEL Japan, Inc.) and the 

pore size distribution was calculated using the Barrett-Joyner-Halenda (BJH) model on 

the adsorption branch. Fluorescence measurements were performed using a Shimadzu 

RF-5301PC spectrofluorometer. UV-vis spectra were measured with the use of a SCINCO 
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S-3150. 

 

 

   Synthesis of Triethoxysilane-template (bisphenol A) complex (TES-BPA). This 

compound was synthesized according to the reported procedure.[18]  

 

 

   Synthesis of 10-(3-(Triethoxysilyl)propylthio)decane-1-thiol (TES-SH). 1,10-

Decanedithiol (0.43 mL, 2.0 mmol) was added to a solution of allyltriethoxysilane (0.45 

mL, 2.0 mmol) in methanol (2.0 mL) in a quartz flask. The reaction mixture was stirred 

under UV radiation (254 nm) for 24 h at room temperature. After evaporation of the 

solvent, the product was isolated by column chromatography on the silica gel (ethyl 

acetate : n-hexane = 1 : 8 v/v) as a colorless oil. Yield: 80 %. 1H NMR (300 MHz, CDCl3, 

ppm): δ 3.85 (q, OCH2, 6H), 2.47-2.56 (SCH2, 6H), 1.51-1.79 (SCCH2, 6H), 1.19-1.42 

(CH2, 12H), 1.21 (t, CH3, 9H), 0.74 (SiCH2, 2H). 13C NMR (100 MHz, CDCl3, ppm): δ 

58.2, 35.1, 33.9, 31.9, 29.6, 29.3, 28.9, 28.8, 28.2, 24.5, 23.1, 18.2, 9.8. Anal. Calcd for 

C19H42O3S2Si: C, 55.56; H, 10.31; S, 15.61. Found: C, 55.48; H, 10.24; S, 15.33. 

 

 

   Preparation of BPA embedded mesoporous silica (BPA-MS) particles. An aq. 

NaOH solution (2.0 M, 3.5 mL) was added to a solution of CTAB (0.94 g, 2.6 mmol) in 

distilled water (480 mL). A solution of TES-SH (0.059 g, 0.15 mmol) in THF (2.0 mL) 

was added slowly to the solution and then a solution of TEOS (5.12 g, 24.5 mmol) and 

TES-BPA (0.22 g, 0.30 mmol) in THF (20 mL) was added dropwise. The reaction mixture 

was stirred at 70 0C for 3 h. The precipitated product was filtered, washed with distilled 
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water, methanol, chloroform and acetone, and dried in a vacuum oven at 25 0C for 3 days. 

 

 

   Preparation of BPA imprinted mesoporous silica (SH-MIMS) particles. BPA-MS 

(1.0 g) was stirred in a mixture of HCl (35 wt%, 10 g), distilled water (50 g) and 1,4-

dioxane (150 g) at 110 0C for 24 h. The product was filtered, washed with 1,4-dioxane, 

methanol and acetone, and dried in a vacuum oven at 25 0C for 3 days. 

 

 

   Preparation of CdSe QD encapsulated, molecularly imprinted mesoporous silica 

(QD-MIMS) particles. To a suspension of SH-MIMS (0.1 g) in toluene (10 mL), a 

toluene solution (1.0 mL) of CdSe quantum dots (LumidotTM CdSe) (5 mg mL-1) was 

added. The mixture was stirred at room temperature for 1 h and the product was isolated 

by filtration, washed with toluene and dried in a vacuum oven at 25 0C for 3 days. 

    

 

Preparation of non-imprinted mesoporous silica (SH-NIMS) and CdSe QD 

encapsulated NIMS (QD-NIMS) particles. SH-NIMS and QD-NIMS were prepared by 

using the same procedure as for SH-MIMS and QD-MIMS except that no TES-BPA was 

added. 

 

 

   Kinetic binding test. QD-MIMS (2.0 mg) was dispersed in a solution of BPA (450 

ng mL-1) in methanol (20 mL) and the fluorescence spectrum was recorded every 10 min. 
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   Rebinding test. In each vial, QD-MIMS or QD-NIMS (2.0 mg) was dispersed in a 

solution of different concentrations of BPA (100 - 900 ng mL-1) in methanol (20 mL). 

After stirring for 1 min, the fluorescence spectrum of each solution was obtained. 

 

 

   Selectivity test. 4,4’-Biphenol, diethylstilbestrol and hydroquinone were used as 

analogs of BPA. In each vial, QD-MIMS or QD-NIMS (2.0 mg) was dispersed in 

solutions of different concentrations of these analogs (100 - 600 ng mL-1) in methanol (20 

mL). After stirring for 1 min, the fluorescence spectrum of each solution was obtained. 
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II-3. Results and Discussion 

 

 

II-3-1. Synthesis and Structural Characterization 

   The approach to the fabrication of the molecularly imprinted mesoporous silica 

nanoparticles with thiol functional groups on the pore wall is described in Scheme II-1. 

Bisphenol A was chosen as a model template, which is known as an endocrine disruptor 

that can cause harmful effects on humans and wildlife via interactions with the endocrine 

system. Given that the awareness of the risks involved with endocrine disrupting 

compounds is growing, the determination of these contaminants of concern at ng mL-1 

levels is of great importance.[24-27] A triethoxysilane-template complex (TES-BPA) was 

prepared by the reaction between 3-(triethoxysilyl)propyl isocyanate and BPA.[18] To 

functionalize the pore wall selectively, A thiol-functionalized amphiphilic silica precursor 

(TES-SH) was synthesized through the radical reaction of allyltriethoxysilane and 1,10-

decanedithiol. The thiol groups were used later for QD encapsulation. 

   The thiol-functionalized, BPA embedded mesoporous silica (BPA-MS) particles were 

prepared by co-condensation of TES-BPA, TES-SH and tetraethyl orthosilicate (TEOS) 

in the presence of cetyltrimethylammonium bromide (CTAB) under basic conditions. 

Both amphiphiles, CTAB and TES-SH, formed a micellar structure in an aqueous solution 

where hydrophobic portions of the amphiphiles were located inside the pore. The silica 

precursors, TEOS, TES-BPA and TES-SH, were allowed to react in this aqueous solution 

to form silica particles. 
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Scheme II-1. Synthetic procedure of thiol-functionalized, BPA imprinted mesoporous 

silica particles (SH-MIMS). 

    

The surfactant molecules in the pores could be removed by a reflux in a mixture of 

1,4-dioxane, HCl and deionized water. However, the thiol-functionalized hydrophobic 
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groups in the pores remained since they were covalently tethered to the pore wall by the 

sol-gel reaction. By the reflux, the template molecules were also removed as a result of 

dissociation of thermally reversible urethane bonds between the template and the silica 

matrix. The dissociated isocyanate groups were reacted with water to yield amino groups. 

The successful extraction of CTAB was confirmed by the decrease in the characteristic 

FT-IR absorptions of CTAB in the 3000-2800 cm-1 region (Figure II-1). 

 

 

Figure II-1. FT-IR spectra of BPA-MS and SH-MIMS. 

 

   The structures of BPA-MS and the thiol-functionalized, BPA imprinted mesoporous 

silica (SH-MIMS) particles were investigated by solid-state 13C CP/MAS NMR 

spectroscopy. BPA-MS showed the signals for the aromatic carbons of BPA at around 165 
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ppm.[18] In the spectrum of SH-MIMS, however, these signals disappeared, indicating that 

most of the template molecules were removed. The peak for the aminomethylene carbon 

on the silica framework appeared at 42 ppm. The strong signal at 29 ppm was assigned to 

methylene carbons of the thiol-functionalized hydrophobic groups (Figure II-2).[28] 

 

 

Figure II-2. Solid-state 13C CP/MAS NMR spectrum of SH-MIMS. 

 

   The small angle X-ray diffractogram of SH-MIMS showed three resolved peaks with 

d-spacings of 42.5, 24.5 and 21.4 Å , corresponding to (100), (110) and (200) reflections 

of a hexagonal structure with a lattice parameter of a = 49.1 Å , respectively (Figure II-

3a). Nitrogen adsorption-desorption isotherms were of type IV, indicating that the pore 

sizes were in the mesopore range (Figure II-3b). The average pore size estimated by the 

Barrett-Joyner-Halenda (BJH) pore size distribution was 3 nm and the Brunauer-Emmett-
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Teller (BET) surface area was 1157 m2g-1. The overall morphology of SH-MIMS was 

characterized by SEM and TEM measurements. Figure II-3c exhibited particles with an 

average size of 90 nm. Figure II-3d showed the hexagonal array of the mesopores as 

proposed by the X-ray analysis. 

   CdSe quantum dots were encapsulated into the pores of SH-MIMS by ligand 

exchange. Hexyldecylamine (HDA)-capped LumidotTM CdSe QDs with a size of about 

2.1 nm were mixed with SH-MIMS in toluene. The TEM image of the QD-encapsulated, 

molecularly imprinted mesoporous silica (QD-MIMS) particles demonstrated the 

successful ligation of CdSe QDs (Figure II-3e). QDs were entrapped in the pores by the 

displacement of HDA with the thiol group on the pore walls. QD-MIMS had two point 

binding sites formed between the pores and CdSe QDs encapsulated in the pores. Once 

BPA was captured in the binding site, the fluorescence of the QDs was expected to be 

quenched possibly by charge transfer between QD and BPA.[29-31] 
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Figure II-3. (a) Small angle X-ray diffractogram and (b) nitrogen adsorption-desorption 

isotherms of SH-MIMS (inset: pore size distribution plot). (c) SEM and (d) TEM images 

of SH-MIMS. (e) TEM image of QD-encapsulated, BPA imprinted MS (QD-MIMS). 

 

 

II-3-2. Photophysical and Kinetic Binding Properties of QD-MIMS 

   As shown in Figure II-4a, the characteristic absorption of BPA occurred around 270 

nm. Given the wide range of absorption wavelength of the QD-MIMS (Figure II-4b), the 

emission spectrum of QD-MIMS dispersed in methanol was obtained by excitation at 290 

nm, which fit in the absorption range of BPA. QD-MIMS showed a strong fluorescence 

emission peak at 545 nm (Figure II-4c) in addition to the Rayleigh scattering peaks at 290 

and 580 nm. In the presence of BPA, the fluorescence intensity of QD-MIMS decreased 

with increasing BPA concentration and incubation time.  
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Figure II-4. (a) UV-vis absorption spectrum of bisphenol A. (b) UV-vis absorption and 

(c) emission spectra of QD-MIMS dispersed in methanol (λex = 290 nm). 

 

To study the kinetic binding behavior of QD-MIMS for BPA, QD-MIMS (2 mg) were 

dispersed in a solution of BPA (450 ng mL-1) in methanol (20 mL) with stirring and the 

fluorescence spectrum was measured at 20 min intervals. The fluorescence intensity 

rapidly decreased up to 20 min and thereafter slowly decreased (Figure II-5). 
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Figure II-5. (a) Evolution of fluorescence spectra of QD-MIMS (100 μg mL-1) in the 

presence of bisphenol A (450 ng mL-1) obtained after incubating for different periods of 

time in methanol (λex = 290 nm). (b) Plot of the maximum fluorescence intensity vs. 

incubation time. 

 

 

II-3-3. Sensitivity and Selectivity Study of QD-MIMS 

   Although the maximum quenching reached after 3 h, a rapid detection of BPA after 1 

min incubation was explored. QD-MIMS was mixed in a solution of BPA in methanol at 

varied concentrations with stirring for 1 min and the fluorescence spectrum of each 

solution was measured. The fluorescence intensity was very sensitive to the concentration 

of BPA. Figure II-6a depicts the change of the fluorescence intensity of the QD as the 

concentration of BPA increases in methanol. The fluorescence intensity of the QD was 

gradually decreased with an increase of the BPA concentration. This result could be 

attributed to the fact that BPA bound to the selective imprinted site and the charge transfer 

between the QD and BPA was followed.  

QD-MIMS also showed high selectivity for BPA (Figure II-6b). Several structural 

analogs including 4,4’-biphenol, diethylstilbestrol (DES) and hydroquinone (HQ) were 

chosen for conducting the selectivity test. They are also highly toxic and possible 
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endocrine disruptors.[32-34] The binding the detection experiments were carried out in the 

same manner as described above. Compared with BPA, much less decrease in the 

fluorescence intensity of the QD was observed for the analogs (Figure II-6c-e), implying 

that it was challenging for those structural analogs to bind to the imprinted sites. Figure 

II-6f shows the fluorescence spectra of QD-encapsulated non-imprinted mesoporous 

silica (QD-NIMS) particles obtained with increasing BPA concentration. QD-NIMS was 

prepared in the same manner as QD-MIMS except that BPA was omitted. As shown in 

the result, a decrease in the fluorescence intensity of QD-NIMS was much smaller than 

that of QD-MIMS at the same concentration. This finding also corroborated that BPA-

selective binding sites were developed successfully. A non-specific binding of the 

template molecule could not satisfy the proximity requirement for efficient fluorescence 

quenching. 
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Figure II-6. (a) Fluorescence spectra of QD-MIMS (100 μg mL-1) obtained after 1 min 

incubation with the increasing concentration of BPA in methanol. Fluorescence 

quenching % [= (1 - F/F0)100] of QD-MIMS (100 μg mL-1) measured after 1 min 

incubation with the increasing concentration of (b) BPA, (c) 4,4′-biphenol, (d) DES and 

(e) HQ in methanol. (f) Fluorescence quenching % of QD-NIMS (100 μg mL-1) obtained 

after 1 min incubation with the increasing concentration of BPA in methanol. (g) Stern-

Volmer plots from QD-MIMS. (h) Stern-Volmer plots from QD-NIMS. 

  

   Quenching of fluorescence can be described by the following Stern-Volmer 

equation[35] 

𝐹0/𝐹 = 1 + 𝐾𝑆𝑉[𝐶] 

where F and F0 are the fluorescence intensities of QD-MIMS in the presence and absence 

of an analyte, respectively. KSV is the Stern-Volmer quenching constant and [C] is the 

analyte concentration. This equation can be used to evaluate the selectivity toward the 

imprinted molecule quantitatively. Both QD-MIMS (Figure II-6g) and QD-NIMS (Figure 

II-6f) showed a linear Stern-Volmer relationship for BPA and its analogs. Quenching 

constants were determined from the slopes of the Stern-Volmer plots. The much larger 

quenching constant of QD-MIMS for BPA (by more than ten times) than those for BPA 

analogs clearly demonstrated the high selectivity of QD-MIMS (Figure II-7). The 

imprinting factor (IF), defined as the ratio of the quenching constant of QD-MIMS for 

BPA to that of QD-NIMS, was 13.6. 
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Figure II-7. Stern-Volmer quenching constants of QD-MIMS and QD-NIMS toward 

different target molecules. For all the experiments, the excitation wavelength was 290 nm. 
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II-4. Conclusions 

 

 

   A CdSe QD-encapsulated molecularly imprinted mesoporous silica nanoparticle 

(QD-MIMS) was prepared as a fluorescent sensor. Selective binding sites between the 

pores could be introduced and CdSe QDs were successfully encapsulated into the pores 

of the mesoporous silica. QD-MIMS exhibited excellent molecular recognition properties 

in terms of both sensitivity and selectivity. Due to the proximity of the binding cavities to 

the QDs, a significant, concentration-sensitive fluorescence quenching was observed in 

the presence of the template molecule, BPA. 
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Chapter III. 

 

Preparation of a Fluorescent Sensor by Organogelation: 

CdSe/ZnS Quantum Dots Embedded Molecularly Imprinted 

Organogel Nanofibers 

 

 

III-1. Introduction 

 

 

   The molecular imprinting technique provides a platform for the fabrication of 

selective synthetic receptors.[1] In the molecular imprinting process, a complex of a 

functional monomer with a template is polymerized in the presence of a cross-linking 

agent and the template is subsequently removed to form a binding cavity in a cross-linked 

polymer matrix. Molecularly imprinted polymers (MIPs) as versatile synthetic receptors 

have several potential advantages such as ease of preparation, high physiochemical 

stability and broad range of working conditions compared to natural receptors.[2-4] 

Although poor binding site accessibility and low selectivity have been considered as the 

drawbacks of MIPs, recent studies showed that these shortcomings are less severe by 

using nanosized imprinting matrices such as nanoparticles[5-7] or nanofibers,[8-12] where 

recognition sites are generated at the surface or in the proximity of the surface. 

An organogel is a viscoelastic material consisting of a large number of solvent 

molecules and a nanofiber network produced by the self-assembly process of low mass 

gelator molecules.[13] The supramolecular nanofibers are stable when equilibrating with 
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solvent molecules in an organogel, but are easily disrupted by thermal and mechanical 

stimuli. Some organogels have shown gel to sol or gel to gel transitions in the presence 

of chemicals such as anions with accompanying fluorescent emission changes. 

Fluorescent sensors based on organogels have been developed by utilizing their chemical 

stimuli-responsive properties.[14-17] The efficiency of these sensing systems relies on fast 

phase transitions through specific interactions of an analyte with a gelator molecule, 

which is often difficult to achieve. 

   A novel MIP-based fluorescent sensor fabricated through an organogelation process 

is investigated in this chapter. Molecularly imprinted nanofibers were prepared by the 

gel-state polymerization of an organogelator bearing two different polymerizable 

groups.[10] In the development of MIP-based sensors, transformation of binding events 

into measurable signals is a major concern.[18-28] A fluorescent CdSe/ZnS quantum dot 

(QD) is used as a signal transducer. QDs are finding increasing utility in sensing 

applications due to their discrete size-dependent optical properties and good 

photostability.[29-35] The QDs capped with ligands having long alkyl chains were 

incorporated into organogel nanofibers through interactions between the ligands and the 

gelator molecules.[36] Histamine was chosen as a model template. Histamine is a 

representative biogenic amine which is formed by decarboxylation of an amino acid. The 

reliable determination of histamine at low concentrations is of great importance in clinical 

chemistry and food science. Histamine is a neurotransmitter and involved in various 

physiological functions. It is released during allergic reactions, which causes irritation 

and inflammation.[37,38] A high level of histamine is also found in spoiled foods. The 

detection of histamine in conjunction with different analytical approaches such as high 

performance liquid chromatography, enzyme-linked immunosorbent assay, and capillary 

electrophoresis has been attempted.[39-41]  
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III-2. Experimental Section 

 

 

   Materials. 10,12-Tricosadiynoic acid (96%) was purchased from Alfa Aesar. 

Divinylbenzene (DVB) and N,N-(dimethylamino)pyridine (DMAP, 99%) were purchased 

from Aldrich. Histamine (97%) and serotonin hydrochloride (98%) were purchased from 

Acros Organics. Allopurinol (98%), dopamine hydrochloride (98%), 6-bromo-1-hexanol 

(95%), 4’-hydroxy-4-biphenyl-carboxylic acid (98%), 2,6-di-tert-butylphenol (98%), 

N,N-diethylaniline (99%), acryloyl chloride (95%), 4,4’-biphenol (99%), and N,N-

dicyclohexylcarbodiimide (DCC, 98%) were purchased from Tokyo Chemical Industry. 

CdSe/ZnS quantum dot (particle size: ~3.4 nm, capping agent: trioctylphosphine oxide) 

was obtained from Nanosquare Inc. 2,2,-Dimethoxy-2-phenylacetophenone (DMPA) was 

obtained from Ciba Specialty. All chemicals and reagents were used as received. 

Tetrahydrofuran (THF) was dried over sodium metal and distilled.   

 

 

   Measurements. 1H and 13C NMR spectra were recorded on a Bruker Avance DPX-

300 (300 MHz for 1H NMR) spectrometer and a Bruker Avance 600 (150 MHz for 13C 

NMR) spectrometer. Fourier transform infrared (FT-IR) spectra were measured on a 

Nicolet 6700 FT-IR spectrophotometer (Thermo Scientific, USA) using KBr pellets. 

Scanning electron microscopy (SEM) images were measured by a Carl Zeiss SUPRA 

55VP. High resolution transmission electron microscopy (HRTEM) images were obtained 

by a FEI Tecnai F20 operating at 200 kV. UV-vis spectrum was obtained with the use of 

a SCINCO S-3150 instrument. Fluorescence measurements were performed using a 

Shimadzu RF-5301PC spectrofluorometer. 
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   Synthesis of 4-[4-(6-acryloyloxyhexyloxy)phenyl]benzoic acid (FM). This 

compound was prepared as a functional monomer according to our previous report.[42] 

 

 

   Synthesis of 4-hydroxy-4'-[6-(acryloyl)hexyloxy]biphenyl. This compound was 

synthesized according to our previous report.[43] 

 

 

   Synthesis of 4'-(6-(acryloyloxy)hexyloxy)biphenyl-4-yl tricosa-10,12-diynoate 

(PG). DCC (0.76 g, 3.7 mmol) and DMAP (0.080 g, 0.74 mmol) were added to a solution 

of 4-hydroxy-4’-[6-(acryloyl)hexyloxy]biphenyl (1.04 g, 3.06 mmol) and 10,12-

tricosadiynoic acid (0.600 g, 3.06 mmol) in methylene chloride (50 mL), and the mixture 

was stirred for 12 h at room temperature. Insoluble solids were removed by filtration. 

After evaporation of the solvent, the crude products were purified by column 

chromatography on the silica gel using THF and n-hexane (1:5) as eluents to give white 

solids. Yield: 68.9%. 1H NMR (300 MHz, CDCl3, ppm): δ 7.44 (dd, overlap, Ar, 4H), 

7.12 (d, J = 8.4 Hz, COOAr, 2H), 6.94 (d, J = 8.4 Hz, -OAr, 2H), 6.43 (d, J = 17.4 Hz, 

=CH, 1H), 6.12 (dd, J = 10.5, 10.5 Hz, =CH, 1H), 5.82 (d, J = 10.2 Hz, =CH, 1H), 4.18 

(t, J = 6.6 Hz, -OCH2, 2H), 4.00 (t, J = 6.6 Hz, -ArOCH2-, 2H), 2.57 (t, J = 7.2 Hz, -

OCOCH2-, 2H), 2.25 (t, J = 5.1 Hz, ≡CCH2-, 2H), 1.85-1.72 (overlap, ≡CCCH2-, 2H, -

ArOCCH2-, 2H, -COOCCH2-, 2H, -OCOCCH2-, 2H), 1.54-1.26 (m, -CH2-, 26H), 0.88 (t, 

J = 6.5 Hz, -CH3, 3H). 13C NMR (150 MHz, CDCl3, ppm): δ 169.1, 165.1, 157.8, 151.7, 

134.0, 130.4, 128.7, 128.3, 128.0, 127.7, 121.6, 115.0, 75.7, 72.3, 66.7, 62.9, 33.9, 31.9, 
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29.6, 29.3, 29.1, 28.9, 28.8, 28.2, 27.2, 26.5, 26.3, 25.2, 23.1, 18.2, 15.9 ppm. IR (KBr, 

cm-1): 2921, 2852, 2242, 2145, 1745, 1721, 1639, 1607, 1499, 1470, 1410, 1388, 1324, 

1290, 1272, 1249, 1216, 1196, 1170, 1153, 1035, 996, 925, 892, 823, 718. Anal. Calcd 

for C44H60O5: C, 79.00; H, 9.04; O, 11.96. Found: C, 79.08; H, 9.09; O, 11.72. 

 

 

   Preparation of CdSe/ZnS QD-incorporated, histamine imprinted organogel 

nanofibers (QD-HIOGNF). Histamine (2.0 mg, 0.018 mmol), FM (13 mg, 0.036 mmol) 

and DMPA (30 mg) were dissolved in n-decane (0.37 g). To a solution, PG (38 mg) and 

DVB (3.7 mg) were added and the mixture was heated at 65 0C until a clear solution was 

obtained. After the subsequent addition of CdSe/ZnS quantum dots (0.5 mL, 5 mg mL-1 

in n-decane), the solution was cooled to room temperature to form a stable organogel. 

The photopolymerization of the organogel was performed by UV irradiation (a high-

pressure mercury arc lamp, 3 mW cm-2) for 3 h at room temperature. Histamine was 

extracted by stirring the reaction mixture in methanol/acetic acid (20 mL, 9:1 v/v) for 24 

h and Soxhlet extraction with methanol for 48 h. The resulting histamine imprinted 

nanofibers were isolated by filtration and dried in vacuo. CdSe/ZnS QD-incorporated, 

non-imprinted organogel nanofibers (QD-NIOGNF) were prepared using the same 

procedure as that used for the preparation of QD-HIOGNF, except that no histamine was 

added. 

 

 

   Kinetic binding test. QD-HIOGNF (3 mg) was dispersed in a solution of histamine 

(500 ng mL-1) in methanol (20 mL) and the fluorescence spectrum was measured every 

10 min. 
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   Rebinding test. In each vial, QD-HIOGNF or QD-NIOGNF (3 mg) was immersed in 

different concentrations of histamine solutions (100 – 700 ng mL-1) in methanol (20 mL). 

After stirring for 10 min, the fluorescence spectrum of each solution was measured. 

 

 

   Selectivity test. Allopurinol, serotonin, and dopamine were used as analogs of 

histamine. QD-HIOGNF or QD-NIOGNF (3 mg) was dispersed in solutions of different 

concentrations of these analogs (100 – 700 ng mL-1) in methanol (20 mL). After stirring 

for 10 min, the fluorescence spectrum of each solution was obtained. 

 

 

   Recyclability. QD-HIOGNF (3 mg) was added to a solution of histamine (100 ng mL-

1) in methanol (20 mL) and the fluorescence spectrum of the mixture was measured after 

stirring for 30 min. After evaporation of methanol, the solid residue was stirred in 

methanol/acetic acid (20 mL, 9:1 v/v) for 12 h and Soxhlet-extracted with methanol for 

12 h. QD-HIOGNF was isolated by filtration, dried and reused for the binding test. 
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III-3. Results and Discussion 

 

 

III-3-1. Preparation of Organogel Nanofibers 

   The approach used in this study to fabricate a fluorescent sensor by organogelation is 

described in Scheme III-1. The sensor fabrication was carried out in three steps: 1) 

organogelation of a polymerizable gelator (PG) in the presence of the QD and the template, 

2) gel-state polymerization and 3) extraction of the template. 

 

 

Scheme III-1. Schematic route of the preparation of QD-incorporated, histamine 

imprinted organogel nanofibers (QD-HIOGNF). 

  

   A heterobifunctional organogelator (PG) bearing two different polymerizable groups 

was prepared by an esterification reaction of an acrylate having a phenolic group with a 

diacetylene-containing carboxylic acid (Scheme III-2). PG showed an ability to gelate n-
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decane, methanol and ethanol. The critical gelation concentration was 1.5 wt% in n-

decane. 

 

 

Scheme III-2. Synthesis of the polymerziable organogelator (PG). 

 

   As a functional monomer for complexation with the template, an acrylate having a 

carboxyl group was synthesized. Histamine (template) is an aminoalkylated imidazole 

which could form ionic and hydrogen bondings with a carboxyl group. Since both the 

functional monomer (FM) and the organogelator (PG) had a similar acrylate structure 

bearing a hexyloxybiphenyl group, they were expected to be co-assembled into 

nanofibers during organogelation. 

   The template-monomer complex was prepared by dissolving histamine (2.0 mg) and 

functional monomer FM (13 mg) together with a photoinitiator (DMPA) (30 mg) in n-

decane (0.5 mL). After the addition of organogelator PG (38 mg) and cross-linker DVB 

(3.7 mg), the mixture was heated at 65 0C until a clear solution was obtained. After the 

addition of trioctylphosphine oxide capped CdSe/ZnS quantum dots (0.5 mL, 5 mg mL-1 

in n-decane), the solution was cooled to room temperature to form a stable organogel. 

The organogel of PG alone formed in n-decane was milky white in color. The QD-

containing organogel appeared yellowish green and emitted a bright green luminescence 

under UV light irradiation (Figure III-1). CdSe/ZnS quantum dots could be successfully 
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incorporated into the organogel nanofibers through interactions between long alkyl chains 

of the QD capping agent and the organogelator. 

   The QD-containing organogel was UV irradiated for 3 h at room temperature. In this 

process, acrylate and diacetylene groups and DVB were polymerized to produce highly 

cross-linked, CdSe/ZnS QD-incorporated, histamine embedded organogel nanofibers 

(QD-His-OGNF). The template molecules embedded in QD-His-OGNF were removed 

by washing with methanol/acetic acid (9:1, v/v) and Soxhlet extraction with methanol, 

resulting in the formation of the QD-incorporated, histamine imprinted organogel 

nanofibers (QD-HIOGNF). 

 

 

Figure III-1. Photographs of the organogel of PG alone under day light, the organogel 

containing QDs under day light and UV light (from left to right). 

 

 

III-3-2. Structural and Morphological Analysis of Organogel Nanofibers  

   The structures of the organogel, QD-His-OGNF and QD-HIOGNF were characterized 
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by FT-IR spectroscopy (Figure III-2). The two absorptions at 2242 and 2145 cm-1 

corresponding to the diacetylene groups were observed in the dried organogel,[44] but 

disappeared after polymerization, indicating that the polymerization proceeded via 1,4-

addition reaction. The peak for the newly formed C≡C bonds was hardly noticeable, 

probably due to their symmetric structure. The successful removal of histamine from the 

nanofiber was confirmed from the FT-IR spectra of QD-His-OGNF and QD-HIOGNF. 

QD-His-OGNF showed the asymmetric and symmetric stretching vibration band for 

ammonium group of histamine at 3165 and 3065 cm-1, respectively.[45] After the 

extraction process, they disappeared. 

 

 

Figure III-2. FT-IR spectra of dried organogel, QD-His-OGNF, and QD-HIOGNF. 

 

   The morphological features of organogel nanofibers were investigated by SEM and 
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high resolution TEM (HRTEM) measurements. Figure III-3a and 3b show representative 

SEM images of the organogel nanofibers obtained by drying the organogel of PG alone 

formed in n-decane and the QD-incorporated imprinted nanofibers (QD-HIOGNF), 

respectively. The SEM image of the dried organogel exhibited entangled fibers with an 

average diameter of 50 nm. QD-HIOGNF showed more distinct fibrillar structures with 

the same diameters compared to the dried organogel, implying that the polymerization 

occurred within the organogel nanofibers. The QDs incorporated in the histamine 

imprinted organogel nanofibers were clearly observed in the HRTEM analysis (Figure 

III-3c). They were well dispersed in the fiber, which would be essential for them to act as 

a signal transducer. The QDs would interact preferentially with the analytes which were 

bound to the recognition sites in the fiber. As a result, a change in the fluorescence 

intensity of the QDs would ensue possibly via the charge transfer mechanism. 
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Figure III-3. (a) SEM image of the dried organogel of PG alone. (b) SEM image of QD-

HIOGNF. (c) HRTEM image of QD-HIOGNF. 

 

 

III-3-3. Rebinding Performance and Sensitivity of QD-HIOGNF 

   QD-HIOGNF exhibited a strong fluorescence peak at 550 nm in addition to the 

Rayleigh scattering peaks at 330 and 660 nm when excited at 330 nm (Figure III-4). A 

weak fluorescence around 370 – 500 nm was ascribed to the emission of polydiacetylene 

chain having a short conjugation length. 
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Figure III-4. (a) UV-vis absorption spectrum of QD-HIOGNF. (b) emission spectrum of 

QD-HIOGNF dispersed in methanol (λex= 330 nm). 

 

 

Figure III-5. (a) Kinetic profile of fluorescence emission spectra of QD-HIOGNF (150 

μg mL-1) in the presence of histamine (500 ng mL-1) measured after incubating for certain 

periods of time in methanol (λex= 330 nm). (b) Plot of the maximum fluorescence 

intensity in relation to incubation time. 

 

   To investigate the kinetic binding profile of QD-HIOGNF for histamine, the QD-

HIOGNF (3 mg) were dispersed in a solution of histamine (500 ng mL-1) in methanol (20 

mL) with stirring and the fluorescence intensity was measured at 10 min intervals (Figure 

III-5). The fluorescence intensity decreased rapidly with time in the first 10 min. The 
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maximum quenching occurred within 30 min, demonstrating that the binding cavities had 

a high sensitivity toward the template. 

   The sensitivity of QD-HIOGNF to the concentration of histamine was also examined. 

The fluorescence of QD-HIOGNF was measured 10 min after mixing QD-HIOGNF with 

a solution of histamine in methanol. As depicted in Figure III-6a-b, the fluorescence 

intensity of QD-HIOGNF decreased as the concentration of histamine increased in the 

range between 100 and 700 ng mL-1. Below the histamine concentration of 100 ng mL-1, 

a fluorescence quenching was hardly observed. On the other hand, the QD-incorporated, 

non-imprinted organogel nanofibers (QD-NIOGNF) showed much smaller changes in 

their fluorescence than QD-HIOGNF with increasing concentration of histamine (Figure 

III-6f). QD-NIOGNF were prepared using the same procedure as that used for the 

preparation of QD-HIOGNF, except that no histamine was added.  

 

 

III-3-4. Selectivity of QD-HIOGNF 

   The selectivity of QD-HIOGNF was investigated by testing its fluorescence 

quenching response in the presence of potential structural analogs of histamine, including 

allopurinol, serotonin and dopamine. Allopurinol is an isomer of hypoxanthine, which 

can cause injury in intestinal, renal, heart and brain tissue owing to the inhibitory effect 

of xanthine oxidase.[46] Serotonin and dopamine are biogenic amine neurotransmitters in 

biological systems, playing an important role in renal, hormonal and emotional 

functioning.[47,48] The selectivity experiments were conducted in the same manner as 

mentioned above. A diminutive change in fluorescence intensity of QD-HIOGNF was 

observed in the case of all analogs (Figure III-6c-6e), indicating that these structural 

analogs had poor binding ability to the imprinted sites. 
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   The behavior of fluorescence quenching can be described by the Stern-Volmer 

equation[49] 

𝐹0/𝐹 = 1 + 𝐾𝑆𝑉[𝐶] 

   Where F and F0 are the fluorescence intensities of QD-HIOGNF in the presence and 

absence of an analyte, respectively. [C] is the concentration of an analyte and KSV is the 

Stern-Volmer quenching constant. This equation can be utilized to quantify the selectivity 

toward the sensing molecule. Both QD-HIOGNF and QD-NIOGNF exhibited a linear 

Stern-Volmer relationship as regards histamine and its structural analogs (Figure III-6g 

and 6h). The selectivity of QD-HIOGNF was evaluated using the Stern-Volmer 

quenching constant (KSV) estimated from the slopes of the Stern-Volmer plots of QD-

HIOGNF. A quenching constant of QD-HIOGNF for histamine was more than ten times 

higher than that for histamine analogs (Figure III-7). The imprinting factor calculated 

from the ratio of the quenching constant of QD-HIOGNF for histamine to that of QD-

NIOGNF was 16.8. 
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Figure III-6. (a) Fluorescence emission spectra of QD-HIOGNF (150 μg mL-1) taken 

after 10 min stirring with an increase on histamine concentration in methanol. Amount of 

fluorescence quenching (%) [= (1 - F/F0)100] of QD-HIOGNF (150 μg mL-1) obtained 

after 10 min stirring with an increasing concentration of (b) histamine, (c) allopurinol, (d) 

dopamine and (e) serotonin in methanol. (f) Fluorescence quenching (%) of QD-NIOGNF 

(150 μg mL-1) measured after 10 min stirring with an increasing concentration of 

histamine in methanol. (g) Estimated Stern-Volmer plots of QD-HIOGNF. (h) Estimated 
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Stern-Volmer plots of QD-NIOGNF.  

 

 

Figure III-7. Stern-Volmer constants (KSV) of QD-HIOGNF and QD-NIOGNF toward 

different target analytes. For all experiments, the excitation wavelength was 330 nm. 

 

 

III-3-5. Recyclability Test 

   The recyclability of QD-HIOGNF was evaluated by successive binding, extraction 

and rebinding experiments. QD-HIOGNF (3 mg) was incubated in a solution of histamine 

(100 ng mL-1) in methanol (20 mL) for 30 min, allowing most binding cavities to be 

occupied by the template, and the bound template was then removed following the 

evaporation of solvent and the extraction procedure mentioned above. QD-HIOGNF 

recovered its initial fluorescence intensity after extraction. While repeating the binding-

extraction cycles seven times, the fluorescence intensity of QD-HIOGNF decreased by 
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only 10% compared to that of as-prepared QD-HIOGNF (Figure III-8). 

 

 

Figure III-8. Reusability of QD-HIOGNF under seven absorption-regeneration cycles. 
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III-4. Conslusions 

 

 

   A novel approach to fabricate a fluorescent histamine sensor is demonstrated. A 

CdSe/ZnS QD and histamine embedded organogel nanofiber was prepared by 

organogelation. Subsequent in-situ polymerization followed by extraction of histamine 

produced a polymerized nanofiber bearing QDs and binding cavities as a signal 

transducer and a receptor, respectively. QD-HIOGNF showed high molecular recognition 

properties toward histamine in terms of both sensitivity and selectivity. Because of the 

adequate proximity of the recognition sites to the QDs, a notable, concentration-sensitive 

fluorescence quenching was observed.  
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Chapter IV. 

 

 

Preparation of Molecularly Imprinted Fullerene-Silica 

Nanocomposites for Sensitive and Selective Recognition of 

Diethylstilbestrol 

 

IV-1. Introduction 

 

 

Molecularly imprinted polymers (MIPs) are widely used in sensing applications as a 

synthetic receptor.[1] In particular, MIPs are well adapted in fluorescent sensing where a 

fluorophore is used as a probe. MIP-based fluorescent sensors detect changes in the 

emission of fluorophores upon the molecular binding process. A variety of fluorophores 

such as quantum dots[2], organic dyes[3], and lanthanide ion[4,5] have been used for this 

purpose.  

Recently carbon dots have emerged as promising fluorophores because of their 

physiochemical stability and biocompatibility.[6] Carbon nanomaterials have advantages 

over cytotoxic semiconducting quantum dot in sensing applications as a fluorescent 

probe.[7,8] Carbon dots are prepared by breaking down carbonaceous materials or by 

carbonization of small organic molecules. They usually have quasi-spherical shapes with 

a size of less than 10 nm in diameter.  
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Fullerenes are another class of interesting carbon dots and have a compact size of 

about 1 nm. They have been a subject of a great interest owing to their potential 

applications in electronics/photovoltaic devices, and most recently, bioimaging and 

sensor system.[9-11] Fullerenes have small band gaps between the ground and excited 

states.[12] The photoluminescence (PL) of fullerene powders peaking around 729 nm is 

very weak in normal conditions.[13] However, interestingly, the PL of fullerene embedded 

in silica aerogel or polymer matrix becomes strong.[14,15] Jeong et al. have reported 

tetraethylene glycol-conjugated fullerene nanoparticles with color-tunable 

photoluminescence.[16] They also investigate fullerene-silica hybrid nanoparticles 

(FSNPs) showing strong photoluminescence.[17] Compared with a feeble emission of pure 

fullerene at 720 nm, FSNPs show bright PL at 600 nm.  

In this study, molecularly imprinted fullerene-silica nanocomposites for fluorescent 

sensing of diethylstilbestrol (DES) is reported. DES which is a synthetic form of the 

hormone estrogen is the one of well-known endocrine disrupting chemicals.[18] The sol-

gel chemistry allowed the introduction of fullerene into the silica network and formation 

of delicate imprinted sites inside of the network. A core-shell type silica particle where 

the shell had an imprint cavity was also prepared and its performance toward the 

molecular recognition was investigated. 
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IV-2. Experimental Section 

 

 

Materials. Fullerene (C60, 99.5%), tetraethyl orthosilicate (TEOS), diethylstilbestrol, 

bisphenol-A, hexestrol and β-estradiol were purchased from Sigma-Aldich. Cyclohexane, 

hexanol and Triton X-100 were purchased from Tokyo Chemical Industry. All other 

chemicals and reagent grade solvents were obtained from Junsei Chemical and used 

without any further purification. 

 

 

Measurements. 1H NMR spectrum was recorded on a Bruker Avance DPX-300 (300 

MHz) spectrometer. Solid-state 13C CP/MAS NMR spectra were obtained on a Bruker 

Avance DSX-400 (100 MHz) spectrometer equipped with the CP-MAS probe. Samples 

were spun in air at approximately 7 kHz. Fourier transform infrared spectra (4000-500 

cm-1) were measured on a Nicolet 6700 FT-IR spectrophotometer (Thermo Scientific, 

USA) using KBr pellets. Scanning electron microscopy (SEM) images were measured by 

a Leica TCS SP8X Gated STED. Fluorescence measurements were performed using a 

Shimadzu RF-5301PC spectrofluorometer. UV-vis spectra were measured with the use of 

a SCINCO S-3150. 

 

 

Synthesis of triethoxysilane-template (diethylstilbestrol) complex (TES-DES). 
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TES-DES was synthesized according to the reported procedure.[19] 

 

 

Preparation of DES embedded fullerene-silica nanocomposites (DES-FSNCs). 

FSNCs were synthesized according to the reported procedure.[17] C60 fullerene solution 

(100 mg in 20 mL toluene) was added to microemulsion solutions containing cyclohexane 

(50 mL), hexanol (20 mL), distilled water (5 mL), and Triton X-100 (17 mL). After the 

addition of ammonium hydroxide (28 wt%, 0.6 mL), the dark purple solution turned a 

dark brown color within 5 min and then TEOS (1 mL) and TES-DES (0.138 g) was added 

directly. The reaction mixture was stirred at room temperature for 24 h. The mixture was 

suspended in ethanol (150 mL) to stop the reaction. The precipitated product was filtered, 

washed with distilled water and ethanol. The resultant products were resuspended in 

ethanol and centrifuged at 3000 rpm. After the supernatant removal, the nanocomposites 

were dried in a vacuum oven at 60 0C for 24 h.  

 

 

Core-shell DES embedded fullerene-silica nanoparticles (CS-DES-FSNCs). C60 

fullerene solution (100 mg in 20 mL toluene) was added to microemulsion solutions 

containing cyclohexane (50 mL), hexanol (20 mL), distilled water (5 mL), and Triton X-

100 (17 mL). The dark purple solution became a dark brown after the injection of 

ammonium hydroxide (28 wt%, 0.6 mL) within 5 min. After the core formation by adding 

TEOS (0.5 mL) during 24 h, the shell was formed by adding more TEOS (0.5 mL) and 

TES-DES (0.138 g) and the product was stirred for additional 24 h. 
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DES imprinted fullerene-silica nanocomposites (MIFSNCs / CS-MIFSNCs). 

DES-FSNCs / CS-DES-FSNCs (0.2 g) was stirred in a mixture of 1,4-dioxane and 

distilled water (7 : 1 v/v) at 110 0C for 24 h. The product was filtered, washed with 1,4-

dioxane, distilled water and ethanol, and dried in a vacuum oven at 80 0C for 2 days.  

 

 

Nonimprinted fullerene-silica nanocomposites (NIFSNCs). NIFSNCs were 

fabricated by using the same procedure as for DES-FSNCs except that APTES was added 

instead of TES-DES. 

 

 

Kinetic binding study. MIFSNCs (2.0 mg) was dispersed in a solution of DES (200 

ng mL-1) in ethanol (20 mL) and the fluorescence spectrum was measured every 10 min.  

 

 

Detection of DES by fluorescence measurement. To each different concentrations 

(100 - 700 ng mL-1) of DES in ethanol (20 mL), MIFSNCs (2.0 mg) was added. After the 

samples were stirred for 5 min, the fluorescence measurement was carried out.  
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Selective Competitive Binding Test. Bisphenol-A, β-estradiol, and hexestrol were 

used as analogs of DES. MIFSNCs (2.0 mg) was added to the various concentrations of 

each analyte solution in ethanol ranging from 100 to 700 ng/mL, followed by stirring 

during 5 min. Then, the corresponding fluorescence emission was also investigated. 
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IV-3. Results and Discussion 

 

 

IV-3-1. Preparation and Structural Characterization 

Molecularly imprinted fullerene-silica nanocomposites (MIFSNCs) were synthesized 

by the sol-gel reaction of a triethoxysilane-template complex (TES-DES) and TEOS in 

the presence of C60 fullerene and subsequent removal of the template (Figure IV-1). It 

was suggested that the fullerene carbon was embedded in the silica network by forming 

oxide bond such as C-O-Si.[17] As-prepared MIFSNCs were well dispersed in organic 

solvents, including ethanol, methanol and chloroform. Core-shell type molecularly 

imprinted fullerene-silica nanocomposites (CS-FSNCs) were obtained by the sol-gel 

reaction of TEOS in the presence of C60 (core) followed by the reaction of additional 

TEOS and TES-DES (shell containing imprinted sites).  
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Figure IV-1. Schematic route of the preparation of molecularly imprinted fullerene-silica 

nanocomposites (MIFSNCs) via sol-gel reaction. 
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Figure IV-2. SEM images of (a) MIFSNCs, (b) NIFSNCs and (c) CS-MIFSNCs and 

TEM images of (d) MIFSNCs and (e) CS-MIFSNCs. 

 

The overall morphology of prepared samples was characterized by SEM 

measurements (Figure IV-2). Both imprinted and non-imprinted particles exhibited the 

(a) 

200 nm 

(c) 

100 nm 

(b) 

200 nm 

100 nm 

(e) 
50 nm 

(d) 
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similar morphological structures of spherical shape. As seen in Figure 2a, b, and d, the 

average size of FSNCs was 50 nm. The average size of core-shell FSNCs was larger 

owing to the additional shell thickness, determining to be 70 nm (Figure 2c, e).  

In order to ensure the formation of a well-defined imprinted cavity, spectroscopic 

studies were performed. Firstly, the breakage of the urethane bond in DES-FSNCs was 

confirmed by Fourier transform infrared (FT-IR) spectroscopy (Figure IV-3). Absorption 

band at about 1720 cm-1 that corresponds to stretching of C=O from TES-DES was 

eliminated after the reflux, indicating that DES was removed successfully. The NH2 

bending mode that overlaps with an OH bending mode at 1640 cm-1 was clearly visible 

for MIFSNCs, showing that the carbamate group was converted to an amine during the 

thermal treatment in the presence of water.[18] The bands for Si-O-Si (468, 800, 1080-

1200 cm-1), aromatic C=C (1509 cm-1) and covalent linkage between the fullerene carbon 

and silica network, C-O-Si (954, 1070 cm-1) indicated that fullerene-silica 

nanocomposites were successfully formed.[17]   

 



- 92 - 

 

 

Figure IV-3. FT-IR spectra of DES-FSNCs and MIFSNCs. 

 

For further characterization of the chemical structures of DES-FSNCs and MIFSNCs, 

the solid-state 13C CP/MAS NMR spectroscopy was employed (Figure IV-4). In the DES-

FSNCs spectrum, the signals for the aromatic carbons of DES (around 140 ppm) clearly 

existed, as well as the propyl carbon peaks (8, 22 and 42 ppm). MIFSNCs, however, 

showed no significant peaks of DES indicating the successful extraction of DES. The 

single peak still remaining at around 138 ppm was assigned to fullerene.[19] In addition, a 

residual peak at around 50 ppm displayed the presence of carbon-oxygen-silica linkages 

(C-O-Si).  
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Figure IV-4. Solid-state 13C CP/MAS NMR spectra of (a) DES-FSNCs and (b) 

MIFSNCs. 

 

 

IV-3-2. Photophysical Properties of MIFSNCs 

DES has a characteristic absorption around 270 nm and MIFSNCs has two peak 

absorptions around 230 and 275 nm as shown in Figure IV-5. Under excitation at 270 nm, 

MIFSNCs showed a broad fluorescence emission spectrum with peak maxima at around 

600 nm with the Rayleigh scattering peaks at 270 and 540 nm. This characteristic 

emission is related to the highest occupied molecular orbitals (HOMO) - the lowest 

occupied molecular orbitals (LUMO) transitions in fullerene. the HOMO of C60 

molecules is fivefold-degenerate, hu and the LUMO is threefold-degenerate, t1u. The 
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optical transitions between the hu-derived valence band the the t1u-derived conduction 

band are forbidden in general according to the momentum selection rules. However, these 

transitions can be allowed by interactions with environments or aggregation of fullerene 

molecules, that is, the selection rules of the forbidden hu - t1u transitions are broken and a 

radiative recombination across the relaxed forbidden gap occurs.[13] Fullerene molecules 

can exist as a small cluster or individually in the imprinted silica matrix to give rise to 

quantum confinement effects. Accordingly, they can be considered as carbon quantum 

dots, producing the intense visible PL. 

The kinetic binding performance of MIFSNCs toward the target analyte was 

investigated. MIFSNCs were added to a solution of DES (200 ng mL-1) in ethanol under 

stirring and the fluorescence spectrum was obtained at an interval of 10 min (Figure IV-

6). The dramatic decrease in the fluorescence intensity was observed at the first stage up 

to 20 min. The adsorption equilibrium was reached after incubation for 60 min. These 

results showed that MIFSNCs had a fast kinetic binding property and a high sensitivity 

for DES.  
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Figure IV-5. (a) UV-vis absorption spectrum of diethylstilbestrol. (b) UV-vis 

absorption and (c) emission spectra of MIFSNCs dispersed in ethanol (λex = 270 nm). 

 

 

Figure IV-6. (a) Fluorescence spectra of MIFSNCs (100 μg mL-1) in the presence of DES 

(200 ng mL-1) after incubating for 0 - 60 min. (b) Influence of time periods of incubation 

on the maximum fluorescence intensity of MIFSNCs. 

 

 

IV-3-3. Sensitivity and Competitive Rebinding Performance of MIFSNCs 

As shown in Figure IV-7a, the fluorescence intensity of MIFSNCs decreased as the 

concentration of the target analyte increased. However, CS-MIFSNCs showed weak and 
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random PL quenching with increasing DES concentration (Figure IV-7b). This result 

could be attributed to the fact that the proximity for the charge transfer between fullerene 

in silica network and bound DES was not satisfied due to the thickness of the shell. 

To confirm that the binding sites of MIFSNCs had high selectivity for the target 

molecule, binding tests for several structural analogs of DES, including bisphenol-A, β-

estradiol and hexestrol were performed (Figure IV-8). These structural analogs of DES 

are also known to have high high toxicity.[20-23] Much smaller fluorescence quenching of 

MIFSNCs was observed for the analogs compared to DES, demonstrating the specific 

binding property of MIFSNCs for the template molecule. Non-imprinted fullerene-silica 

nanoparticles (NIFSNCs) were prepared in the same manner as described for MIFSNCs 

except that APTES was used instead of TES-DES. NIFSNCs showed much smaller 

fluorescence quenching than MIFSNCs in the rebinding test for DES (Figure IV-8e) 

because they had no specific binding sites for DES. It seemed that non-specific binding 

of the template molecule was not sufficient to cause effective fluorescence quenching. 

For the quantitative evaluation of the selectivity of MIFSNCs toward the imprinted 

molecule, the Stern-Volmer equation was employed.[24] 

F0 /F = 1 + KSV[C] 

where F0 and F are the fluorescence intensities of MIFSNCs in the absence and presence 

of an analyte, respectively. [C] is the concentration of an analyte and KSV is the Stern-

Volmer quenching constant. As shown in Figure IV-8f, MIFSNCs exhibited a linear Stern-

Volmer relationship for all analytes. The imprinting effect was evaluated from the Stern-

Volmer quenching constant (KSV) determined from the estimated slopes of the Stern-

Volmer plots. The largest quenching constant of MIFSNCs was observed for DES (Figure 

IV-9). It was about five times higher than that for DES analogs, clearly implying the 
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highly selective recognition toward DES. NIFSNCs exhibited far lower KSV than 

MIFSNCs; the imprinting factor (KSV,MIFSNCs / KSV,NIFSNCs) was estimated to be 4.8.   

      

 

Figure IV-7. Fluorescence emission quenching of (a) MIFSNCs and (b) CS-MIFSNCs 

(λex = 270 nm). Experimental conditions: concentration of MIFSNCs and CS-MIFSNCs, 

100 μg mL-1; concentration of DOX, 100-700 ng mL-1; temperature 25 0C.  
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Figure IV-8. PL quenching % [= (1 - F/F0)100] of MIFSNCs (100 µg mL-1) computed 

with the sequential increment in concentration of (a) DES, (b) BPA, (c) hexestrol and (d) 

β-estradiol in ethanol. (e) PL quenching % of NIFSNCs (100 µg mL-1) computed with the 

increasing concentration of DES in ethanol. (f) Estimated Stern-Volmer plots obtained 

from MIFSNCs. 
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Figure IV-9. Stern-Volmer quenching constants of MIFSNCs by different kinds of target 

molecules.  

 

 

 

 

 

 

 

 

 

 



- 100 - 

 

IV-4. Conclusions 

 

 

A facile fluorescent sensing assay of diethylstilbestrol was developed by fabricating 

a novel molecularly imprinted fullerene-silica nanocomposites (MIFSNCs). MIFSNCs 

showed bright PL which is caused by the quantum confinement effect of fullerene in the 

form of small clusters (carbon dot state). Selective binding sites for DES were introduced 

into the fullerene-silica network by the molecular imprinting technique. MIFSNCs 

exhibited high molecular recognition properties toward DES in terms of both sensitivity 

and selectivity. Based on the adequate proximity of the recognition sites to the fullerene 

in the silica network, a notable, concentration-sensitive fluorescence quenching derived 

from the charge transfer from MIFSNCs to DES could be observed.  
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Chapter V. 

 

 

Preparation of Highly Luminescent AIE Chromophore-

Grafted Molecularly Imprinted Mesoporous Silica 

Nanoparticles for Fluorescent Sensing of Diethylstilbestrol 

 

V-1. Introduction 

 

 

   The immobilization of fluorescent materials into inorganic matrices such as silica, 

aluminosilicate or transition metal oxides (ZrO2, TiO2) has drawn great attention as a 

powerful tool for the construction of hybrid materials with attractive photoluminescence 

properties.[1-4] Recently, luminescent metal organic frameworks (MOFs) made up of 

diverse building components and organic or inorganic fluorophores were reported as 

promising optical functional materials.[5,6] The fluorescent hybrid materials are used in 

drug delivery, optoelectronics, and biomedical devices and have a great potential for 

sensing applications.[7-12] Various organic-inorganic hybrid sensors have been developed 

and in particular, the fluorescent sensor based on molecularly imprinted hybrid materials 

are notable for their favorable features such as high sensitivity, selectivity, simplicity, 

rapid response time, and reproducibility.[13-17] 

Molecular imprinting methodology is considered as an efficient way to produce 

synthetic receptors.[18] Molecularly imprinted materials have desirable features as a 
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receptor such as high mechanical and chemical stability, ease of processing and 

functioning under harsh conditions compared to natural enzymes or antibodies.[19-21] 

Molecularly imprinted materials are traditionally prepared in the form of monolithic 

particles by mechanical grinding of bulk materials, but they suffer from poor binding site 

accessibility. Surface imprinting technique alleviates this accessibility problem, which 

allows the dominant formation of binding sites on the surface of the imprinting 

materials.[22-25]  

Imprinting into porous materials with high surface areas is another approach to 

overcome the accessibility problem. For example, mesoporous silica nanoparticles with 

a highly cross-linked rigid structure, high pore volume and nano-sized wall thickness 

allow the delicate formation of binding sites near the surface.[26-28] Moreover, their inner 

and outer surfaces can be selectively functionalized[29,30], which facilitates their 

application as a fluorescent sensor.[31-33] 

Herein, a novel fluorescent sensor based on aggregation-induced emission (AIE) 

chromophore-grafted molecularly imprinted mesoporous silica nanoparticles was 

fabricated. AIE materials as a fluorescent probe have several advantages compared to 

quantum dots, such as high internal quantum yields, high photostability and large Stoke’s 

shifts with low cytotoxicity.[34,35] In addition, the emission may not be affected by 

aggregation (no aggregation caused quenching) or incorporation into the solid 

materials.[36,37] Tetraphenylethylene (TPE) is a representative AIE-active dye.[38] The 

conventional TPE core, for example, H4TCPE (tetrakis(4-carboxyphenyl)ethylene) 

shows a high internal quantum yield but its emission is too close to blue (λem = 480 nm).[39] 

In this study, the TPE-cored tetraaldehyde (1,1,2,2-tetrakis(4-formyl-(1,1'-

biphenyl))ethene, TFPE) was synthesized and used as a fluorescent probe. An AIE 
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chromophores-grafted, molecularly imprinted mesoporous silica nanoparticles were 

fabricated as a fluorescent sensor showing excellent molecular recognition performance 

towards the target molecule. 
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V-2. Experimental Section 

 

 

   Materials. Tetraphenylethylene, Iodine, 4-formylphenylboronic acid, 3-

(triethoxysilyl)propyl isocyanate, dibutyltin dilaurate, cetyltrimethylammonium bromide 

(CTAB), dienestrol (DN) were obtained from Tokyo Chemical Industry. 

Tetrakis(triphenylphosphine)palladium(0), tetraethyl orthosilicate (TEOS), 3-

aminopropyl triethoxysilane (APTES), diethylstilbestrol (DES), bisphenol A (BPA), and 

4,4’-biphenol (4BP) were obtained from Aldrich. [Bis(trifluoroacetoxy)iodo]benzene and 

dimethyl sulfoxide (DMSO) were obtained from Acros Organics. Toluene was distilled 

from sodium with benzophenone as color reagent. All chemicals were used without any 

purification.  

 

 

   Measurements. 1H NMR spectrum was obtained on a Bruker Avance DPX-300 (300 

MHz) spectrometer. Solid-state 13C CP/MAS NMR spectra were recorded on a Bruker 

Avance DSX-400 (100 MHz) spectrometer equipped with a CP-MAS probe. Samples 

were spun in air at approximately 7 kHz. FT-IR spectra were recorded on a Thermo 

Scientific Nicolet 6700 spectrometer. Scanning electron microscopy (SEM) images were 

measured by using a JEOL JSM-6700F microscope. High Resolution Transmission 

electron microscopy (HRTEM) images were obtained by JEM-3010 operating at 300 kV. 

TEM samples were dispersed in methanol and a drop of mixture was placed on a carbon-

coated copper TEM grid. Brunauer-Emmet-Teller (BET) surface area was measured by 

using a Belsorp-Max (BEL Japan. Inc.) analyzer. Ultra-high purity grade nitrogen (N2) 

was used for all adsorption-desorption measurements. Pore size distribution was obtained 
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by using Barret-Joyner-Halenda (BJH) model on the adsorption branch. Powder X-ray 

diffractograms were obtained with the use of a Rigaku SmartLab Small Angle X-Ray 

Scattering system (Cu Kα radiation, λ = 1.54 Å). UV-vis spectrum was measured with a 

spectrophotometer SCINCO S-3150. Fluorescence spectra were measured using a 

Shimadzu RF-5301PC spectrofluorometer. 

 

 

   Synthesis of Triethoxysilane-template (diethylstilbestrol) complex (TES-DES). 

This compound was synthesized according to our previous reported procedure.[26] 

 

 

   Synthesis of Tetrakis(4-iodophenyl)ethylene (TIPE). This compound was prepared 

according to the reported procedure.[40] 

 

 

   Synthesis of 1,1,2,2-tetrakis(4-formyl-(1,1’-biphenyl))ethene (TFPE). This 

compound was synthesized according to the reported procedure.[41] 

 

 

   Preparation of DES embedded silica particles (DES-Si). An aqueous NaOH 

solution (2.0 M, 3.5 mL) was added to a solution of CTAB (0.94 g, 2.6 mmol) in distilled 

water (480 mL). A solution of TEOS (5.12 g, 24 mmol) and TES-DES (0.34 g, 0.45 mmol) 

in THF (20 mL) was added dropwise. The reaction mixture was stirred at 70 0C for 3 h. 

The precipitated product was filtered, washed with distilled water, methanol and acetone, 

and dried in vacuo at 30 0C for 3 days. 
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Preparation of DES embedded mesoporous silica particles (DES-MS). DES-Si 

(2.0 g) were stirred for 24 h in a mixed solution of HCl (35 wt%, 10 g) and methanol (200 

g) at room temperature. The product was isolated by filtration, washed with distilled water 

and methanol, and dried in vacuum oven at 25 0C for 3 days. 

 

  

   Preparation of DES imprinted mesoporous silica particles (DIMS). DES-MS (2.0 

g) was stirred in a mixture of distilled water (20 g) and 1,4-dioxane (145 g) at 110 0C for 

24 h. The product was filtered, washed with 1,4-dioxane, methanol and acetone, and dried 

in vacuo at 50 0C for 3 days. 

 

 

   Preparation of -NH2 functionalized DIMS (DIMS-NH2). DIMS (1.0 g) was 

dehydrated under vacuo at 120 0C and added into a two-neck flask sealed with a rubber 

septum, then anhydrous toluene (20 mL) and APTES (3.0 mL) were mixed and injected 

into the flask at room temperature. The mixture was refluxed with stirring under N2 

protection for 6 h and filtered, washed with methanol and acetone, and dried under 

vacuum at 50 0C for 24 h. 

 

 

   Preparation of AIE chromophore-grafted, DES imprinted mesoporous silica 

particles (TFPE-DIMS). DIMS-NH2 (1.0 g) was dispersed in DMSO (20 mL) and TFPE 

(5 mg, 0.0067 mmol) was dissolved in DMSO (10 mL). They were mixed and few drops 
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of acetic acid (3 mol/L, in DMSO) was added. The reaction mixture was stirred at 80 0C 

for 24 h, then the product was filtered, washed with methanol for several times and dried 

under vacuo overnight. The product was subjected to Soxhlet extraction with THF for 48 

h to remove molecules that did not participate in the reaction and dried under vacuum at 

30 0C for 2 days.  

 

 

   Preparation of AIE chromophore-grafted, non-imprinted mesoporous silica 

particles (TFPE-NIMS). TFPE-NIMS was prepared by adopting the same procedure as 

for TFPE-DIMS except that no TES-DES was added.  

 

 

   Kinetic binding test. TFPE-DIMS (2.0 mg) was dispersed in a solution of DES (500 

ng mL-1) in methanol (20 mL) and the fluorescence spectrum was measured every 10 min. 

 

 

   Rebinding test. In each vial, TFPE-DIMS or TFPE-NIMS (2.0 mg) was dispersed in 

different concentrations of DES solutions (100 - 700 ng mL-1) in methanol (20 mL). After 

stirring for 10 min, the fluorescence spectrum of each solution was measured. 

 

 

   Selectivity test. Dienestrol, bisphenol A, and 4,4'-biphenol were selected as analogs 

of DES. TFPE-DIMS or TFPE-NIMS (2.0 mg) was dispersed in solutions of different 

concentrations of these analogs (100 - 700 ng mL-1) in methanol (20 mL). After stirring 

for 10 min, the fluorescence spectrum of each solution was obtained. 
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   Recyclability. TFPE-DIMS (2.0 mg) was dispersed in a solution of DES (100 ng mL-

1) in methanol (20 mL) and the fluorescence spectrum of the mixture was measured after 

stirring for 30 min. The initial fluorescence intensities of TFPE-DIMS in the absence of 

histamine were also recorded during each cycle. After evaporation of methanol, the solid 

residue was subjected to Soxhlet extraction with methanol for 24 h. TFPE-DIMS was 

isolated by filtration, dried and reused for the rebinding test. 
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V-3. Results and Discussion 

 

 

V-3-1. Synthesis and Characterization 

The schematic strategy to the preparation of AIE chromophore-grafted, DES 

imprinted mesoporous silica particles in which the silica framework and the inner surface 

were selectively functionalized was described in Scheme V-1. The AIE chromophore 

1,1,2,2-tetrakis(4-formyl-(1,1’-biphenyl))ethene (TFPE) with four aldehyde groups was 

synthesized according to the literature.[41] TFPE had a longer conjugation length and 

thereby a narrower HOMO-LUMO energy gap than TPE, which promoted a large red 

shift of the emission peak.[42] DES was selected as a target molecule, which is classified 

as an endocrine disruptor whose rapid and sensitive detection is needed.[43-48] Two 

terminal hydroxyl groups of DES were reacted with two isocyanate groups of 3-

(triethoxysilyl)propyl isocyanate via urethane bonds to produce a triethoxysilane-

template complex (TES-DES). A previous report suggested that the urethane bond was 

thermally reversible and dissociated into a hydroxyl and an isocyanate group at elevated 

temperatures.[49,50]  

DES embedded, mesoporous silica particles (DES-Si) were prepared through co-

condensation of TES-DES with tetraethyl orthosilicate (TEOS) in the presence of 

cetyltrimethylammonium bromide (CTAB). The structure-directing surfactant, CTAB 

having amphiphilic character formed a micellar structure in an aqueous solution in which 

hydrophobic parts of surfactants were located inside the pore. The extraction of CTAB 

yielded DES embedded, mesoporous silica particles (DES-MS). The complete 

disappearance of the FT-IR absorption bands of CTAB at 3000-2800 cm-1 showed the 

successful removal of CTAB (Figure V-1). The extraction of template molecules in DES-
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MS could be conducted by a reflux of DES-MS in a mixture of 1,4-dioxane and water. 

By the reflux process, DES which were embedded between pores of the silica framework 

were removed through the dissociation of thermally reversible urethane bonds to form 

delicate recognition cavities.  

DES imprinted mesoporous silica particles (DIMS) were functionalized with amino 

groups by post-grafting reaction with 3-aminopropyltriethoxysilane (APTES).[51.52] TFPE 

was introduced into the pore of DIMS-NH2 via the condensation reaction of an amine and 

an aldehyde to yield TFPE-grafted, DES imprinted mesoporous silica particles (TFPE-

DIMS). In the FT-IR spectrum of TFPE-DIMS, the stretching absorption band of newly 

formed C=N bonds appeared at around 1656 cm-1 and the stretching absorption band of 

C=O at 1699 cm-1 disappeared (Figure V-1).[41]  
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Scheme V-1. Schematic route of the preparation of AIE-active chromophore-grafted, 

DES imprinted mesoporous silica particles (TFPE-DIMS). 
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Figure V-1. FT-IR spectra of DES embedded silica (DES-Si), DES imprinted mesoporous 

silica (DIMS), and TFPE-grafted, DES imprinted mesoporous silica nanoparticles 

(TFPE-DIMS). 

 

 

V-3-2. Structural and Morphological Analysis of Mesoporous Silica Nanoparticles  

Chemical structures of DES-MS, DIMS-NH2 and TFPE-DIMS were characterized by 

solid state 13C CP/MAS NMR spectroscopy (Figure V-2). The spectrum of DES-MS 

showed broad peaks at around 140 ppm owing to phenyl carbons of DES.[26] After the 

removal of the template molecule, these peaks were completely disappeared. In the 

spectrum of TFPE-DIMS, the peak corresponding to imine groups formed by the 

condensation reaction between the amine and the aldehyde showed up at 160 ppm and no 

peak for unreacted aldehyde species around 180 ppm was observed.[53] The peaks for TPE 

core carbons appeared at around 140, 131 and 127 ppm.[54] The peaks at 8, 22 and 42 ppm 
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were assigned to the anchoring propyl carbons bonded to Si.[27] 

 

 

Figure V-2. Solid-state 13C CP/MAS NMR spectra of DES embedded mesoporous silica 

(DES-MS), DIMS-NH2, and TFPE-DIMS.  

 

Figure V-3 shows the SEM and HRTEM images of DIMS-NH2 and TFPE-DIMS. The 

silica particle had nano-sized spherical shapes as seen in the SEM images. The HRTEM 

image of DIMS-NH2 presented a well-ordered mesoporous structure with an average pore 

size of about 3 nm and a distance between the pores of about 5 nm (Figure V-3c). TFPE-

DIMS also showed organized pore structure with a uniform pore size. (Figure V-3d). 
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Figure V-3. SEM images of (a) DIMS-NH2 and (b) TFPE-DIMS. HRTEM images of (c) 

DIMS-NH2 and (d) TFPE-DIMS. 

 

The N2 adsorption/desorption isotherm for DIMS-NH2 are presented in Figure V-4a. 

DIMS-NH2 exhibited type IV isotherms of typical mesoporous materials. The Brunauer-

Emmett-Teller (BET) surface area of DIMS-NH2 was 843 m2 g-1. The average pore size 

of 2.9 nm was estimated by the BJH method, which was close to that observed by HRTEM. 

The grafting of TFPE onto DIMS-NH2 was assessed by N2 adsorption/desorption (Figure 

V-4b). TFPE-DIMS also showed type IV isotherms, whereas the adsorbed volume of N2 
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obviously decreases, indicating that TFPE molecules were introduced into the mesopores. 

The result was further confirmed from the decrease in the BET surface area (671 m2 g-1) 

and the BJH pore diameter (2.2 nm) after TFPE grafting.[55]  
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Figure V-4. N2 adsorption-desorption isotherms of (a) DIMS-NH2 and (b) TFPE-DIMS 

(inset: corresponding pore size distribution plots).  

 

The ordered mesoporous structure of DIMS-NH2 and TFPE-DIMS was studied by the 

small angle powder X-ray diffractogram (XRD). As depicted in Figure V-5, both DIMS-

NH2 and TFPE-DIMS diffractograms exhibited three well resolved peaks that were 

indexed as (100), (110) and (200) reflections of a 2D hexagonal (P6mm) structure.[56] The 

XRD pattern of DIMS-NH2 showed intense peak at 2θ = 1.9°, corresponding to the d-

spacing of 4.6 nm and a lattice parameter of a0 = 5.3 nm. The XRD pattern of TFPE-

DIMS showed intense peak at 2θ = 2.3°, corresponding to the d-spacing of 3.8 nm and a 

lattice parameter of a0 = 4.4 nm. The pore wall thickness of DIMS-NH2 between the pores 

can be estimated using the following expression[57] 𝑎0 = 𝑡 +  𝐷𝐵𝐽𝐻 where a0 and t are a 

lattice parameter and a pore wall thickness, respectively. DBJH is the average pore size 

obtained by Barrett-Joyner-Halenda (BJH) analysis. The wall thickness of DIMS-NH2 
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was about 2.4 nm. The optimized lengths of the template (DES) and TFPE subjected to 

an initial geometric optimization using a Polymer Consistent Force Field (pcff) method 

were 1.5 nm and 2.2 nm, respectively.[58] Given the results of the wall thickness and the 

lengths of DES and TFPE, I assumed that the template molecule was incorporated in the 

silica framework between the pores and TFPE was grafted onto the pore wall. The slight 

peak shift towards a higher angle was observed in the TFPE-DIMS diffractogram,[59-61] 

but the overall mesostructural ordering was preserved. 
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Figure V-5. Small angle XRD patterns of (a) DIMS-NH2 and (b) TFPE-DIMS. 

 

 

V-3-3. Photophysical Properties 

Room temperature emission measurements were performed to investigate the optical 

properties of TFPE and TFPE-DIMS. Fluorescence spectra of a solution of TFPE and 

suspension of TFPE-DIMS in DMSO were measured by dissolving TFPE and dispersing 

TFPE-DIMS with the same molar quantities of chromophores in DMSO (Figure V-6a). 

The solution of TFPE in DMSO was nearly non-emissive. In the dilute DMSO solution, 

TFPE had intramolecular rotational freedom and nonradiative deactivation occurred 

dominantly after it was excited.[62-65] However, TFPE-DIMS showed a strong yellow-

green fluorescence peak at 530 nm where TFPE molecules were covalently grafted onto 

the pore walls of the mesoporous silica. DIMS-NH2 containing no chromophores was 

nonfluorescent. Figure V-6b presents the photographs of the DMSO solution of TFPE and 
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the suspensions of DIMS-NH2 and TFPE-DIMS taken upon the irradiation with a UV 

lamp. The suspension of DIMS-NH2 showed no fluorescence under the UV illumination. 

An extremely feeble fluorescence was observed for the solution of TFPE, while intense 

yellow and green light was emitted from TFPE-DIMS. These results suggested that 

immobilizing a TPE-cored AIE chromophores, especially with four aldehyde groups, into 

the pores of rigid silica matrix largely restricted intramolecular rotation, vibration, and 

torsion of the chromophore. This inhibited non-radiative relaxation channel and 

facilitated the radiative decay, thus improving the overall fluorescence.[66] 

 

 

Figure V-6. (a) Fluorescence spectra of TFPE-DIMS and TFPE in DMSO. The spectrum 

of DIMS-NH2 is measured for comparison. Concentration of AIE chromophore (TFPE): 

10-5 M. Excitation wavelength (λex): 350 nm. (b) Photographs of dispersions of TFPE-
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DIMS and DIMS-NH2, and solution of TFPE in DMSO; photographs taken upon 

irradiation with a UV light of 365 nm. 

 

As depicted in Figure V-7a, the UV-vis spectrum of TFPE showed the broad 

absorption bands in the range of 250-450 nm. When excited at 350 nm in methanol, 

TFPE-DIMS exhibited a clear intense emission peak at around 530 nm in addition to the 

Rayleigh scattering peaks at 350 and 700 nm (Figure V-7b). A large Stokes shift of TFPE 

in TFPE-DIMS compared to that of TPE (λem = 480 nm) would be advantageous in 

sensing, which could minimize the influence of excitation light.[67] 

 

 

Figure V-7. (a) UV-vis absorption spectrum of TFPE; (b) emission spectrum of TFPE-

DIMS dispersed in methanol (λex = 350 nm). 

 

 

V-3-4. Kinetic Binding Study of TFPE-DIMS 

The kinetic binding study of TFPE-DIMS was conducted to measure its recognition 

ability for the target molecule, DES (Figure V-8). TFPE-DIMS (2.0 mg) were dispersed 

in a solution of DES (500 ng mL-1) in methanol (20 mL) with stirring and the fluorescence 

spectrum was recorded at 10 min intervals. The maximum fluorescence intensity was 



- 123 - 

 

rapidly quenched with time up to the first 10 to 20 min. The equilibrium quenching 

reached within 60 min, suggesting that the template molecules could access the binding 

sites easily. 

 

 

Figure V-8. (a) Kinetic binding profile of emission spectra of TFPE-DIMS (100 μg mL-

1) in the presence of DES (500 ng mL-1) recorded after incubating for constant periods of 

time in methanol (λex = 350 nm); (b) Plot of the maximum fluorescence intensity with 

respect to incubation time. 

 

 

V-3-5. Molecular Recognition Properties of TFPE-DIMS 

Fluorescence quenching of TFPE-DIMS and TFPE-NIMS as a function of the 

concentration of DES was investigated. Fluorescence spectra of TFPE-DIMS were 

collected 10 min after stirring TFPE-DIMS with a solution of DES in methanol. Upon 

increasing concentrations of DES (100 to 700 ng mL-1), the fluorescence intensity of 

TFPE-DIMS rapidly decreased (Figure V-9a), but much smaller degrees of quenching 

was observed with TFPE-NIMS (Figure V-9b), demonstrating that the specific binding of 

DES to the imprinted cavities occurred. 
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Figure V-9. Fluorescence emission spectra of (a) TFPE-DIMS (100 μg mL-1) and (b) 

TFPE-NIMS recorded after 10 min stirring upon a gradual increase on the concentration 

of DES in methanol (λex = 350 nm). 

 

To further study the selectivity of TFPE-DIMS, its fluorescence quenching behavior 

was tested in the presence of structural analogs of DES, including dienestrol (DN), 

bisphenol A (BPA) and 4,4'-biphenol (4BP).[68] The selectivity test was carried out in the 

same manner as described above. As shown in Figure V-10a, only a slight fluorescence 

quenching of TFPE-DIMS occurred for these analogs.  

The fluorescence quenching response can be further evaluated by the Stern-Volmer 

equation[69] 

𝐹0/𝐹 = 1 + 𝐾𝑆𝑉[𝐶] 

where F and F0 are the fluorescence intensities of TFPE-DIMS in the presence and 

absence of an analyte, respectively. [C] is the corresponding concentration of an analyte 

and KSV is the Stern-Volmer quenching constant. This equation can be used for the 

quantitative analysis toward the target molecule. Linear Stern-Volmer plots of both TFPE-

DIMS and TFPE-NIMS for DES and its structural analogs were obtained (Figure V-10b 

and V-10c). The Stern-Volmer quenching constant (KSV) determined by the slopes of the 



- 125 - 

 

Stern-Volmer plots can be used to evaluate the selectivity of TFPE-DIMS. As depicted in 

Figure V-11, KSV of TFPE-DIMS for DES was more than ten times higher than that for 

DES analogs. The imprinting factor (IF) which is the ratio of quenching constants of the 

imprinted and non-imprinted particles (i.e., IF = KSV,AIE-DIMS/KSV,AIE-NIMS) was 15.7. 

 

 

Figure V-10. (a) Cross-selectivity profile for DES and structurally related analogs in 

TFPE-DIMS (100 μg mL-1) measured after 10 min stirring with an increase on the 

concentration of DES, DN, BPA and 4BP in methanol. Degree of quenching calculated as 
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Quenching (%) = (1 – F/F0)100. Stern-Volmer plots estimated from (b) TFPE-DIMS and 

(c) TFPE-NIMS. 

 

 

Figure V-11. Estimated Stern-Volmer quenching constants (KSV) of TFPE-DIMS and 

TFPE-NIMS in relation to different analytes. For all the experiments, the excitation 

wavelength was 350 nm. 

 

 

V-3-6. Recycability Test 

The reusability of TFPE-DIMS was examined by consecutive binding, extraction and 

rebinding experiments. TFPE-DIMS (2.0 mg) was dispersed in a solution of DES (100 

ng mL-1) in methanol (20 mL) with stirring for 30 min, allowing most binding sites to be 

filled with the template molecule and the subsequent extraction of the bound DES after 

the evaporation of methanol was carried out. TFPE-DIMS nearly maintained its initial 
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fluorescence intensity and showed the almost same fluorescence quenching behavior in 

the extraction-rebinding process. During the repetition of the extraction-rebinding cycles 

seven times, the overall fluorescence intensity of TFPE-DIMS decreased by ca. 6% 

compared to that of as-prepared TFPE-DIMS (Figure V-12). 

 

 

Figure V-12. Recovery of the fluorescence intensity upon the repeated cycles of 

extraction and rebinding of DES in the dispersion medium of TFPE-DIMS. 
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V-4. Conclusions 

 

 

   In summary, AIE-active chromophores (TFPE)-grafted molecularly imprinted 

mesoporous silica nanoparticles (TFPE-DIMS) were fabricated as a fluorescent DES 

sensor. The silica framework between the pores was used for a molecular imprinting 

matrix in which the delicate two-point binding sites were formed. An AIE chromophore 

(TFPE) was introduced onto the pore walls of the imprinted mesoporous silica as a 

fluorescent probe. TFPE-DIMS displayed excellent sensitivity and selectivity in 

fluorescent sensing of the target analyte. A concentration-sensitive fluorescence 

quenching of TFPE-DIMS was observed due to a close proximity of the bound template 

to TFPE. 
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국문 요약 

 

 

   분자날인법은 사용이 용이하고 비용이 적게 드는 장점을 가져 분자 인식 

재료의 실용적인 제조 방법으로 평가되고 있다. 본 연구에서는 다양한 형광 

발광 물질들을 신호 전달체로 이용하여 분자 날인된 나노재료들을 기반으로 

한 형광센서들을 제조하였다.  

   CdSe 양자점을 신호전달체로, 메조포러스 실리카 나노 입자를 분자 인식 

재료로 이용하여 높은 감응도를 갖는 분자 날인된 형광센서를 제조하였다. 

내분비계교란물질로 알려진 비스페놀 A를 주형분자로 이용하였다. 분자날인

된 결합자리를 기공들 사이의 실리카에 선택적으로 형성하였고, CdSe 양자

점들은 기공 내부에 도입하였다. 양자점이 도입된, 분자날인된 메조포러스 

실리카 나노 입자는 감도와 선택도 면에서 우수한 분자인식능력을 보였다. 

분자인식자리와 양자점 간의 가까운 거리로 인하여 CdSe 양자점의 형광이 

비스페놀 A의 농도에 따라 민감하게 감소하였다. 또한 주형분자에 대해 선

형의 Stern-Volmer 그래프를 보였으며, 주형분자와 구조적으로 유사한 분자

들에 비해 열 배가 넘는 우수한 Stern-Volmer 발광감소 상수를 보였다. 

   유기젤 상태 중합반응을 이용하여 분자인식 고분자 나노파이버를 합성하

고 이를 형광센서의 제조에 응용하였다. 신호전달체로는 CdSe/ZnS 양자점을 

이용하였다. 아크릴기와 디아세틸렌기, 두 종류의 중합기를 갖는 다기능성 

젤화제를 합성하고 다기능성 젤화제와 구조가 유사하고 주형분자와 복합체

를 이루는 기능성 단량체를 합성하였다. 히스타민(주형분자), 기능성 단량
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체, 양자점, 디비닐벤젠(가교제), 광개시제, 젤화제가 포함된 유기젤을 데

칸에서 제조하고 유기젤 상태에서 광중합을 진행한 후, 주형분자를 제거하

여 히스타민이 분자날인된 고분자 나노파이버를 제조하였다. 나노파이버 형

태의 형광센서는 히스타민을 빠르고 정량적으로 인식하였으며 재사용이 가

능하였다. 

   풀러린을 함유하는 분자인식 실리카 나노복합체를 제조하였다. 디에틸스

틸베스트롤을 주형분자로 선택하였다. 계면활성제의 도움으로 마이크로 에

멀션 안에 존재하는 풀러린을 TEOS와 주형분자인 디에틸스틸베스트롤이 결

합된 실리카 전구체의 졸-젤 반응을 통하여 실리카에 도입하였다. 제조된 

분자날인 풀러린-실리카 나노복합체는 높은 파장에서 광발광 현상을 나타내

었고, 다양한 주형분자 농도에서 빠르고 정량적인 광발광 감소 효과를 보였

다. 

Aggregation induced emission(AIE) 성질을 나타내는 테트라페닐에텐(TPE)

계 발광물질을 도입한 분자인식 메조포러스 실리카 나노입자를 제조하였다. 

주형분자인 디에틸스틸베스트롤과 실리카 전구체가 열가역적 우레탄 결합으

로 연결된 주형분자 복합체인 TES-DES를 합성하였다. AIE 발광물질이 기공 

내부에 도입되고, 디에틸스틸베스트롤이 날인된 메조포러스 실리카 나노입

자(TFPE-DIMS)를 TES-DES와 TEOS의 졸-젤 반응과 주형분자의 제거를 통하여 

제조하였다. TFPE-DIMS는 주형분자에 대해 우수하고 빠른 분자인식능을 보였

으며, Stern-Volmer 발광감소 상수를 비교하여 TFPE-DIMS가 주형분자를 선택

적으로 인식하는 것을 확인하였다. 또한 반복적인 주형분자 제거와 결합에

도 광발광 감소 효율이 크게 줄어들지 않았다. 
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