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Abstract 
 
This thesis presents the synthesis, properties, and applications of two 
important classes of metal-organic frameworks (MOFs); lanthanide 
MOFs and hierarchical porous zeolitic imidazolate frameworks 
(ZIFs). The materials have been characterized using a wide range of 
techniques including diffraction, imaging, various spectroscopic tech-
niques, gas sorption, dynamic light scattering (DLS) and thermograv-
imetric analysis (TGA).  

In Chapter 1, the unique features of MOFs and ZIFs as well as their 
potential applications are summarized. In Chapter 2, different charac-
terization techniques are presented.  

Chapter 3 describes a family of new isoreticular lanthanide MOFs syn-
thesized using tri-topic linkers of different sizes, H3L1-H3L4, denoted 
SUMOF-7I-IV (Ln) (Ln = La, Ce, Pr, Nd, Sm, Eu and Gd, Paper I). The 
SUMOF-7I-III (Ln) contains permanent pores and exhibits exceptionally 
high thermal and chemical stability. The luminescence properties of 
SUMOF-7IIs are reported (Paper II). The influences of Ln ions and the 
tri-topic linkers as well as solvent molecules on the luminescence prop-
erties are investigated. Furthermore, the potential of SUMOF-7II (La) 
for selective sensing of Fe (III) ions and the amino acid tryptophan is 
demonstrated (Paper III).   

Chapter 4 presents a simple, fast, and scalable approach for the syn-
thesis of hierarchical porous zeolitic imidazolate framework ZIF-8 and 
ZIF-67 using triethylamine (TEA)-assisted approach (Paper IV). Or-
ganic dye molecules and proteins are encapsulated directly into the 
ZIFs using one-pot method. The photophysical properties of the dyes 
are improved through the encapsulation into ZIF-8 nanoparticles (Pa-
per IV). The porosity and surface area of the ZIF materials can be 
tuned using the different amounts of dye, or TEA. To further simplify 
the synthesis of hierarchical porous ZIF-8, a template-free approach is 
presented using sodium hydroxide, which at low concentrations in-
duces the formation of zinc hydroxide nitrate nanosheets that serve as 
in situ sacrificial templates (Chapter 5, Paper V). A 2D leaf-like ZIF 
(ZIF-L) is also obtained using this method. The hierarchical porous 
ZIF-8 and ZIF-L show good performance for CO2 sorption.  

 
Keywords: Metal-organic frameworks; Zeolitic imidazolate frame-
works; Lanthanide MOFs; Hierarchical porous ZIFs.   
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Abstrakt 
 

Denna avhandling presenterar syntes, egenskaper och tillämpningar av 
två viktiga klasser av metall-organiska ramar (MOF); Lanthanid 
MOFs och hierarkiska porösa zeolitiska imidazolatramar (ZIFs). 
Materialen har karakteriserats med ett brett spektrum av tekniker 
inklusive diffraktion, elektronmikroskopi, olika spektroskopiska 
tekniker, gassorption, dynamisk ljusspridning (DLS) och 
termogravimetrisk analys (TGA). 

I kapitel 1 sammanfattas de unika egenskaperna hos MOFs och ZIFs 
samt deras potentiella tillampningar. I kapitel 2 presenteras olika 
karakteriseringstekniker. 

Kapitel 3 beskriver en familj av nya isoretiska lanthanid-MOFer 
syntetiserade med hjälp av trikarboxylatligander av olika storlekar, 
H3L1-H3L4, betecknad SUMOF-7I-IV (Ln) (SU; Stockholms 
universitet, Ln = La, Ce, Pr, Nd, Sm , Eu och Gd, papper I). SUMOF-
7I-III (Ln) innehåller permanenta porer och uppvisar exceptionellt hög 
termisk och kemisk stabilitet. Luminiscensegenskaperna hos SUMOF-
7IIs rapporteras (Papper II). Effekterna av Ln-joner och 
trikarboxylatligander samt lösningsmedel på luminescensegens-
kaperna undersöks. Dessutom demonstreras potentialen hos SUMOF-
7II (La) för selektiv avkänning av Fe (III) joner och aminosyran 
tryptofan (Papper III). 

Kapitel 4 presenterar ett enkelt, snabbt och skalbart tillvägagångssätt 
för syntesen av hierarkiska porösa zeolitiska imidazolatramar ZIF-8 
och ZIF-67 med användning av trietylamin (TEA)-assisterad metod 
(Paper IV). Organiska färgämnen och proteiner inkapslas direkt i ZIFs 
med en one-pot-metod. De fotofysiska egenskaperna hos färgämnena 
förbättras genom inkapslingen i ZIF-8 nanopartiklar (Papper IV). ZIF-
materialens porositet och ytarea kan ställas in med hjälp av olika 
mängder färgämne eller TEA. För att ytterligare förenkla syntesen av 
hierarkisk porös ZIF-8 presenteras ett mallfritt tillvägagångssätt med 
användning av natriumhydroxid, som vid låga koncentrationer 
inducerar bildningen av zinkhydroxidnitratnanoskivor som tjänar som 
in situ offermallar (Kapitel 5, Papper V). En 2D bladliknande ZIF 
(ZIF-L) erhålls också med hjälp av metoden. Den hierarkiska porösa 
ZIF-8 och ZIF-L visar god prestanda för CO2-sorption. 
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1. Introduction 
 
1.1. Porous solids 
 
Porous materials are solid with pore structures1. The porous materials 
can be classified based on the pore size to micropore (< 2 nm), 
mesopore (2 and 50 nm), and macropore (> 50 nm)1.  
Porous materials contributed in the advancements of several applica-
tions including catalysis, separations, energy-related technologies, and 
biomedicine. There are several types of porous materials including 
zeolites, silica, carbons, and metal-organic frameworks (MOFs)2. De-
scription of these classes is summarized in Figure 1.1.  
 

 
Figure 1.1. Classes of porous materials. Image was reprinted with 
permission from Ref.2. Copyright belongs to AAAS. 
 
1.2. Metal-organic frameworks (MOFs) 
 
MOFs are hybrid porous materials that consist of inorganic and 
organic moeities2,3. They are formed via coordination of metal cations 
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(primary building unit, PBU) or metal clusters (secondary building 
unit, SBU) and organic linkers having more than one binding site4. 
MOFs are unique porous materials and combine the advantages of 
inorganic (zeolites) and organic based porous materials (covalent or-
ganic frameworks (COFs), porous organic polymers or porous molec-
ular solids, Figure 1.1). MOFs with a permanent porosity attracted the 
community of porous materials5. They offer unique chemical and 
physical properties. MOFs provide ultrahigh porosity, tunable struc-
ture, and in many cases good thermal or chemical stability (Figure 
1.2)6. MOFs cover a vast number of different disciplines including 
chemistry, materials science, chemical engineering, and others. The 
synthesis, structural description, surface modification, and applica-
tions of MOFs are reviewed extensively7–15. A database ''MOFomics'' 
is developed to characterize the pore structures of MOFs16. A study 
based on Cambridge Structural Database (CSD) identified and 
extracted information on ca. 70 000 MOFs17. 

 
Figure 1.2. Evolution of MOFs with ultrahigh BET surface areas 
compared to conventional porous materials. The values in parentheses 
stand for the pore volume (cm3/g). Figure reprinted with permission 
from Ref.18. Copyright belongs to AAAS.  
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1.3. Chemistry of MOFs 
 
The understanding of the coordination chemistry was initiated by Al-
fred Werner who received the Nobel Prize in Chemistry 191319. Based 
on the assumption of the presence of two valences; primary (oxidation 
state) and secondary valence (coordination number), an element tends 
to satisfy both valences. Hofmann clathrates were considered as the 
first coordination networks ([Ni(CN)2(NH3)]·C6H6)20,21.  
     In general, a metal satisfies its two valences via coordination to 
organic moieties with coordinating groups such as carboxylic, cyano, 
hydroxyl, amine, or carbonyl groups22. The metal-linker bond defines 
the MOF chemistry. Strong metal-linker bond offers permanent poros-
ity, and promotes high framework stability under conditions such as 
acidic/basic media, elevated temperature, or light radiations.  
 
1.4. Synthesis of MOFs 
 
Industry concerns mainly the materials functionality and operational 
costs rather than the materials classification. The synthesis procedure 
of MOFs determines the materials cost. MOF synthesis is often a trial-
and-error process. There are several methods for the synthesis of 
MOFs which can be subdivided into traditional methods including 
thermal methods (e.g., solvothermal, hydrothermal, ionothermal), me-
chanical procedure (e.g., milling), or new methods including micro-
wave, chemical vapor deposition (CVD), and ultrasonic. Traditional 
methods, such as thermal-based method, electrochemical, or mecha-
nochemical, produce high-quality materials. On the other hand, meth-
ods such as microwave or ultrasonic offer fast heating of the solutions 
and high space time yields (STY). However, the material qualities are 
low compared to traditional methods. The standard method for the 
synthesis of MOFs is the solvothermal method. MOFs can be modi-
fied using post synthetic methods (PSM) including cation exchange23, 
and post-synthetic metalation (PSMet)24. 
     The low solubility of organic linkers requires the use of an organic 
solvent that sometimes blocks the pores. The presence of impurities or 
unreacted metals or linkers inside the pore is usually a frequent prob-
lem. Thus, there are several methods to remove residual solvents or 
unreacted reagents inside the pores including solvent exchange. This 
process sometimes is tedious and leads to the collapse of the frame-
works.  



 12 

     Many reaction conditions influence the synthetic procedure and the 
properties of the final MOF products25,26. The reaction conditions can 
be modified to improve the material crystallinity; decrease the reaction 
temperature or time, and slow down or enhance linker deprotonation 
rate. There are many methods for modulating the materials properties 
including size, morphology, porosity, and surface area. The modula-
tion can be achieved using different methods including a combination 
of different solvents27, template molecule28, pH adjustment29, and the 
coordination equilibria between framework components30.  
     Large scale synthesis of MOFs faces limitations such as low syn-
thetic rates (STY typically < 300 kg·m-3·d-1). The current synthesis 
approaches require in most cases harsh processing conditions (pres-
ence of acids (HF, HCl ..., etc.), or high temperature and pressure)31. 
New environmentally friendly methods with high STY are highly de-
sirable. 
 
1.5. What are MOFs good for? 
 
It is hard to find a porous material that fits the requirements of all ap-
plications2. MOFs advanced many fields including biochemical appli-
cations32, devices fabrication33, gas storage34, photocatalysis35, lumi-
nescence sensing and light emitting36, lithium ion batteries and super-
capacitors37.  
 
1.6. Stability of MOFs 
 
Thermal and chemical stability of the MOFs is often required for ap-
plications in industry. The stability of MOFs depends on many param-
eters including the bond strength of metal-linker interactions, coordi-
nation number, the presence of impurities, framework dimensionality, 
and framework interpenetration38. The bond strength of metal-linker 
interactions for the same linker depends on the metal properties 
regarding the type of the coordinating orbitals (s, p, d, or f), and oxi-
dation state (I, II, IV…etc.). Metals of d orbitals (transitions elements) 
and f orbitals (lanthanides and actinides) often form stable MOFs. 
MOFs with high oxidation state metals such as Zr (IV) (UiO-66) show 
high thermal and chemical stability.  
     The coordination affinity of certain molecules such as water de-
creases the stability of some MOFs. Several approaches, including 1) 
selecting metals that tend to have high coordination number, 2) in-
creasing the hydrophobicity of MOFs using hydrophobic organic link-
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ers and 3) coating the material surface with a hydrophobic polymer, 
were developed to improve the water stability of MOFs39. 
 
1.7. Porosity and hierarchical porous MOFs 
 
Several synthetic procedures were developed for the synthesis of 
MOFs with mesoporosity or interconnected micro/mesoporosity (hier-
archical porous MOFs)40. The conventional synthesis methods for 
mesoporous MOFs are ligand-extension method (Figure 1.3)41–44, CO2 
expanded liquid45, use of organic molecules as template46, and 
competitive ligand strategy47. These methods required the design of 
lengthy organic linkers41,42,48, or the use of  template molecules46. 
 

 
Pore size 

Figure 1.3 Linker-extension method for the synthesis of isoreticular 
lanthanide MOFs (SUMOF-7, paper I). Figure reprinted with permis-
sion from Ref.42. 
 
1.8. Lanthanide-based MOFs 
 
Lanthanide-based MOFs possess several advantages and promote the 
advances of many applications. For more details of lanthanide MOFs 
including their syntheses, properties, and potential applications, the 
reader is recommended to read the book cited in Ref.49. 
 
1.8.1. Luminescence of lanthanide MOFs 
 
Luminescence properties of MOFs were used in several applications 
including sensing, biosensing, and light harvesting50,51. Lanthanide 
MOFs offer several advantages. First, there are many MOFs with suit-
able chromophore sensitizers and metal centers that fit several applica-
tions. Second, lanthanide MOFs show remarkable photophysical 
properties such as high quantum yield. Third, lanthanide MOFs have 
tunable energy and cover the entire spectrum (UV-visible-near infra-
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red ranges)52. Fourth, increasing the linker’s rigidity via coordination 
with metal centers offers high energy transfer53. For more details on 
the photophysical properties of MOFs, the reader is advised to refer to 
the reviews in the cited references36,54–56.  In general, electron transi-
tions of lanthanide based MOFs can be divided into four types57: 
 

1. Broad intramolecular luminescence emission of the organic link-
er. 
2. Sharp intraconfigurational 4f–4f electron transitions featuring re-
arrangement of the electrons within the 4fn subshell. 
3. Broader 4f–5d transitions when a 4f electron is moved into an 
empty 5d orbital. 
4. Broad charge transfer (CT) transitions, during which one elec-
tron is transferred from the metal ion to the bonded ligands (metal-
to-ligand charge transfer [MLCT]) or vice versa (ligand to-metal 
charge transfer [LMCT]). 

     Lanthanide-based MOFs offer sensitive signal change upon the 
interaction with target species. MOFs provide diverse and easily mod-
ifiable structures and topology, permanent porosity, and tunable elec-
tronic band gaps. Lanthanide MOFs possess long lifetime emissions, 
large Stokes shifts, and sharp line emissions. 
 
1.9. Sensing and biosensing using MOFs 
 
Applications of MOFs for sensing and biosensing are promising58. 
MOFs were applied for sensing of explosive species51,59, gases60, 
chemical vapors61, and metal ions62,63. MOFs offer sensitive and selec-
tive detection of several target species. They provide multi-
functionalities, are easy for device fabrication and can be applied in 
several analytical techniques including fluorescence, UV-vis absorp-
tion, mass spectrometry and others64. 
 
1.10. Zeolitic imidazolate frameworks (ZIFs) 
 
ZIFs are a subclass of MOFs65. The M–IM–M angle (where IM is an 
imidazole based linker (e.g. 2-methylimidazole (Hmim)), and M is the 
metal center) is similar to the Si–O–Si angle (145°) found in zeo-
lites65. Synthesis and applications of ZIFs were reviewed in Ref.66.  
     ZIFs have permanent porosity and high thermal (> 550 °C under 
N2) and chemical stability. ZIF-8 has both basic (4.99 μmol·g−1, CO2-
temperature program desorption (TPD)) and acidic characters (0.405 
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μmol·g−1, NH3-TPD)67. ZIF-8 material has large surface area (> 1531 
cm2·g−1), and pore volume 0.485 cm3·g−1 with the largest pore and 
pore opening diameter of 11.4 and 3.4 Å, respectively65.  
 
1.10.1. Synthesis of ZIF-8 
 
BASF commercialized microporous ZIF-8. Sigma Aldrich trades the 
material under the trademark Basolite® (Basolite-Z1200). ZIF-8 has 
been synthesized using several methods including CVD68,  solvother-
mal method65, T-type micromixer69, microwave70, steam-assisted con-
version71, mechanochemical approach72, and sonochemical method73. 
ZIF-8 was synthesized in organic solvents (dimethyl formamide, 
DMF)65 and water74.  Water not only is a green solvent, but also does 
not block the small pore of ZIF-8 as do organic solvents.  
 
1.10.2. Applications of ZIF-8 
 
ZIF-8 was used for catalysis including transesterification of vegetable 
oil75, Knoevenagel reaction76, and dehydrogenation77,  as well as for 
adsorption of gases78, small alcohol79,80, pollutants81, and metals82. It 
has also been applied for sensing61, drug delivery83, devices fabrica-
tion84, and photovoltaic cells85. 
 
1.11. Carbon dioxide adsorption using MOFs 
 
Carbon dioxide mitigation or separation is an important process for 
environmental concerns and industrial applications86,87. There are sev-
eral approaches including adsorption-based approaches to capture 
CO2.  
     Sorption of CO2 using MOFs is promising for reducing anthropo-
genic CO2 emission and lowering the concentration of greenhouse 
gases in the atmosphere86–89. Compared to other porous materials, MOFs 
have demonstrated impressive results for CO2 uptakes with high selectivi-
ty86–90.  
 
1.12. Future trends of MOFs 
 
The applications of MOFs will be impressive by all predictions. Most 
of the latest trends will focus on the investigation, understanding, and 
improvement of MOFs properties.  Several industrial applications are 
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undergoing. This progress cannot be achieved without large-scale 
production.  
     Large scale production of MOFs faces several challenges. The first 
challenge is the availability of inexpensive organic linkers. Cheap and 
commercial organic linkers are highly required. Most of the reported 
linkers are very sophisticated, which are not available on the industrial 
scale. The synthesis often needs organic solvents. Water or solvent-
free methods should be investigated. The second challenge is the syn-
thesis procedure. New technologies should be implemented to achieve 
large scale production91. An important key for industrial applications 
is the material cost. The prices for those commercialized MOFs are 
from 1 to 35 US $·g-1.89 A suitable selection of raw materials and the 
synthesis method may reduce the material cost. 
 
1.13. Aim of the work 
 
The first part of this thesis explores the synthesis, properties and ap-
plications of stable MOFs using lanthanides as the metal clusters. The 
choice of lanthanide elements for new linker series (H3L1-H3L4) of-
fers stable frameworks92. The extension of the organic linker offers an 
increase of the material porosity (8.4-23.9 Å). The lanthanide MOFs 
show promising photophysical properties and provide applications 
such as sensing and biosensing of metal ions and amino acids, respec-
tively. 
     The second part of this thesis develops simple synthesis approaches 
for the synthesis of hierarchical porous ZIF-8 using template-based 
and template-free methods. The template-based method provides sim-
ple one-pot encapsulation of organic dyes or proteins. The encapsula-
tion of organic dye improves their photophysical properties. The 
method is also applied for the synthesis of dye@ZIF-67 (Co-based 
ZIF). In order to avoid the use of template molecules such as organic 
dye or protein, a template-free approach is developed using NaOH 
that induce the formation of in situ sacrifical template. The template-
free method is simple, requires only controlled concentration of 
NaOH, and avoids extra steps of the template removal. The method 
can be applied to synthesize 2D leaf-like ZIF (ZIF-L).The template-
based and template-free methods offer tunable hierarchical porous 
ZIF-8. Application of hierarchical porous ZIF-8 or ZIF-L for CO2 
sorption was also reported. 
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2. Characterization techniques for MOFs 
 

This chapter introduces various techniques that were used for the 
characterization of MOFs. A brief introduction of each technique will 
be discussed, and links to books or review articles will also be 
mentioned for further information. 
 
2.1. X-ray diffraction 
 
X-ray beams (with a wavelength of 0.01-10 nm) are widely used for 
the materials characterization. The X-ray beams be diffracted, or ab-
sorbed after the interaction with matter. The interactions depend on 
the energy of the beam and the nature of the matter.  
     Diffraction using X-ray is a known technique for the characteriza-
tion of crystalline materials including MOFs. Single crystal X-ray 
diffraction (SCXRD) and powder X-ray diffraction (PXRD) are wide-
ly used to solve the structure of crystalline MOFs. SCXRD requires 
single crystal with the size of 5-250 μm. It is a difficult task to pro-
duce large crystals of MOFs with high quality and good stability for 
SCXRD93.  On the other hand, PXRD requires a specimen containing 
an infinite number of individual small crystals with an infinite number 
of orientations.  
     PXRD is also used as a routine technique for the confirmation of 
the phase purity of known MOFs. It can be used to name the material 
phase after applications such as catalysis, or sensing. For instance, 
interactions of FeCl3 or Fe(acetate)3 with SUMOF-7II (La) show no 
change in the crystallinity (Figure 2.1). 
     PXRD was used to optimize the synthesis condition of ZIF-8 (Fig-
ure 2.2). PXRD patterns demonstrate that the optimum Hmim: Zn 
molar ratio for the formation of ZIF-8 in the presence of triethylamine 
(TEA) is 2-50 (Figure 2.2).  
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Figure 2.1. PXRD patterns of SUMOF-7II (La) and its interactions 
with a solution of FeCl3 or Fe(acetate)3. Figure reprinted with permis-
sion from Ref.94 (Paper III). 
 

 
Figure 2.2. PXRD patterns of ZIF-8 synthesized using different 
Hmim: Zn molar ratios in the presence of rhodamine B (RhB) dye. 
Figure reprinted with permission from Ref.95 (Paper IV). 
 
2.2. X-ray absorption spectroscopy (XAS)  
 
XAS is a synchrotron based X-ray technique. XAS is a useful method 
for determination of the local geometric and electronic structure of an 
element in a matter96,97. It is applicable for solids, gases and liquids. It 
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is suitable for both amorphous and crystalline materials. The principle 
of XAS is based on the excitation of the core electron (the principal 
quantum numbers n = 1, 2, and 3, corresponding to the K-, L-, and M-
edges) of the target atom using the energy of 0.1-100 keV photon en-
ergy. The electron of the investigated atom is excited to the empty 
orbital, resulting in a ''pre-edge'' peak. The excited electron interacts 
with neighboring atoms and forms constructive and destructive inter-
ferences (Figure 2.3). 
For more details of XAS principles and applications,  it is recom-
mended to read the book written by G. Bunker96 or the Ph.D. thesis of 
F. Jalilehvand97. A typical XAS spectrum shows three main regions 
defined as;  
1) The pre-edge region; It is due to the excitation of the inner electron 
to the lowest unoccupied states. 
 2) X-ray absorption near-edge structure (XANES) region; It is a sharp 
peak that stands for the core shell electron transitions to quasi-bound 
states. 
3) Extended X-ray absorption fine structure (EXAFS) region; It refers 
to the scattering of the ejected electron by neighboring atoms. 
     X-ray absorption spectra of FeCl3 and FeCl3@SUMOF-7II (La) 
were reported for the K-edge (E equal to 7112 eV) of Fe3+ (Figure 
2.3). The pre-edge is attributed to the 1s-3d transition. The peaks of 
Fourier transform refer to Fe—Cl and Fe—O corresponding to an 
average bond distance of 2.30 Å and 1.70 Å, respectively (Figure 2.3). 
EXAFS data demonstrate no change of Fe3+ oxidation state and con-
firm that there is no cation exchange with La3+ clusters of SUMOF-
7II.  
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Figure 2.3. a) Typical XAS spectrum of FeCl3@SUMOF-7II and b) 
Fourier transform EXAFS spectrum of FeCl3@SUMOF-7II. Figure 
reprinted from Ref.94 (Paper III). 
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2.3. Electron microscopy 
 
Electron microscopy (EM), including transmission electron microsco-
py (TEM), and scanning electron microscopy (SEM), are useful tech-
niques for the investigation of particle size, morphology, crystal struc-
ture, and pore size distribution. An electron microscope uses a beam 
of accelerated electrons as a source of illumination. Because of the 
dual function of the electron; particle and wave, electron beams can be 
controlled using electrostatic and electromagnetic lenses. Electrons 
have a very short wavelength (0.037-0.020 Å, depending on the accel-
erating voltage, typically ~100–300 kV). Thus, EM offers high resolv-
ing power for small particles.  
 
2.3.1. Transmission electron microscope (TEM) 
 
A TEM can reach a resolution of 50 pm and magnification up to 
10,000,000x98. The fundamentals and the construction of TEM can be 
found in the book cited in Ref.99. TEM requires a sample with high 
stability (for electron beam and in vacuum) and thin thickness (<100 
nm). 
     TEM images of ZIF-8 synthesized using different concentrations of 
RhB dye show the material morphology and particle sizes (Figure 
2.4). TEM images confirm the presence of mesopores and 
demonstrate their distribution within the crystals (Figure 2.4). The 
mesopore density increases with the increase of the dye concentra-
tions. They show the particle sizes of 50-200 nm.  
 

 
 
Figure 2.4. TEM images of RhB@ZIF-8 synthesized using different RhB 
amounts (a) 2 μmol, (b) 8 μmol, (c) 20 μmol, and (d) 30 μmol. The molar 
ratio of Hmim: Zn: TEA is 10:1:1. Figure reprinted with permission from 
Ref.95 (Paper IV). 
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2.5. Fourier transform infrared (FT-IR) spectroscopy 
 
FT-IR spectroscopy is a routine technique for the characterization of 
MOFs. Infrared spectroscopy can be used to confirm the coordination 
of the metal centers and the linker. It gives information about the 
available functional groups of MOFs. FT-IR spectra offer useful in-
formation about the presence of impurities or unreacted linkers. It can 
be used for the characterization of noncrystalline or amorphous sam-
ples. 
FT-IR spectra of the isostructural SUMOF-7II (Ln) (Ln = La, Ce, Pr, 
Nd, Sm, Eu, Gd) and RhB encapsulated ZIF-8 are shown in Figure 
2.6. The peaks of Ln—O and Zn—N at wavenumbers of 480 and 420 
cm-1, respectively confirm the coordination of the metal (lanthanide or 
zinc) and the organic linker (H3L2 or Hmim, respectively). The peaks 
at ~1554 and 1364 cm-1 are assigned as asymmetric (υa(COO)) and 
symmetric (υs(COO)) stretching, respectively. The absence of peaks at 
1227 cm-1 (referring to C—O—H) confirms that the materials do not 
have unreacted organic linkers.  
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Figure 2.6. FT-IR spectra of a) SUMOF-7II (Paper II) and b) 
RhB@ZIF-8. Figure (b) reprinted with permission from Ref.95 (Paper 
IV). 
 
2.6. Nitrogen adsorption 
 
The adsorption process is an enrichment of a solid surface (adsorbent) 
by gas or liquid molecules (adsorbate). Adsorption is an interface 
phenomenon; however, it can take place into the interior of the solid. 
There are two types of adsorption; chemo-sorption (including the for-
mation of covalent bonds) and physio-sorption (including noncovalent 
bonds such as electrostatic forces, hydrogen bonds, or van der Waals 
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forces). The adsorption process is described using an isotherm curve 
at a constant temperature. The isotherm is a plot of the amount of ad-
sorbate on the adsorbent as a function of its pressure (gas) or concen-
tration (liquid). The isotherm curve usually records the adsorption-
desorption process. The isotherm can give information of the state of 
the material porosity (either porous (microporous, mesoporous, or 
macroporous), or nonporous), surface area, and pore size distribution. 
There are several books which discussed in details adsorption and its 
applications1,101.  
     Several theories including Henry, Freundlich, Langmuir, and 
Brunauer-Emmett-Teller (BET) were developed to explain the adsorp-
tion isotherm101. Langmuir and BET assume the formation of mono-
layer capacity. The BET method, using nitrogen gas as adsorbate, has 
been considered as a standard method for calculating the specific sur-
face area of porous solids (ISO 9277). The materials surface area de-
pends on the material properties such as porosity, particle size, mor-
phology, and surface roughness. The calculation of the specific sur-
face area assumes the formation of a complete monolayer in a close-
packed ‘liquid’ state at 77 K102.  
     Pore size distribution is defined according to IUPAC as ''The 
distribution of pore volume concerning pore size; alternatively, it may 
be defined by the related distribution of pore area with respect to pore 
size''103. Capillary condensation occurs in the pores at p/p0 > 0.8. It 
handles the filling of mesopores and macropores. The material takes 
up more adsorbate than the corresponding volume of the multilayer. 
The capillary condensation depends on the shape of the pore (slit or 
cylinder). There are several empirical models for the pore size distri-
bution104. Pore size distribution can be calculated using Barrett-
Joyner-Halenda (BJH), Polanyi and Dubinin (DR method), Stoeckli, 
Horvath-Kawazoe, and Density Functional Theory (DFT)/non-local 
DFT (NLDFT). Precise pore size analysis is complicated due to 1) the 
changes in the pore volume of the adsorbent during the measurements, 
2) swelling of non-rigid pores, 3) irreversible uptake of molecules in 
the pores, and 4) interaction between the gas molecules and adsorbent.  
     MOFs posses high specific surface area compared to other porous 
materials (Figure 1.2)18. For instance, MOF-210 has BET and Lang-
muir specific surface areas of 6,240 and 10,400 m2/g, respectively105. 
MOFs show higher pore volume compared to traditional porous mate-
rials such as zeolites, activated carbon, or silica (Figure 1.2).  
     N2 adsorption-desorption isotherms characterize the hierarchical 
porous structure of dye@ZIF-8 (Figure 2.7). The surface area of 
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RhB@ZIF-8 is increased with the increase of the dye loadings (Figure 
2.7), the amount of TEA (Figure 2.7), or using reflux (Figure 2.7). 
RhB@ZIF-8 after the reflux treatment shows a higher pore volume 
compared to as-synthesized RhB@ZIF-8 (Figure 2.7). DFT analysis 
shows broad pore size distributions (5-60 nm) with the largest volume 
at 40 nm after reflux or at 15 and 40 nm using high TEA concentra-
tions (Figure 2.7). Pore size distribution confirms the creation of mi-
cropore-mesopore ZIF-8 (hierarchical porous ZIF-8). 
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Figure 2.7. N2 adsorption (closed symbol)-desorption (open symbol) 
of RhB@ZIF-8 using a) RhB and b) TEA, and c-d) Pore size distribu-
tion using DFT method. Figure reprinted with permission from Ref.95 
(Paper IV).  
 
2.7. Optical spectroscopy: UV-vis and fluorescence spectroscopy 
 
Optical spectroscopy including UV-vis absorption (characterizing 
electron transition from ground state to excited state) and fluorescence 
spectroscopy (characterizing electron transition from excited state to 
ground state) characterize the optical properties of MOFs.  
     UV-vis spectroscopy shows absorption maxima at 285 and 288 nm 
for H3L2 and SUMOF-7II (La), respectively (Figure 2.8). SUMOF-7II 



 25 

(La) shows maximum fluorescence emission (at 374 nm) at an 
excitation wavelength of 285 nm (Figure 2.8). 
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Figure 2.8. a) UV-vis absorption of H3L2 and SUMOF-7II (II) and b) 
fluorescence emission of SUMOF-7II (La). Figure reprinted from Ref. 
94 (Paper III). 
 
2.8. Ultrafast laser spectroscopy 
 
Ultrafast laser spectroscopy uses ultrashort laser pulses (nanosecond-
attosecond) to characterize excitation lifetime, and dynamics of charge 
carriers, atoms, and molecules106. Time-correlated single photon 
counting (TCSPC) analyzes the relaxation process of an excited state 
to a lower energy state using single photon counting. TCSPC 
measures the emission lifetime of isostructural MOFs (SUMOF-7II 
(Ln), Ln = La, Ce, Pr, Nd, Sm, Eu, Nd, and Gd) and the organic linker 
(H3L2, Figure 2.9). The exponential decay curve shows the typical 
decay process of the organic linker and SUMOF-7II (La) (Figure 2.9). 
TCSPC records the time of the first photon from the sample molecule 
relative to the light pulse (instrument response function, IRF). The 
organic linker (H3L2) shows a lifetime of 800 ps (Figure 2.9). 
SUMOF-7IIs of near infrared lanthanide (Pr, or Nd) show the shortest 
lifetime (Figure 2.9). 
 
2.9. Dynamic light scattering (DLS) 
 
DLS,  also known as photon correlation spectroscopy (PCS), is a laser 
based technique used to determine the hydrodynamic particle size dis-
tribution of a suspension. DLS analysis of dispersed SUMOF-7II (La) 
shows that the particle size is 50-80 nm with an average size of 65 nm 
(Figure 2.10).  
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Figure 2.9. a) Typical lifetime decay for H3L2 and SUMOF-7II (La), 
and b) the lifetimes of isostructural SUMOF-7II (La-Gd). Figure re-
printed from Paper II. 
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Figure 2.10. DLS analysis of ground SUMOF-7II dispersed in ethanol 
(95 %). Figure reprinted from Ref.94 (Paper III). 
 
2.10. Thermogravimetric analysis (TGA) 
 
TGA can be used to study the thermal stability of MOFs. TGA records 
the weight loss of the investigated MOFs with the increase of tem-
perature under gas flow (N2 or air). A typical TGA curve shows the 
weight loss percentage vs temperature (Figure 2.11). TGA gives 
information of (1) the MOF crystallinity; a sharp decomposition rate 
indicates high crystallinity; (2) the temperature of decomposition, (3) 
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determination of organic and inorganic contents in a MOF, (4) the 
sample purity; the presence of impurities decreases the decomposition 
temperature, and (5) the tendency of the MOFs to oxidation at 
elevated temperature. An advanced technique based on TGA such as 
TPD offer information about acidity and basicity of MOFs. 
     TGA curves of isostructural SUMOF-7II series (La, Ce, Pr, Nd, 
Sm, Eu, Nd, and Gd) show that the materials have high thermal stabil-
ity (> 450 °C, Figure 2.11(a)). Figure 2.11 indicates that the thermal 
stabilities of SUMOF-7II (Ln) are in the order of Nd > Pr ≈ Sm > La ≈ 
Ce ≈ Eu ≈ and Gd. TGA curves were used to determine the solvent 
content in the SUMOF-7II series (Figure 2.11(b)).  
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Figure 2.11. a) TGA analysis of isostructural lanthanides SUMOF-7II 
and b) the solvent content (weight loss at T < 200 °C). Figure reprint-
ed from Paper II. 
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3. Synthesis of highly stable isoreticular 
lanthanide MOFs (SUMOF-7) with tunable 
luminescence properties and their sensing 
applications (Paper I-III) 
 
 
3.1 Introduction 
 
Lanthanide ions tend to have high coordination numbers107,108. They 
form stable MOFs. Lanthanide clusters have unique physicochemical 
properties such as atomic magnetic moment36. They also show re-
markable photophysical properties such as luminescence51. Thus, they 
have been applied for sensing, biosensing, and light harvesting50,51. 
     In our group, Yao et al. reported the synthesis of a mesoporous  
MOFs [Cu3(L2)2(H2O)3] (denoted SUMOF-5) using a tritopic linker 
of pyridine-2,4,6-tribenzoic acid (H3L2) and Cu as the metal clus-
ters92. The material is stable for organic solvents such as DMF, 
CH2Cl2, and EtOH. However, the dicopper paddle-wheel SBU 
[Cu2(OOC)4(H2O)2] in SUMOF-5 lacks stability in the presence of 
water molecules and under acidic or basic conditions. The low stabil-
ity of SUMOF-5 limits its applications. Thus, the lanthanide clusters 
were selected to create stable MOF using the same organic linker. 
     In this chapter, a new series of isoreticular MOFs based on tritopic 
linkers and lanthanide elements are presented (SUMOF-7, Paper I). 
The photophysical properties of a selected tritopic linker (H3L2, 
SUMOF-7II) are described using lanthanide clusters of La, Ce, Pr, Nd, 
Sm, Eu, Gd, Ho and Er (Paper II). The sensing and biosensing appli-
cations of SUMOF-7II (La) are demonstrated (Paper III). The 
SUMOF-7 series show several advantages such as high thermal and 
chemical stability. They offer excellent photophysical properties. The 
SUMOF-7II (La) serves as a sensitive probe for sensing and biosens-
ing applications of ferric ions and tryptophan, respectively. The lan-
thanide metal clusters play a significant role in the material 
photophysical properties. 
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3.2. Synthesis of highly stable isoreticular lanthanide MOFs 
(SUMOF-7, Paper I)  
 
Four organic linkers with different sizes (H3L1, H3L2, H3L3, and 
H3L4) were used for the synthesis of SUMOF-7I to -7IV (Figure 3.1 
& 3.2)42. The lanthanide metals clusters were La, Ce, Pr, Nd, Sm, Eu 
and Gd. The SUMOF-7 series have one-dimensional channels with the 
pore diameter from 8.4 to 23.9 Å42. They show permanent porosity 
and exhibit exceptionally high thermal and chemical stability (Figure 
3.3)42. 
 

 

 
 

Figure 3.1. (a–d) Structures of the tritopic organic linkers that were 
used in the synthesis of SUMOF-7I to -7IV; H3L1 (a), H3L2 (b), H3L3 
(c), and H3L4 (d), respectively, and (e–h) are the crystal structures of 
SUMOF-7I (e), SUMOF-7II (f), SUMOF-7III (g), and SUMOF-7IV 
(h). The diameters of the corresponding pore apertures are 8.4, 11.3, 
16.3, and 23.9 Å, respectively (taking into account the van der Waals 
radii of the atoms)42. Figure reprinted with permission from Ref.42 
(Paper I). 
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       The SUMOF-7 series were synthesized using a hydrothermal 
method (85 °C, 16 h). SUMOF-7II (using the organic linker H3L2, 
Figure 3.4) was synthesized using lanthanide elements of La, Ce, Pr, 
Nd, Sm, Eu, Gd, Ho, and Er. The mixed linkers of H3L2 and 1,3,5-
tris(4-carboxyphenyl)benzene (H3BTB) were also used to synthesize 
lanthanides MOFs which are isostructural to SUMOF-7II (denoted 
SUMOF-7IIB, Figure 3.4). The ratio of the two linkers was deter-
mined using NMR. The ratios of H3BTB:H3L2 are ~1:1. 
 

 
 

Figure 3.2. PXRD patterns of SUMOF-7I to -7IV (La). Figure re-
printed with permission from Ref.42 (Paper I). 
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Figure 3.3. a) Thermal stability of SUMOF-7 using TGA and b) 
chemical stability using PXRD patterns under different conditions. 
Figure reprinted with permission from Ref.42 (Paper I). 
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Figure 3.4. Chemical structure of the tritopic linker a) H3L2 and b) 
H3BTB. 
 
3.3. Characterization of SUMOF-7II 
 
SUMOF-7II and SUMOF-7IIB were characterized using PXRD (Fig-
ure 3.5).  PXRD patterns show good agreement between the simulated 
and experimental pattern (Figure 3.5).  
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Figure 3.5. PXRD patterns of a) SUMOF-7II and b) SUMOF-7IIB for 
metal clusters of a) La, b) Ce, c) Pr, d) Nd, e) Sm, f) Eu and g) Gd. 
Figure reprinted from Paper II. 
 
     The chemical bonds in SUMOF-7II were confirmed using FT-IR 
(Figure 3.6). The free linker of H3BTB or H3L2 shows peaks at ~ 1710 
cm-1 corresponding to C=O (Figure 3.6). After the coordination of the 
organic linker with lanthanide clusters, the free carbonyl group shows 
two peaks at  ~1554 and 1364 cm-1 that are assigned as asymmetric 
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(υa(COO)) and symmetric (υs(COO)) stretching, respectively109. The 
peak at 470-480 cm-1 is assigned as Ln—O. The absence of peaks at 
1227 cm-1 referring to C—O—H confirms that the materials are free 
from the unreacted linker. The morphology of the materials is rods 
with trigonal ends (Figure 3.7). 
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Figure 3.6. FT-IR spectra of a) SUMOF-7II and b) SUMOF-7IIB. 
Figure reprinted from Paper II. 
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Figure 3.7. SEM images of SUMOF-7IIB for a) La, b) Ce, c) Pr, d) 
Nd, e) Sm, and f) Gd. Figure reprinted from Paper II. 
 
3.4. Luminescence properties of SUMOF-7II (Paper II) 
 
The isoreticular series of lanthanide MOFs (Ln-MOFs, SUMOF-7) 
show potential luminescence properties42. The organic linker H3L2 
sensitizes the lanthanide metal center through energy transfer from 
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non-bonding n electrons or π-conjugated organic chromophores to the 
Ln clusters. This process is known as "antenna effect". The carboxylic 
linker H3L2 has a high binding tendency toward Ln3+ ions and serves 
as a potential sensitizer for Ln3+ clusters. 
     The antenna effect depends on the ligand and the metal 
properties110. The presence of pyridine moiety offers H3L2 electron 
rich linker. H3L2 shows two excitation peaks at 356 nm (Eg of 3.48 
eV, 28 000 cm-1) and 475 nm (Eg of 2.61 eV, 21 052 cm-1, Figure 
3.8(a)). H3BTB shows only excitation at 325 nm (Eg of 3.81 eV, 30 
769 cm-1, Figure 3.8 (b)). The difference in the optical properties be-
tween H3L2 compared to H3BTB is due to the presence of the non-
bonding ''n'' electrons of N center of pyridine ring in H3L2. 
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Figure 3.8. Excitation-emission for a) H3L2 and b) H3BTB. Figure 
reprinted from Paper II. 
 
     The electron transitions of the lanthanide MOFs can be 1) sharp 
intraconfigurational 4f–4f transitions of the electrons within the 4fn 
subshell, 2) broad 4f–5d transitions: when a 4f electron excites to an 
empty 5d orbital, and 3) a broad charge transfer (CT) transition: in 
which one electron is transferred from the metal ion to the ligand 
(metal-to-ligand CT, MLCT) or vice versa (ligand-to-metal CT, 
LMCT)111.  In general, except for La3+ (f0) and Ce3+ (f1), Ln3+ shows 
bands of excitation-emission that are originated from internal f–f elec-
tronic transitions112. Interconfigurational 4fn–4fn–1 transitions usually 
occur at energies higher than 33 000 cm-1 (< 300 nm)111. 
     The excitation-emission spectra of SUMOF-7II and SUMOF-7IIB 
of Eu clusters are shown in Figure 3.9. The f-f transitions of Eu clus-
ters are noticed demonstrating that there is energy transfer from the 
ligand to the Eu3+ clusters. The major peaks at 580, 594, 619, 652 and 
702 nm arise from the characteristic emission of the 5D0→7FJ (J = 0–
4) transitions (Figure 3.9). The most intense emission at 619 nm is 
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attributed to the electric dipole-induced 5D0 → 7F2 (Figure 3.9). This 
transition is hypersensitive to the coordination environment surround-
ing the Eu3+ clusters. The second intense emission at 594 nm corre-
sponds to the magnetic dipole-induced 5D0 → 7F1 transition. The 
intensity ratio of 5D0 → 7F2 to 5D0 → 7F1 is very sensitive to the struc-
tural change of Eu3+ clusters113. The ratios of the two peaks are 1:0.11 
and 1:0.23 for SUMOF-7II and SUMOF-7IIB (Eu), respectively. 
SUMOF-7II (Eu) and SUMOF-7IIB (Eu) have quantum yields 3.65 
and 5.08%, respectively. 
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Figure 3.9. Excitation-emission of a) SUMOF-7II (Eu) and b) 
SUMOF-7IIB (Eu). Figure reprinted from Paper II.  
 
     Lanthanide Pr3+, Nd3+, Ho3+ and Er3+ display near infrared lumi-
nescence properties (Figure 3.10). Upon excitation at 350 nm, 
SUMOF-7II (Pr) displays bands with maxima at 1027 and 1475 nm, 
corresponding to 1D2 � 3F3,4 and 1D2 � 1G4 transitions of the Pr3+ 
clusters (Figure 3.10). SUMOF-7II (Nd) shows maxima emission 
peaks at 1060 and 1333 nm, which can be ascribed to 4F3/2 � 4I11/2 and 
4F3/2 � 4I13/2 transitions of the Nd3+ clusters (Figure 3.10). SUMOF-
7II (Ho) shows three bands at 980, 1180 and 1475 nm corresponding 
to 5F5 � 5I7, 5I6 � 5I8 and 5F5 � 5I6 transitions of the Ho3+ ions, re-
spectively (Figure 3.10). SUMOF-7II (Er) demonstrates a broad band 
at 1535 nm with three shoulders (1500, 1560 and 1600 nm), which can 
be attributed to the 4I13/2 � 4I15/2 transition of the Er3+ clusters (Figure 
3.10). These observations indicate that H3L2 sensitize NIR lanthanide 
elements. 
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Figure 3.10 Excitation-emission of NIR lanthanide SUMOF-7II for a) 
SUMOF-7II (Pr), b) SUMOF-7II (Nd), c) SUMOF-7IIB (Pr), d) 
SUMOF-7IIB (Nd), e) SUMOF-7II (Ho), and f) SUMOF-7II (Er). 
Figure reprinted from Paper II. 
 
3.5. Emission lifetime measurements using ultrafast spectroscopy 
 
MOFs with long emission lifetime are good for applications including 
sensing, and biosensing. The long lifetime boosts time discrimination 
of the analyte and improves the signal-to-noise ratio114. The organic 
linker (H3L2) shows a singlet state lifetime of 800 ps (Figure 3.11). 
The lifetimes of all SUMOF-7II are shorter than the lifetime of the 
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organic linker (800 ps, Figure 3.11). The decrease of the singlet life-
time is due to the antenna effect. The first lanthanide row covers the 
entire spectrum, from UV (Gd3+) to visible (e.g. Pr3+, Sm3+, Eu3+, 
Tb3+, Dy3+, and Tm3+) and near infrared (NIR, e.g. Pr3+, Nd3+, Ho3+, 
Er3+, and Yb3+))111. Some of these ions show simultaneous visible and 
NIR emitters (e.g. Pr3+, Sm3+, Eu3+, Ho3+, Er3+, and Tm3+)111. Data 
show that the emission lifetime of H3L2 can be tuned using metal 
clusters. The near infrared elements such as Pr3+ and Nd3+ show the 
lowest emission lifetime. The emission lifetimes of SUMOF-7IIB are 
higher than those of SUMOF-7II for the same metal clusters. The in-
crease of the lifetime is due to the presence of H3BTB.  
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Figure 3.11. Lifetimes of SUMOF-7II and SUMOF-7IIB. Figure re-
printed from Paper II. 
 
3.6. Effect of the desolvation on the emission of SUMOF-7II (La 
and Eu) 
 
The presence of solvent molecules in the pore of lanthanide MOFs 
influences the materials emission. SUMOF-7II series was synthesized 
in a mixed solvent of DMF, cyclohexanol, and water. It was reported 
that cyclohexanol fills the hexagonal pore of MIL-103 series that is 
isostructural to SUMOF-7II 115. 
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Table 1. Photophysical properties of the linkers and SUMOF-7IIs. 
Data adapted from Paper II. 
 
 

Notes: G, ground state; E, emission; F, final state; τ, lifetime. 
 
The emissions of SUMOF-7II (La, Figure 3.12(a)) and Eu (Figure 
3.12(b))) before and after removing the guest solvent molecules were 
recorded. The luminescence of SUMOF-7II (La) shows a small shift 
(0.06 eV) of the emission peak (Figure 3.12(a)). On the other hand, 
SUMOF-7II (Eu) shows significant quenching of 5D0→7FJ (J =0-4, 
Figure 3.12(b)). The same observation was reported for MIL-103 
(Tb0.95Eu0.05)116. The changes of excitation-emission of the investigat-
ed samples are due to the overlap of the solvent molecules with the 
electronic state of SUMOF-7II (La, and Eu). These observations im-
ply that the guest molecules influenced the fluorescence emission.  

Fluorophore Ln3+ G E F τ (ps) 

 

λex  (nm) λem (nm) 

H3L2   n, π π* π 800 365, 475 510 

SUMOF-7II (La) [Xe]  π* π 640 365, 475 385, 525 

SUMOF-7II (Ce) [Xe] 4f1 2F5/2 5d 2F5/2 145 325 400, 520 

SUMOF-7II (Pr) [Xe] 4f2 3H4 1D2 

 

3F3,4, 

1G4 

202 350 1027, 

1475 

SUMOF-7II (Nd) [Xe] 4f3 4I9/2 4F3/2 4I11/2 

4I13/2 

90 350 1060 

1333 

SUMOF-7II (Sm) [Xe] 4f5 6H5/2 π* π 275 365, 470 380, 550 

SUMOF-7II (Eu) [Xe] 4f6 7F0 5D0 7F0-6 385 365, 475 578- 

695 

SUMOF-7II (Gd) [Xe] 4f7 8S7/2 π* π 525 350, 475 385, 520 

SUMOF-7II (Ho) [Xe] 4f10 5I8 

 

5F5 

 

5T6 

5I7 

5I8 

5I6 

116 370 980 

1180 

1475 

SUMOF-7II (Er) [Xe] 4f11 4I15/2 4I13/2 4I15/2 90 360 1535 
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Figure 3.12. Emission of a) SUMOF-7II (La) and b) SUMOF-7II (Eu) 
before and after desolvation. Figure reprinted from Paper II. 
 
3.7. Photostability 
 
Photostability of SUMOF-7II (La, Eu, and Gd) was reported (Figure 
3.13). Data show an excellent photostability for SUMOF-7II (Eu) and 
SUMOF-7II (Gd) (< 1% loss in the material emission) compared to 
the organic linker H3L2 (-28%) and SUMOF-7II (La, -18%).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.13. Photostability of SUMOF-7II under continuous light 
irradiation. Figure reprinted from Paper II. 
 
3.8. Potential applications for SUMOF-7II  
 
The properties of SUMOF-7II offer many potential applications. The 
pore size of SUMOF-7II (11.3 Å) provides accessibility for molecules 
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with size less than 1 nm. The materials are stable in water and can be 
applied for sensing of metal ions and biosensing. The magnetic prop-
erties of SUMOF-7II (Gd) may be useful as contrasting agents for 
magnetic resonance imaging (MRI). 
 
3.9. Preparation of SUMOF-7II nanoparticles (Paper III)  
 
SUMOF-7II (La) has high thermal and photostability. It was prepared 
as nanoparticles (average particle size of 60 nm) via grinding and dis-
persion in ethanol94. The dispersion has high stability. SUMOF-7II 
(La) shows strong emission signal compared to the H3L2 solution 
(Figure 3.14(a)).  
 
3.10. Stability of SUMOF-II (La) 
 
A dispersed solution of SUMOF-7II (La) shows no emission signal 
change over several months (Figure 3.14(b)). SUMOF-7II (La) shows 
stable emission signals over a pH range of 6-12 (Figure 3.14(c)). It 
shows negligible signal fluctuations for different batches (Figure 
3.14(d)). 
 
3.11. Sensing of ferric ions using SUMOF-7II (La) 
 
Applications of SUMOF-7II for the detection of metal ions were 
investigated (Figure 3.15). Fe2+ and Fe3+ ions show selective quench-
ing of the fluorescence emission signal of a dispersed SUMOF-7II 
(La) (Figure 3.15). The quenching of Fe2+ species could be due to the 
presence of Fe3+ impurities caused by auto-oxidation of Fe2+. 
SUMOF-7II (La) shows significant differences in response to different 
Fe3+ salts. Fe(AcO)3 shows a higher quenching effect compared to 
FeCl3 (Figure 3.15). 
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Figure 3.14 a) Emission spectra of H3L2 and SUMOF-7II (La), b) 
emission of dispersed SUMOF-7II(La) over time, c) pH effect on the 
emission intensity and d) emission signal for different batches. Figure 
reprinted from Ref.94 (Paper III). 
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Figure 3.15. Emission of SUMOF-7II (La) upon interactions with 
different a-b) cations and b-d) anions. Figure reprinted from Ref.94 
(Paper III). 
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     The quantitative analysis of Fe3+ (FeCl3 and Fe(AcO)3) using 
SUMOF-7II as a probe was investigated (Figures 3.16). The emission 
of SUMOF-7II decreases with the increase of the Fe3+ concentration 
(Figure 3.16). The signal shows a linear relationship with the 
concentration of Fe3+ in the range of 0-167 μM. The Stern-Volmer 
quenching constant (Ksv) (I0/I = 1 + Ksv[Q], where [Q] represents the 
Fe3+ concentration), is 4.3×103 M-1 for Fe(AcO)3 and 2.1×104 M-1 for 
FeCl3. These values indicate that Fe3+ ions have a high quenching 
capability due to the dynamical quenching. Also, the fluorescence 
response of SUMOF-7II to Fe3+ is speedy (< 2 min), which is more 
than five times faster than that reported using MIL-53 (Al) (> 10 
min)17. 
a b

c d
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Figure 3.16 Fluorescence response of SUMOF-7II upon addition of 
Fe(AcO)3 (a) and FeCl3 (c) at pH 7.4 (λex = 285 nm), and as a function 
of the Fe3+ concentration for Fe(AcO)3 (b) and FeCl3 (d). Figure 
reprinted from Ref.94 (Paper III). 
 
3.12. Characterization of interactions between SUMOF-7II and Fe 
(III) 
 
The interactions of SUMOF-7II with Fe3+ ions were investigated using 
PXRD, EXAFS, and FT-IR (Figure 3.17). PXRD patterns show that 
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the crystallinity of SUMOF-7II is retained in the presence of Fe3+ 

(FeCl3 and Fe(AcO)3, Figure 3.17(a)). XAS shows that Fe K-edge 
(7.112 keV) of FeCl3 and FeCl3@SUMOF-7II are the same (Figure 
3.17(b)). This observation reveals that there is no change of the 
oxidation state of Fe3+. A stronger interaction of Fe(AcO)3 with 
SUMOF-7II is observed from the FT-IR spectra (Figure 3.17(c)), 
showing that Fe(AcO)3 play a significant role in the quenching of 
SUMOF-7II emission compared to other Fe3+ species. The peaks at 
2990 and 1100 cm-1 refer to C—H and C—O from acetate and 
SUMOF-7II, respectively. The La—O peak is shifted from 480 to 450 
cm-1 in the presence of acetate ions (AcO-, Figure 3.17(c)). The 
splitting of (COO)as indicates that acetate (AcO-) ions coordinate to 
the framework metal La3+.  
SUMOF-7II and Fe3+@SUMOF-7II show higher thermal stability (> 
500 °C) compared to the organic linker H3L2 (200 °C, Figure 
3.17(d)). 
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Figure 3.17 (a) PXRD of SUMOF-7II without and with FeCl3 or 
Fe(AcO)3, (b) XAS spectra of Fe K-edge (E equal to 7112 eV) for 
FeCl3@SUMOF-7II and FeCl3, (c) FT-IR of SUMOF-7II with AcOH, 
FeCl3 and Fe(AcO)3, and (d) TGA curves. Figure reprinted from 
Ref.94 (Paper III). 
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3.13. Biosensing of tryptophan  
 
The selectivity of SUMOF-7II towards selected amino acids of L-
histidine, L-asparagine, L-glutamine, L-leucine, L-methionine, and L-
tryptophan was tested (Figure 3.18). The absorbance wavelength 
matches of tryptophan and SUMOF-7II at 285 nm resulted in selective 
quenching of SUMOF-7II (Figure 3.18(a)). The fluorescence emission 
of SUMOF-7II shows a direct linear response with the concentration 
of tryptophan (Figure 3.18(b)). The Stern Volmer equation gives a 
KKV constant of 1.69×103 M-1. The high selectivity of SUMOF-7II 
toward tryptophan is due to dynamic quenching and energy transfer.  
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Figure 3.18 The fluorescence response of SUMOF-7II (a) in the pres-
ence of selected amino acids (0.166 mM) showing the selectivity of 
SUMOF-7II towards tryptophan and (b) at different concentrations of 
tryptophan. Figure reprinted from Ref. 94 (Paper III). 
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4. One-pot encapsulation of dye/protein and 
synthesis of hierarchical porous ZIF-8 
nanoparticles (Paper IV) 
 
4.1. Introduction 
 
ZIF-8 is a microporous material that consists of zinc as a metal center 
and 2-methyl imidazole (Hmim) as an organic linker119. ZIF-8 was 
used for many applications including carbon dioxide capture120, hy-
drogen storage121, small molecule separation121, catalysis122, drug 
delivery46 and batteries123. ZIF-8 was synthesized using various meth-
ods including solvothermal method124, CVD68, and steam-assisted 
conversion71. It has micropores with largest cavity and pore opening 
of 11.4 and 3.4 Å, respectively. The small pore of ZIF-8 limits the 
mass diffusion and the material applications. Thus, several methods 
have been reported to synthesize hierarchical porous ZIF-8 (micropore 
and mesopore) using the templates of sodium dodecyl sulfate 
(SDS)125, block co-oligomer micelles126, organic compounds46, and 
co-template of cetyl trimethyl ammonium bromide (CTAB) and L-
histidine (His)127. 
     In this chapter, a simple one-pot encapsulation of dye or protein 
and synthesis of hierarchical porous ZIF-8 at room temperature is 
described. The effect of the reaction parameters; such as reactants ra-
tio, reaction time, TEA and dye/protein concentrations, were investi-
gated. Ex situ X-ray diffraction shows that there is an in-situ for-
mation of ZnO nano rice before the formation of hierarchical porous 
ZIF-8. The mesoporosity of ZIF-8 can be tuned in diverse ways in-
cluding increasing the concentration of the dye or the base as well as 
post-synthetic treatment (reflux). The excitation-emission, lifetime, 
and photostability of the free dye and dye@ZIF-8 were investigated. 
Data shows the improvement of the photophysical properties of the 
encapsulated dye. The method has been applied to synthesize other 
ZIFs such as dye@ZIF-67 (Co-based ZIF). 
 
4.2. Synthesis of ZIF-8 
 
Schematic representation for the synthesis of dye encapsulated ZIF-8 
is shown in Figure 4.1. The synthesis procedure is a one-pot method 
using TEA-assisted approach. TEA was first added to the solution of 
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(Figure 4.3). The average particle sizes of RhB@ZIF-8 decrease with 
the increase of Hmim:Zn molar ratios (Figure 4.3).  
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Figure 4.2. PXRD pattern of dye@ZIF-8 synthesized at a) different 
reaction time, and different concentrations of b) TEA, c) Hmim:Zn 
ratio and d) RhB loading. Figure reprinted with permission from 
Ref.95 (Paper IV). 
 
The chemical bonds and connectivity of RhB@ZIF-8 were confirmed 
using FT-IR spectroscopy (Figure 4.4). The absence of the peaks of 
both the bending at 1678 cm-1 and the stretching N—H vibration at 
1581 cm-1 of Hmim indicates that the prepared materials have no free 
organic linker128,129. The peak of Zn—N stretching around 420 cm-1 
approves the coordination of the metal and the linker130. This peak is 
very sensitive to the changes in the local structure of Zn nodes in ZIF-
8.131 There is no noticeable change in the wavenumber of Zn—N 
stretching peak with and without the dye. This observation shows that 
there is no apparent interaction between the dye molecules and Zn 
nodes of the framework.  
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a b

dc

 
 
Figure 4.3. TEM images of ZIF-8 using a molar ratio of Hmim:Zn, a) 
2, b) 7, c) 10, d) 24. Figure reprinted with permission from Ref.95 (Pa-
per IV). 
 
The material porosity was characterized using N2 adsorption (Figure 
4.5, Table 4.1) and TEM (Figure 4.6). Data show that the prepared 
materials are hierarchical porous frameworks (Figure 4.5). The surface 
area of dye@ZIF-8 increases with the increase of the dye loadings, the 
amount of TEA, or reflux (Figure 4.5). The pore volume of the mate-
rials increases with the increase of the TEA concentration or reflux 
without change of the material crystallinity. NLDFT analysis shows 
broad pore size distribution (5-60 nm) with the maximum pore volume 
at 40 nm after reflux and 15-40 nm using high concentration of TEA 
(Figure 4.5). TEM images show pore size of ~20 nm (Figure 4.5). The 
presence of pore with the size of 22-59 nm was also observed (Figure 
4.1). The pore size distribution and TEM images indicate that the syn-
thesized ZIF-8 has a hierarchical porous structure. 
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Figure 4.4. FT-IR spectra of RhB@ZIF-8 (a) and MB@ZIF-8 (b). 
Figure reprinted with permission from Ref.95 (Paper IV).  
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Figure 4.5. a-b) N2 adsorption (closed symbol)-desorption (open 
symbol) isotherm for RhB@ZIF-8 using different concentrations of a) 
RhB and b) TEA, and c-d) pore size distribution using NLDFT meth-
od. Figure reprinted with permission from Ref.95 (Paper IV). 
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Figure 4.6. TEM images of RhB@ZIF-8 synthesized using (a) 0.7 
mmol and (b) 14 mmol TEA.  Figure reprinted with permission from 
Ref.95 (Paper IV). 
 
 
4.4. Photophysical properties of dye@ZIF-8 
 
Photophysical properties of the dyes encapsulated into ZIF-8 were 
investigated using emission-excitation, and lifetime measurements 
(Figure 4.7). At an excitation wavelength of 500 nm, the fluorescence 
emission was observed at 620 and 575 nm for RhB and RhB@ZIF-8, 
respectively. The emission peak of RhB@ZIF-8 is narrower compared 
to the free dye (RhB). The dye encapsulation increases the dye rigidity 
and reduces the dye aggregation.  
     The emission lifetimes (τ) for RhB@ZIF-8 and MB@ZIF-8 are 
longer than those of the corresponding free dyes (Figure 4.7). The 
lifetime value increases with the increase of the TEA amount (Figure 
4.7). The lifetime of the dyes after encapsulation is increased by sev-
eral orders (2-27 folds for RhB and 20 folds for MB, Figure 4.7) that 
are due to the de-aggregation, deprotonation and increase the rigidity 
of the dye. 
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Table 4.1 Summary of the yield and N2 adsorption analysis of hierar-
chical porous ZIF-8 using dyes and protein. Table reprinted with per-
mission from Ref.95 (Paper IV). 

Notes: a The yield of dye@ZIF-8 was calculated based on Zn, b using 
single point adsorption at P/P0 of 0.98. Volume (V) unit is cm3/g. 
 
 
4.5. Photostability of the dye and dye@ZIF-8 
 
The photostability measurements show that the encapsulated dye has 
lower photostability compared to the free dye (Figure 4.8). The de-
crease of the dye's photostability is due to the increase of the dye’s 
rigidity. 
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Figure 4.7. a) Excitation-emission and b) lifetime for dye and 
dye@ZIF-8. Figure reprinted with permission from Ref.95 (Paper IV). 
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Figure 4.8. Photostability of a) RhB@ZIF-8 and b) MB@ZIF-8 under 
continuous irradiation. Figure reprinted with permission from Ref.95 
(Paper IV). 
 
4.6. Encapsulation of a protein into ZIF-8 and the synthesis of 
dye@ZIF-67 
 
The protein bovine serum albumin (BSA) encapsulated into ZIF-8 
using the TEA-assisted approach shows no change in the PXRD pat-
terns for the loading range of 1-4 mg BSA (Figure 4.9 (a)). TEM im-
age (Figure 4.9 (b)) and N2 adsorption (Figure 4.9 (c)) confirm the 
presence of mesoporosity. The tryptophan emission confirms the pres-
ence of BSA in the final product (Figure 4.9 (d)). 
     The synthesis of dye@ZIF-67 was also successfully achieved using 
the same procedure (Figure 4.10). 
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Figure 4.9. Characterization of BSA@ZIF-8 using a) PXRD, b) TEM, 
c) N2 adsorption isotherm and d) fluorescence spectroscopy. Figure 
reprinted with permission from Ref.95 (Paper IV). 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.10. PXRD patterns of dye@ZIF-67. Figure reprinted with 
permission from Ref.95 (Paper IV). 
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5. Template-free and room temperature 
synthesis of hierarchical porous zeolitic 
imidazole framework nanoparticles and 
their CO2 sorption (Paper V) 
 
5.1. Introduction 
 
Hierarchical porous ZIF-8 was synthesized using the template based 
methods including enzyme132, organic molecules46, and other template 
molecules133,134. These methods require template molecules, tedious 
synthesis procedure, and an extra step to remove the template mole-
cules135,136. 
     In this chapter, a template-free approach for the synthesis of hierar-
chical porous ZIF-8 is described. The formation of zinc hydroxide 
nitrate nanosheets after the addition of certain concentration of sodium 
hydroxide leads to the formation of hierarchical porous ZIF-8 without 
organic template. The method can be applied for the synthesis of ZIF 
layers (ZIF-L). 
 
5.2. Synthesis of hierarchical porous ZIF-8 using template-free 
approach 
 
Sodium hydroxide solution (0.02-3 mmol) was added to the solution 
of Zn(NO3)2·6H2O. White precipitates of zinc hydroxy nitrates or ZnO 
nanosheets were observed. Then, the solution of Hmim was added, 
and the reaction mixture was stirred for one hour at room temperature. 
The product was collected using centrifugation. The same protocol 
was applied for the synthesis of 2D ZIF layer (ZIF-L) using Hmim: Zn 
ratio of 8.137 
 
5.3. Observation of intermediate phases 
 
Schematic representation of the synthesis procedure of hierarchical 
porous ZIF-8 is shown in Figure 5.1. PXRD analysis indicates that the 
white precipitates, formed after the addition of NaOH (0.02-1.0 mmol) 
to the solution of Zn(NO3)2, are a mixture of the crystalline phase of 
Zn5(OH)8(NO3)2·2H2O (JCPDS card 24-1460) and Zn(OH)(NO3)· 
H2O (JCPDS card 84-1907) (Figure 5.2). High concentrations of 
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Figure 5.3. SEM images of the phases formed using NaOH of a) 0.02 
mmol, b) 0.2 mmol, c) 1.0 mmol, and d) 2 mmol. Scale bars stand for 
1 μm. Figure reprinted from Paper V.  
 
 
The ratio of Hmim:Zn is critical for the synthesis of the pure phase of 
ZIF-8 (Figure 5.5)138. The synthesis of ZIF-8 in aqueous solution re-
quires high Hmim:Zn (~70)74. Figure 5.5 reveals that the optimal mo-
lar ratio of our approach is ~35. With lower Hmim:Zn ratios ~5, 10 
and 25, 2D ZIF-L was formed (Figure 5.5). This approach is fast (60 
min) and requires low Hmim:Zn ratio (~5) for the synthesis of ZIF-
L137.  
N2 adsorption isotherms (Figure 5.6) show that low concentrations of 
NaOH (0.02-0.2 mmol) offer the synthesis of hierarchical porous ZIF-
8. High concentrations of NaOH (>1.0 mmol) produce microporous 
ZIF-8 (Table 5.1). This observation is consistent with the TEM images 
(Figure 5.7). The particle sizes of ZIF-8 are 50-200 nm (Figure 5.7). 
The pH values of the reaction mixture increased with the increase of 
the concentration of NaOH (Figure 5.8). The pH of the reaction mix-
ture is constant over the time after the addition of Hmim (Figure 5.8). 
The high pH value of the reaction mixture (NaOH > 1 mmol) indicates 
that the transformation process of ZnO is solid-to-solid transfor-
mation135. The transformation shows no residual ZnO in the final 
product ZIF-8139.  
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Table 1 Summary of surface area and pore size using N2 adsorption-
desorption isotherms. Table reprinted from Paper V.  
 
 
NaOH 
(mmol) 

Yield 
 (%) 

SBET 
(m2/g) 

SLan 
(m2/g) 

Pore 
Vol. 
(cm3/g)
a 

Micropore 
Vol. 
 (cm3/g) 

Meso-
pore 
Vol. 
(cm3/g) 

0 80 1597 1738 0.62 0.59 0.03 
0.02  90 1308 1332 0.59 0.42 0.17 
0.2 90 1320 1346 0.56 0.42 0.14 
1.0  90 1552 1725 0.66 0.58 0.08 
2.0 90 1503 1641 0.59 0.55 0.04 
3.0  91 1708 1837 0.67 0.64 0.03 

Note: a, single pore analysis at P/P0 0.98; SBET, BET surface area; 
SLan, Langmuir surface area. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
Figure 5.4. PXRD patterns of ZIF-8 using different concentrations of 
NaOH 0.02-3.0 mmol (Hmim:Zn ratio is 35). Figure reprinted from 
Paper V.  
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Figure 5.5. PXRD patterns of ZIF-8 using different molar ratios of 
Hmim:Zn. Figure reprinted from Paper V.  
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Figure 5.6. N2 adsorption (closed symbol)-desorption (open symbol) 
isotherms of ZIF-8 using different concentrations of NaOH (0-3 
mmol). Figure reprinted from Paper V.  
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Figure 5.7. TEM images of ZIF-8 synthesized using NaOH; a) 0 
mmol, b) 0.02 mmol, c) 0.2 mmol, d) 1.0 mmol, e) 2.0 mmol, and f) 
3.0 mmol. Figure reprinted from Paper V.  
 
 
The current approach is also applied for the synthesis of 2D ZIF-L 
(Figure 5.9)137. TEM images show the leaf morphology of 2D ZIF-L 
with a broad particle size of 5-12 μm (Figure 2.10).  
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Figure 5.8. pH changes of the reaction mixture during the synthesis of 
ZIF-8 using NaOH (0-3 mmol). Figure reprinted from Paper V.  
 

5 10 15 20 25 30 35 40 45 50

ZIF-L (NaOH, 2.0 mmol)

ZIF-L (NaOH, 1.0 mmol)

ZIF-L (NaOH, 0.5 mmol)

ZIF-L (NaOH, 0.2 mmol)

ZIF-L (NaOH, 0.01 mmol)

In
te

ns
ity

 (a
.u

.)

2� (o)

Simulated ZIF-L

 
 
Figure 5.9. PXRD patterns of 2D ZIF-L using NaOH (Hmim:Zn is 
~8). Figure reprinted from Paper V.  
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a b c d

 
Figure 5.10. TEM images of 2D ZIF-L (Hmim:Zn is ~8) using a) 0.01 
mmol, b) 0.2 mmol, c) 1 mmol and d) 2 mmol of NaOH. Figure re-
printed from Paper V.  
 
 
5.4. Application of ZIF-8 and ZIF-L for CO2 sorption 
 
ZIF-8 and ZIF-L show excellent CO2 adsorption at 298 K (Figure 
5.11). Adsorption of CO2 using ZIF-8 nanoparticles shows the 
maximum capacity of 0.68-0.86 mmol/g. On the other hand, CO2 ad-
sorption isotherm of ZIF-L shows maximum adsorption capacity of 
0.92-1.02 mmol/g (Figure 5.11). The cushion-shaped cavity of ZIF-L 
enhances CO2 sorption compared to ZIF-8 nanoparticles137.  
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 61 

6. Conclusions 
 
Lanthanide clusters offered highly thermal and chemical stable MOFs. 
Lanthanide SUMOF-7 (I-IV) series are isoreticular with tunable pore 
sizes (8.4-23.9 Å) and luminescence properties. Near infrared lantha-
nide (Pr3+ or Nd3+) based SUMOF-7II shows shorter emission life-
times. The lanthanide MOFs have sharp and narrow emission peak 
(line-like). The materials have high chemical stability and can be 
applied for sensing and biosensing. Ferric ions (Fe3+) exhibit selective 
quenching of the emission signals of SUMOF-7II (La) without a metal 
chelating agent or other additives. SUMOF-7II show narrower peaks 
(350-425 nm) and higher emission signals compared to the organic 
linker. SUMOF-7II (La) offers both qualitative and quantitative analy-
sis of the target metal ion (Fe3+). SUMOF-7II (La) can be applied for 
selective quantitative analysis of tryptophan among the tested amino 
acids.  
      The synthesis of hierarchical porous ZIF-8 using TEA-assisted 
approach and NaOH is simple and osffer tunable porosity. TEA initi-
ates the transformation of zinc nitrate to insoluble ZnO nano rice and 
lead to the formation of hierarchical porous ZIF-8. The materials con-
tain mesopores of 20-60 nm. This method offers one-pot encapsula-
tion of target species such as dyes and protein. The dye encapsulation 
provids significant enhancement of the dye’s lifetime and may reduce 
the dye aggregation. The encapsulated dye showed a high tendency to 
photodegradation under continuous irradiation. The method can also 
be applied for dye@ZIF-67. However, TEA-assisted approach re-
quires template molecules such as dye or protein. The formation of 
zinc hydroxide nitrate nanosheets, Zn5(OH)8(N O3)2·2H2O and 
Zn(OH)(NO3)·H2O intermediates, offers in situ sacrificial templates 
for the synthesis of hierarchical porous ZIF-8. The method is tem-
plate-free and fast. The surface area and the material porosity can be 
tuned using NaOH. The method has been applied to other ZIFs (2D 
ZIF-L). ZIF-8 and ZIF-L showed potential application for CO2 sorp-
tion. 
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7. Future perspectives 
 
This thesis showed few headlines of the synthesis, properties, and ap-
plications of stable MOFs. However, there are still many aspects for 
the future explorations. A few of them are summarized below. 
 
7.1. Study the crystal formation of hierarchical porous ZIF-8 
 
The mechanism of MOF formations is still not understood. The lack 
of in situ characterization of the crystal formation prevented the full 
justification of the rationale choice of reaction conditions for the syn-
thetic procedures. To discuss this shortcoming, in situ growth of hier-
archical porous ZIF-8 is under investigation using in situ PXRD, fluo-
rescence emission, and FT-IR.  
 
7.2. Multi-variant ZIFs 
  
The synthesis of zeolitic imidazolate frameworks (ZIF-8, ZIF-67, ZIF-
-L) was reported for one metal node of zinc or cobalt. Multi-variant 
hierarchical porous ZIFs with more than two tetrahedral metal nodes 
(Co, Zn, and Cd) have not been explored. Multi-variant ZIFs can be 
useful for applications such as catalysis. 
 
7.3. Analysis of MOF crystals 
 
Analysis of MOFs usually requires decomposition of the material be-
fore the analysis.  This method not only is destructive, but also could 
lead to misconclusion. A further analytical protocol such as mass 
spectrometry should be carried out. The large surface area of MOFs 
may provide a surface for surface enhanced laser desorption/ionization 
mass spectrometry, and thus facilitate the analysis140,141. 
 
7.4. Applications of dye@ZIF-8  
 
Dye encapsulated ZIF-8 is promising for several applications includ-
ing sensing, biosensing, solar cells applications, and others. The dye 
encapsulated ZIF-8 could be a useful probe for sensing and biosensing 
applications of many analytes such as adenosine triphosphate142. I 
synthesized solar cell dye encapsulated ZIF-8 and further investiga-
tions are undergoing. 
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