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CHAPTER 1 

THE RARE EARTH METAL ELEMENTS THAT ARE NOT SO RARE: 

PROPERTIES OF LANTHANIDE METAL IONS; SYNTHESIS AND 

APPLICATION OF LANTHANIDE CONTAINING MATERIALS. 

 

1.1 HISTORY OF LANTHANIDE ELEMENTS1 

    The nomenclature “lanthanide element” represents seventeen elements with very 

similar chemical properties, including the fifteen elements from lanthanum (atomic 

number 57) to lutetium (atomic number 71) as well as two d-block elements scandium 

(atomic number 21) and yttrium (atomic number 39). The first discoveries of these 

elements could be dated back to late 19th and early 20th centuries, with many of them 

isolated from mineral ores dug out near a Swedish village named Ytterby. The rare earth 

elements reserves are widely spread all over the world and have been found in all six 

continents with strikingly 80% located in China. The lanthanide element series are also 

well known as “rare earth metals”. This nomenclature presumably originated from the 

fact that lanthanide elements were isolated from earth-like ores suchas bastnasite, 

monazite and xenotime which were not abundant at locations of early time discovery. 

Although this name is still being used nowadays, it turned out that the “rare earth metals” 

are not rare at all. For example, cerium (Ce) has about the same abundance with copper 

(Cu) and higher abundance than a lot of common elements that are considered to be 

abundant such as boron (B), cobalt (Co) and lead (Pb). Even the least abundant “rare 

earth metal” thulium (Tm), is more abundant than mercury (Hg) iodine (I) and definitely 

silver (Ag) or gold (Au). 
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    Despite their “not so rare” abundance in the earth’s crust and early discoveries, 

systematical study of their properties and applications didn’t start until 1950s when 

modern separation and recovery techniques were able to provide sufficiently pure rare 

earth samples for chemical and physical studies, not even to mention widespread 

commercial availabilities of rare earth element chemicals, which were not more recent. 

This is because they usually exist as trivalent ion mixture of different rare earth elements 

in ores. However, their rather similar chemical properties and ionic sizes caused by 

lanthanide contraction effect makes the separation among them extremely difficult. 

Therefore, our study of properties and applications towards rare earth elements especially 

lanthanide elements is still at an early stage and a lot more is waiting for exploration. 

    In this introductory chapter of this dissertation, first a brief review of the interesting 

physical properties, including spectroscopic and magnetic properties, regarding 

lanthanide ions will be given, followed by their chemical properties and the chemical 

synthesis of lanthanide containing materials. In the end, the application of lanthanide 

containing functional materials will be discussed, followed by the introduction and 

significance of research work in this dissertation. 

 

1.2 PHYSICAL PROPERTIES OF LANTHANIDE METAL IONS 

1.2.1 Luminescent Properties. 

    The interests regarding lanthanide luminescent properties originated from the 

discovering of highly emissive Eu3+ doped Y2O3 phosphor material,5 which a lot of 

modern phosphors, such as these in TV cathode ray tubes or fluorescent lamps, are based 

on.6 Besides the early age phosphor application, the preliminary study of fundamental 
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spectroscopic properties of lanthanide ions could also be dated back to the first half of 

20th century, with J. H. van Vleck’s “The Puzzle of Rare-Earth Spectra in Solids” as a 

very comprehensive example.7 

    The interesting luminescent properties of lanthanide ions is attributed to the [Xe]4fn 

electronic configurations which generate large number of well separated electronic levels. 

This number could be expressed with 14!/n!(14-n)! (Figure 1.1).4 The energy separations 

of these electronic levels are the results of synergistic effect between the inter-electronic 

repulsion between 4f electrons, spin orbit coupling and if any the possible weak ligand 

field.8 The extent of separations might be very different depending on their origins. For 

example, separations resulted by 4f inter-electronic repulsion are the largest and usually 

lie on the order of 104 cm-1, while spin-orbit coupling further gives different J states 

(usually possess splittings at the order of 103 cm-1), the degeneracy of which is removed 

by the ligand field with splittings at the order of 102 cm-1.8 As shown in Figure 1.1 is the 

schematic illustration for part of the various energy levels for Ln3+ ions. 

    Besides the large number of possible 4f-4f transitions, transitions originating from 4f-

5d electron transfer and, in case when coordinating ligands are present, ligand to metal 

charge transfer (LMCT), are also possible in Ln3+ ions with rather high intensity due to 

parity allowance of these transitions.4 However, these transitions usually correspond to 

photons with very short wavelength, for example < 320 nm for 4d-5d transitions10,11 and 

< 200 nm for LMCTs9. Considering the applicable useful luminescent properties of Ln3+ 

ions, only the properties of 4d-4f transition will be discussed in detail here. 
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Figure 1.1 Schematic illustration for part of the various energy levels for Ln3+ ions.4 
Copyright 2010 Royal Society of Chemistry. 
 

    The luminescence originating from 4f-4f transitions possesses its unique characters of 

very sharp line-like band8 and long lifetime (in millisecond scale)12,13. The line-like 

emission bands are attributed to lanthanide contraction effect, which describes the fact 

that the 4f electrons are well shielded by outer 5s2 and 5p6 electrons. Therefore ligand 

field splitting of each J state caused by outer coordination environment, if any exists, is 

minimized and only lies on the order of 100 cm-1.2 This makes lanthanide ion 

luminescence quite unlike that of d-block transition metal ions, but rather more like free 
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atom emission. The long lifetime of lanthanide luminescence originates from the fact that 

most 4f-4f transitions require electronic redistribution within 4f orbitals, which is 

forbidden by spectroscopic selection rules.1,3 Therefore once at excited states, radiative 

decay back to ground state through 4f-4f transitions is extremely slow, making the 

lifetime of emittive excited states rather long. 

    Although the unique nature of 4f electrons brings the interesting luminescent 

properties to lanthanide ions, it also in, on the other hand, causes problems hindering 

effective excitation of lanthanide ions. One aspect of this lies on the sharp band of 4f-4f 

transitions, which means only a small range of wavelength could be utilized to excite 

lanthanide ions. On the other hand, due to similar reason of their long luminescence 

lifetime, direct excitation of lanthanide ions are forbidden by spectroscopic selection 

rules, which yields the extremely low molar absorption coefficiency at the order of 1.8 

The combination of these two reasons makes the lanthanide ions’ absorption cross section 

toward appropriate wavelength very low. Therefore a lot effort has been devoted to the 

exploration of efficient excitation of luminescent lanthanide ions. The dominant approach 

is to coordinate certain organic ligand with strong absorption towards appropriate 

excitation photons and excite the lanthanide ions through after-ligand-excitation energy 

transfer from ligand to lanthanide ion, also known as antenna effect. The phenomenon 

was first discovered in 1942 with a series of organo-europium compounds.14 The 

simplified mechanism could be described as: in a ligand coordinated lanthanide complex 

molecule, photons are first absorbed by the organic ligands, which are excited to a singlet 

excited state 1S correspondingly. Singlet excited state then transfer energy to a triplet 

state 3T of the same ligand through intersystem crossing, followed by energy transfer 
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from 3T or 1S to one or several excited states of lanthanide ions. Finally the emittive 

excited states of lanthanide ions radiatively decay back to ground state and emit photons 

(Figure 1.2).9 Typical antenna ligands include aromatic-chromophore-bearing ligands9 

and β-diketone ligands15. Among the two major energy transfer mechanism, namely, 

exchange mechanism, in which good orbital overlap between ligand and metal ions is 

necessary, and Förster’s mechanism which involves dipole moment coupling between 

ligand excited state and metal ions, the latter one seems more feasible for lanthanide ions 

since 4f orbitals are shielded inside. Another thing worth notice is that although the 

ligand triplet states are generally believed to contribute the most toward the above 

mentioned Förster energy transfer process,16-18 the whole mechanism is rather 

complicated with numerous processes19-21, and depending on the relative rate constants of 

different intervening processes, in some cases the ligand singlet state may in turn 

becomes the dominant donor state.22-24 

 

Figure 1.2 Simplified schematic illustration of energy transfer paths during lanthanide 
ions sensitization.9 Copyright 2005 Royal Society of Chemistry. 
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    Other approaches to sensitize lanthanide ions include doping them into a host material 

with sensitizer incorporated, which can efficiently absorb excitation photon. Energy 

could transfer from sensitizer to luminescent Ln3+ center with lattice photon energy 

assistance, giving emmitive excited states on Ln3+ ions.1 A good example of this would 

be the high efficiency phosphor material Eu3+ doped Y2O3 with a quantum efficiency of 

90%.25 Also, recently researchers have discovered that some d-block transition metal ions 

could serve as efficient sensitizer pumping energy into Ln3+ ions.9,27,28 Applications 

regarding this sensitization approach includes Cr3+ sensitized Nd3+ YAG laser.26 

    Other than these fruitful achievements of sensitizing luminescent lanthanide ions, 

researchers have also devoted a lot effort into minimizing the possibility of competing 

non-radiative decay process from Ln3+ excited states, which is also defined as 

deactivation process.9 Deactivation processes mainly take place through the interaction 

between Ln3+ ion electronic level and oscillators in the environment around it,29-32 which 

leads to non-radiative decay between different J states and finally to ground state. The 

most severe deactivation is given by O-H oscillator due to the relatively strong vibronic 

coupling compared to other oscillators.33-37 Therefore avoiding –OH group containing 

species, such as water or alcohol molecules, is very important when designing lanthanide 

based luminescent materials. Besides that, building a rigid crystal lattice for lanthanide 

ions is also good for minimizing deactivation processes because the rigid crystal lattice 

could constrain any potential oscillator, protect Ln3+ ions from possible –OH containing 

solvent molecules and also reduce the deactivation caused by collision between 

lanthanide centers in solution.9 Metal-organic frameworks (MOFs) are a class of good 
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candidates for this purpose, which will be discussed in detail in later sections and Chapter 

5. 

 

1.2.2 Magnetic Properties. 

    Lanthanide possesses seven 4f orbitals which could potentially give a much higher 

ground state spin in individual ions than d-block transition metal ions who only have five 

nd orbitals to accommodate electrons. This makes lanthanide ions a class of highly 

promising candidates for various magnetic-related applications. However, the pros and 

cons brought by the lanthanide contraction effect regarding their magnetic properties 

make the situation far from straightforward. 

    The first difference between lanthanide ions and d-block transition metal ions lies on 

the strong spin-orbit coupling, which could be well described by Russell-Saunders 

coupling scheme with a good approximation. The 2S+1L states originated from 4f 

electronic configuration are further splitted into different J states by spin-orbit coupling, 

with the energy of J states expressed by equation 1.1: 

E(2S+1LJ) = (λ/2) [J(J+1)-L(L+1)-S(S+1)]                     Equation 1.1 

Here λ = ±ζ/2∙S, in which ζ is the spin-orbit coupling constant. Usually heavier lanthanide 

ions possess larger ζ values. For the sign ± in front of ζ, when the number of 4f electrons 

are smaller than seven, “+” sign is utilized while when that is larger than seven, “-” sign 

is utilized.38 For a given 2S+1L term, the values of J quantum number are defined by: 

| L – S | ≤ J ≤ L + S 

The strong spin-orbit coupling renders lanthanide ions quite large ζ values (600-3000 cm-

1).38 Therefore higher energy J states are usually located at many times kT (208.5 cm-1 at 
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room temperature) above the ground state, leaving the ground state, which is well 

separated from excited states, with a single well defined total angular momentum 

quantum number J. For lanthanide ions with less than seven 4f electrons, J = L − S for 

ground state, while for those with more than seven 4f electrons, J = L + S for ground state. 

Therefore the magnetic susceptibility and magnetic moment of lanthanide ions could be 

accurately enough calculated by simply considering the ground J state (in case of seven 

4f electrons such as Gd3+ or Eu2+, orbital momentum is completely quenched and J is 

equal to S), which is confirmed by the good agreement between calculated values and 

experimental results,2 with only Eu3+ and Sm3+ as exceptions because the separation 

between their first excited state and ground state (7F1 to 7F0 for Eu3+ and 6H7/2 to 6H5/2 for 

Sm3+) are close enough for the excited states to be populated.38 

    On the other hand, due to the fact that 4f electrons are well, although not completely 

shielded inside, removal of 4f orbital degeneracy caused by ligand field is very minute 

and the splitting usually could not overcome thermal population at around room 

temperature. Therefore the free ion model could give a very good approximation to 

magnetic susceptibility and magnetic moments of lanthanide complexes under near room 

temperature. This is very different from d-block transition metal ion complexes where 

ligand fields are usually much stronger. 

    Another distinct character of lanthanide magnetic property is the large magnetic 

anisotropy brought in by the unquenched orbital momentum. This sets a strong magnetic 

easy axis of lanthanide ions along which directional magnetization is preferably 

oriented.39 Therefore lanthanide metals are widely used in making hard magnets.40 Very 

recently researchers have realized the promising future of molecular complexes with 
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large magnetic anisotropy, also named single molecule magnets (SMMs), and their 

potential applications in fields like information storage and spintronics.41-46 Although 

early interests of SMMs have mainly focused on d-block transition metal ion based 

molecular complexes, it is soon clear that SMMs behavior requires metal ions to possess 

well isolated ground state with large ground state spin, together with high magnetic 

anisotropy,39 which also brings lanthanide ions on to this stage. However, although hard 

magnets are readily achievable with elemental lanthanide metal, in which lanthanide 

metal ion array is imbedded in a “sea” composed of conduction electrons and well 

localized magnetic moment on each ion interact with each other through the conducting 

electron “sea” via Ruderman-Kittel-Kasuya-Yosida (RKKY) interaction,1 the realization 

of lanthanide SMMs is not as straight forward. This is first because the well-shielded 

nature of 4f electrons makes inter-ionic coupling rather weak.38,47 Therefore the 

achievement of high molecular ground state spin in polynuclear lanthanide complexes 

through coupling is difficult. Another hindrance towards systematic study of lanthanide 

SMMs is the complication in modeling structure-magnetic correlation. Although 

magnetic moment of single lanthanide ion could be easily calculated with µ = g[J(J+1)]1/2, 

the evaluation of the magnetic interactions between different ions is way harder because 

of the existence of large unquenched orbital angular momentum,38 in which case 

simplified spin Hamiltonian approaches no longer work as effective as they do in 

modeling d-block transition metal complexes.50-52 To overcome these two inherent 

limitations, researchers have tried different approaches. For example, it has been found 

that when d-block transition metal ions or organic radicals are introduced into lanthanide 

clusters, the inter-ionic magnetic coupling is enhanced due to the stronger interaction 
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between f electrons and more expanded s, p, and d electrons.48,49 Also some reasonable 

modeling predictions have been made based on the analysis of electron density shape of 

ground state, ligand spatial distribution and crystal-field models.53-58 

 

1.3 CHEMICAL SYNTHESIS OF LANTHANIDE CONTAINING MATERIALS 

    The fast development of modern industry and technology stimulated great interests on 

exploring novel advanced functional materials with lanthanide containing materials as a 

major class. According to their chemical compositions, lanthanide containing materials 

could be categorized into oxide, hydride, alloy, halide, chalcogenide, coordination 

complexes and organometallic compound.1 However, when talking about synthesis and 

their corresponding applications, a more appropriate classification of lanthanide 

containing materials should be based on the physical scale of the materials. Materials of 

different physical scale are usually synthesized via completely different synthetic 

protocols and usually fit into different areas of applications. Therefore for this section, 

the chemical synthesis regarding lanthanide containing materials will be discussed with 

the classification of molecular scale complexes based materials, nanomaterials and bulk 

level materials (with a focus on metal-organic frameworks). 

 

1.3.1 Lanthanide Molecular Complexes. 

    The construction of lanthanide molecular complexes is different from that of d-block 

transition metal complexes.59 The first different aspect lies on the high coordination 

number of lanthanide metal ions, which is usually 8 or 9. In stark contrast, the 

coordination number on d-block transition metal ions is usually smaller than 6. Therefore 



! 29!

to fulfill their high coordination demand, the relatively bulky lanthanide ions tend to 

aggregate together with connections from small bridging groups. In the protection of 

coordinating ligands, the conglomeration renders a lot lanthanide based fullerene like 

molecular clusters with high chemical aesthetic value as well as various interesting 

properties.60  

    The other difference from d-block transition metal clusters is that 4f orbitals and 

electrons are shielded inside therefore do not significantly participate in bond formation 

in the cluster. This fact renders lanthanide molecular clusters two distinct characters, 

which are generally considered as hindrance towards application and rational design of 

lanthanide molecular clusters. On one hand, as discussed earlier, unlike d-block transition 

metal ions,61 no apparent metal-metal bonding is formed in clusters, making coupling 

between neighboring ions rather weak. On the other hand, the interaction between 

lanthanide ions and coordinating ligands, with only a few exceptions, remains largely 

ionic rather than covalent, making the well developed structural-related computational 

methods and modeling based on orbital overlapping/interaction, which could serve as 

very useful guidance for rational molecular design, way less effective and accurate when 

dealing with lanthanide clusters. Therefore, currently researchers on lanthanide clusters 

usually follow the strategy of: With structurally well characterized crystal obtained from 

synthesis based on general synthetic protocols, such as organometallic synthesis64-68 and 

deliberate hydrolysis69, properties are characterized accordingly. 

    Synthetically speaking, obtaining lanthanide molecular clusters could be achieved 

under two different kinds of conditions, namely, non-hydrolytic condition, under which 
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traditional organometallic synthetic protocols are utilized, and hydrolytic condition, 

where deliberate hydrolysis is utilized. 

    Bridging ligands commonly utilized for non-hydrolytic synthesis include alkoxyl, 

aryloxyl, macrocyclic polyaryloxyl ligands, cyclopentadienyl and cyclopentadienyl-like 

ligands, hydride ligands, chalcogenide ligands as well as dinitrogen-derived ligands.59 

Lanthanide clusters synthesized under non-hydrolytic conditions are usually of low 

nuclearity, with the highest nuclearity reported only 14 (Figure 1.3).70 However, the 

ligands utilized here usually tend to have stronger covalent interaction with 4f orbitals. 

Therefore a lot of lanthanide single molecule magnets and single ion magnets are based 

on lanthanide molecular complexes synthesized under non-hydrolytic conditions.71-80 

 

Figure 1.3 Structure of the tetradecanuclear lanthanide cluster [Ln14(o-O2NC6H4O)24(µ4-
OH)2(µ3-OH)16] synthesized under nonhydrolytic condition.70 Copyright 2000 Wiley-
VCH. 
 

    Researches of lanthanide molecular clusters synthesized under hydrolytic conditions 

first originated from the serendipitous products [(N-MeIm)5Sm(µ-OH)]2I4 and {[(N-

MeIm)4Sm(µ-OH)]3(µ3-OH)2}I4 when Evans and coworkers were trying to stabilize and 
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isolate crystalline samarium iodides with N-methylimidazole (N-MeIm) solvent (Figure 

1.4).81 However, these interesting reactions were commented by early time researchers as 

“unexpected product” or “adventitious hydrolysis”. No systematic study or guiding 

principle was available until Zheng established the ligand-controlled hydrolysis 

approach.69 The rationale of this approach could be described briefly as: When pH 

increases during synthesis, the aqua ligands bounded on lanthanide ions undergo 

deprotonation into hydroxo groups which could further coordinate to more than one 

lanthanide ions and result in olation between lanthanide ions. With the presence of 

protecting ligands, olation proceeds until finite discrete polynuclear lanthanide hydroxide 

clusters form instead of forming intractable lanthanide hydroxide which happens during 

natural hydrolysis. Ligands commonly utilized for hydrolytic synthesis of lanthanide 

clusters are usually oxygen or nitrogen donors which include α-amino acids,82-86 

polyaminopolycarboxylates,82,69 chemically modified carboxylates87 as well as β-

diketonates88-92. The nuclearity of lanthanide clusters obtained under hydrolytic 

conditions is usually much higher compared to those synthesized under non-hydrolytic 

conditions. For example, polynuclear pure 4f or 3d/4f heterometallic hydroxide clusters 

with astonishingly high nuclearity up to 104 for pure 4f clusters93 and 136 for 3d/4f 

heterometallic clusters99, have been reported (Figure 1.5). On the other hand, although the 

weak inter-ionic coupling within these clusters exclude them from being good single 

molecule magnets, they are in turn proven to be very good magnetic cooling materials 

with large magnetocaloric effect.95-98 
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Figure 1.4 Structure of: a) [(N-MeIm)5Sm(µ-OH)]2I4; b) {[(N-MeIm)4Sm(µ-OH)]3(µ3-
OH)2}I4.81 Copyright 1994 American Chemical Society. 
 

 

Figure 1.5 Structure of: a) 104 metal pure 4f cluster [Ln104(ClO4)6(CH3COO)56(µ3-
OH)168(µ4-O)30(H2O)112] ∙ (ClO4)22(CH3CH2OH)2 ∙ xH2O;93 b) 136 metal 3d/4f 
heterometallic cluster [Gd60Ni76(IDA)68(µ3-OH)158(NO3)4(H2O)44] ∙ (NO3)34 ∙ (H2O)42.99 
Copyright 2009 Royal Society of Chemistry. 
 

1.3.2 Lanthanide Containing Nanomaterials. 

    The exploding development of research regarding nano-scale crystalline materials100,101 

was initially stimulated by the fascinating quantum confinement effect, which happens 

when the size of the material shrinks down to the scale smaller than the wavelength of 

electrons and the electronic property of materials dramatically changes. This was 

primarily focused on semiconductor materials. However, with the growing number of 

reported nanomaterials, researchers soon realized that controlled size tuning of materials 



! 33!

down to nano meter regime not only gives interesting electronic related properties, but 

also more generally renders materials of all kinds of chemical compositions with high 

surface to volume ratio, which significantly enhances surface related performance of 

materials such as catalysis performance, as well as suitable size for in vivo biomedical 

purposes, such as in vivo diagnosis, drug delivery and therapy. Lanthanide solid state 

materials are usually crystalline ceramic type insulator excluding any possible quantum 

confinement effect, and are therefore initially ignored in nanomaterial area. However, 

their unique upconversion property, sharp emission band with long emission lifetime, 

high photostability and low toxicity make them a much better candidate for in vivo 

optical imaging compared to semiconductor quantum dots and organic fluorescent dye 

molecules.102-112 Besides, the high ground state spin of Gd3+ ion makes it highly valuable 

as in vivo magnetic resonance imaging (MRI) contrast agent. On the other hand, the wide 

application of cerium oxide as efficient catalyst115 also stimulates the effort of further 

improve its catalytic efficiency. Therefore, the demand of synthesizing lanthanide 

containing nanomaterials with controlled tuning of their size and morphology to fulfill 

the requirement of in vivo bioimaging and high surface to volume ratio catalytic 

materials is drawing increasing amount of attention from material chemists.116-134 

    So far, nanomaterials of almost all types of lanthanide solid state materials have been 

successfully synthesized, including oxide,135-137 hydroxide,138,139 orthovanadate,140,141 

borate,142,143 phosphate,144-146 fluoride,147-149 sulfide,150 selenide,151 as well as 

oxyhalide152,153. The synthetic methodologies of lanthanide containing nanomaterials 

include coprecipitation method, thermal decomposition method, hydro(solvo)thermal 

method and sol-gel method or a combination of different methods. 
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    Coprecipitation is usually considered as the most facile approach to synthesize 

nanomaterials due to its simple operation and mild reaction condition. It was first 

introduced to lanthanide nanomaterial synthesis by Veggel.154 Simply mixing lanthanide 

cation and corresponding anions with the presence of water soluble polymer ligand, such 

as PVP, to control particle growth, precipitating out nano-scale crystalline particles. 

Although very easy to operate, the coprecipitation method suffers from drawback of 

giving polycrystalline or low-crystalline product (Figure 1.6a,b) due to the hard-to-

control crystal growth kinetics in single phase reaction. Other researchers have come up 

with post synthetic treatment, such as annealing, to improve the crystallinity of the 

product.155-159 

 

Figure 1.6 TEM images of: (a), (b) LaF3:Yb/Er nanoparticles synthesized via 
coprecipitation method; (c)-(f) NaYF4:Yb/Er nanoparticles synthesized via thermal 
decomposition method; (g), (h) NaYF4:Yb/Er nanoparticles synthesized via solvothermal 
method.116 Copyright 2009 Royal Society of Chemistry. 
 

    In thermal decomposition method, reactions take place in a high boiling point solvent 

such as octadecene with precursors confined with in micelle formed by surfactant type 

ligand such as oleic acid. This method was first introduced to lanthanide nanomaterial 
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synthesis by Yan,160,161 and further developed by other groups to fine tune the size and 

morphology of the obtained nanomaterials.162,163 This synthetic protocol usually produces 

lanthanide nanomaterials with high crystallinity, narrow size distribution and very well 

defined single crystal morphology (Figure 1.6 c-f). However, the operation usually 

requires very high temperature over 300 °C and inert gas atmosphere protection and is 

thus not a facile approach. 

    Another recently emerging approach for synthesizing nanomaterials is the 

hydro(solvo)thermal method which originated from the systematic liquid-solid-solution 

(LSS) methodology exploration performed by Li.164 Under hydro(solvo)thermal 

conditions, the solvent being used is at super critical state with increased solubility of 

precursor as well as much improved reaction kinetics. This approach combines the 

advantages of both coprecipitation method and thermal decomposition method, namely, 

facile operation and high quality products (Figure 1.6g,h). It is therefore being utilized by 

more and more researchers to study and fine-tune the properties of lanthanide 

nanomaterials.165-169 

    The sol-gel synthetic approach is generally more employed in materials engineering 

regime to make coating films and glass materials,116,170-173 which involves the hydrolysis 

of lanthanide alkoxide or halide precursors. However, due to the extremely large size 

distribution, non-controllable morphology, severe conglomeration and low crystallinity of 

the product, this approach is not preferred by most academic researchers. 
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1.3.3 Lanthanide Metal-Organic Frameworks. 

    Metal-organic framework (MOF) compounds are a class of coordination polymers 

synthesized from metal ions or metal clusters and organic bridging ligands and generally 

characterized by their porous structures. The availability of a wide variety of the metal 

and organic units and the ability to judiciously modify these building blocks allow for the 

construction of MOFs with pores whose size, shape, volume, and reactivity can be 

tailored for particular applications, including catalysis,174-176 gas storage,177,178 

sensing,179,180 non-linear optical materials181 and separation.182,183  

With the unique and interesting properties of lanthanide ions discussed previously, it is 

not surprising that the research of lanthanide containing MOFs have attracted much 

recent interest and in fact developed rapidly into a subarea of its own right within the 

ever-expanding framework of MOF research.184 Unlike d-block transition metal based 

MOFs, in which well ordered, large size-tunable porous structures are usually 

obtained,185,186 due to the high coordination number of lanthanide ions and the mostly 

ionic interactions between lanthanide ion and coordinating ligands, lanthanide MOFs 

usually possess rather dense backbone structures  without large pores. Although this fact 

limits their potential application for gas storage, separation or contact-based sensing, it in 

turn makes them very suitable for color-tunable phosphor and magnetic cooling materials 

given the fact that lanthanide ions with different luminescent properties could be co-

doped into MOF backbone at different ratios and the possibility of deliberately choosing 

ligands that meet the requirements of antenna effect and/or the high metal to ligand mass 

ratio for magnetic cooling materials. 
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    The synthesis of bulk lanthanide MOFs is quite similar to that of d-block transition 

metal MOFs.187-190 The protocol could be briefly described as: Lanthanide salts and 

carboxylic-acid-bearing ligands are first dissolved in a Lewis basic solvent, such as N,N-

dimethylformamide (DMF) or N,N-diethylformamide (DEF), which could slowly 

deprotonate the ligands at elevated temperatures to stimulate metal-ligand coordination. 

Then the precursor solution is placed under elevated temperature, either under high 

pressure solvothermal condition or regular pressure to initiate the reaction and allow for 

MOF crystal growth. The as-obtained lanthanide MOFs usually contain nano-structured 

lanthanide clusters as secondary building units (SBUs) due to the high coordination 

number of lanthanide ions. Such polynuclear SBUS are not only aesthetically pleasing, 

but also exhibit interesting properties.191-195 

    Another emerging area of lanthanide MOFs is the synthesis and application of 

nanoscale lanthanide MOF materials,191 due to their suitable size for in vivo biomedical 

applications and high surface to volume ratio for sensing and catalytic applications. The 

synthetic protocols of nanoscale lanthanide MOF materials include precipitation 

method,196-198 reverse microemulsion method,199-201 sonochemical synthesis,202-204 and 

post synthetic metathesis of other nanoscale MOF materials205. Also, surface 

modification of these materials has also been well developed to improve bio-

compatibility, fine tune their property, as well as grafting other functional moieties for 

multifunctional materials. 
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1.4 APPLICATIONS OF LANTHANIDE CONTAINING FUNCTIONAL MATERIALS 

    Besides the comprehensive fundamental property and synthetic studies, researchers 

have also derived various practical applications from lanthanide containing materials, 

such as NMR shifting agent,207-209 MRI contrast agent,210-221 telecommunication,213-215 

analytical probes216,217 and laser218,219. Here only applications related to this dissertation 

work will be introduced including LED, upconversion and magnetic cooling. 

 

1.4.1 Lanthanide Phosphors for LED. 

    One of the very most prominent applications of lanthanide luminescent materials lies 

in low-cost phosphor with tunable luminescent color,220-222 not only due to the high color 

purity of lanthanide line-like emissions with milliseconds lifetime, high photostability 

and facile synthesis, but also because of the facile full visible spectrum color tunability. 

This could be realized by either building pixel unit with different molecular lanthanide 

phosphors (blue, green, red colored) blended or simply by co-doping lanthanide ions of 

different luminescent color into MOF backbone with different ratio. 

 

Figure 1.7 (a) Schematic illustration of the setup in electro-luminescent cells; (b) Energy 
level diagram in electro-luminescent cells.222 Copyright 2002 American Chemical 
Society. 
 



! 39!

    To construct a electro-luminescent device, lanthanide phosphor materials are deposited 

between a electron transport layer and hole transport layer as a emmitive layer (Figure 

1.7a). This three-layer setup is then sandwiched between a metal cathode and indium 

doped tin oxide (ITO) coated glass anode. This device is forward biased by applying 

positive potential on anode while negative potential on cathode. Electrons from cathode 

are continuously injected into LUMO level of lanthanide phosphor materials and 

electrons from HOMO level are continuously injected into anode simultaneously, leaving 

equal amount of holes in HOMO level. Following radiative recombination of electrons in 

LUMO level and holes in HOMO level results in photon emission. 

    So far, a lot lanthanide based LED or OLED devices have been successfully fabricated 

tested.223-226 

 

1.4.2 Lanthanide Upconversion Materials for In Vivo Bioimaging. 

    Up-conversion is an anti-Stokes type process in which two or more photons are 

absorbed subsequently followed by single photon emission with shorter wavelength 

therefore higher energy than the excitation source. The large amount of J states in 

lanthanide ion energy diagram renders them a class of good candidates for upconversion 

applications. For example, Er3+ ion can be excited by one near-IR 980 nm photon from 

4I15/2 ground state to 4I11/2 metastable state, followed by the excitation by another 980 nm 

photon to 4F7/2 state (Figure 1.8a). After the excitation, through radiative decay, Er3+ can 

emit green and red photons (Figure 1.8b).  

    Lanthanide doped upconversion nanoparticles have been well studied for in vivo 

bioimaging applications228-231 due to their unique advantages over traditional fluorophore 
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such as quantum dots (QDs) or organic fluorescent dye. The first and most important 

advantage is the NIR excitation source utilized for upconversion luminescence. NIR 

photons have much deeper penetration through bio-tissue compared to UV excitation 

photons commonly utilized for QDs or organic dye luminescence and are therefore more 

suitable for deep tissue imaging. On the other hand, the utilization of NIR excitation 

source could effectively avoid auto-fluorescence from bio-tissue, which is very strong 

under UV excitation source. Therefore the signal to noise ratio of in vivo imaging is very 

high with upconversion nanoparticle as fluorophore. Besides the advantage of excitation 

source being utilized, upconversion nanoparticles also have higher photo stability 

compared to QDs or organic dye. This includes their stable emission output under 

continuous excitation and high resistance against photo-bleaching. 

 

Figure 1.8 a) Schematic illustration of upconversion process in Er3+ ions; b) Typical 
upconversion emission spectrum of Er3+ under 980 nm excitation.227 Copyright 2014 
Royal Society of Chemistry. 
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1.4.3 Lanthanide Magnetic Cooling Materials. 

        Cooling is a basic but very intensive demand in human society activities such as 

refrigeration, transportation and academic research. Currently most cooling are based on 

vapor cycle refrigeration, which is also known as Carnot cycle (Figure 1.9) with Freon as 

the most widely used gaseous media. However, this type of cooling has two major 

drawbacks. The first one lies on the environmental impact of Freon leakage, which is 

highly detrimental to ozone. The second one lies on the its inherent limitation for ultra-

low temperature cooling. Because under extremely low temperatures such as sub-Kelvin 

temperatures, available gaseous media in very limited and extremely expensive. 

Therefore magnetocaloric effect (MCE) based cooling is developed by researchers as an 

alternative of vapor cycle cooling. Instead of compressing and expanding gaseous media, 

the entropy change in MCE based cooling cycle is achieved through putting paramagnetic 

or superparamagnetic materials into variable magnetic field to give long-range parallel or 

randomly alligned magnetic spins (Figure 1.9). The large ground state spin and weak 

magnetic coupling nature of Gd3+ ion makes it a very good candidate to construct MCE 

materials. Large amount of Gd3+ metal clusters232-240 and MOFs241-243 have been reported 

to have superior magnetic cooling capabilities. 
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Figure 1.9 Schematic illustration of magnetic refrigeration and vapor cycle refrigeration. 
 

1.5 JUSTIFICATION OF WORK IN THIS DISSERTATION 

    Research in this dissertation includes a continuous effort of synthesizing molecular 

lanthanide hydroxide cluster under hydrolytic condition, the exploration of novel 

lanthanide upconversion nanomaterials and functional lanthanide MOF materials as well 

as some related d-block transition metal based functional materials obtained along the 

way. 

    In chapter 2, the discovery of halide anion templated lanthanide-histidine hydroxide 

cluster and a comprehensive study of the influence of anionic size on cluster nuclearity 

are discussed. α-amino acids were found to be a unique class of protecting ligands for 

hydrolytic synthesis of lanthanide hydroxide clusters due to their flexible backbone, 

multi-coordination sites including carboxylic group and amine groups together with other 

functional groups on the side chain. This work originated from the serendipitous 

discovery of tyrosine protected pentadecanuclear lanthanide cluster reported by our group 
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in 1999. From then on, a systematic exploration of different α-amino acid ligands as 

lanthanide hydroxide cluster protecting ligand has been conducted. For example, besides 

tyrosine, other amino acids such as alanine, valine, glycine and threonine have all been 

found to effectively protect finite lanthanide hydroxide cluster formation. One thing 

worth to be pointed out is that with threonine as the protecting ligand, unprecedented 

{Er60} hydroxide cluster was successfully synthesized. As a continuous exploration of 

this series, Yinglan Wu and Xiangjian Kong, two former researchers in our group found 

that histidine could also serve as protecting ligand for high nuclearity lanthanide 

hydroxide cluster formation with presence of halide anion as template ion. Their findings 

include: For light lanthanide ions, with Nd3+ as an example, pentadecanuclear cluster 

formed with all three tried halide template ions from small to large Cl-, Br- and I-. For 

heavy lanthanide ions, with Er3+ as an example, pentadecanuclear cluster formed with Cl- 

and Br- as template ions, while dodecanuclear cluster formed with the big I- anion as 

template. However, the research study didn’t cover any medium weight lanthanide ion. 

Therefore, I started my research project with the exploration of medium weight 

lanthanide ion Gd3+ hydroxide cluster with histidine as the protecting ligands. A 

combinational discussion of light, medium and heavy weight lanthanide hydroxide 

cluster with histidine as protecting ligand was discussed in Chapter 1. 

    Chapters 3 and 4 will be focusing on improving lanthanide upconversion materials 

efficiency. The original idea is, instead of using Yb3+, which has rather low absorption 

coefficiency due to lanthanide contract effect discussed previously, as the sensitizer 

absorbing NIR photons and transfer energy toward Er3+ upconversion center, we instead 

propose to use narrow bandgap (with energy corresponding to NIR range) semiconductor, 
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which usually has much higher absorption coefficiency and shorter excited state lifetime 

facilitating energy transfer outwards, as sensitizer for upconversion Er3+ ions. Chapter 3 

will describe our work of doping Er3+ into Cu2-xSe nanoparticles through hot-injection 

method with mixed Er3+/Cu+ precursor. Although Er3+ ions are successfully doped into 

Cu2-xSe nanoparticles, no obvious upconversion could be observed. This turns out to be 

due to the indirect band gap nature of copper selenide, which could not efficiently absorpt 

photon and transfer energy to Er3+ ions. At the end of this chapter future direction of 

utilizing direct band gap semiconductor as sensitizer is discussed. Although the 

exploration of Cu2-xSe nanoparticles as Er3+ upconversion sensitizer is not successful, we 

did notice that Cu2-xSe is reported to possess surface plasmon resonance band at NIR 

range which could effectively facilitate the absorption capacity of traditional Yb3+/Er3+ 

co-doped upconversion nanoparticle. Therefore in Chapter 4, our research regarding the 

construction of Cu2-xSe@NaYF4:Gd,Yb,Er hetero-nanostrucutre with surface plasmon 

resonance enhanced upconversion will be discussed. 

    Chapters 5 to 7 all originated from our effort to construct magnetically active 

pyrochlore-like metal-organic frameworks. Mineral pyrochlore such as Ho2Ti2O7, 

Dy2Ti2O7 and Pr2Ir2O7 are reported to possess unique “spin-ice” property, in which 

magnetic moments of paramagnetic ions are constrained along a single axis in the crystal 

lattice. However, single crystals this type of mineral materials are usually very difficult to 

grow thus limit their application and wide spread study of them. However, a few 

pyrochlore-like MOF backbone structures have been reported, which are much easier to 

synthesize compared to the mineral ones. They serve as a good alternative to mineral 

pyrochlore materials if constructed with paramagnetic metal ions or even with 
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paramagnetic metal ions doped at a significant level. We started with doping Gd3+ ions 

into pyrochlore-like MOF backbone of In(BDC)(HBDC). However, Gd3+ ions could not 

be effectively doped into In(BDC)(HBDC) MOF backbone but rather formed another 

MOF phase of Ln(BDC)1.5⋅DMF. Although without pyrochlore-like backbone, this 

unexpected MOF phase turns out to be very valuable as a lanthanide functional material 

platform. First it contains no luminescent quenching molecules and is therefore a good 

MOF backbone for phosphor materials. Also it is a very dense MOF with high metal to 

ligand mass ratio and therefore could serve as good magnetic cooling material when 

constructed with Gd3+. Chapter 5 discussed out exploration of the synthesis, luminescent 

properties and magnetic cooling properties of Ln(BDC)1.5⋅DMF MOF. 

    Besides In(BDC)(HBDC), Zn(INA)2 was also reported to be a pyrochlore-like MOF. 

Therefore the next project we took on is to doped paramagnetic Co2+ ions into Zn(INA)2 

MOF backbone and we successfully achieved that through single step solvothermal 

synthesis with mixed Co2+/Zn2+ as the metal ion precursor. Chapter 6 discussed this part 

of work in detail. During our exploration to further increase Co2+ doping through post-

synthetic metathesis, we found that instead of replacing Zn2+ ions in Zn(INA)2 backbone, 

solvated Co2+ ions actually etch Zn(INA)2 MOF crystal along different directions 

depending on the solvent being used. This opens up another research area of increasing 

the exposure of microporous structure inside MOF crystal through deliberate crystal 

etching. Chapter 7 discussed the corresponding work in detail. 
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CHAPTER 2 

SYNERGISTIC EFFECTS OF Ln (III) IONIC SIZE, HALIDE TEMPLATE 

ANIONIC SIZE and AMINO ACID SIDE GROUP HYDROPHILICITY ON THE 

NUCLEARITY OF LANTHANIDE HYDROXIDE CLUSTERS 

 

2.1 INTRODUCTION 

2.1.1 History Background of Lanthanide Clusters. 

      Early research on molecular lanthanide clusters has been dominated by typical 

organometallic synthesis under nonhydrolytic condition in which lanthanide clusters 

incorporating alkoxide-type or metallocene-type ligands are produced.1 Lanthanide 

clusters of this kind with various nuclearities ranging from tri-nuclear2 or tetra-nuclear3 

up to tetradeca-nuclear4 have been successfully synthesized. In stark contrast, the 

exploration of lanthanide clusters synthesized under hydrolytic conditions was much 

more rare in early times, with only some diamond-shaped dinuclear species Ln2(µ2-OH)2 

reported along as the product of “adventitious hydrolysis” without further thought. This is 

presumably due to the high oxophilicity of lanthanide ions making lanthanide hydroxides 

appear as intractable precipitate in aqueous media and therefore synthesis of lanthanide 

hydroxide complexes was not considered as “rational synthesis”. 

      However, during the late 1990s and early 2000s, as a few astonishing high nuclearity 

lanthanide hydroxide clusters were reported by Zheng5-8 and other scholars9,10, more and 

more interests of chemists started to shift toward synthesis of lanthanide hydroxide 

clusters under hydrolytic conditions since this synthesis is much more facile than that in 

traditional organometallic synthesis. Driven by the desire to develop better defined 
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lanthanide hydroxide cluster chemistry and to create novel lanthanide-containing 

functional materials, rationales on lanthanide hydroxide cluster formation have been 

proposed, with Zheng’s “ligand-controlled hydrolysis” rationale8 (Figure 2.1) as the most 

successful and widely accepted one.11 Simply speaking, in aqueous media with the 

existence of organic ligands, the coordination sphere of lanthanide ion is occupied by a 

combination of organic ligands and a number of aqua ligands. Upon increasing pH of the 

lanthanide aqueous solution, aqua ligands start to undergo deprotonation and resulting in 

lanthanide-bound hydroxo species. Because of the coordinative tendency and electrical 

unsaturation of the hydroxo groups, they naturally tend to seek another lanthanide ion to 

form aggregates of the mononuclear lanthanide hydroxides. Without the existence of 

organic ligands, mononuclear lanthanide hydroxide species aggregate with each other to 

form intractable lanthanide hydroxide precipitates. On the contrary, with the introduction 

of generally multidentate ancillary ligands to occupy part of the coordination sites on 

lanthanide ions, the number of available sites for aqua ligands and hydroxo groups is 

decreased and therefore the degree of hydrolysis and aggregation is limited, eventually 

producing finite-sized and structurally well-defined lanthanide hydroxide clusters. Ever 

since then, multi-nuclear lanthanide 4f or 3d/4f heterometallic hydroxide clusters with 

astonishingly high nuclearity up to 104 for pure 4f clusters67 and 136 for 3d/4f 

heterometallic clusters68 have been reported, including {Ln6},6 {Ln7},14 {Ln8},15 {Ln9},16 

{Ln10},17 {Ln12},18 {Ln13},19 {Ln14},20 {Ln15},5 {Ln22},21 {Ln24},22 {Ln26},23 {Ln36},24 

{Ln38},25 {Ln48},25 {Ln60}12 and {Ln2Cu8},26 {Gd36Ni12},27 {La20Ni30},28 {Ln42M10},29 

{Gd54Ni54}13. 
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Figure 2.1 The “ligand-controlled hydrolysis” rationale to synthesized lanthanide 
hydroxide clusters proposed by Zheng.8 Copyright 2001 Royal Society of Chemistry.  
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2.1.2 Amino Acids as the Controlling Ligands.     

      One class of the most comprehensively studied supporting ligands for lanthanide 

hydroxide clusters are amino acids, with the original and major contributions from Wang 

and Zheng.5-8,18,30,31 However, before Wang and Zheng’s seminal work5 reported in 1999, 

the research on lanthanide coordination chemistry with amino acids was dominated by 

synthesis of lanthanide amino acid complexes synthesized under low pH conditions 

which usually produced low nuclearity species or mononuclear lanthanide amino acid 

complexes.32,33 This is presumably due to the concern on formation of intractable 

lanthanide hydroxide precipitate under high pH conditions. 

      The interests of exploring α–amino acids as supporting ligands of lanthanide 

complexes originate from their close relation with enzymatic functional metal-containing 

nucleases.34 However considering the purpose of ligand-controlled hydrolysis to 

synthesize lanthanide hydroxide clusters, the advantages of amino acids also include: the 

flexible backbone rendering them feasible in a wide variety of coordination 

configurations; multiple coordinating groups available including carboxylate group, 

amine group and other functional groups on side chain capable of pre-occupying 

lanthanide ion coordination sites limiting the hydrolysis within the formation of finite 

molecular clusters; zwitterionic nature of amino acids under near neutral pH renders high 

solubility of the lanthanide hydroxide species in aqueous media making the synthesis 

possible under ‘high’ pH conditions. 

      Commonly observed basic unit motifs in these synthesized high-nuclearity clusters 

include the tetra-nuclear cubane-like cluster core formulated as [Ln4(µ3-OH)4]8+ (Figure 

2.2a) which could be viewed as two diamond-shaped lanthanide hydroxide dimers being 
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linked together with each other, and the penta-nuclear square pyramidal core formulated 

as [Ln5(µ4-OH)(µ3-OH)4]10+ (Figure 2.2b) and the hexa-nuclear octahedral core 

formulated as [Ln6(µ6-O)(µ3-OH)8]8+ (Figure 2.2c).  

 

Figure 2.2 Commonly observed tetra-nuclear (a), penta-nuclear (b) and hexa-nuclear (c) 
basic unit core structures in lanthanide hydroxide clusters (hydrogen atoms are omitted 
for the purpose of clarity). 
       
      The as-synthesized lanthanide hydroxide clusters are constructed through these basic 

unit cores connected to each other by either sharing common edges or linked together by 

amino acids. With different amino acids as the supporting ligands, distinct lanthanide 

hydroxide clusters with nuclearities ranging from four up to sixty have been successfully 

synthesized. Tetra-nuclear lanthanide hydroxide clusters featuring the cubane-like core 

structure have been found in synthesis with alanine, glycine, proline, serine and valine as 

supporting ligands.35 When amino acids bearing carboxylate group on side chain are used 

as supporting ligands, however, 3-D metal-organic frameworks (MOFs) constructed by 

tetra-nuclear cubane-like core motifs as secondary building blocks are obtained 

instead.7,36 Lanthanide hydroxide clusters with higher nuclearites including 12,7 14,37 155 

and finally the highest 6012 have also been obtained with tyrosine, serine and threonine as 

the protecting ligands (Figure 2.3).  
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Figure 2.3 Structures of discrete lanthanide hydroxide clusters with nuclearities of 12 (a), 
15 (b) and 60 (d) and 3-D metal-organic frameworks constructed from tetra-nuclear 
cubane-like core motifs (c).7,5,12,37 Copyright 2001 American Chemical Society. 
 

    In certain circumstances, completely distinct structures could be obtained even with the 

same amino acid as protecting ligand. For instance, although aspartic acid was reported to 

be effectively guiding the formation of 3-D metal-organic frameworks {[Dy4(µ3-

OH)4(asp)3(H2O)8](ClO4)2 ∙ 10H2O}n with tetranuclear lanthanide hydroxide cubane 

clusters as building blocks,36 another work later showed that with a higher ligand to metal 

ratio in the reactant under room temperature, discrete tetranuclear cluster [Er4(µ3-
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OH)4(asp)2(Hasp)3(H2O)7]Cl11∙5H2O was obtained instead.38 This is probably due to the 

fact that with a higher ligand to metal ratio, the coordination sites around lanthanide ions 

are pre-occupied by excess aspartic acid ligands. Although the deprotonation of 

coordinated aqua ligands under higher pH still facilitate olation between individual 

lanthanide ions to afford tetranuclear cubane clusters, bridging among cubane clusters 

through aspartate ligands is depressed. Therefore only discrete tetranuclear cubane 

clusters are obtained as the result instead. 

    Albeit fascinating and diverse lanthanide hydroxide cluster based structures have been 

obtained with different α-amino acids serving as the protecting ligands, the structure of 

unknown species with different lanthanide/amino acid combinations are yet highly 

unpredictable and the understanding of the role amino acids play in determining the 

structure is still in its infant stage.  

 

2.1.3 Anion Templating Effect in Cluster Formation. 

    Another interesting phenomena discovered by Zheng and coworkers is that anions with 

different sizes and geometries play a key role in guiding the formation of high nuclearity 

lanthanide hydroxide clusters. Although anion coordination chemistry has been well 

studied for decades,39-48 anion template effect for high nuclearity lanthanide clusters was 

not revealed until late 1990’s.5-8 After the seminal work of Cl- templated 

pentadecanuclear cluster [Eu15(Cl)(µ3-Tyr)10(µ3-OH)20(µ2-H2O)5(OH)12(H2O)8][ClO4]2-

∙56H2O with tyrosine as protecting ligand, intensive effort has then been devoted to 

exploring the template effect of various anions on lanthanide cluster formation. For 

example, O2- anion could effectively serve as a template in a µ6 coordination pattern for 
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hexanuclear lanthanide hydroxide clusters (Figure 2.4a),6 with certain lanthanide/ligand 

combinations Br- and I- anions demonstrate a similar template effect rendering 

pentadecanuclear lanthanide hydroxide clusters (Figure 2.4c) while under different 

conditions I- could also template the formation of dodecanuclear lanthanide hydroxide 

clusters (Figure 2.4b),8 and finally in the so far most astonishing example {Er60} 

cluster12, CO3
2- anion was also found to possess interesting template effect (Figure 2.4d).  

 

Figure 2.4 Anion template effect of µ6-O2- (a), µ4-I- (b), µ5-X- (X- = Cl-, Br- and I-) (c) 
and CO3

2- (d).6,12 Copyright 2000 American Chemical Society, Copyright 2009 American 
Chemical Society. 
 

    Unlike traditional coordination chemistry, 4f orbitals in lanthanide ions are highly 

shielded due to the lanthanide contraction effect and therefore could not effectively 

a b 

d c 
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participate in coordination. Moreover, some of the template ions like Cl-, Br- or I- are 

typical “soft” Lewis base and are considered to have little coordination-wise interaction 

with these “hard” Lewis acid lanthanide ions. Therefore most of the anion template effect 

is due to electrostatic interaction and could not be rationalized and predicted by the well-

developed theories and modeling of d-block transition metal coordination chemistry.49,50 

 

2.1.4 Introduction of the Work in This Chapter 

    Although various lanthanide hydroxide clusters of different nuclearity have been 

successfully synthesized and the reaction mechanism has been proposed, the rationale 

regarding their structure and nuclearity is still not completely clear. Considering that 

more and more high nuclearity lanthanide clusters have been found to be highly valuable 

in practical applications, including magnetic cooling,27-29,51-53 MRI contrast agents,37 

luminescent fluorophore54-56 and bio-imaging57, a comprehensive understanding of the 

roles ligands and templating anions play in determining lanthanide hydroxide cluster 

structure and nuclearity is very important for guiding rational design of lanthanide 

functional materials. 

    Here in this chapter, as a continuous effort exploring α-amino acids as protecting 

ligands for lanthanide hydroxide clusters, we report the synthetic and structural studies of 

8 closely related cubane-wheel complexes using L-histidine, yet another α-amino acid 

with a polar imidazolyl side group, as hydrolysis-controlling ligand with the hopes of 

providing further support to the afore-stated hypothesis.  In addition, by systematic 

studies using representative light, medium, and heavy lanthanide ions, we wish to 

correlate the identity (nuclearity and structure) of the resulting cluster complexes with the 
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size of the templating halide ions, a significant aspect of templated synthesis that has not 

been achieved by our previous work. Beside template effect, the role of groups on amino 

acid side chains of determining lanthanide hydroxide nuclearity is also evaluated. 

 

2.2 EXPERIMENTAL 

2.2.1 Materials  

    Chemicals were purchased from Sigma-Aldrich and were used as received.  The 

aqueous solutions of Ln(ClO4)3 (Ln = Nd, Gd, Er) were prepared by first digesting Ln2O3 

in 70% perchloric acid followed by dilution with de-ionized water to 1.0 M.  Elemental 

analyses (C, H, and N) were carried out by Numega Resonance Labs, Inc. (San Diego, 

California, USA). 

    Cautions: Perchlorates are potentially explosive and should be handled with great care 

and in small amounts. 

 

2.2.2 Preparation of [Nd15(µ5-Cl)(µ3-OH)20(His)10(H-His)4(H2O)10]⋅(ClO4)14⋅19H2O (1) 

(Note: H-His and His are abbreviations of zwitterionic and deprotonated forms of 

histidine, respectively). 

    A mixture containing L-histidine (0.620 g, 4.0 mmol), Nd(ClO4)3 (aq. 1.0 M, 16 mL), 

and NaCl (0.058 g, 1.0 mmol) was stirred with heating at about 80 °C.  To this solution 

was added NaOH (aq. 1.0 M) till the point of incipient but permanent precipitation.  The 

resulting mixture was then filtered while hot, and the filtrate was allowed to cool 

naturally in a vial covered with Parafilm.  The product was obtained as a pink crystalline 
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solid in 60% yield (based on histidine).  Anal. Calcd for C84H176Cl15Nd15N42O124 (FW = 

6453.9): C, 15.63%; H, 2.73%; N, 9.12%. Found: C, 15.63%; H, 2.74%; N, 9.14%. 

 

2.2.3 Preparation of [Nd15(µ5-Br)(µ3-OH)20(His)10(H-His)4(H2O)11]⋅(ClO4)14⋅18H2O (2). 

    With the substitution of NaBr (0.101 g, 1.0 mmol) for NaCl, compound 2 was prepared 

by an otherwise identical procedure as describe above, in 50% yield (based on histidine).  

Anal. Calcd for C84H188BrCl14Nd15N42O130 (FW = 6606.4): C, 15.27%; H, 2.84%; N, 

8.90%. Found: C, 15.07%; H, 2.68%; N, 8.73%. 

 

2.2.4 Preparation of [Nd15(µ5-I)(µ3-OH)20(His)10(H-His)4(H2O)10]⋅(ClO4)14⋅10H2O (3). 

    With the substitution of NaI (0.149 g, 1.0 mmol) for NaCl, compound 3 was prepared 

by an otherwise identical procedure as described for compound 1, in 45% yield (based on 

histidine).  Anal. Calcd for C84H176Cl14INd15N42O124 (FW = 6545.35): C, 15.40%; H, 

2.69%; N, 8.98%. Found: C, 15.25%; H, 2.20%; N, 8.87%. 

 

2.2.5 Preparation of [Gd15(µ5-Cl)(µ3-OH)20(His)10(H-His)4(H2O)6(C5H8N3)] ⋅(ClO4)10 ⋅-

Cl3⋅15H2O (4). 

    This compound was prepared following the procedure for compound 1 but using an 

aqueous solution of Gd(ClO4)3 (1.0 M) in place of Nd(ClO4)3.  The product was obtained 

as a colorless crystalline solid in 55% yield (based on histidine).  Anal. Calcd for 

C89H186Cl14Gd15N45O109 (FW = 6483.75): C, 16.47%; H, 2.87%; N, 9.72%. Found: C, 

16.00%; H, 2.50%; N, 9.39%. 
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2.2.6 Preparation of [Gd15(µ5-Br)(µ3-OH)20(His)10(H-His)4(H2O)6]⋅(ClO4)14⋅12H2O (5). 

    This compound was prepared following the procedure for compound 2 but using an 

aqueous solution of Gd(ClO4)3 (1.0 M) in place of Nd(ClO4)3.  The product was obtained 

as a colorless crystalline solid in 50% yield (based on histidine).  Anal. Calcd for 

C84H172Cl14BrGd15N42O122 (FW = 6655.75): C, 15.14%; H, 2.58%; N, 8.83%. Found: C, 

15.12%; H, 2.38%; N, 8.91%. 

 

2.2.7 Preparation of [Er15(µ5-Cl)(µ3-OH)20(His)10(H-His)4(H2O)6]⋅Cl4⋅(ClO4)10⋅26H2O (6). 

    This compound was prepared following the preceding procedure for compound 1 but 

using an aqueous solution of Er(ClO4)3 (1.0 M) in place of Nd(ClO4)3.  The product, a 

light-pink crystalline solid, was obtained in 55% (based on histidine).  Anal. Calcd for 

C84H200Cl15Er15N42O120 (FW = 6757.4): C, 14.91%; H, 2.95%; N, 8.70%. Found: C, 

14.90%; H, 3.16%; N, 8.69%. 

 

2.2.8 Preparation of [Er15(µ5-Br)(µ3-OH)20(His)10(H-His)4(H2O)6] ⋅Br2 ⋅Cl2 ⋅ (ClO4)10 ⋅ -

18H2O (7). 

    This compound was prepared following the preceding procedure for compound 6 but 

with NaBr (0.202 g, 2.0 mmol) in place of NaCl.  The product was obtained as a light-

pink crystalline solid in 65% (based on histidine).  Anal. Calcd for 

C84H184Br3Cl12Er15N42O112 (FW = 6748.61): C, 14.95%; H, 2.75%; N, 8.72%. Found: C, 

14.86%; H, 2.33%; N, 8.60%. 
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2.2.9 Preparation of [Er12I2(µ3-OH)16(His)8(H2O)20]⋅(ClO4)10⋅16H2O (8). 

    This compound was prepared following the preceding procedure for compound 6, but 

with NaI (0.149 g, 1.0 mmol) in place of NaCl.  The product was obtained as a light-pink 

crystalline solid in 40% yield (based on histidine).  Anal. Calcd for 

C48H152I2Cl10Er12N24O108 (FW = 5409.3): C, 10.66%; H, 2.83%; N, 6.21%. Found: C, 

10.52%; H, 2.31%; N, 6.04%. 

 

2.2.10 X-ray Crystallography. 

    Crystallographic data were collected on a Bruker SMART 1000 CCD diffractometer 

using graphite monochromatized Mo Kα radiation (λ = 0.71073 Å) at 100(2) K for 3, 4, 

and 5, 120(2) K for 1 and 8, 223(2) K for 7, 230(2) K for 2 and 6.  Absorption corrections 

were applied using the multiscan program SADABS.58 The structures were solved by 

direct methods (SHELXTL),59 and the non-hydrogen atoms were refined anisotropically 

by full-matrix least-squares method on F2.  The hydrogen atoms of organic ligand were 

generated geometrically (C-H = 0.98 Å, aromatic 0.95Å). 

 

2.3 RESULTS AND DISCUSSION 

2.3.1 Preparation of Compounds. 

    The synthesis of compounds 1-8 followed a procedure reported previously,5-7,12 

different only in the use of L-histidine as the supporting ligand.  Satisfactory elemental 

analyses (CHN) have been obtained that are consistent with the formulation by 

crystallographic studies (see below).  In one of the complexes (4), structural analysis 
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revealed the presence of a histamine ligand whose formation, though unexpected, may be 

due to the decomposition of a histidine ligand under the reaction conditions (Supporting 

Information).  The conversion of histidine to histamine in the present work is quite 

interesting as in biological systems, such a process is catalyzed by histidine decarboxylase 

with the help of vitamin B6 (Scheme 2.1).60 We note that in situ ligand transformation in 

ligand-controlled hydrolysis of lanthanide ions, though not well understood, has 

previously been reported.12,61,62 

 

Scheme 2.1 The decarboxylation reaction of histidine into histamine. 

 

2.3.2 Crystal Structures of Compounds 1-8. 

    All compounds have been structurally characterized by single-crystal X-ray diffraction 

studies.  Except for some minor differences in the coordination of the histidine ligands, 

compounds 1-7 share a common wheel-like structure composed of five corner-sharing 

cubane units of [Ln4(µ3-OH)4]8+ centering around a µ5-Cl-, µ5-Br- or µ5-I- as previously 

observed in the case of tyrosinate ligand,5,18 and shown in Figure 2.5 is the structure of 

complex 1 as a representative of the pentadecanuclear complexes. 

    The organic ligands in the pentadecanuclear complexes occupy two distinct locations 

with respect to the cluster core, namely on the two sides of the wheel and along its rim.  

In the structure of the representative complex 1, there are 10 side-capping His ligands, 5 
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on each side of the wheel-like core (Figure 2.6), displaying exclusively a µ3:η1,η2,η1,η1 

mode with simultaneous participation of the carboxylato and amino groups as well as the 

 

 

Figure 2.5 Crystal structure of the cationic pentadecanuclear complex 1 viewed in the 
direction of the wheel rim (left) and along the direction of the wheel side (right).  Color 
legends: C, gray; N, blue; O, red; Nd, green; Cl, yellow. 
 
 
 
 

 

Figure 2.6 A fragment of two corner-shared [Nd4(µ3-OH)4]8+ units with the showing of a 
µ3:η1,η2,η1,η1 mode of the side-capping histidinate ligand (left); and a cubane unit with 
the showing of a bridging mode of the ligands along the outer rim of the cluster wheel.  
Color legends: C, grey; N, blue; O, red; Nd, green. 
 
side-chain imidazolyl group in metal coordination (Figure 2.6).  We note that with the 

sole exception of complex 4, the rim-surface metal atoms in 4 out of the 5 component 
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cubanes are coordinated; exclusively by bridging H-His ligands for complexes 1-3 and 5, 

but in both bridging and monodentate modes, two for each, for complexes 6 and 7 

(Figure 2.7).  Complex 4 is unique in that in addition to four bridging ligands, one rim-

surface Gd(III) in the fifth cubane is coordinated by the amino group of a monodentate 

histamine ligand, whereas the other Gd(III) within the same cubane is not coordinated by 

any rim-bound organic ligands (Figure 2.8). 

 

 

Figure 2.7 The coordination modes of rim histidine ligands (two bridging and two 
monodentate) in compound 6 and 7. 
 

 

Figure 2.8 The coordination mode of in situ formed histamine ligand in compound 4. 
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    Compound 8 is unique, featuring a dodecanuclear cluster core that consists of four 

corner-sharing [Er4(µ3-OH)4]8+ units with two I- ions, one sitting above and the other 

below the plane of the cubane wheel (Figure 2.9).  There are only 8 His ligands, 4 on 

each side of the wheel structure and exclusively in a µ3:η1,η2,η1 mode (Figure 2.10) that 

is identical to the one observed previously for tyrosinate ligand;5,18 neither His nor H-His 

ligands are present along the rim of complex 8. 

 

Figure 2.9 Crystal structure of cationic dodecanuclear complex 8 viewed in the direction 
of the wheel rim (left) and along the direction of the wheel side (right).  Color legends: C, 
grey; N, blue; O, red; Er, green; I, purple. 
 

 

Figure 2.10 A fragment of two corner-shared [Er4(µ3-OH)4]8+ units with the showing of a 
µ3:η1,η2,η1 mode of the side-capping histidinate ligand.  Color legends: C, grey; N, blue; 
O, red; Er, green. 
!
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    The metric values of the core parameters of complexes 1-3, representative of the 

pentadecanuclear complexes templated by different halide ions and those of the unique 

dodecanuclear complex 8 are collected in Table 2.2.  The Ln-O and Ln-N bond lengths 

and the Ln-O-Ln and O-Ln-O angles within the cubanes fall in the corresponding normal 

ranges reported for similar complexes.7,18,63 Crystal data for all complexes are deposited 

in Table 2.1. 

Table 2.2 Selective interatomic distances (Å) and angles (deg) for complexes 1-3 
and 8. 

Complex 1 2 3 8 

 
Ln-O(µ3-OH) 

 
2.427(4)-
2.534(4) 

 
2.405(5)-
2.516(6) 

 
2.423(6)-
2.521(6) 

 
2.306(8)-
2.406(8) 

Average 2.479 2.460 2.462 2.349 

Ln-O 
(carboxylato) 

2.394(6)-
2.649(4) 

2.394(7)-
2.621(6) 

2.419(7)-
2.624(6) 

2.333(7)-
2.551(9) 

Average 2.540 2.520 2.518 2.438 

Ln-N 2.588(6)-
2.689(5) 

2.524(8)-
2.682(11) 

2.629(9)-
2.583(11) 

2.599(11)-
2.561(10) 

Average 2.647 2.625 2.600 2.560 

Ln-X 3.313(1)-
3.379(1) 

3.323(1)-
3.366(1) 

3.362(1)-
3.392(1) 

5.033(1)-
5.038(1) 

Average 3.350 3.349 3.386 5.036 

Ln-O(µ3-OH)-Ln 97.9(2)-
113.1(2) 

98.1(2)-
113.2(2) 

99.1(2)-
113.2(2) 

92.7(3)-
109.6(3) 

Average 105.9 106.1 106.3 103.0 

O(µ3-OH)-Ln- 
O(µ3-OH) 

65.4(1)-
73.4(1) 

65.7(2)-
76.1(2) 

66.0(3)-
79.0(2) 

69.4(2)-
79.0(4) 

Average 71.1 70.6 70.7 73.5 
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2.3.3 Anion Template Effect. 

    The templating role of Cl- and Br- ions in the assembly of pentadecanuclear cluster 

complexes with tyrosinate ligands has previously been established.5,18 We found that with 

light/medium lanthanide ions, including Pr(III), Nd(III), Eu(III), and  Gd(III), only 

pentadecanuclear cluster complexes featuring a µ5-Cl- or µ5-Br- were obtained, while for 

two heavier lanthanide ions, Dy(III) and Er(III), only dodecanuclear complexes with two 

I- guests were isolated.  Intuitively the right fit or lack thereof between a halide ion and 

the cavity of the cubane-wheel was suspected to be the key consideration in the assembly 

of such complexes, but firm evidence based on the combination of the same lanthanide 

ion and all three different-sized halide ions was not available.  Also lacking is the 

“discrimination” of one particular halide ion, in particular the bulky I- ion against 

lanthanide ions with systematically changed size.  In the present work, we have obtained 

these two pieces of much needed information in the obtainment of three sets of cluster 

complexes with the use of Nd(III), Gd(III), and Er(III) representing respectively light, 

medium or borderline, and heavy lanthanide ions, in the presence of three different halide 

ions, with which the template effects of the halide ions are firmly established.  

Pentadecanuclear complexes of Nd(III) templated by µ5-Cl-, µ5-Br-, and µ5-I- were 

obtained.  As these closely related cluster complexes differ only in the size of the halide 

templates, the nature of the cluster complex can be unambiguously correlated to the bulk 

of the template; in the present case, the average distances between different halide ions 

and the shared Nd(III) ions are 3.350, 3.349, and 3.386 Å for Cl-, Br-, and I-, respectively, 

all being significantly longer than the respective sum of the ionic radii of Nd(III) and the 

halide ions and reflecting the primarily ionic nature of the Ln-X bonding.  As such, the 



! 68!

halide ion can fit into the cavity of the wheel, which is indeed verified experimentally 

(Entries 1-3, Table 2.3).64,65 Even so, space-filling models shown in Figure 2.11 do reveal 

recognizable albeit subtle differences in the separation between the halide template and 

the surrounding O and Nd atoms.  Note that compound 3 is the first and only known 

example of an I--containing wheel-like pentadecanuclear complex. 

 

Table 2.3 Comparison between Ln-X distance and ionic radii for complexes 1-7. 

Complex average Ln-X (Å) r(Ln3+) (Å) r(X-) (Å) r(Ln3+) + r(X-) 
 

 

1 

 

3.350 

 

0.98 

 

1.81 

 

2.79 

2 3.349 0.98 1.96 2.94 

3 3.386 0.98 2.20 3.18 

4 3.229 0.94 1.81 2.75 

5 3.261 0.94 1.96 2.90 

6 3.207 0.89 1.81 2.70 

7 3.181 0.89 1.96 2.85 

 

 

 

Figure 2.11 Space-filling models of complexes 1, 2, and 3 constructed using the precise 
ionic radii of Nd3+ (0.98 Å), Cl- (1.81 Å), Br- (1.96 Å), and I- (2.20 Å). 
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    When the hydrolysis of the sizably smaller Er(III) under otherwise identical reaction 

conditions was carried out, pentadecanuclear complexes, 6 and 7, with the respective use 

of Cl- and Br- as template were obtained.  The Er-X (X = Cl-, Br-) distances are also much 

longer than the respective sum of the ionic radii of Er(III) and the halide ions (Entries 6 

and 7, Table 2.3).  Despite our multiple attempts, an analogous I--templated 

pentadecanuclear complex eluded us.  Instead, a dodecanuclear complex 8 was isolated 

with the incorporation of two I- ions as shown in Figure 2.9; the pentagonal cavity with a 

size of 3.194 Å (averaged over complexes 6 and 7) is putatively not large enough for the 

encapsulation of the bulky I- ion (The sum of the ionic radii of Er(III) and I- is 3.09 Å.).  

It needs to be noted that although the formation of the templates clusters may be 

rationalized in terms of the ability of a “preformed” cluster wheel for subsequent 

accommodation of the halide guest, it is the anion that serves as a kinetic template in the 

assembly of the wheel-like cluster complex because in the absence of a halide ion, 

hexanuclear lanthanide hydroxide cluster complexes with an interstitial µ6-O2- were 

isolated rather than the cluster-wheel complexes.6,18,66  

    Considering the larger size of the µ3-OH groups that make up, together with the inner 

and shared lanthanide ions, the inner rim of the wheel structure, a better argument of the 

halide-cavity fit may invoke the electrostatic repulsion between the center-occupying 

halide ion and the triply bridging hydroxo groups (Figure 2.12).  The interatomic 

distances and the sum of the ionic radii of O2- and the halide ions in the pentadecanuclear 

complexes of Nd(III), Gd(III), and Er(III) are collected in Table 2.4.64,65 In the complexes 

of Nd(III) (1-3), the average µ3-OH-cavity center distance is 3.351 Å, longer than any of 
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the sum of r(X-) and r(O2-).  Not surprisingly, pentadecanuclear Nd(III) complexes 

incorporating all three different halide templates were obtained.  In the case of Gd(III) 

and Er(III), the µ3-OH-to-wheel center distances are 3.230 and 3.195 Å, respectively, and 

both are longer than the sums of r(X-) (X = Cl and Br) and r(O2-), but shorter than that of 

r(I-) and r(O2-), that is 3.32 Å.  As such, the formation of the pentadecanuclear complexes 

of Gd(III) (4 and 5) and Er(III) (6 and 7) with the incorporation of Cl- and Br- ion can be 

anticipated, and were indeed isolated, but the analogous I--containing complexes was not. 

Table 2.4 The µ3-O-to-cavity center distance and ionic radii sum of O2- and X-. 

Ln  avg. µ3-O to center distance (Å) r(X-) (Å) r(O2-) (Å) r(X-) + r(O2-) (Å) 
 

Nd 3.351 (complexes 1-3) Cl- 1.67 1.26 2.93 

Gd 3.230 (complexes 4 and 5) Br- 1.82 1.26 3.08 

 Er 3.195 (complexes 6 and 7) I- 2.06 1.26 3.32 

 

 

Figure 2.12 The core structure of pentadecanuclear wheel; the orange dashed line 
represents the distance between the halide anion and the oxygen atom of the inner µ3-
hydroxo groups, which are connected to the inner lanthanide atoms. 
 

    The assembly of the I--containing complex 8 remains to be rationalized.  Previously a 

template-free dodecanuclear complex with the same cluster core of four vertex-shared 
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cubane units was isolated when EDTA was used as the hydrolysis-limiting ligand.8 The 

presence of another template-free tetracubane motif, though not standalone, has also been 

recognized in the recently reported cage-like cluster consisting of 24 cubane units.12 

These literature precedents suggest that the operation of a template is not essential to the 

assembly of the wheel-like tetracubane clusters and that the observed presence of the two 

I- ions is probably due to the attractive interactions with the four µ3-OH groups following 

the formation of the template-free cluster wheel.  The distance between the iodide ion and 

the hydrogen atoms of the µ3-OH groups is 2.594 Å.  This distance is almost the same as 

the sum of the ionic radii of I- (2.20 Å) and H+ (0.30 Å),64,65 indicating a very compact 

core structure.  Thus, the incorporated I- ions should be more appropriately termed as 

“guests” rather than authentic templates. 

    If the above arguments hold, then an interesting question arises, that is, even a 

pentadecanuclear Gd(III) complex with a µ5-I- template fail to form because the anion is 

too large to be squeezed into the wheel, but why can the reaction produce a 

dodecanuclear cluster complexes like 8 with the incorporation of two I- guests?  With no 

concrete experimental evidence, we may submit that with a “borderline” metal ion like 

Gd(III) in terms of its size for cluster assembly, assembly of the complexes may be 

“frustrated” between the two possibilities, namely a pentadecanuclear and a 

dodecanuclear clusters.  Indeed, despite our repeated efforts, for Eu(III) in our previous 

work with tyrosinate ligands5,18 and for Gd(III) in the present research, both the 

pentadecanuclear complexes featuring a µ5-I- template and the dodecanuclear cluster-

wheel with two µ3-OH-associated I- guests have eluded us.  Interestingly, this point of 

“breakdown” of cluster assembly along the transition from lighter and larger lanthanide 
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ions to their heavier and smaller counterparts coincides with the position that divides the 

light and heavy lanthanides. 

 

2.4 CONCLUSIONS AND SUMMARY 

    A series of polynuclear lanthanide hydroxide complexes were synthesized by 

controlled hydrolysis of the metal ions in the presence of supporting histidine ligands.  

All compounds were structurally characterized by single-crystal X-ray diffraction studies.  

Depending on the combination of the lanthanide ion and the added alkali halides, 

pentadecanuclear and dodecanuclear complexes featuring cluster-type lanthanide 

hydroxide cluster cores composed respectively of 5 and 4 corner-shared cubane units of 

[Ln4(µ3-OH)4]8+ were produced.  Together with the results from our previous work of 

cluster assembly by tyrosine-limited lanthanide hydrolysis, the template effects of the 

halide ions are firmly established with the following specific conclusions: 

Amino acids are a unique class of supporting ligands for the controlled hydrolysis of the 

lanthanide ions, with polynuclear complexes characterized by well-defined cluster-type 

hydroxide core motifs being the usual products. 

With amino acids bearing polar side groups (serine, tyrosine, histidine, and threonine), 

the controlled hydrolysis favors the assembly of higher-nuclearity complexes in 

comparison with the products using other amino acid ligands.  This observation may be 

rationalized in terms of the enhanced solubility of the lanthanide-hydroxo intermediates 

on way to the ultimate product complexes.   

In addition to the nature of the amino acid ligands, the nuclearity and specific structure of 

the multi-cubane clusters are critically dependent on the lanthanide and the added halide 
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ions, and more specifically, their relative size or bulk.  It has been found that lighter and 

larger lanthanide ions favors the formation of pentadecanuclear complexes whose 

assembly is templated by all three halide ions.  For heavier and smaller lanthanide ions, 

in the absence of a powerful template such as Cl- or Br-, dodecanuclear complexes are 

formed, and if available, I- ions can be incorporated as guests.   

For lanthanide ions with intermediate size such as Eu(III) and Gd(III), all attempts to 

obtain I--containing cluster complexes, regardless of their nuclearities, have not been 

successful, possible an indication of the “frustration” experienced by theses ions in 

making two closely related complexes; such a metal ion is somewhat too large to be a 

viable template for the making of a pentadecanuclear complex, but also too large to favor 

the template-free formation of a dodecanuclear complex when compared with Er(III). 
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CHAPTER 3 

ER(III) DOPED NARROW BANDGAP SEMICONDUCTOR COPPER 

SELENIDE NANOPARTICLE FOR HIGHER UP-CONVERSION EFFICIENCY 

 

3.1 INTRODUCTION 

3.1.1 History Background of Up-Conversion Materials. 

    Up-conversion is an anti-Stokes type process in which two or more photons are 

absorbed subsequently followed by single photon emission with shorter wavelength 

therefore higher energy than the excitation source (Figure 3.1).  

 

Figure 3.1 A schematic illustration of up-conversion process. 
!
    The prototype of up-conversion was first proposed by Bloembergen in 1959 for solid 

state IR quantum counter.1 Seven years later, Auzel serendipitously observed up-

conversion for the first time when he was studying Yb3+ and Er3+/Ho3+/Tm3+ co-doped 
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sodium yttrium tungstate glass.2,3 Ever since then, the properties and mechanism have 

been systematically studied.4-11 

 

3.1.2 Applications of Up-Conversion Materials in Bio-Imaging. 

    Besides interests from fundamental academic research society,12-16 up-conversion 

materials have also attracted the attention from biomedical society due to their unique 

optical properties, with a major focus on bio-imaging.  

    In vivo bio-imaging for accurate disease diagnosis is emerging as a very crucial field 

as the medical society has recognized the importance of early stage diagnosis and therapy, 

which is much more effective and under-control, of serious diseases like cancer and 

neuronal disorders. For example, one report showed that patients diagonosed with 

ovarian cancer at stage one showed a 3.1 times higher five-year survival rate after 

appropriated treatment than those who are diagnosed at stage III.28 Various different in 

vivo imaging techniques have been developed for a more efficient and accurate diagnosis, 

such as magnetic resonance imaging (MRI), positron emission tomography (PET) and 

computed tomography (CT). Although each of these techniques possesses advantages on 

certain aspects, they are all also accompanied with certain drawbacks either in sensitivity, 

resolution or the practical cost of instrumentation. For example, MRI could give 

anatomical information of soft tissue with high resolution but its performance is hindered 

by its relatively low sensitivity. On the other hand, although PET gives reasonable high 

sensitivity, its special resolution is low. Therefore, optical in vivo imaging is being 

studied as a very promising alternative with facile imaging operation, high resolution,29-33 

and low cost34-38. The two major elements for optical imaging are the fluorophore 
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material which can emit detectable photon upon excitation, and their corresponding 

excitation source. Most studied fluorophores include: molecular fluorophores such as 

small organic dye molecules or fluorescent proteins; semiconductor quantum dots (QDs); 

and upconversion nanoparticles (UCNPs). Researches have indicated that UCNPs are the 

type of most advantageous fluorophores for in vivo bio-imaging among the three. 

 

Figure 3.2 A schematic illustration of the bio-tissue penetration capability of UV, visible 
and NIR light.22 Copyright 2014 Royal Society of Chemistry. 
 

    The first and most obvious advantage of UCNPs lies on their excitation source. UCNPs 

usually employ near infra red (NIR) excitation source and emit visible light,39-41 while 

molecular fluorophores and QDs usually utilize ultra violet (UV) excitation source. NIR 

usually possess much deeper penetration into bio-tissue compared to UV light (Figure 

3.2).42,43 Therefore fluorophores based on UV excitation source are only limited to 

surface tissue imaging while UCNPs based on NIR excitation source are also capable of 

deep tissue imaging. 
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    The second advantage of UCNPs is their superior photostability. Photostability 

involves two concepts: anti-photoblinking and anti-photobleaching. Photoblinking is a 

phenomenon in which the fluorophore experience an on-off photoluminescence 

fluctuation even under continuous excitation.44 QDs fluorophores are notorious for 

photoblinking,45,46 which cause series of problems when it comes to continuous real-time 

imaging with high temporal resolution at millisecond or microsecond. In comparison, 

UCNPs are proven to show no photobleaching even from a single particle.44,47,48 As for 

photobleaching, fluorophores like organic dye or fluorescence protein will permanently 

lose their luminescent properties after a certain period of excitation, presumably due to 

degradation of fluorophore cuased by excessive energy input from excitation. However, 

inorganic UCNPs show a much better anti-photobleaching ability,49 which excludes the 

limitation on imaging time frame. 

    Another advantage of UCNPs over molecular fluorophores and QDs is the exclusion of 

photo damage towards bio-tissue and bio-tissue autofluorescence during imaging 

operation. Similar to the case of organic molecule photobleaching, under typical UV 

excitation source utilized for molecular fluorophores or QDs, bio-tissue tends to 

experience irreversible degradation into damaged tissues, while under NIR excitation 

source for UCNPs, absorption by bio-tissue is minimal which excludes the possibility of 

large energy input towards bio-tissue and further photo damage.50 On the other hand, 

typical bio-tissue gives out autofluorescence under UV excitation, which brings in 

fluorescence “noise” and highly reduce the signal to noise ratio. In comparison, NIR 

photons could not effectively excite bio-tissue thus the autofluorescence is avoided. For 

example, in a comparison experiment (Figure 3.3),51 although QDs possess high quantum 
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yield, due to the high signal to noise ratio of UCNPs, UCNPs give a one order of 

magnitude higher sensitivity compared to QDs for mice tumor imaging. 

 

Figure 3.3 Comparison in vivo imaging experiments on mice between UCNPs and QDs: 
a) white light image of a mouse injected with UCNPs; b) in vivo upconversion imaging 
of the same mouse in a; c) white light image of a mouse injected with QDs; d) 
luminescence imaging of the mouse in c.51 The red luminescence comes from imaging 
fluorophore while the green luminescence in d is autofluorescence from tisse. Copyright 
2010 Tsinghua University Press and Springer-Verlag Berlin Heidelberg. 
 

    Besides their advantages over molecular fluorophores and QDs for optical imaging, 

UCNPs also serve as good platforms for integrated multimodal in vivo imaging, which 

could combine the advantages of different imaging modes as well as correct errors 

brought by certain single imaging mode. Most UCNPs are made of lanthanide doped 

fluoride nanocrystals. Due to the lanthanide contraction effect, all the trivalent lanthanide 

ions possess very similar ionic radius and chemical properties. Therefore various 

lanthanide ions with different functions could be easily co-doped into the lattice within a 

single UCNP, making it multi-functional. For example, Gd3+ ion, which is the most 

efficient T1 MRI contrast agent component, has been doped into Er3+, Yb3+ co-doped 

UCNPs for optical/MRI dualmodal in vivo imaging.52,53 
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3.1.3 Applications of Up-Conversion Materials in Solar Cell. 

    Recently people have also discovered the potential applications of upconversion 

materials in clean energy. In all countries around the world, especially developed 

countries, the energy supply relies largely on the use of stored energy, mainly fossil fuels 

in the form of coal, oil or natural gas. The use of these energy sources to satisfy our 

demand will eventually lead to two problems: the depletion of fossil fuels (within 100 

years) and greenhouse effect. Therefore new energy sources that are clean and renewable 

are being developed, including wind energy,54 hydropower,55 biomass energyand56 solar 

energy,57 with the latter being the most sufficient. The energy being consumed around the 

world every year is 13.2×109 t coal equ. The sun is giving 1.8×1014 t coal equ per year to 

the earth. If we can utilize only a tiny portion of the solar energy arriving to the earth, our 

energy demand can be largely satisfied.  

 

Figure 3.4 Basic working mechanism for solar cell. 
 
    In order to utilize solar energy, people have developed different types of solar cells, 

including inorganic semiconductor solar cell,58,59 organic solar cell60,61 and hybrid solar 

cell.62,63 Although the materials used to fabricate these solar cells are different, the basic 
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working mechanism is the same. Incident photons will excite electrons from the valence 

band (for semiconductor) or the highest occupied molecular orbital (HOMO, for organic 

material) to the conduction band (for semiconductor) or lowest un-occupied molecular 

orbital (LUMO, for organic material) while leave a hole with positive charge in valence 

band or HOMO, thus forming an exciton. By further applying heterojunctions onto the 

charge producing material, the excited electron will be subtracted out of the solar cell and 

conducted into the outer circuit (Figure 3.4).  

    However, one of the key challenges of solar cell is spectral mismatch with solar light. 

Spectral mismatch occurs when part of the incident light energy cannot be utilized to 

generate electric energy due to the mismatch between the material band gap and the 

incident light energy.64 When a photon with energy higher than the material band gap 

irradiates onto the solar cell, the excited state will first decay to the conduction band edge 

before the charges are separated. In that case part of the energy is converted to crystal 

lattice vibration through the non-radiative decay process. To solve this problem, down-

conversion material is utilized to convert one higher energy photon to two lower energy 

photons which can just excited the electron to the conduction band edge.  

    When a photon with energy lower than the material’s band gap irradiates onto the solar 

cell, its energy is not sufficient to excite electron from the valence band to the conduction 

band or from the HOMO to the LUMO, therefore the energy cannot be absorbed at all. 

Solar cell materials with appropriate band gaps to utilize long wavelength light are 

usually of high cost, for example single crystalline silicon (1.12 eV) or GaAs (1.0 eV). 

Most lost cost solar cell material have rather large band gap and are not able to utilize 

long wavelength visible light and IR, for example TiO2 (3.0-3.2 eV), CdS (2.5 eV), which 
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generally can only utilize light with wavelength shorter than 600 nm, which only takes 

less than 49% of the solar spectrum (Figure 3.5). 

 

Figure 3.5 Solar spectrum outside atmosphere as well as at sea level. 
 

    In order to solve the spectral mismatch, upconversion materials have been introduced 

into solar cell to make good use of energy from NIR or IR light. The setup is shown in 

Figure 3.6. Since NIR or IR photon have a much better penetration capability, the 

upconversion layer is applied beneath the solar cell with a rear reflector. When light 

shines onto solar cell, UV-Vis photons are harvested by corresponding p-n junctions 

leaving NIR and IR photons passing through, and arriving at the upconversoin layer, 

where these photons are harvested and converted into UV-Vis photons. Then the 

generated UV-Vis photons are reflected by rear reflector back into solar cell and utilized. 

    So far there have been a lot of work applying upconversion materials into solar cell to 

utilize low energy photon and increase solar cell efficiency. For examples, Er3+ or Ho3+ 

doped NaYF4,65-67 LiYF4,68 BaYF5,69 LiYbF4,70 LnF3 (Ln=La-Lu),71-75, MF2 (M=Ca, Sr, 

Ba),76-78 ZrO2,79 and Gd2(MoO4)3.80 
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Figure 3.6 The arrangement of upconversion layer in solar cell. 
 

3.1.4 Upconversion Mechanism 

    The dominant up-conversion process is called energy transfer up-conversion (ETU).81 

In a typical ETU process, two neighboring up-conversion centers are excited to a 

metastable level E1 by two photons, respectively. Then a non-radiative energy transfer 

process promotes one of the up-conversion centers to an upper emitting state E2 while the 

other one relaxes back to the ground state (Figure 3.7).82  
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Figure 3.7 Schematic illustration of energy transfer upconversion (ETU) mechanism. 
!
!
    There are several factors influencing upconversion efficiency. As discussed above, the 

final emitting state is populated through an energy transfer process in the dominant ETU 

mechanism. Therefore the higher energy transfer possibility, the higher up-conversion 

efficiency. The possibility of energy transfer can be expressed by Equation 3.1.81 In 

Equation 3.1, pSA represents the energy transfer probability. R is the distance between 

neighboring up-conversion centers. R0, a constant, is for the critical transfer distance. τS 

is the lifetime of the sensitizing state (the state from which the energy is transferred to 

another up- conversion center).  

                                                     !!" =
(!! !)! !!                                 Equation 3.1 

    The higher the concentration of up-conversion centers in the material, the shorter the 

distance between neighboring up-conversion centers. From Equation 3.1, it can be 

concluded that the higher energy transfer probability. However, if up-conversion center 

concentration is too high there will be deleterious cross-relaxation, resulting in non-

radiative quenching of the excited state. Therefore, the optimized up-conversion center 
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concentration can neither be too low nor too high.  

    Since the concentration of up-conversion center cannot be too high, the up-conversion 

centers are dispersed in certain host materials. The requirement for host material is low 

phonon energy. Host materials with higher phonon energy tend to convert the absorbed 

photon energy to lattice vibration more significantly.83 

    Also, from Equation 3.1, it can be concluded that the shorter the lifetime of the 

sensitizing state, the higher the energy transfer probability it is. Because by shortening 

the sensitizing state, competition from other decay processes of the sensitizing state to the 

energy transfer process will be decreased, therefore energy transfer probability is higher.  

    Lanthanide (Ln3+) ions, except La3+, Ce3+, Yb3+ 
and Lu3+, usually have more than one 

4f excited energy level which fulfills the requirement of multiple metastable levels for 

un- conversion.81 Besides, the 4f electrons of Ln3+ are well shielded by outer 5s and 5p 

electrons, resulting in weak coupling of 4f electrons with external environment (phonons, 

ligand orbitals, etc.), which minimize the influence of the external environment on the 

electronic state structure of Ln3+, therefore the up-conversion properties will also be less 

influenced by external environment.  

    The most widely used up-conversion lanthanide ion for solar cell is Er3+. The Er3+ can 

be excited by one near-IR 980 nm photon from 4I15/2 ground state to 4I11/2 metastable 

state, followed by the excitation by another 980 nm photon to 4F7/2 state (Figure 3.8a). 

After the excitation, through radiative decay, Er3+ can emit green and red photons (Figure 

3.8b).  



! 85!

 

Figure 3.8 a) Schematic illustration of upconversion process in Er3+ ions; b) Typical 
upconversion emission spectrum of Er3+ under 980 nm excitation.17 Copyright 2014 
Royal Society of Chemistry. 
 

    Therefore, Er3+ is doped into various transparent inorganic crystals as up-conversion 

materials. Various inorganic crystals are available as host materials. Low phonon energy 

(less than 300 cm-1) is observed in heavy halogenide crystals. But the chemical stability 

of these materials is very low. Metal oxides have relatively high chemical stability, but 

the phonon energy is high (above 500 cm-1).84 However, fluorides have relatively low 

phonon energy (350 cm-1) and high chemical stability. So they are widely used as host 

materials for Er3+ doped up-conversion materials.  

    One problem with Er3+ doped up-conversion materials is severe self-quenching, even 

under relatively low concentration. For example, 3% has been reported to be the 

optimized concentration in a NaYF4 host material, above which self-quenching will be 

very significant.84 But the energy transfer probability is quite low at concentrations like 

this. To solve this problem, a sensitizer is added into Er3+ up-conversion materials. A 

sensitizer has an excitation energy matches with the energy of the metastable state of the 
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upconversion center. Therefore the sensitizer can transfer the energy to the metastable E1 

state Er3+ and populate it to the emitting state E2. So far, Yb3+ is the best reported 

sensitizer for Er3+. Yb3+ has only one excited state and can be excited by a 980 nm 

photon, and also allowing for efficient resonance energy transfer from Yb3+ to Er3+. 

(Figure 3.9) Usually, Yb3+is codoped into the lattice in high concentrations (18-20%).85 

 

Figure 3.9 Schematic illustration of upconversion process in Yb3+, Er3+ co-doped 
NaYF4.51 Copyright 2010 Tsinghua University Press and Springer-Verlag Berlin 
Heidelberg. 
 

3.1.5 Challenges in Upconversion and Current Research Status 

    Despite the fascinating nature and many potential applications of upconversion 

luminescence, it is so far only achievable under high power laser excitation sources. The 

first reason of this lies on the inefficient photon absorption of Ln3+ ions. As discussed 

earlier, due to the lanthanide contraction effect 4f orbitals are wells shielded inside by the 

outer 5s2 and 5p6 shells.86 Therefore the surrounding environment has little influence on 

the 4f orbitals, leaving them almost intact as centrosymmetric. Because of the LaPorte’s 

rule,87 f-f transitions are largely forbidden, which hinders effective excitation of Ln3+ ions 

by photons. The second reason is the non-linear behavior of upconversion process. It 
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requires swift second energy input towards the activator metastable states E1 before E1 

decay back to ground state. However, due to the same reason of LaPorte forbidden f-f 

transition, the lifetime of Yb3+ sensitizer excited state is very long, leading to a slow 

energy transfer rate from sensitizer to activater center. Therefore the upconversion 

efficiency is limited and requires a high power excitation source. The dependency of laser 

excitation source brings in certain issues like over heating towards normal tissue during 

in vivo imaging and ineffective utilization of low power NIR energy in solar light. 

Therefore improving upconversion efficiency and getting rid of laser source dependency 

is very crucial for practical application of upconversion materials. 

    Although different approaches have been developed to improve the efficiency of 

upconversion materials such as building core-shell structures to avoid surface 

quenching,88-90 or hetero ion doping to modify crystal phase and the symmetry around 

lanthanide ions,91 they are still all based on Yb3+ sensitizer and the development is still 

limited by the nature of 4f lanthanide orbitals. Therefore to overcome this limit, a 

fundamentally different approach is necessary.  

    Our idea towards this fundamental question is, instead of using co-doped Yb3+ ions in 

the non-functional host materials as sensitizer, a functional host material with the ability 

to serve as much more efficient sensitizer will be utilized with Er3+ activater doped inside. 

    The ideal candidate for this would be d-block or p-block metal based narrow bandgap 

semiconductor. Unlike Ln3+ ions, d-block and p-block metal ions have their d or p 

orbitals well exposed to outer environment. The strong vibronic coupling makes the 

corresponding d-d or p-p transitions LaPorte allowed and highly efficient. Besides, the 

absorption band is quite wide due to the significant crystal field splitting,86 which could 
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make better use of a broader range of energy in the spectrum. Therefore the excitation of 

sensitizer could be expected to be much more effective. On the other hand, due to the 

facile d-d or p-p transition, the lifetime of these narrow band gap semiconductor excited 

state is fairly short thus allowing for swift energy input into activator center to avoid 

significant metastable state decay.  

    The work in this chapter convers our exploration of using Cu2-xSe nanoparticle, which 

is reported to possess band gap of 1.2-1.4 eV covering the 880-1030 nm NIR range,109,115 

as one type of Er3+ upconversion sensitizer-functional host materials. 

 

3.2 EXPERIMENTAL  

3.2.1 Materials. 

    Copper chloride (CuCl, 97%), SeO2 (99.8%), 1-octadecene (90%), hexadecylamine 

(90%) and oleic acid (OA) (90%) were purchased from Sigma-Aldrich. Erbium chloride 

hydrate (ErCl3∙xH2O, 99.9%) and erbium acetylacetonate hydrate (99.9%) were purchase 

from Strem Chemicals. Carbon film coated copper grids (300 mesh) were purchased from 

Electron Microscopy Sciences. All the reactions are air and moisture sensitive and were 

therefore performed under dry nitrogen protection with Schlenk techniques. 

 

3.2.2 Preparation of Selenium Precursor Solution (ODE-Se). 

    4.435 g (40 mmol) selenium dioxide (SeO2) was mixed with 50 mL of 1-octadecene 

(ODE) in a 100 mL flask and sealed with septum. The mixture was then purged with dry 

N2 and heated in a 196 °C oil bath for 24 hours to form a clear orange-brown solution. 
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Some grey colored precipitate formed after heating could possibly be elemental selenium. 

The ODE-Se precursor usually solidifies upon cooling down to room temperature for 

storage. Therefore re-heating of ODE-Se precursor to liquid is necessary before use. 

 

3.2.3 Preparation of Cu2-xSe Nanoparticle. 

    The synthesis of Cu2-xSe nanoparticle utilized a slightly modified procedure from 

previously reported method.92 Briefly, 5 ml of ODE was first degassed with dry N2 for 15 

minutes to get rid of dissolved O2. 0.025g (0.25 mmol) CuCl and 0.6037g (2.5 mmol) 

hexadecylamine (HDA) were loaded into a 25 ml flask under dry N2 protection followed 

by connecting the flask to Schlenk line. The degassed ODE was then transferred into the 

flask by syringe. The mixture was heated with 200 °C oil bath for 1 hour under dry N2 

protection to get rid of water and low-boiling point impurities. Then the oil bath was 

cooled down to 180 °C within 15 minutes. 2 ml ODE-Se precursor was rapidly injected 

with a syringe through the septum. The color of the solution turned from colorless 

immediately to dark green, which is an indication of Cu2-xSe nanoparticle formation. 5 

minutes after precursor injection, the flask was placed in a tap water bath for rapid 

cooling. After approximately 10 seconds, 3 ml of oleic acid was added into the mixture to 

replace the weakly binding HAD. Upon cooling down to room temperature, 3 mL of 

chloroform was then added in to the crude product followed by 3 minutes sonication. The 

Cu2-xSe nanoparticles were isolated from solution by centrifugation (8000 rpm for 10 

minutes). These nanoparticles were then washed by re-dispersed in 5 ml of chloroform 

and 1 minute of sonication, followed by adding 10 ml of isopropanol to precipitate them 

out and 10 minutes of centrifugation at 8000 rpm. After washing twice, the as-obtained 
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Cu2-xSe nanoparticles were finally re-dispersed in chloroform for further 

characterizations.  

 

3.2.4 Doping Cu2-xSe Using Erbium Chloride with HDA as Surfactant. 

    Under otherwise identical preparative and purification protocols for the synthesis of 

Cu2-xSe nanoparticles, doping of Cu2-xSe using erbium chloride with HDA as the 

surfactant was performed by simply starting with a mixture of 0.022g CuCl and 0.0095g 

ErCl3∙xH2O instead of 0.025g CuCl. The Product was obtained as a dark green solid and 

readily dispersed in chloroform. 

 

3.2.5 Doping Cu2-xSe Using Erbium Acetylacetonate with HDA as Surfactant. 

    Under otherwise identical preparative and purification protocols for the synthesis of 

Cu2-xSe nanoparticles, doping of Cu2-xSe using erbium acetylacetonate with HDA as the 

surfactant was performed by simply starting with a mixture of 0.022g CuCl and 0.0116g 

Er(acac)3∙xH2O instead of 0.025g CuCl. The Product was obtained as a dark green solid 

and readily dispersed in chloroform. 

 

3.2.6 Doping Cu2-xSe Using Erbium Chloride with HDA/OA as co-Surfactant. 

    Under otherwise identical preparative and purification protocols for the synthesis of 

Cu2-xSe nanoparticles, doping of Cu2-xSe using erbium chloride with HDA/OA as the co-

surfactant was performed by not only starting with a mixture of 0.022g CuCl and 0.0095g 

ErCl3∙xH2O instead of 0.025g CuCl, but also using a mixture of 0.5433g HDA and 80µl 
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oleic acid (OA) as surfactant instead of 0.6037g HDA. The Product was obtained as a 

dark green solid and readily dispersed in chloroform. 

 

3.2.7 Doping Cu2-xSe Using Erbium Acetylacetonate with HDA/OA as co-Surfactant. 

    Under otherwise identical preparative and purification protocols for the synthesis of 

Cu2-xSe nanoparticles, doping of Cu2-xSe using erbium chloride with HDA/OA as the co-

surfactant was performed by not only starting with a mixture of 0.022g CuCl and 0.0116g 

Er(acac)3∙xH2O instead of 0.025g CuCl, but also using a mixture of 0.5433g HDA and 

80µl oleic acid (OA) as surfactant instead of 0.6037g HDA. The Product was obtained as 

a dark green solid and readily dispersed in chloroform. 

 

3.2.8 Characterization of Doped/Undoped Cu2-xSe Nanoparticles. 

    The sizes and morphologies of doped or undoped Cu2-xSe nanoparticles were observed 

and analyzed with a Tecnai G2 Spirit Transmission Electron Microscopy (TEM) with an 

operating voltage of 100 kV. High resolution TEM (HRTEM) images were collected with 

a JEM-3010 microscope at 300 kV. Samples of nanoparticles were prepared by dropping 

chloroform suspension of nanoparticles onto carbon film coated cooper grids, followed 

by drying at room temperature through solvent evaporation. 

    The morphology and surface textures of the as-synthesized nanoparticles were 

observed with a Hitachi S-4800 Type II field emission SEM. Elemental composition of 

the as-synthesized nanoparticles were determined from the Energy-Dispersive X-ray 

Spectroscopic (EDS) data which were collected in-situ with ThermoNORAN NSS EDS. 
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Before characterizations, the as-synthesized nanoparticles were drop-cast onto a silicon 

wafer, dried at room temperature through solvent. 

    The crystalline phase of the as-synthesized nanoparticles were identified by powder X-

ray diffraction (XRD) using a Phillips X’pert X-ray diffractometer (PW 1827). X-ray was 

generated with a copper radiation source (Kα=1.5418 Å) at 45 kV and 40 mA. The 2θ 

angle was varied from 20 to 85 degrees with a step size of 0.0167462 degree and a scan 

rate of 0.07126 degree per second. 

  

3.3 RESULTS AND DISCUSSION 

3.3.1 Synthesis of Er3+ Doped Cu2-xSe Nanoparticles. 

    The strategy for doping Er3+ ions into Cu2-xSe nanoparticles employed here is a hot 

injection method in which selenium precursor was injected at desired reaction 

temperature into pre-mixed Er3+, Cu+ precursor in the presence of capping ligands. This 

method has been utilized to prepare a wide variety of doped nanoparticle system, 

including doped semiconductor nanoparticles or quantum dots with modified band 

structures or functional magnetic active nanoparticles.94-102 When heated up in the 

beginning, the mixed metal salt reacted with capping ligands and homogeneous ligand 

coordinated complexes formed as the metal ion precursor. Once the metal ion precursor 

was ready, selenium precursor was injected into the metal ion precursor and reacted with 

metal ions rapidly to form initial crystal nuclei, followed by crystal growth into 

nanoparticles.103 The capping ligands here played a crucial role in nanoparticle synthesis. 

Before selenium precursor injection, they rendered metal ions soluble in non-polar 

solvent system thus producing a homogeneous metal ion precursor. On the other hand, 
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after the selenium precursor injection, the capping ligands on the surface of nuclei not 

only rendered them soluble in nonpolar solvent thus making further particle growth 

possible, but also meanwhile controlled the growth of nanoparticles and prevented the 

formation of bulk materials. 

    In the original literature of synthesizing CuxSe nanoparticles,92 HDA was utilized as 

the capping ligands. However, when we originally tried to dope Er3+ into CuxSe, 

considering Er3+ is a very hard Lewis acid and might not efficiently coordinate to the 

relatively soft Lewis base HDA to form erbium precursor, we planned to also use the 

hard Lewis base oleate ligand as a co-ligand and hoped this protocol would enhance Er3+ 

incorporation thus higher doping efficiency. However, it turned out that the addition of 

oleate ligand actually decreased the incorporation of erbium compared to the case when 

only HDA was utilized as the capping ligand. The details will be discussed in the doping 

section. 

    Regarding the preparation of metal ion precursor, since copper(I) chloride was utilized 

to prepare metal ion precursor in the original literature,92 intuitively erbium chloride was 

utilized to mix with copper(I) chloride to prepare a homogeneous precursor for doped 

nanoparticles. However, considering that the reaction is performed in the non-polar 

solvent ODE, we also planned to try erbium acytylacetonate complex instead of erbium 

chloride to prepare the mixed metal ion precursor with the hope to increase the 

incorporation of Er3+ ions and the homogeneity of the precursor since the methyl groups 

on acetylacetonate ligand could potentially increase the solubility of the metal complexes 

in non-polar solvent.94 Surprisingly, however, it turned out that when erbium 
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acetylacetonate was used, the doping efficiency was decreased compared to the case 

when erbium chloride was used. Again, the details will be discussed in the doping section. 

    The selenium precursor made from SeO2 and ODE has been proven to be very 

advantageous for the synthesis of metal selenide nanoparticles.92,104,105 The ODE-Se 

precursor was prepared through the reported method,92 in which SeO2 and ODE were 

mixed and heated up to 196 °C for 24 hours. At this temperature, Se(IV) in SeO2 was 

reduced by ODE to elemental Se, while ODE was oxidized into different organic by-

products (Figure 3.10).105 The small amount of grey colored precipitate formed during 

heating was proved to be elemental Se crystal,105 which is possibly due to over saturation 

of Se in ODE solution. This type of precursor possesses several advantages. For example, 

unlike traditional air sensitive selenium precursors such as bis(trimethylsilyl)selenium, 

organophosphine selenide,106,107 it is highly stable against air and thus precursor stock 

solution storage does not require any special air-free manipulations. Also, when this type 

of precursor is employed during nanoparticle synthesis, the nucleation kinetic is usually 

very stable and thus producing high quality nanoparticles with small size distribution.105 

 

Figure 3.10 A schematic illustration of the reaction between ODE and SeO2.105 
Copyright 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim. 
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3.3.2 Size and Morphology 

    The size and morphology of as-synthesized nanoparticles were analyzed with 

transmission electron microscopy (TEM). 

    The un-doped Cu2-xSe nanoparticles were monodispersed semi-spherical particles of 

narrow size distribution with an average size of 18.5±1 nm (Figure 3.11a), which is 

similar to most reported Cu2-xSe nanoparticles.92,109,110 The Fresnel lattice fringes 

observed from the high-resolution TEM (HR-TEM) image confirmed the high level of 

crystallinity of these Cu2-xSe nanoparticles. 

 

Figure 3.11 a) TEM image of un-doped Cu2-XSe nanoparticles (scale bar 100 nm); b) 
HRTEM image of the same nanoparticles (scale bar 8 nm). 
 

    The size of morphology of the Er3+-doped Cu2-XSe nanoparticles were also analyzed. It 

can be seen that erbium doping didn’t change the size of morphology of the as-obtained 

nanoparticles significantly (Figure 3.12). However, the size distribution of the doped 

nanoparticles is larger compared to their undoped counterparts. This is probably due to 

a b 
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the interruption of particle nucleation kinetics caused by the co-existence of copper and 

erbium. 

 

 

Figure 3.12 TEM images of doped nanoparticles synthesized following procedures in a) 
3.2.4; b) 3.2.5; c) 3.2.6; d) 3.2.7. The scale bars are all 100 nm. 
 

3.3.3 Factors Influencing Er3+ Doping into Cu2-XSe nanoparticles. 

!!!!Here we explored two factors that would possibly influence Er3+ doping into Cu2-XSe 

nanoparticles, the erbium complex used to prepare metal ion precursors and the capping 

ligands. 



! 97!

    Two types of erbium complexes, erbium chloride (ErCl3) and erbium acetylacetonate 

(Er(acac)3), were mixed with CuCl to prepare the mixed metal ion precursors respectively. 

The original idea of using Er(acac)3 to prepare mixed metal ion precursor came from the 

fact that the methyl groups on acetylacetonate ligand could potentially improve the 

erbium complex solubility in non-polar solvent ODE. Therefore doped nanoparticle 

synthesis with metal ion precursors prepared from ErCl3 was also performed as a control 

experiment. The components of the doped nanoparticles were studied with EDS (Figure 

3.13, Table 3.1). The observed trend was completely opposite with what we originally 

thought. As it could be seen from Table 3.1, the doping percentage of Er3+ (in molarity) is 

more than 5 times higher when ErCl3 was used to prepare metal ion precursor compared 

to when Er(acac)3 was used instead. This might be attributed to the fact that diketone 

group in acetylacetonate ligands have a much higher affinity towards Er3+ ion than HDA 

due to its hard Lewis base nature and the chelating effect and pre-occupy the coordination 

sites around Er3+ ions which largely hinder the coordination between Er3+ and HDA. 

Although Er(acac)3 complexes are still dissolved in ODE, due to the distinct ligand 

coordination, they might be excluded from the HDA coordinated precursors during 

nucleation and particle growth. Since the formation of lanthanide chalcogenide 

nanoparticles are usually achieved under much higher temperature (> 300 °C),104,111 the 

excluded erbium precursor remained unreacted and was separated from the Cu2-xSe 

nanoparticles during the post synthesis washing procedures. 



! 98!

 

Figure 3.13 The EDS spectra of doped Cu2-xSe nanopartciles synthesized following 
procedure in a) 3.2.4 and b) 3.2.5. 
 
 
    Other than trying different erbium complexes for precursor preparation, we also 

explored the influence of capping ligands on Er3+ doping. Besides using solely HDA as 

the capping ligand, partially replacing HDA with oleic acid (OA) in the reaction 

precursor as a co-ligand was also explored. The idea of adding OA as co-ligand 

originated from our concern regarding the hard Lewis acid nature of Er3+ ions against the 

soft Lewis base nature of HDA. In case of poor coordination between Er3+ and HDA, Er3+ 

ions are possibly left un-dissolved in solid phase, making the preparation of 

homogeneous mixed metal precursor not feasible. Since OA ligand possesses a hard 

Lewis base group carboxylate which has a very high affinity towards lanthanide ions, it is 

not unreasonable to propose adding OA as co-ligand to improve Er3+ doping in Cu2-xSe 

nanoparticles. The components of the Er3+ doped Cu2-xSe nanoparticles synthesized 

solely with HDA as the capping ligand as well as those synthesized with OA as co-ligand 

were studied with EDS (Figure 3.14, Table 3.1). Again, the observed trend was 

completely opposite with our original purpose. As it could be seen from Table 3.1, the 

doping percentage of Er3+ (in molarity) is also nearly 5 times higher when solely HDA 

was used as capping ligand compared to that in the case when 10% HDA was replaced 
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with OA as co-ligand. Similar to the case when Er(acac)3 was used to prepare the metal 

ion precursor, the decreased doping could be attributed to the distinct ligand coordination 

around Er3+ compared to Cu+. Since the carboxylate group from OA has a much higher 

affinity towards Er3+ compared to HDA, the coordination around most Er3+ ions was 

dominated by OA. Although both OA and HDA are capping ligands with long 

hydrophobic alkyl chain and both serve for the same purpose during nanoparticle 

synthesis, their chain rigidity is quite different. OA is a un-saturated fatty acid carrying a 

double bond in the middle of the alkyl chain thus with significant increased chain rigidity. 

In comparison, HDA possesses a completely saturated alkyl chain thus remain highly 

flexible. Therefore, during nucleation and particle growth, the much more rigid Er3+-OA 

precursor was excluded from the flexible HDA coordinated precursors, giving a 

decreased doping of Er3+. 

 

Figure 3.14 The EDS spectra of doped Cu2-xSe nanopartciles synthesized following 
procedure in a) 3.2.4 and b) 3.2.6. 
 

    Another trial with both the utilization of Er(acac)3 to prepare mixed metal precursor 

and the addition of OA as a co-ligand was also performed. As it could be seen from Table 

3.1, the doping efficiency was the lowest among all trials, which is consistent with the 

discussion above. 
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Table 3.1 Metal ion percentage (in mole) obtained from EDS data. 

Synthesis Procedure 3.2.4 3.2.5 3.2.6 3.2.7 

Cu (%) 95.1 99.1 99 99.9 

Er (%) 4.9 0.9 1 0.1 

 

3.3.4 Phase Purity of Doped Cu2-xSe Nanoparticles. 

    Copper selenide exists in a number of crystallographic phases including tetragonal, 

orthorhombic, monoclinic, hexagonal and cubic phases.92,109,112-114 Due to the small 

differences in formation energy between different phases,109 and the wide range of 

possible copper stoichiometries, the as-obtained copper selenide nanoparticles are usually 

a mixture of different phases and compositions of copper selenide. Clear identification of 

crystallographic phases has been continuously difficult.92 Figure 3.15 shows the 

comparison between the powder XRD spectrum of our as-synthesized Cu2-xSe 

nanoparticles and the standard spectra of berzelianite cubic Cu2-xSe and umangite 

tetragonal Cu3Se2. However, the powder XRD pattern of our Cu2-xSe nanoparticles is 

consistent with previously reported on.92 

    The powder XRD patterns of the Er3+ doped Cu2-xSe nanoparticles (Figure 3.16) didn’t 

appear to be significantly different from that of intact Cu2-xSe nanoparticles, which 

indicates that the products from doping reaction were purely in Cu2-xSe phase and 

excluded the possibility of phase separation between copper and erbium during particle 

growth. Therefore the erbium EDS signals all came from the Er3+ ions doped in Cu2-xSe 

phase. The phase purity of doped Cu2-xSe nanoparticles, which was confirmed by powder 
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XRD results, together with the observed siginificant EDS signal of Er3+ make us 

confidently conclude with successful doping of Er3+ into Cu2-xSe nanoparticles. 

 

 

Figure 3.15 The comparison between the powder XRD spectrum of our as-synthesized 
Cu2-xSe nanoparticles and standard spectra of berzelianite cubic Cu2-xSe (PDF 00-006-
0680) and umangite tetragonal Cu3Se2 (PDF 01-071-0045). 
 

 

Figure 3.16 Powder XRD spectra of as-synthesized intact Cu2-xSe nanoparticles (black 
line) and doped nanoparticles synthesized following procedures in: a) 3.2.4; b) 3.2.5; c) 
3.2.6; d) 3.2.7. 
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3.3.5 Upconversion. 

    Unfortunately, during further upconversion characterizations, not any observable 

upconversion was seen from our Er3+ doped Cu2-xSe nanoparticles. This is probably due 

to the indirect band gap nature of Cu2-xSe nanoparticles’ absorption within 880nm - 

1030nm (1.2 -1.4 eV).109,115 On one hand, unlike typical direct band gap semiconductors 

such as GaAs and InP (Figure 3.17a), in indirect band gap semiconductors the crystal 

momentum is different between the minimal energy state in conduction band and the 

maximal energy state in valence band. Therefore the direct excitation of a electron from 

valence band to conduction band with solely photon energy is prohibited in indirect band 

gap semiconductors due to the conservation of crystal momentum. In order to excite the 

electron, a phonon assisted transition process is necessary in which the introduction of 

phonon momentum could satisfy crystal momentum conservation (Figure 3.17b).116 

However, with the involvement of phonon, the excitation process is much less likely to 

occur within the time frame when photons pass through the nanoparticles. Therefore the 

consequence is that the Cu2-xSe nanoparticle matrix could not absorb NIR photons 

efficiently and thus could not serve as a good sensitizer for Er3+ ions doped inside it. On 

the other hand, even with successfully excitation towards Cu2-xSe with NIR photons, 

during energy transfer from Cu2-xSe to Er3+, the decay of electron from conduction band 

back to valence band also requires phonon assistance, which makes the energy transfer 

rate extremely slow. Considering the relatively short life time of the first excited state 

during the first step of upconversion, the possibility of successful upconversion in Er3+ 

doped Cu2-xSe nanoparticles is very low. 
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Figure 3.17 Band structures of direct band gap semiconductors and indirect bandgap 
semiconductors. 
 

    Although the original idea of using Cu2-xSe nanoparticles as sensitizer for improved 

Er3+ upconversion efficiency was not successfully achieved, we did notice that a lot 

researches showed that copper selenide nanoparticles possess localized surface plasmon 

resonance in the NIR rage which also covers the wavelengths of common upconversion 

excitation sources.115,117-119 When at resonance, electric field at nanoparticle surfaces is 

largely enhanced, rendering molecules or materials in the vicinity much enhanced 

absorption, emission and other optical properties.120 This encouraged us to try attaching 

Cu2-xSe nanoparticles on the surface of Yb3+, Er3+ co-doped NaYF4 upconversion 

nanorods with the hope of achieving localized surface plasmon resonance enhanced 

upconversion, which will be discussed in detail during next chapter. 

 

3.4 CONCLUSIONS AND FUTURE DIRECTIONS 

    We successfully doped Er3+ ions into Cu2-xSe nanoparticles through hot injection 

method with mixed Er3+, Cu+ metal ion precursors and with ODE-Se precursor as the 
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selenium source, which is confirmed by experimental results. The introduction of any 

coordination competitive ligand over HDA tends to decrease the doping of Er3+ ions into 

Cu2-xSe nanoparticles, which is possibly due to the distinct coordination around Cu+ and 

Er3+ leading to Er3+ exclusion during nucleation and particle growth. Although doping 

was successfully achieved, no observable upconversion could be obtained from the doped 

nanoparticles, which is attributed to the indirect band gap nature of Cu2-xSe nanoparticles. 

    Knowing where the problem is in turn enables us to find the outlook for this project. 

Since the main problem is the low excitation coefficiency and slow energy transfer rate 

caused by the phonon assisted transition process in indirect band gap semiconductor, in 

the future, we would like to explore doping Er3+ into direct narrow band gap 

semiconductors whose band gap energies lies within the NIR range, such as PbSe 

nanoparticles,121-123 In2Se3 nanoparticles.124,125 
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CHAPTER 4 

COPPER SELENIDE NANOPARTICLES @ LANTHANIDE DOPED 

UPCONVERSION NANORODS HETEROSTRUCTURES FOR ENHANCED 

UPCONVERSION EFFICIENCY AND SIMULTANEOUS THERMOTHERAPY 

EFFECT 

 

4.1 INTRODUCTION 

    This work is a continuing effort from Chapter 3 exploring the utilization of copper 

selenide nanoparticles for efficient lanthanide upconversion materials. As discussed in 

Chapter 3, the original idea was to dope Er3+ ions into Cu2-xSe nanoparticles and utilize 

Cu2-xSe as sensitizer to absorb NIR photons and transfer energy to Er3+ ions populating 

the second excited state which could further radiatively decay to ground state with visible 

photons emitted. Although doping Er3+ ions into Cu2-xSe nanoparticles was successful, 

due to the indirect bandgap nature of copper selenide in the near IR range, the absorption 

of NIR photons and further energy transfer towards Er3+ ions are not very efficient. 

Therefore one intuitive future work of our plan is to try doping Er3+ ions into direct 

narrow bandgap semiconductors such as PbSe and In2Se3. On the other hand, instead of 

completely abandoning copper selenide nanoparticles, we noticed the surface plasmon 

resonance effect of copper selenide nanoparticles being reported,1-4 which is also 

potentially useful for enhancing upconversion efficiency of lanthanide doped 

upconversion nanoparticles. 

    Surface plasmon resonance originates from the interaction between surface-bound 

charge density oscillations of free electrons in the materials and the electromagnetic field 
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passing through. When the frequencies are similar and interactions are at resonance, this 

phenomenon renders molecules or nanoparticles at close vicinity enhanced absorption, 

emission, Raman scattering and nonlinear optical properties.5 It has very promising 

applications on nanophotonics,6 bio-imaging and photothermal therapy,7 photovoltaics8 

and single molecule detection9. Traditionally, surface plasmon resonance has been 

focusing on noble metal nanomaterials such as gold and silver nanoparticles or nanorods 

and the surface plasmon resonance frequency of these materials are tunable through 

controlled size and morphology change.10 However, more and more research results are 

indicating that surface plasmon resonance phenomenon is not only limited to noble metal 

nanomaterials, but also achievable in conducting metal oxides11,12 and 

semiconductors13,14 with siginificant free carrier densities. The advantages of utilizing 

these materials instead of noble metals for surface plasmon resonance enhancement 

including: First it is very cost effective due to the generally much higher abundance of 

elements in these metal oxide and semiconductors. Secondly metal oxide or 

semicondutros render much more facile surface plasmon resonance frequency tunability. 

This is because besides tuning frequency through nanomaterial size and morphology 

control, which is similar to noble metal nanomaterials, the surface plasmon resonance 

frequency of metal oxide and semiconductors could also be tuned through changing their 

free carrier density via doping, temperature control, phase transition or even with device 

engineering such as electrochemical charge injection and gating. 

    The first example of utilizing surface plasmon resonance to enhance lanthanide 

upconversion wass reported by Duan et al.,15 in which gold nanocrystals were attached to 

the surface of NaYF4:Yb/Tm upconversion nanoplates (Figure 4.1a-c). The upconversion 
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luminescence especially the blue luminescence was much enhanced when gold 

nanocrystals were attached outside the NaYF4:Yb/Tm upconversion nanoplates. 

 

Figure 4.1 (a) TEM image of the as-synthesized NaYF4:Yb/Tm upconversion hexagonal 
nanoplates; (b)-(c) TEM images of NaYF4:Yb/Tm nanoplates with increasing amount of 
gold nanocrystals attached; (d) Emission spectra of NaYF4:Yb/Tm nanoplates suspension 
with different time length of gold nanocrystal attaching growth.15 Copyright 2010 Wiley-
VCH Verlag GmbH & Co. KGaA, Weinheim. 
  

    Following the seminal work, utilizing surface plasmon resonance from other noble 

metal nanocrystal to lanthanide doped upconversion nanoparticle efficiency as well as the 

study of enhancement mechanism have been studied.16-24 However, all these works are 

still based on noble metal nanocrystals and are limited by drawbacks discussed 

previously. 

    Copper chalcogenide nanoparticles have recently begun emerging as a class of very 

promising low cost efficient plasmonic materials with resonance frequency facile 

tenability within NIR range which also covers the generally utilized upconversion 

excitation wavelength 980 nm.1-4,14,25 On the other hand, besides their potential value in 

enhancing lanthanide upconversion efficiency, copper selenide nanoparticles also exhibit 

significant photothermal therapy effect under resonant NIR laser irradiation (Figure 4.2 

A-D). The photothermal transduction efficiency of the tested copper selenide 

nanoparticles were even higher than gold nanocrystals (Figure 4.2E).1    



! 108!

 

Figure 4.2 A-D, comparison of photothermal destruction of human colorectal cancer 
cells with and without addition of copper selenide nanoparticles. Cells were stained with 
Trypan blue to visualize cell death; E, comparison of photothermal transduction 
efficiency between copper selenide nanoparticles and gold nanocrystals.1 Copyright 2011 
American Chemical Society. 
 

    Therefore, we propose to synthesize hetero-nanostructured lanthanide doped 

upconversion nanomaterials with plasmonic copper selenide nanoparticles attached on 

the surface (Figure 4.3). This will potentially produce a very promising cost-effective 

multi-functional material for bio-medical purposes: with surface plasmon resonance 

enhanced lanthanide upconversion for optical in-vivo imaging, as well as simultaneous 

effective photothermal therapy effect towards tumor cells. 

 

Figure 4.3 Schematic illustration of the proposed hetero-nanostructure. 
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4.2 EXPERIMENTAL 

4.2.1 Materials. 

    Copper chloride (CuCl, 97%), SeO2 (99.8%), 1-octadecene (90%), hexadecylamine 

(90%), oleylamine (OLA) (70%) and oleic acid (OA) (90%) were purchased from Sigma-

Aldrich. Erbium chloride hydrate (ErCl3 ∙ xH2O, 99.9%), yttrium chloride hydrate 

(YCl3∙xH2O, 99.9%), ytterbium chloride hydrate (YbCl3∙xH2O, 99.9%), gadolinium 

chloride hydrate (GdCl3∙xH2O, 99.9%), sodium hydroxide (NaOH, 97%) and ammonium 

fluoride (NH4F, 98%) were purchase from Strem Chemicals. All other solvents were 

purchased from different commercial sources. Carbon film coated copper grids (300 

mesh) were purchased from Electron Microscopy Sciences. Air and moisture sensitive 

reactions were performed under dry nitrogen protection with Schlenk techniques. 

 

4.2.2 Preparation of Stock Solutions. 

    NaOH stock solution was prepared by dissolving 5 g NaOH in 25 ml DI water. NH4F 

stock solution was prepared by dissolving 7.408 g NH4F in 100 mL DI water. 

    Lanthanide salt stock solution was prepared by dissolving 0.8363 g GdCl3∙xH2O, 

0.5309 g YCl3∙xH2O, 0.3487 g YbCl3∙xH2O and 0.0382 g ErCl3∙xH2O in 25 mL DI water. 

 

4.2.3 Synthesis of 200 nm NaYF4:Gd/Yb/Er (45/18/2 mol%) Nanorods. 

    The synthesis of Yb3+/Er3+ co-doped NaYF4 was performed utilizing a modified 

method from the one reported by Liu.26 One purpose of doping Gd3+ into the nanorod is 

to fine-tune the length of nanorods to around 250 nm, which is a reasonable size to attach 
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~20 nm Cu2-xSe nanoparticles. The other purpose of doping Gd3+ is to maintain the 

hexagonal-phase purity of obtained upconversion nanorod, which has been proven to 

have a much higher upconversion efficiency compared to the cubic-phase.27 In a typical 

procedure, 1.05 ml NaOH stock solution was mixed with 3.5 ml ethanol and 3.5 ml oleic 

acid followed by 10 minutes stirring. Afterwards, 1.4 ml lanthanide salt stock solution 

was added dropwisely and then 0.7 ml NH4F stock solution dropwisely. This mixture was 

then stirred for 30 minutes under room temperature, followed by being transferred into a 

14 ml Teflon-lined stainless steel autoclave. The autoclave was then placed in electric 

oven under 200 °C and kept for 2.5 hours. The upconversion nanorods were separated 

from the crude product by centrifugation at 10000 rpm for 10 minutes. Washing was 

performed by dispersing the nanorods in 5 ml of cyclohexane and treating the dispersion 

with 3 minutes of sonication, then precipitate out the nanorods by adding 10 ml of 

ethanol. The washed nanorods were then separated by 10 minutes centrifugation at 10000 

rpm. Washing was performed 3 times and the nanorods were finally dispersed in 10 ml 

cyclohexane. 

 

4.2.4 Preparation of Selenium Precursor Solution (ODE-Se). 

    4.435 g (40 mmol) selenium dioxide (SeO2) was mixed with 50 mL of 1-octadecene 

(ODE) in a 100 mL flask and sealed with septum. The mixture was then purged with dry 

N2 and heated in a 196 °C oil bath for 24 hours to form a clear orange-brown solution. 

Some grey colored precipitate formed after heating could possibly be elemental selenium. 

The ODE-Se precursor usually solidifies upon cooling down to room temperature for 

storage. Therefore re-heating of ODE-Se precursor to liquid is necessary before use. 
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4.2.5 Attaching Cu2-xSe Nanoparticles onto Upconversion Nanorods. 

    To attach Cu2-xSe nanoparticles onto upconversion nanorods, a modified method from 

previous reported procedure was utilized.28 Briefly, 60 mL cyclohexane dispersion of the 

upconversion nanorods was dried under vacuum. Then 5 ml ODE and 2 ml of OLA was 

added to re-suspend the upconversion nanorods through sonication. The nanorods 

suspension in ODE was then degassed with dry N2 for 15 minutes. In another 25 ml flask, 

0.6037 g HDA and 0.025 g CuCl were mixed together under dry N2 atmosphere 

protection. The ODE upconversion nanorods suspension was then transferred into the 

HDA/CuCl mixture, followed by heating in a 200 °C oil bath for 1 hour. Afterwards, the 

reaction mixture was cooled down to 180 °C within 15 minutes. 2 ml of ODE-Se 

precursor was injected with a syringe. After 5 minutes reaction, the reaction mixture was 

cooled down to room temperature quickly with a tap water bath. The crude product was 

illuminated with UV light for 30 minutes. 5 ml of ethanol was added. The Cu2-xSe 

/upconversion hetero-nanostructure was then separated by centrifugation at 8000 rpm for 

10 minutes. The product was then purified by re-dispersed in 5 ml toluene and precipitate 

out with 10 ml ethanol 3 times. The final product was then dispersed in chloroform for 

further characterization. 

 

 4.2.6 Characterization of Cu2-xSe /Upconversion Nanorods Hetero-Nanostructures. 

    The sizes and morphologies of doped or undoped Cu2-xSe nanoparticles were observed 

and analyzed with a Tecnai G2 Spirit Transmission Electron Microscopy (TEM) with an 

operating voltage of 100 kV. Samples of nanoparticles were prepared by dropping 
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chloroform suspension of nanoparticles onto carbon film coated cooper grids, followed 

by drying at room temperature through solvent evaporation. 

     

4.2.7 Optical Property Tests. 

    All the optical property tests were performed with corresponding nanoparticles 

suspended in cyclohexane and loaded into a quartz cuvette. The upconversion 

luminescence was measured with a system set up by Mr. Greg Cohoon from college of 

optical science at the University of Arizona. The excitation source being used is the 980 

nm diode laser with tunable power output. The emission at 540 nm was detected utilizing 

a photon counting photomultiplier tube (PMT) with amplifier. The absorption spectrum 

of Cu2-XSe nanoparticles was collected with an optical fiber UV-Vis spectrometer.  

 

4.3 RESULTS AND DISCUSSION 

4.3.1 Morphology of the Nanomaterials. 

    The as-synthesized hexagonal phase NaYF4:Gd:Yb:Er nanocrystals are mono-

dispersed nanorods with length ~ 200nm and width ~ 20nm (Figure 4.4a), which is 

consistent with the previously reported ones.26 The uniform contrast of these nanorods in 

TEM images suggests that they are single crystalline. 
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Figure 4.4 TEM images of: (a) As-synthesized NaYF4:Gd:Yb:Er nanorods; (b) As-
synthesized NaYF4:Gd:Yb:Er@Cu2-xSe heteronanostructure without washing; (c) After 
washing without UV irradiation; (d) Washed after UV irradiation. 
 

    For the as-synthesized NaYF4:Gd:Yb:Er@Cu2-xSe hetero-nanostructure, the quasi-

cubic shaped Cu2-xSe nanoparticles were attached onto the surface of NaYF4:Gd:Yb:Er 

nanorods initially through hydrophobic interaction between the oleate ligands bounded on 

NaYF4:Gd:Yb:Er nanorods and the oleylamine ligands bounded on Cu2-xSe nanoparticles 

(Figure 4.4b). Although the authors in the original work claimed that this method could 

produce stable hetero-nanostructure,28 an immediate wash with chloroform took away 

almost all hydrophobically attached Cu2-xSe nanoparticles (Figure 4.4c). To make the 

hetero-nanostructure stable, we were inspired by carbon-carbon double bond 
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cycloaddition reactions reported in dimerization of α-trans-cinnamic acid and 

polymerization of silver templated supramolecular arrays under UV irradiation.29-32 In 

our case, because both the oleylamine ligands bounded to Cu2-xSe nanoparticles and 

oleate ligands bounded to NaYF4:Gd:Yb:Er nanorods possess carbon-carbon double bond 

in the middle of the ligands. Therefore UV irradiation onto these hydrophobically 

interacting ligands could potentially initiate double bond cycloaddition and making stable 

connection between the nanorods and nanoparticles. Therefore we tried irradiating the 

crude product solution with UV light for 30 minutes. Same chloroform washing after UV 

irradiation produced stable NaYF4:Gd:Yb:Er@Cu2-xSe hetero-nanostructure (Figure 

4.4d). 

 

4.3.2 Upconversion Property. 

    The relationship between upconversion luminescence intensity and excitation source 

power output could be expressed with a simplified equation (Equation 4.1).33 

!!" = !×!!"!                                             Equation 4.1 

Here Iem stands for the intensity of upconversion luminescence, while k is a combination 

of different coefficients and is generally considered as a constant for a given 

upconversion material in certain environment. Iex stands for the intensity of the excitation 

source output. The index n here serves as a standard for evaluating the efficiency of 

populating the second excited states in Er3+ metal ion centers which could further 

radiatively decay to ground states to emit visible light photons. Because upconversion 

process is a multi-photon nonlinear process, a larger index n means a higher efficiency of 

populating the emittive second excited states in Er3+ centers. The value of index n could 
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be determined through first calculating common logarithm of Iem and Iex and plot log(Iem) 

v.s. log(Iex), then fit the data with a linear function whose slope is equal to index n. As it 

could be seen from Figure 4.5, after Cu2-xSe nanoparticles were attached onto 

NaYF4:Gd:Yb:Er upconversion nanorods, the index n increased from 2.299 for the pure 

upconversion nanorods to 2.531 for the NaYF4:Gd:Yb:Er@Cu2-xSe heteronanostructure. 

Therefore the efficiency of populating Er3+ ion second excited states in NaYF4:Gd:Yb:Er 

nanorods is increased when Cu2-xSe nanoparticles are attached due to the their surface 

plasmon resonance enhanced absorption of NIR photons in NaYF4:Gd:Yb:Er nanorods. 

 

Figure 4.5 Common logarithm Iem v.s. common logarithm Iex plots of: (a) 
NaYF4:Gd:Yb:Er upconversion nanorod (UCNR) and (b) NaYF4:Gd:Yb:Er@Cu2-xSe 
heteronanostructure. The slope of best fit linear line is 2.299 for UCNR and 2.531 for 
NaYF4:Gd:Yb:Er@Cu2-xSe heteronanostructure respectively. 
 

    Although the efficiency of second excited state population in NaYF4:Gd:Yb:Er 

nanorods are enhanced with Cu2-xSe attached, the overall upconversion luminescence 

intensity of the NaYF4:Gd:Yb:Er@Cu2-xSe heteronanostructure is weaker compared to 

pure NaYF4:Gd:Yb:Er in the control experiment (Figure 4.6a). This is presumably due to 

the Förster resonance energy transfer (FRET) from emittive Er3+ ion second excited states 

towards attached Cu2-xSe nanoparticles. 



! 116!

 

Figure 4.6 (a) Iem v.s. Iex plots of pure NaYF4:Gd:Yb:Er nanorods (red diamonds) and 
NaYF4:Gd:Yb:Er@Cu2-xSe heteronanostructure (green triangles); (b) Absorption 
spectrum of Cu2-xSe nanoparticle suspension. 
 

    FRET34 process describes the phenomenon when two light sensitive molecules or 

materials are in close vicinity (<10 nm) with each other and the absorption band of one 

material is overlapping with the emission band of the other material, instead of 

radiatively giving out photon, the emissive material tends to transfer energy from the 

excited states to the absorbing material and non-radiatively decay to ground states with 

luminescence quenched. This quenching effect is very strong and has been utilized to 

develop efficient on-off luminescent bio-probes.35 Here in our case of 

NaYF4:Gd:Yb:Er@Cu2-xSe heteronanostructure, Cu2-xSe nanoparticles have relatively 

strong absorption at the wavelength range of NaYF4:Gd:Yb:Er upconversion emission 

band. Also considering the close vicinity between NaYF4:Gd:Yb:Er nanorods and Cu2-

xSe nanoparticles when attached together, FRET-based energy transfer from 

NaYF4:Gd:Yb:Er nanorods to attached Cu2-xSe nanoparticles could be fairly significant 

thus leading to much reduced upconversion luminescence. When talking about Equation 

4.1, although the index number n is increased due to surface plasmon resonance 

enhancement, the quenching caused by FRET from NaYF4:Gd:Yb:Er nanorods to Cu2-
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xSe nanoparticles largely reduces the constant k in the equation, with the overall outcome 

of reduced upconversion luminescence intensity. 

    Because the efficiency of FRET process is inversely proportional to the sixth power of 

the distance between the two materials,36 one possible approach to avoid FRET 

quenching in the heteronanostructure is to slightly increase the distance between 

NaYF4:Gd:Yb:Er nanorods and attached Cu2-xSe nanoparticles to largely diminish 

possible FRET processes. To achieve this, the future direction of this project includes 

coating either NaYF4:Gd:Yb:Er nanorods or Cu2-xSe nanoparticles with silica shell of 

controlled thickness following the well developed protocols37-39 and further 

functionalizing silica shell with carboxylic groups or amine groups followed by EDAC 

condensation40 to attach them together. In this approach, through fine-tuning the 

thickness of silica shell, the distance between NaYF4:Gd:Yb:Er nanorods and Cu2-xSe 

nanoparticles could be engineered to certain value where surface plasmon resonance 

enhancement is still effective while the FRET process is largely reduced. 

    Another simple approach to solve this case is to use some other low cost conducting 

metal oxide or semiconductor plasmonic nanomaterials without a absorption band 

overlapping with upconversion emission band, instead of Cu2-xSe nanoparticles. A good 

example would be tungsten oxide nanocrystals (Figure 4.7ab).41 They also possess a 

strong NIR plasmonic band with the maximum between 900 nm to 1000 nm. However, 

they don’t have significant absorption at the green upconversion emission wavelength 

range (Figure 4.7c).  
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Figure 4.7 (a) An optical image of tungsten oxide nanorod suspension; (b) TEM image 
of the tungsten oxide nanorod; (c) The theoretical and experimental absorption spectra of 
tungsten oxide nanorod. The broad band centered between 900-1000nm is the plasmonic 
band.41 Copyright 2012 American Chemical Society. 
 

4.4 CONCLUSIONS AND FUTURE WORK 

    We successfully attached plasmonic Cu2-xSe nanoparticles onto NaYF4:Gd:Yb:Er 

upconversion nanorods. Although the efficiency of populating Er3+ ions second excited 

states was increased due to the surface plasmon resonance enhancement from Cu2-xSe 

nanoparticles, the following FRET process from NaYF4:Gd:Yb:Er nanorods towards Cu2-

xSe nanoparticles, due to the overlapping between their absorption and emission bands, in 

turn partially quenched the upconversion emission and made the overall upconversion 

emission intensity lower than that of pure NaYF4:Gd:Yb:Er nanorods. 

    Feasible approaches to avoid FRET quenching including silica shell coating and 

replacing Cu2-xSe nanoparticle with some other low cost plasmonic nanomaterials 

without a absorption band overlapping with upconversion emission band were also 

proposed as future work of this project. 
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CHAPTER 5 

LN(BDC)1.5⋅DMF METAL-ORGANIC FRAMEWORKS (LN = EU, GD, TB) 

WITH ENHANCED MULTI-COLOR PHOTOLUMINESCENCE AND 

MAGNETIC COOLING EFFECT 

 

5.1 INTRODUCTION 

5.1.1 Pyrochlore, Magnetic Frustration and Origination of This Work 

    Magnetism in frustrated lattice, such as Pyrochlore and Kagomé (Figure 5.1), has long 

been the interest of chemists and physicists. Frustration arises when a system cannot 

minimize all the pairwise interactions simultaneously because of local geometric 

constrains.1 With the emerging development of metal-organic frameworks (MOFs) as a 

class of facile-made low-cost functional materials in the past decade,2 significant amount 

of efforts has been put into synthesizing Kagomé-mimicking-MOFs with paramagnetic 

metal ions as Kagomé lattice center and studying their magnetic properties.3-9 Surprising 

in contrast, little attention was paid to Pyrochlore-mimicking MOFs and only a few 

examples without paramagnetic metal ion lattice center were reported, not even to 

mention studying their magnetic properties.10-12 To the best of our knowledge, the only 

reported work trying to dope paramagnetic Fe3+ ion into Pyrochlore-mimicking MOF 

In(BDC)(HBDC) has failed and produced only non-Pyrochlore MIL-88B MOF lattice.13 

Here in this work, for the first time MOFs are introduced as a potential candidate of 

facile-made pyrochlore lattices by successfully doping paramagnetic Co2+ ions into 

Pyrochlore-mimicking Zn(INA)2 MOF lattice. 
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Figure 5.1 Schematic illustration of Kagome lattice and pyrochlore lattice.39 
 

    Materials with pyrochlore lattice have been found to possess various superior 

properties. For example, colossal magnetoresistance has been observed for Tl2Mn2O7 

pyrochlore lattice14-17; relaxor ferroelectricity and colossal magnetocapacitive coupling 

were observed in CdCr2S4 pyrochlore lattice18; spin-freezing transition19-21, magnon Hall 

effect22-24 and magnetic monopoles25-28 have also been observed in various pyrochlore 

materials such as Ho2Ti2O7, Dy2Ti2O7, Pr2Ir2O7, Nd2Mo2O7 or ZnCr2O4. 

    The composition of pyrochlore materials are usually a combination of two metal 

cations one of which is paramagnetic while the other one is diamagnetic with an anion 

such as O2- or S2-, as can been seen in the above mentioned examples. 

    When magnetic properties are being considered, pyrochlore lattices are usually called 

‘spin ice’. The nomenclature ‘spin ice’ comes from the fact that the way the spins 

arranged in lattice is analogous to the proton constrain in water ice lattice which was first 

described by Pauling.30 In pyrochlore spin ice lattice, the orientation of the spins is 

strictly confined along <111> axes. In each tetrahedron, the four spins occupying the four 

vertices are arranged following a ‘two in two out’ rule (Figure 5.2).29 
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Figure 5.2 The alignment of magnetic spins in pyrochlore lattice with a ‘two in two out’ 
pattern.29 Copyright 2014 Nature Publishing Group. 
!
!
    The crucial factor in this research area is to grow high-quality single crystals of 

pyrochlore materials.29 Generally utilized approachs to prepare pyrochlore single crystals 

include high temperature solid state reaction followed by flux growth in gas media28 and 

pulsed-laser deposition31. These methods require a very high temperature (usually over 

1000 K), complicated experimental instrumentation and operations and only limited 

number of pyrochlore lattices have been successfully synthesized.  

    In order to broaden the scope of available pyrochlore materials, very recently people 

have started trying to make artificial ‘spin ice’ to mimic the properties of pyrochlore 

materials through lithography and assembling colloidal particles.32-35 Although these 

artificial ‘spin ice’ could mimic real ‘spin ice’ to some extend,36 only 2-D patterns were 

prepared rather than the 3-D lattice in pyrochlore. On the other hand, the preparation also 

required sophisticated instrumentation and is not cost effective. 

    Metal-organic frameworks (MOFs) are a class of newly emerging materials2 with 

various fruitful properties.37, 38 MOFs are usually very easy to make and possess a large 

variety of available lattice structures. There have been several reported MOFs mimicking 

! !
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pyrochlore lattice.10-12 Unfortunately, however, none of them contains paramagnetic 

metal ions as pyrochlore lattice metal center. 

    The original purpose of this work is to try doping paramagnetic Ln3+ ions into 

diamagnetic pyrochlore lattice metal-organic framework In(BDC)(HBDC) with a 

In3+/Ln3+ molar ratio 1:1 to render it the properties of traditional mineral pyrochlore 

materials, thus introducing a facile synthetic protocol for functional materials possessing 

pyrochlore type lattice. In order to achieve this goal, two methods were carried out, 

namely post-synthetic cation exchange, and using Ln(III)/In(III) salt mixture as reactant. 

    The post-synthetic cation exchange protocol was inspired by the large amount of 

reported successful cation exchange in MOF lattices in purpose of modifying their 

properties.40-50 The typical procedure for this protocol is to soak the original MOF 

crystals in a salt solution of the cations to be exchanged into the MOF lattice. However, 

all trials of exchanging In3+ with Ln3+ have failed. Different solvent and lanthanide salt 

were used to prepare Ln3+ stock solution. Either the original In(BDC)(HBDC) MOF 

crystal completely dissolved after soaking or none significant cation exchange was 

achieved. 

     Since the post synthetic cation exchange protocol was not successful in this case, we 

turned our attention to using a mixed salt solution of In(III) and Ln(III) as the reactant 

with organic ligand 1,4-benzenedicarboxylic acid dissolved in DMF. In this case, two 

separate MOF phases were produced in the product, the In(BDC)(HBDC) without any 

Ln3+ doped and the Ln(BDC)1.5⋅DMF MOF phase. Although the original purpose of 

doping Ln3+ into In(BDC)(HBDC) was not successful, the new MOF phase 

Ln(BDC)1.5⋅DMF is of great interest. First of all, this MOF does not incorporate any OH 
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group containing solvent, which is a typical type of lanthanide luminescence quenching 

species, in the MOF lattice. Therefore if luminescent lanthanide cations are used as 

secondary building blocks, the as-synthesized luminescence MOF is expected to have 

high efficiency. On the other hand, recently there is a growing interest of using Gd(III) 

based metal-organic frameworks as magnetic cooling materials. So we also synthesized 

the Gd(BDC)1.5⋅DMF and tested its magnetic cooling properties. 

 

5.1.2 Metal-Organic Frameworks and Lanthanide Luminescent Metal-Organic 

Frameworks 

    Metal-organic frameworks (MOFs) are a class of polymeric solid state materials 

composed of metal ions (or polynuclear metal clusters) and organic ligands as nodes and 

linkers respectively. MOFs are emerging as highly promising functional materials for 

applications such as catalysis,51-53 gas storage,54,55 sensing,56,57 luminescent materials58 

and separation.59,60 Recently increasing amount of interests have been devoted to 

lanthanide based MOFs61-65 because lanthanide ions possess desirable properties of 

luminescence,66 magnetism67 and catalyst68 originated from their unique 4f electronic 

configuration. 

    One of the very most prominent applications of lanthanide-based MOFs lies in low-

cost phosphor with tunable luminescent color,69,70 not only due to the high color purity of 

lanthanide line-like emissions, but also because of the facile color tenability through co-

doping of different lanthanide ions, which is relatively harder in either lanthanide 

molecular complexes or d-block transition metal-based MOFs. One of the most 

commonly utilized ligands to build luminescent lanthanide MOFs is 1,4-
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benzenedicarboxylic acid (HBDC) since it is very low cost material but still able to 

sensitize lanthanide ions effectively through antenna effect.71-73 However, one of the 

major drawbacks of these reported Ln-BDC MOFs is that there are always solvent 

molecules containing O-H group, either water molecules or solvent alcohol molecules, 

coordinated to lanthanide ions in MOF lattice. These O-H group containing molecules 

significantly quench lanthanide luminescence by facilitating non-radiative deactivation 

process of excited states through vibronic coupling between non-radiative deactivations 

and vibrational states of the O-H oscillators.74,75 One approach to address this issue is to 

remove coordinated O-H containing molecules or exchange them with non-quenching 

molecules through post-synthetic treatment.76 However, these post-synthetic treatments 

require repeated time consuming immersing process and sometimes have potential risk of 

breaking original MOF lattice. Here in this work, we successfully developed a protocol to 

synthesize luminescent Ln-BDC MOFs without any quenching molecule coordinated, 

formulated as Ln(BDC)1.5∙DMF. Tunable color luminescence ranging from red, orange, 

yellow-green and finally to green was also obtained by co-doping Eu3+ and Tb3+ into 

MOF lattice with different ratios. Therefore, facile preparation of efficient phosphor with 

tunable luminescence color could be achieved through this synthetic protocol. 

 

5.1.3 Magnetocaloric Effect and Lanthanide-Based Magnetic Cooling Materials. 

    Cooling down temperatures has always been of extensive demand in various fields 

such as civil or industry refrigeration, transportation and academic research. Currently 

most commonly utilized cooling instruments are all based on reverse Carnot cycle which 

could be described as a four-step process cycle including two isothermal processes and 
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two adiabatic processes and are realized through compressing and expanding certain 

gaseous media. Although this is very facile and efficient under ordinary temperatures, it 

is not as feasible under extremely low temperatures such as sub-Kelvin temperatures 

simply because available gaseous media is extremely limited. Although helium-3 could 

be used to achieve temperature as low as 0.5K, it is very rapidly becoming rare and 

extremely expensive.77  

    Beside the technical issues under extremely low temperatures, another factor against 

gaseous cooling media lies at regular near-room-temperature cooling application. The 

major gaseous media for this type of cooling is dichlorodifluoromethane, also commonly 

know as Freon, which is highly detrimental to the ozone. 

    When pressure-based protocol is no longer practical for further cooling down the 

temperatures, entropy change could be achieved through putting paramagnetic or 

superparamagnetic materials into variable magnetic field to give long-range parallel or 

randomly alligned magnetic spins, which is also know as the magnetocaloric effect 

(MCE). MCE was first discovered by Warburg,78 and was later developed by Debye79 

and Giauque80 to achieve temperature below 1K. 

    Since MCE is achieved through the reversible change of randomly aligned spin and 

parallel aligned spin stimulated by the absence or presence of external magnetic field, 

intuitively there should be two requirements for magnetic spins in the working materials: 

First, there should be no long-range order regarding magnetism at the working 

temperature range so that the spin could efficiently respond to external magnetic field 

change;67,78-82 Secondly, the spin of each ion should be as large as possible to bring in 

large entropy change when spin alignment changes. This naturally makes Gd(III) based 
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paramagnetic materials an ideal candidate for this role. Because in Gd(III) all seven 4f 

orbitals are occupied with single electrons with the same spin, making the so far largest 

achievable single metal ion spin of 7/2. On the other hand, the 4f electrons are highly 

shielded by the outer 5p and 6s orbitals and therefore inter-ionic spin-spin or spin-orbital 

coupling is minimized, making spin response to external magnetic field more efficient. 

    Conventionally, lanthanide alloys and magnetic nanoparticles were the main working 

media employed for magnetic cooling. During the past decade an increasing interest has 

been devoted to molecular MCE materials which have been proven to have a much better 

cooling efficiency.67,83 Not until very recent, Gd(III) based MOF starts to emerge as 

another class of excellent candidate of MCE materials, which not only possess close to or 

in some examples even better magnetic cooling capability84,85 but are also very facile to 

synthesize. 

    Here in this work we successfully synthesized the Gd(BDC)1.5∙DMF metal-organic 

framework. In this MOF the organic linker 1,4-benzendicarboxylate is a small and light 

ligand and also only one DMF solvent molecule is coordinated to each Gd3+ ion. This 

makes functional spin density reasonably high within the material, which encouraged us 

to test its magnetic cooling capability. In the test results, a maximum –ΔSM value of 34.1 

Jkg-1K-1 was obtained at 2 K with a ΔH of 70 kOe, which is close to or even higher than 

most of the best reported molecular-based Gd3+ magnetocaloric clusters and comparable 

to most reported Gd3+-based MOF. 
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5.2 EXPERIMENTAL 

5.2.1 Materials 

    All solvent used was commercially available and used without further purification. 

GdCl3⋅6H2O (99.9%), TbCl3⋅6H2O (99.9%) and EuCl3⋅6H2O (99.9%) were purchased 

from Sigma-Aldrich. 1,4-Benzenedicarboxylic acid (HBDC) (99.0%) was purchased 

from TCI chemicals. 

 

5.2.2 Synthesis of Ln(BDC)1.5⋅DMF (Ln = Eu, Gd, Tb). 

    To synthesize single metal content Ln(BDC)1.5⋅DMF MOF, 0.38 mmol LnCl3⋅6H2O 

(Ln = 1 Eu, 2 Gd, 3 Tb) and 0.0939 g HBDC (0.57 mmol) were dissolved in 3 mL N,N-

dimethylformamide (DMF) by vigorous stirring. The solution was left undisturbed at 

room temperature for 8 hours, followed by transferring the solution to a 14 mL Teflon-

lined stainless steel autoclave. The reaction vessel was placed in electrical oven under 

160 °C for 72 hours. The as-obtained colorless block crystals were washed with DMF 

several times and then dichloromethane (DCM) twice, followed by dried under vacuum 

overnight for further characterization. Anal. Calcd for 1: C, 38.23; H, 2.78; N, 2.97. 

Found for 1: C, 38.03; H, 3.22; N, 3.15. Anal. Calcd for 2: C, 37.81; H, 2.75; N, 2.94. 

Found for 2: C, 37.69; H, 2.58; N, 3.12. Anal. Calcd for 3: C, 37.68; H, 2.74; N, 2.93. 

Found for 3: C, 37.61; H, 2.51; N, 3.01. 

5.2.3 Synthesis of EuxTb1-x(BDC)1.5⋅DMF. 

    To tune the photoluminescence color of the Ln(BDC)1.5⋅DMF MOF. Eu and Tb were 

co-doped into the MOF lattice with different molar ratios. The synthesis procedure is the 
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same as that of the single metal content MOF except that a mixture of EuCl3⋅6H2O and 

TbCl3⋅6H2O with total amount of 0.38 mmol was used instead of single lanthanide 

chloride salt. 

 

5.2.4 X-ray Crystallography. 

    Single-crystal data were collected on a Bruker SMART 1000 CCD diffractometer 

using graphite monochromatized Mo Kα radiation (λ = 0.71073 Å) at 299 K for 1, 300 K 

for 2 and 299 K for 3. Absorption corrections were applied using the multiscan program 

SADABS.86 The structures were solved by direct methods (SHELXTL),87 and the non-

hydrogen atoms were refined anisotropically by full-matrix least-squares method on F2.  

The hydrogen atoms of organic ligand were generated geometrically (C-H = 0.98 Å, 

aromatic 0.95Å). The crystal data, data collection parameters and refinement statistics for 

compound 1-3 are summarized in Table 5.1. 

 

5.2.5 Characterization. 

    The elemental analyses of C, H, N were carried out by Numega Resonance Labs, Inc. 

San Diego, CA, USA. Emission spectra were tested and recorded on a PTI 

fluorophotometer. The Commission International de I’Eclairage (CIE) color coordinates 

were calculated on the basis of the international CIE standards.88 In order to analyze the 

relative amount of Eu3+ and Tb3+ doped into EuxTb1-x(BDC)1.5⋅DMF, the as-synthesized 

EuxTb1-x(BDC)1.5⋅DMF MOF crystals were dissolved in 5% nitric acid and filtered. The 

filtrated solutions were then pumped into inductively coupled plasma atomic emission 



! 129!

spectrometer (ICP-AES) and the relative concentrations of Eu3+ and Tb3+ were 

determined based on the emission intensities of characteristic emission peaks. 

 

5.2.6 Magnetic Susceptibility Measurements. 

    The Magnetic susceptibilities of MOF 2 were measured with polycrystalline samples 

using a SQUID magnetometer at Xi’an Jiaotong University. The temperature 

dependences of field-cooled (FC) data were collected in the temperature range of 2-300 

K with an applied field of 1000 Oe. The isotherm magnetization data were collected at 2-

10 K for MOF 2 under applied fields up to 7 T. The magnetocaloric effect of MOF 2 was 

evaluated through indirect method.103  

 

Table 5.1 Crystal data as well as details of data collection and refinement 

Compound 1 2 3 

formula C15H13EuNO7 C15H13GdNO7 C15H13TbNO7 

fw 471.23 476.51 478.19 

T (K) 299 300 299 

cryst syst monoclinic monoclinic monoclinic 

space group C2/c C2/c C2/c 

a, Å 17.1615(8) 17.1336(3) 17.1319(3) 

b, Å 11.3633(6) 11.3121(2) 11.3121(2) 

c, Å 16.7968(9) 16.7055(4) 16.7066(3) 

α, deg 90 90 90 
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β, deg 97.140(2) 97.1498(6) 97.1563(5) 

γ, deg 90 90 90 

V, Å3 3250.2(3) 3212.63(11) 3212.48(10) 

Z 8 8 8 

Dc, (g cm-3) 1.926 1.970 1.977 

µ, (mm-1) 3.896 4.165 4.440 

data/params 35.745 20.254 21.395 

θ (deg) 36.310 30.700 30.030 

obsd reflns 7864 5002 4705 

!!!![! > 2!(!)] 0.0259(6243) 0.0182(4009) 0.0188(4116) 

!!!!!(!""!!"#") 0.0529(7864) 0.0754(4456) 0.0470(4707) 

!.!! = ! ! !! − !! / ! !!             !.!!! = ! ! ! !! !!! − !!! ! / !! !!! ! !/! 

 

5.3 RESULTS AND DISCUSSION 

5.3.1 Structure of Ln(BDC)1.5⋅DMF (Ln = Eu (1), Gd (2), Tb(3)) and EuxTb1-

x(BDC)1.5⋅DMF. 

    The structure analysis showed that MOF 1, 2, 3 and EuxTb1-x(BDC)1.5⋅DMF are iso-

structural with a monoclinic unit cell and crystallized out in a C2/c space group. 

Therefore only MOF 1 is described in detail on structure here as the example of the entire 

series of MOF. 

    In the asymmetric unit of MOF 1, there is one crystallographyically independent Eu3+ 

ion, one and a half completely deprotonated BDC ligands and one DMF molecule 
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coordinated onto Eu3+ ion. The Eu3+ is eight-coordinated to eight oxygen atoms including 

seven carboxylate oxygen atoms from BDC ligands (O1, O1, O2, O3, O4, O5, O6) and 

one acyl oxygen from the coordinated DMF molecule (O12) (Figure 5.3a). The Eu-O 

bond distances range from 2.320 to 2.646 Å. The coordination geometry around the Eu3+ 

ion could be described as a distorted bicapped trigonal prism (Figure 5.3b). Similar 

coordination geometry has also been found in other reported lanthanide-carboxylate-

ligand-based MOF.89,90 

 

Figure 5.3 (a) Coordination environment around the Eu3+ ion in MOF 1 (with hydrogen 
atoms omitted for clarity). (b) The bicapped trigonal prism coordination geometry around 
the Eu3+ ion. 
 

    Two closest neighboring Eu3+ ions are bridged together by BDC carboxylate to form 

paddle-wheel-like dimer units (Figure 5.4). Dimer unit was also found in previously 

reported lanthanide-carboxylate-ligand-based MOF.91 BDC ligands coordinate to Eu3+ 

ions through two different coordination modes (Scheme 5.1), namely: Mode A (µ4-

η1:η1:η1:η1), in which the BDC ligands bridge four lanthanide ions and each carboxylate 

oxygen only coordinate to one Eu3+ ion, making both carboxylate coordination as µ2-

η1:η1; Mode B (µ4-η1:η1:η1:η2), in which both carboxylate groups in the BDC ligands 

a b 
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bridge two Eu3+ ions respectively but one coordinate as µ2-η1:η1 while the other 

coordinate as µ2-η1:η2. Four carboxylate groups from four different BDC ligands bridged 

the two Eu3+ ions together as a dimer. Two of the four carboxylate groups come from the 

µ2-η1:η2 end of two mode B BDC ligands (shown in cyan color in Figure 5.4) while the 

other two come from the µ2-η1:η1 end of two mode A BDC ligands (shown in purple color 

in Figure 5.4). 

 

Figure 5.4 One paddle-wheel-like dimer unit formed by two closest neighboring Eu3+ 
ions. The dimer unit is bridged by four carboxylate groups from four BDC ligands (only 
carboxylate part are shown here for clarity), two of which bridge through the µ2-η1:η1 end 
of mode A BDC ligands while the other two bridge through the µ2-η1:η2 end of mode B 
BDC ligands. 
!
!
    The paddle-wheel-like dimers are further connected together by the µ2-η1:η1 

carboxylate groups from mode B BDC ligands to form a 1-D infinite chain along the c 
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axis (Figure 5.5). Each 1-D chain is connected to six neighboring 1-D chains by BDC 

ligands to form a 3-D non-self-penetrating MOF. A view of the 3-D MOF structure along 

the c axis is shown in Figure 5.6. 

 

Scheme 5.1 Coordination modes of BDC ligands in MOF 1. In mode A, BDC 
coordination could be described as µ4-η1:η1:η1:η1, while that in mode B could be 
described as µ4-η1:η1:η1:η2. 
 

 

Figure 5.5 The infinite 1-D chain formed by connecting paddle-wheel-like dimers with 
carboxylate groups. 
 

A B 
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Figure 5.6 The 3D structure of MOF 1 viewing along the c axis. H atoms and 
coordinated DMF molecules are omitted for clarity. 
 

5.3.2 Luminescent Properties. 

    Solid state luminescence spectra of MOF 1 and 3 were recorded at room temperature 

with excitation at 365 nm and depicted in Figure 5.7. 

    MOF 1 shows intense red luminescence with characteristic emission bands of Eu3+ 

centered at 580 nm, 593 nm, 613 nm and 700 nm which correspond to !!! !→ !!! , 

!!! !→ !!! , !!! !→ !!!  and !!! !→ !!!  transitions respectively41 upon excitation at 

365 nm (Fig. 5a). Among these transitions, !!! !→ !!!  transition is magnetic dipole 

allowed thus insensitive to symmetry of coordination environment while !!! !→ !!!  

transition is not magnetic dipole allowed in free ion but electric dipole allowed upon 
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distortion of coordination symmetry thus hypersensitive to coordination symmetry. 

Therefore the intensity ratio between then is usually utilized to evaluate the coordination 

symmetry around Eu3+ ions.97 In emission spectrum of MOF 1, the intensity ratio of 

!!! !→ !!!  transition over !!! !→ !!!  is about 5:1, indicating a low coordination 

symmetry around Eu3+. This is consistent with our structure analysis. 

 

Figure 5.7 Room temperature solid state luminescence spectra of MOF 1 (a) and MOF 3 
(b) under excitation of 365 nm. 
!

    MOF 3 shows intense green luminescence with characteristic emission bands of Tb3+ 

centered at 489 nm, 544 nm, 590 nm and 622 nm which correspond to !!! !→ !!! , 

!!! !→ !!! , !!! !→ !!!  and !!! !→ !!!  transitions respectively98,99 upon excitation at 

365 nm (Fig. 5b). The most intense emission is centered at 544 nm corresponding to 

!!! !→ !!!  transition exhibiting green color, in agreement with other reported Tb 

MOFs.100,101 Both MOF 1 and MOF 3 show high color purity because the full width at 

half height of the strongest bands (613 nm band for MOF 1 and 544 nm band for MOF 3) 

are less than 10 nm.100 

 

a b 
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5.3.3 Tunable Luminescence Color. 

    Due to lanthanide contraction effect, the ionic sizes and chemical properties of the 

whole Ln3+ ions family are quite similar, rendering co-doping of different Ln3+ ions into 

the same MOF lattice easy and facile. Therefore co-doping Ln3+ ions into MOF lattice is 

widely utilized to tune MOF luminescence color.90,101   

 

Figure 5.8 CIE chromaticity diagram and optical images of EuxTb1-x(BDC)1.5∙DMF MOF 
luminescence (A, x=1; B, x=0.12; C, x=0.06; D, x=0). 
 

    Here we also successfully co-doped Eu3+ and Tb3+ into Ln(BDC)1.5 ∙ DMF. 

Eu0.12Tb0.88(BDC)1.5∙DMF was obtained when a EuCl3/TbCl3 molar ratio of 5:95 was 

utilized while Eu0.6Tb0.94(BDC)1.5∙DMF was obtained when the molar ratio was tuned to 

1:99. Tunable luminescence color from red (Eu(BDC)1.5 ∙ DMF), orange 

(Eu0.12Tb0.88(BDC)1.5 ∙ DMF), yellow-green (Eu0.6Tb0.94(BDC)1.5 ∙ DMF) to green 

(Tb(BDC)1.5∙DMF) were obtained, with the homologous CIE chromaticity coordinates 

ranging from (0.4868, 0.3116) to (0.2786, 0.5062) (Figure 5.8). In the luminescence 

spectra of Eu3+/Tb3+ co-doped MOF (Figure 5.9), it could be seen that as the percentage 

of Eu3+ doping increases, enhanced probability of energy transfer from Tb3+ to Eu3+ is 
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observed as indicated by the decreased intensity of Tb3+ characteristic emissions 

accompanied by increased intensity of Eu3+ characteristic emissions. 

 

Figure 5.9 Luminescence spectra of EuxTb1-x(BDC)1.5∙DMF MOF under excitation of 
365 nm (a, x=0.05; b, x=0.01). 
 

5.3.4 Magnetic Properties and Magnetocaloric Effect. 

    The magnetic susceptibility of MOF 2 was measured on crystalline powder sample in 

temperature range from 2 to 300 K under 1000 Oe field as shown in Figure 5.10. At room 

temperature, the χMT value of MOF 2 is 7.90 cm3mol-1K which is in good consistent with 

the theoretical spin-only value of one isolated Gd3+ ion (7.88 cm3mol-1K for !! !/! 

ground state, L = 0, g = 1.99).102 Upon cooling, the χMT products remain almost constant 

until around 70 K, and start decreasing dramatically at around 16 K until reaching a value 

of 6.98 cm3mol-1K at 2 K. The decrease is possibly due to antiferromagnetic interactions 

between two Gd3+ ions within each dimer in the MOF lattice. Fitting of the χM vs T data 

following Curie-Weiss law χ = C/(T - θ) gives C = 7.91 cm3mol-1K and θ = −0.91 K. The 

small negative θ value indicates if any antiferromagnetic interaction exists between the 

Gd3+ ions it should be very weak.89,91 According to the 1D Heisenberg  alternating spin-

chain Hamiltonian ! = !−!! !!!!!!!! − !! !!!!!!!!, the molar magnetic susceptibility 

data can be expressed by the following equation (1),92,93 

a b 
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! = !!!!!!!(!!!)
!!"

!!!!!!!!!!!!
!!!!!!

                                            (1) 

where !! = coth !!! !!!
!" − [ !"

!!! !!! ], and !! = coth !!! !!!
!" − [ !"

!!! !!! ], and J1 and 

J2 represent the intra- and inter- dimer exchange constant, respectively.  The best fitting 

of the χT(T) plot affords J1 = –0.03(2) cm−1, J2 = –0.01(2) cm−1, g = 1.998(1) and R = 

!!! !"# − !!! !"#
! !!! !"#

! = 2.17×10–3. The small, but disparate intrachain 

exchange-coupling constants keep in accordance with structural feature of the Gd(III) 

alternating chain, in which the stronger J1 may correspond to the magnetic interacation 

within the paddle-wheel dimer, whereas the weaker J2 is presumably the 

antiferromagnetic interaction between the dimer.94 Because there is no signature of any 

long-range magnetic order would occurs in available temperature window for MOF 2 and 

thus, a symbol M1U1S3 should be given according to the magneto-structural correlation of 

this compound.95 

 

Figure 5.10 The χMT vs T plot and the best fitting (red solid line) of MOF 2 under 1000 
Oe field. 
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    In order to evaluate the magnetocaloric effect of MOF 2, an indirect method was 

adopted here.103 Namely, isothermal magnetization of MOF 2 at different temperatures 

was first measured and entropy change was then derived by numerical integration 

according to eqn (2). 

                                             ∆!(!)∆! = ! (!"(!,!)!" )!!!
!! !"                                            (2) 

    Field-dependent molar magnetization values of MOF 2 were measured at temperatures 

ranging from 2 K to 10 K, with a 1 K step between adjacent isothermal curves under 

magnetic fields up to 7 T (Figure 5.11). The M vs. H plot at 2 K is slightly lower than the 

Brillouin function atlower fields, further confirming the very weak antiferromagnetic 

interaction within the Gd(III) chain. 

 

Figure 5.11 Field dependent magnetization of MOF 2 at different temperatures under 
magnetic field up to 7 T. The black lines are calculated Brillouin function for each 
magnetically isolated Gd3+ ions with s = 7/2, g = 1.99 at T = 2 K.  
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    The entropy changes of MOF 2 at various magnetic fields and temperatures are 

depicted in Figure 5.12. A maximum –ΔSM value of 34.1 Jkg-1K-1 was obtained at 2 K 

with a ΔH of 70 kOe, which is close to or even higher than most of the best reported 

molecular-based Gd3+ magnetocaloric clusters104-111 and comparable to most reported 

Gd3+-based MOF.84,112 

 

Figure 5.12 Entropy change (−ΔSM) of MOF 2 derived from the isothermal 
magnetization data. 
 

5.4 CONCLUSIONS AND SUMMARY 

    A series of isostructrual Ln3+-BDC MOFs without any luminescence-quenching 

molecules coordinated were successfully synthesized through solvothermal method. They 

all possess a dense, non-self-penetrating structure. The photoluminescence properties of 

MOF 1, 3 and Eu3+, Tb3+ co-doped EuxTb1-x(BDC)1.5∙DMF, as well as the magnetocaloric 
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effect of MOF 2 were studies thereafter. Intense photoluminescence with tunable color 

ranging from red, orange, yellow-green and finally to green were successfully obtained 

under 365 nm UV excitation. On the other hand, good magnetocaloric effect was 

observed for MOF 2, indicating multifunctionality of this series of lanthanide MOFs. 
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CHAPTER 6 

THE FIRST PYROCHLORE-MIMICKING METAL-ORGANIC FRAMEWORK 

CoxZn1-x(INA)2 WITH SIGNIFICANT AMOUNT OF PARAMAGNETIC METAL 

ION INCORPORATED 

 

6.1 INTRODUCTION 

6.1.1 Continuous Effort on Magnetic Active Pyrochlore-Mimicking MOF 

    Work in this chapter is part of the continuous effort of synthesizing metal-organic 

framework materials with pyrochlore mimicking backbone doped with significant 

amount of paramagnetic metal ions. In the original work reported by Zhao,1 besides the 

pyrochlore-mimicking In(BDC)(HBDC) MOF (QMOF-2) serving as a feasible template 

for Ln(III) ion doping, there is also one other pyrochlore-mimicking MOF formulated as 

Zn(INA)2∙2H2O (QMOF-1) (INA = isonicotinate) (Figure 6.1) which on the other hand 

serves as an ideal doping backbone for divalent transition metal ions. 

 

Figure 6.1 The two pyrochlore-mimicking MOF QMOF-1 and QMOF-2 reported by 
Zhao.1 Copyright 2002 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim. 
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    Considering the requirements of doping a certain metal ions into the crystal lattice of a 

different metal complex, besides the charge of metal ions, other factors such as similar 

coordination geometry and ionic radius between the guest and host metal ions are also 

quite important. When comparing the ionic radius of 1st row transition metal ions (Table 

6.1),2,3 it can be seen that high spin Co2+ has the closest ionic radius (88.5 pm) to Zn2+ (88 

pm). When looking at the asymmetric unit of Zn(INA)2∙2H2O, the coordination geometry 

around Zn2+ ions in the host lattice is tetrahedral (Figure 6.2a) which will render Co2+ a 

high spin electronic configuration if successfully doped, which possesses the desired 

ionic radius. On the other hand, if successfully doped, the s = 3/2 ground state spin of 

high spin Co2+ in turn contributes to a higher magnetic moment of this material in case 

magnetic frustration is present, which is also highly desirable. Encouraged by all these 

promising considerations, we decided to start from doping Co2+ into Zn(INA)2∙2H2O 

MOF lattice for pyrochlore mimicking MOF.  

Table 6.1 Ionic radius of divalent 1st row transition metal ions2,3 

M2+ Zn2+ Cu2+ Ni2+ Co2+ 
(hs) 

Co2+ 
(ls) 

Fe2+ 
(hs) 

Fe2+ 
(ls) 

Mn2+ 
(hs) 

Mn2+ 
(ls) 

Radius 
(pm) 

88 87 83 88.5 79 92 75 97 81 

(hs =  high spin; ls =  low spin) 

 

6.1.2 Synthetic Protocol 

    Generally speaking, there are two typical protocols to dope metal ions into a host 

lattice: in-situ doping during synthesis and post-synthetic metathesis.  

    For in-situ doping usually different metal ions are mixed together to form a 

homogeneous reaction mixture, followed by adding desired anion or ligand precursor for 
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crystal growth, during which process both metal ions participate in crystal lattice 

construction and distribute homogenously in crystal lattice. In situ doping method has 

been widely utilized in doping guest metal ions into semiconductor nanoparticles or 

quantum dots,4-9 ceramic materials14-18 as well as MOFs10-13, resulting in various superior 

functional materials. Inspired by the fruitful achievements of in-situ doping, we decide to 

utilize it for the preparation of paramagnetic Co2+ ion doped pyrochlore mimicking 

Zn(INA)2∙2H2O MOF. 

 

6.2 EXPERIMENTAL 

6.2.1 Materials. 

    All solvent used were commercially available and used without further purification. 

Co(NO3)2∙6H2O (99%) was purchased from Strem Chemicals. Zn(NO3)2∙6H2O (99%) 

was purchased from Fisher Scientific. Isonicotinic acid (99%) was purchased from 

Aldrich. 

 

6.2.2 Synthesis of CoxZn1-x(INA)2 (1). 

    In a typical synthesis, a total amount of 0.2 mmol M(NO3)2∙6H2O (mixture of 

Co(NO3)2∙6H2O and Zn(NO3)2∙6H2O in different molar ratio) and 0.4 mmol isonicotinic 

acid (INA) were added into 8 mL of N,N-Dimethylformamide (DMF) and stirred until 

completely dissolved. The solution was then transferred into a sealed 20 mL scintillation 

vial which was then placed in an electric oven at 120 °C-140 °C for 12 hours. After the 

vial was taken out from the oven, the liquid was poured out while still hot. The crystals 
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were washed several times with DMF and then dichloromethane (DCM) and finally dried 

under vacuum. The raw product was a mixture of purple needle-shaped crystals and dark 

red block-shaped crystals. The purple needle-shaped crystals were separated manually 

from the mixture and were obtained as 1. 

 

6.2.3 Synthesis of Co(INA)2∙DMF (2) and [Co2(INA)4]∙DMF (3). 

    The synthetic procedure was same as the one of synthesizing 1 except using only 

Co(NO3)2∙6H2O instead of a mixture of Co(NO3)2∙6H2O and Zn(NO3)2∙6H2O as metal 

precursor. The raw product was a mixture of dark red crystals and orange crystals. Each 

kind of crystal was separated manually and the dark red crystals were obtained as 2 while 

the orange crystals were obtained as 3. Anal. Calcd for 2: C, 47.88; H, 4.02; N, 11.17. 

Found for 2: C, 47.70; H, 4.31; N, 11.29. Anal. Calcd for 3: C, 47.74; H, 3.41; N, 10.31. 

Found for 3: C, 47.50; H, 3.84; N, 10.51. 

 

6.2.4 Co2+ Doping Content Measurement on MOF 1. 

    In order to analyze the amount of Co2+ doped into MOF 1, the as-synthesized MOF 1 

was dissolved in 5% nitric acid and filtered. The filtrated solution was pumped into ICP-

AES and the relative concentrations of Co2+ and Zn2+ were determined based on the 

emissions.  
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6.2.5 X-ray Crystallography. 

    Single-crystal data were collected on a Bruker SMART 1000 CCD diffractometer 

using graphite monochromatized Mo Kα radiation (λ = 0.71073 Å) at 100 K for 1, 296 K 

for 2 and 293 K for 3. Absorption corrections were applied using the multiscan program 

SADABS.19 The structures were solved by direct methods (SHELXTL),20 and the non-

hydrogen atoms were refined anisotropically by full-matrix least-squares method on F2.  

The hydrogen atoms of organic ligand were generated geometrically (C-H = 0.98 Å, 

aromatic 0.95Å). 

    Crystal data, as well as details of the data collection and refinement, for all the 

complexes are summarized in Table 6.2. 

 

6.2.6 Magnetic Susceptibility Measurements. 

    The Magnetic susceptibilities of MOF 1, 2 and 3 were measured with polycrystalline 

samples using a SQUID magnetometer at Xi’an Jiaotong University. The temperature 

dependences of field-cooled (FC) data were collected in the temperature range of 2-300 

K with an applied field of 1000 Oe for MOF 1 and 3 and 2000 Oe for MOF 2. The 

isotherm magnetization data were collected at 2, 3, 4, 5, 6, 7, 8, 9 and 10 K for MOF 1; at 

2, 3, 4 and 5 K for MOF 2 while at 2 K for MOF 3 under applied fields up to 7 T. 

 

Table 6.2 Crystal data as well as details of data collection and refinement 

Compound MOF 1 MOF 2 MOF 3 

formula C12H8CoN2O4 C15H15CoN3O5 C27H23Co2N5O9 
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fw 303.13 376.23 679.36 

T (K) 100 296 293 

cryst syst trigonal monoclinic monoclinic 

space group P32 Pn P21 

a, Å 15.5518(7) 6.3025(9) 9.830(9) 

b, Å 15.5518(7) 12.6010(19) 12.752(11) 

c, Å 6.1455(4) 10.4890(15) 11.015(10) 

α, deg 90 90 90 

β, deg 90 91.347(4) 100.389(12) 

γ, deg 120 90 90 

V, Å3 1287.21(17) 832.8(2) 1358(2) 

Z 3 2 2 

dc, (g cm-3) 1.173 1.500 1.661 

µ, (mm-1) 1.007 1.060 1.287 

data/params 35.632 16.735 12.472 

θ (deg) 34.400 27.869 27.850 

obsd reflns 6093 3665 4777 

!!!![! > !"(!)] 0.0400 0.0274 0.0464 

!!!!!(!""!!"#") 0.0926 0.0734 0.1399 

!.!! = ! ! !! − !! / ! !!    !.!!! = ! ! ! !! !!! − !!! ! / !! !!! ! !/! 
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6.3 RESULTS AND DISCUSSION 

6.3.1 Structure Description of 1 and Its Similarity to Pyrochlore Lattice. 

   Reaction of Co(NO3)2 ∙6H2O and Zn(NO3)2 ∙6H2O with isonicotinic acid in DMF 

produces 1 as purple colored needle crystals. The structure of 1 was determined from 

single crystal X-ray diffraction. In MOF 1, each metal ion (Zn2+ or Co2+) is coordinated 

to four INA ligands in a distorted tetrahedral coordination environment (Figure 6.2a), two 

of which coordinate through one of the two oxygen atoms from the carboxylic groups 

while the other two coordinate through pyridine nitrogen atom. MOF 1 is a two-fold self-

penetrated MOF composed of two networks with identical structure (Figure 6.5a) and 

possesses 1-D hexagonal shaped channels and trigonal shaped channels along the [001] 

direction (Figure 6.2a). The metal ion backbone in MOF 1 is highly similar to the metal 

ion backbone in pyrochlore (Figure 6.3). M2+ (M2+ = Zn2+, Co2+) ions occupy the vertex 

positions of tetrahedrons. The tetrahedrons are connected to each other by sharing their 

vertices to wrap around the hexagonal shaped 1-D channels. The tetrahedrons composed 

of M2+ ions are slightly distorted from regular tetrahedron geometry. Three of the six 

edges are with a length of 8.018 Å, two other edges are with a length of 8.801 Å while 

another with a length of 6.286 Å (Figure 6.4). Due to its self-penetration nature, MOF 1 

was composed of two pyrochlore backbones interpenetrated into each other (Figure 6.3b). 
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Figure 6.2 Coordination configurations around the metal ion (top) and framework 
structures (bottom) in 1 (a), 2 (b) and 3 (c). 
 

 

Figure 6.3 a. The structure of a typical pyrochlore lattice;21 b. The two-fold self-
penetrated pyrochlore backbone in MOF 1. 
 

 

a b c 
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Figure 6.4 Geometry of the distorted tetrahedron composed by four neighboring M2+ 
(M2+ = Zn2+, Co2+) ions in MOF 1. 
 

6.3.2 Zn2+ Template Effect. 

    Efforts to synthesize pyrochlore-mimicking MOF without the presence of 

Zn(NO3)2∙6H2O in the reaction precursor have all failed and pure cobalt MOFs 2 and 3 

with distinctly different structures from 1 were produced instead. Therefore Zn2+ ion 

plays a key role in the formation of pyrochlore-mimicking MOF 1. It is possibly due to 

the difference in ligand field stabilization energies making Zn2+ favor the distorted 

tetrahedral coordination configuration in MOF 1 while making Co2+ favor the distorted 

octahedral coordination configurations in MOF 2 and 3. During the reaction, Zn2+ ions 

react with INA ligands to dominantly form MOF 1 pyrochlore mimicking backbone. 

During this process, Co2+ ions also participate in the construction of backbone and are 
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doped into the pyrochlore mimicking MOF 1 as metal nodes. Similar template effect has 

also been found in MOF construction between Fe(III), In(III) and 1,4-

benzendicarboxylate ligand.22 

 

6.3.3 Structure Descriptions of MOF 2 and MOF 3. 

    When only Co(NO3)2∙6H2O is used as metal salt precursor but under otherwise 

identical conditions, dark red crystals of 2 and light orange crystals of 3 as a mixture is 

produced instead. In MOF 2, each Co2+ ion is coordinated to four INA ligands in a 

distorted octahedral environment. Two of the four INA ligands coordinate to Co2+ 

through pyridine nitrogen atom while the other two coordinate through carboxylic group 

with both oxygen atoms in each, making the coordination number as 6 (Figure 6.2b). 

MOF 2 is also a two-fold self-penetrated MOF composed of two networks with identical 

structure and possesses 1-D rhomboid channels along [100] direction (Figure 6.5b). 

Although the coordination number on Co2+ in MOF 3 is also 6, however, each Co2+ ion is 

coordinated to six INA ligands, two of which coordinate through pyridine nitrogen atom 

at the axial positions while the other four INA ligands each coordinates at the equatorial 

positions through one of the two carboxylic oxygen atoms to Co2+ ion center leaving the 

other carboxylic oxygen atom bridging to a neighboring Co2+ ion, making infinite 1-D 

Co2+ chains along the [100] direction (Figure 6.2c). MOF 3 is a non-self-penetrated MOF 

with 1-D rhomboid channels along [100] direction (Figure 6.2c). 



! 152!

 

Figure 6.5 Two-fold self-penetration structures of 1 (a) and 2 (b). 
 

6.3.4 Channel Homochirality in MOF 1. 

    In MOF 1, infinite distorted hexagonal 1-D channels wrapped by tetra-strands helical 

chains composed of M2+ ions and INA ligands expand along the [001] direction. Each 

hexagonal channel is surrounded by six smaller trigonal channels while each trigonal 

channel is in turn surrounded by three hexagonal channels, giving a Kagomé type 

projection when viewing along the [001] direction (Figure 6.2a). The tetra-strands helical 

metal-organic polymer chains wrapping around the hexaganol channels render chirality in 

each channel (Figure 6.6). Within one same single crystal, the tetra-strands chains 

wrapping around the hexagonal channels are all of the same enantiomer (either left 

handed or right handed). These two kinds of single crystals co-exist as a mixture in the 

final product. Both enantiomers have been found in randomly picked single crystals from 

the mixture (Figure 6.6). 
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Figure 6.6 Wrapping patterns of tetra-strands helical metal-organic polymer chains 
around hexagonal channels in two enantiomers of MOF 1 found in randomly picked 
single crystals: a, “counterclockwise” wrapping pattern; b, “clockwise” wrapping pattern. 
 

6.3.5 Channel Chirality in MOF 2. 

    In MOF 2, infinite distorted rhomboid channels wrapped by double-strands helical 

chains composed of Co2+ ions and INA ligands expand along the [100] direction. 

However, the neighboring channels sharing the channel walls possess opposite chirality 

and the two enantiomers co-exist with a 50:50 ratio, making the complete MOF 2 lattice 

achiral (Figure 6.7). Other achiral metal-organic frameworks containing chiral channels 

of both enantiomers have also been reported.23 

 

Figure 6.7 Wrapping patterns of double-strands helical metal-organic polymer chains 
around rhomboid channels in MOF 2. Both “counterclockwise” and “clockwise” 
wrapping patterns co-exist in MOF 2 with a 50:50 ratio. 
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6.3.6 Co2+ Doping into MOF 1. 

    When mixtures of Zn(NO3)2∙6H2O and Co(NO3)2∙6H2O are used as the metal salt 

precursors, Co2+ doped MOF 1 is successfully synthesized.  

    Intuitively, increasing the Co/Zn molar ratio in the metal salt precursor will 

correspondingly increase the amount of Co2+ doped into MOF 1. This was indeed proved 

to be true. As the Co/Zn molar ratio in the metal salt precursor increased from 2:1 to 3:1, 

the percentage of Co in metal content increased from 34% to 41% in the as-synthesized 

MOF 1 under 120 °C and from 51% to 57% under 140 °C (Table 6.3). However, the 

molar ratio of Co/Zn in the as-synthesized MOF 1 was much lower than that value in the 

metal salt precursor. This in turn was consistent with the hypothesis that Zn2+ ion favors 

the distorted tetrahedral coordination configuration compared to Co2+, making Co2+ less 

efficient in participating coordination in MOF 1. 

    Another factor influencing the doping efficiency of Co2+ into MOF 1 is reaction 

temperature. As shown in Table 6.3, if the reaction temperature increased from 120 °C to 

140 °C, Co content in the as-synthesized MOF 1 increased while under otherwise 

identical conditions (from 34% to 51% with a 2:1 Co/Zn molar ratio in precursor and 

from 41% to 57% with a 3:1 Co/Zn molar ratio in precursor). 
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Table 6.3 The x value of CoxZn1-x(INA)2 in MOF 1 under different reaction 
conditions. 

Co/Zn molar ratio in metal 
salt precursors 

Reaction temperature 

120 °C 140 °C 

2:1 0.34 0.51 

3:1 0.41 0.57 

 

6.3.7 Magnetic Properties of MOF 1. 

    Although the metal backbone in MOF 1 possesses a typical pyrochlore prototype, 

unfortunately, magnetic frustration was not observed in MOF 1. This is probably due to 

the large distances between neighboring metal ions (6.146 Å ~ 8.788 Å), making spin-

spin interaction negligible. The magnetic susceptibility of MOF 1 with formula of 

Co0.57Zn0.43(INA)2 was measured by poly crystalline sample under applied field of 1000 

Oe at temperatures ranging from 2-300 K (Figure 6.8). From the 1/χM vs T plot, it can be 

seen that no obvious antiferromagnetic interaction was observed upon cooling to even 2K 

(Figure 6.9). At room temperature, χMT is equal to 1.31 cm3 mol-1 K (µeff per Co2+ = 5.68 

µB based on 57% Co2+ content). The µeff per Co2+ value is much higher compared to 

expected value for high-spin Co2+ ion considering spin-only with g = 2.0 (µeff = 3.87 µB). 

This is probably due to the contribution from unquenched angular momentum from high-

spin Co2+ ion.24 Upon cooling the χMT value decreases to 0.73 cm3 mol-1 at 2 K. 

Considering the large distance between neighboring ions and the diluted Co2+ content, the 

decrease in χMT value is more possibly due to the depopulation of the higher energy 

Kramers doublets of the Co2+ centers.24 
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Figure 6.8 χMT vs T plot of MOF 1 under applied field of 1000 Oe at temperatures 
ranging from 2-300 K. 
 

 

Figure 6.9 1/χM vs T plot of MOF 1 under applied field of 1000 Oe at temperatures 
ranging from 2-300 K. The red line is the result of linear fit to the Curie-Weiss law. 
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6.3.8 Magnetic Properties of MOF 2. 

    The magnetic properties of MOF 2 was also studied. The magnetic susceptibility of 

MOF 2 was measured by poly crystalline sample under applied field of 2000 Oe at 

temperatures ranging from 2-300 K (Figure 6.10). At room temperature, χMT is equal to 

3.32 cm3 mol-1 K (µeff = 5.17 µB). The µeff per Co2+ value is also much higher compared to 

expected value for high-spin Co2+ ion considering spin-only with g = 2.0 (µeff = 3.87 µB). 

Again, this is probably due to the contribution from unquenched angular momentum from 

high-spin Co2+ ion.24 Upon cooling the χMT value decreases to 1.58 cm3 mol-1 at 2 K. 

Similar to the case in MOF 1, since the distance between each Co2+ center is rather far, 

the decrease in χMT value is more possibly due to the depopulation of the higher energy 

Kramers doublets of the Co2+ centers.24 

 

 

Figure 6.10 χMT vs T plot of MOF 2 under applied field of 2000 Oe at temperatures 
ranging from 2-300 K. 
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6.3.9 Magnetic Properties of MOF 3. 

    The magnetic properties of MOF 3 was also studied. The magnetic susceptibility of 

MOF 3 was measured by poly crystalline sample under applied field of 1000 Oe at 

temperatures ranging from 2-300 K (Figure 6.11). At room temperature, χMT is equal to 

5.35 cm3 mol-1 K (µeff per Co2+ = 3.28 µB). The µeff per Co2+ value is also higher 

compared to expected value for low-spin Co2+ ion considering spin-only with g = 2.0 (µeff 

= 2.83 µB), possibly due to the contribution from unquenched angular momentum from 

low-spin Co2+ ion.24 Upon cooling the χMT value decreases to 3.02 cm3 mol-1 at 2 K. 

Considering the close distance between neighboring Co2+ ions, the decrease in χMT value 

is more possibly due to anti-ferromagnetic coupling. 

!
Figure 6.11 χMT vs T plot of MOF 3 under applied field of 1000 Oe at temperatures 
ranging from 2-300 K. 
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6.4 CONCLUSIONS AND SUMMARY 

    The first pyrochlore-mimicking metal-organic framework with significant amount of 

paramagnetic metal centers incorporated was successfully synthesized with a facile single 

step energy-efficient solvothermal synthesis. Although magnetic frustration was not 

observed due to the large separation between metal ions in the MOF backbone, this work 

is a good prototype to open up a novel and facile alternative avenue in spin-ice research, 

bringing in metal-organic frameworks as a class of potential spin-ice candidates for the 

first time. 
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CHAPTER 7 

EFFECTIVE ETCHING V.S. INEFFECTIVE ETCHING REGARDING 

INCREASING MOF MICROPOROUS ACCESSIBILITY  

 

7.1 INTRODUCTION 

7.1.1 Origination of Work in This Chapter 

    Work in this chapter started with the continuous effort of achieving Co2+ doped 

pyrochlore-mimicking metal-organic framework (MOF) Zn(INA)2 ∙2H2O (QMOF-1) 

possessing pyrochlore-like magnetic frustration properties. As discussed in chapter 6, 

although Co2+ ions were successfully doped into QMOF-1 lattice through in-situ doping 

by mixing nitrate salts of both Co2+ and Zn2+ as the reactant during MOF synthesis with a 

highest Co2+ doping ratio up to 57%, magnetic frustration was not observed. This is 

possibly due to the still relatively low Co2+ doping level which resulted in far separated 

Co2+ ions in the MOF lattice. In order to further increase Co2+ doping level in QMOF-1 

lattice, we first tried to increase the ratio of Co(NO3)2∙6H2O/Zn(NO3)2∙6H2O in the 

reactant mixture. However, a further increase of this ratio from 3:1 resulted in MOF 

crystals iso-structrual with MOF 2 and MOF 3 instead of the pyrochlore mimicking 

QMOF-1 lattice.  

    Yet another way of changing the content of metal ion or organic linker in MOF is 

through post-synthetic exchange,1-11 which is usually achieved through soaking as-

synthesized MOF crystal in a solution of desired metal ion or organic linker species. 

Through kinetically controlled metal/organic linker exchange under near or slightly 

above room temperature, certain metal/organic linker combination with desired structural 
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features rendering superior properties could be achieved, which is instead not possible 

under thermaldynamically controlled synthesis environment. Inspired by this, we decided 

to utilize post-synthetic metalation to replace Zn2+ with Co2+ to achieve an even higher 

Co2+ doping level or completely replacing Zn2+ with Co2+. 

    To achieve this, an appropriate solvent should be selected. This solvent should be able 

to dissolve both Co(NO3)2∙6H2O and Zn(NO3)2∙6H2O yet also small enough so that the 

solvated Co2+ ions are able to enter the QMOF-1 porous structure and reach to Zn2+ ion 

sites for exchange. On the other hand, to keep the QMOF-1 lattice intact, any solvent 

could dissolve QMOF-1 should be avoided. After taking these factors into consideration, 

we finally narrowed down to two choices: N,N-dimethylformamide (DMF) and 

acetonitrile.  

 

7.1.2 Unexpected Observation of Etching Instead of Metalation 

    After soaking as-synthesized colorless needle-shaped QMOF-1 crystals in 0.05 M 

Co(NO3)2∙6H2O acetonitrile solution after a certain period of time, the colorless QMOF-1 

crystals didn’t turn purple, which is the sign of successful Co2+ doping, as we expected. 

Instead, large amount of etching cuts perpendicularly cutting through the needle crystals 

appeared (Figure 7.1a). On the other hand, for QMOF-1 crystals soaked in 0.05 M 

Co(NO3)2∙6H2O DMF solution, etching cuts axially going through the needle crystals 

appeared (Figure 7.1b). Therefore, instead of trying to increase Co2+ doping in QMOF-1 

lattice through post-synthetic metalation, we turned our attention to the study of etching 

MOF for the purpose of increasing MOF microporous accessibility. The significance and 

background of rational MOF etching will be introduced in the following sections. 
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Figure 7.1 SEM images of QMOF-1 crystal after soaking in: a. 0.05 M Co(NO3)2∙6H2O 
acetonitrile solution; b. 0.05 M Co(NO3)2∙6H2O DMF solution. Scale bar is 25 µm in a 
and 50 µm in b. 
 

7.1.3 Solving Diffusion Limitation of MOF 

    Ever since first being introduced in late 1990s,12 research on metal-organic frameworks 

(MOFs) have experienced a blooming growth in both academia and industrial 

applications, presumably due to the facile synthesis, tunable porosity and structures,13 as 

well as their attractive properties and corresponding potential applications in fields such 

as catalysis,14-16 gas storage,17,18 sensing,19,20 and separation.21,22 Albeit sound fascinating, 

all these mentioned features basically originate from their porosity. So far, the pore sizes 

of most reported MOFs are smaller than 2 nm, which are still within the micro-pore size 

ranges. The relatively small pore size highly limits the diffusion of reactive species, such 

as gaseous molecules or catalytic reactants, inside MOF. Therefore only the portion of 

porous structure near MOF crystal surface is loaded with desired guest molecules and 

leaving the large other portion of porous structure buried inside unloaded and non-

functional.28-38 One illustrative example would be the effort to incorporate pyridinium 

hemicyanine dye within bio-MOF-1 for the purpose of two-photon-pumped laser, 

reported by Chen and Qian.67 Despite the relative large pore size (1×1 nm) of bio-MOF-

a b 
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1 and the small molecular size of the dye, even after 2 hours of immersing in the dye 

solution the diffusion of dye molecules into bio-MOF-1 is still highly limited as revealed 

by laser emission (Figure 7.2). 

 

Figure 7.2 Fluorescence microscopic images of bio-MOF-1 after immersed in dye 
solution for different period of time.67 Copyright 2013 Nature Publishing Group. 
 

    The intuitive way to solve this problem is to increase the pore size of MOFs at 

molecular level. Although several MOF structures with high pore sizes up to 9.8 nm have 

been successfully obtained with prolonged organic linkers,13,23 this strategy is only 

applicable to very limited number of metal ion-organic linker combinations. In most 

other cases further increasing the pore sizes by utilizing longer organic linkers24,25 often 

results in collapsed pore structures or interpenetrated frameworks of much reduced 

porosity.26,27 

    Instead of increasing molecular level microporous size, a more general and facile route 

to overcome the guest molecule diffusion limit is to introduce mesopore or even 

macropore into bulk MOF materials for the purpose of increasing molecular level 

microporous exposure and accessibility. Researchers have brought up various methods to 

introduce meso- or macropores into MOFs in addition to inherent micropores. Such 

methods include soft templating method with certain surfactant molecules or nano-

template as sacrificing phase to introduce mesopores,18,66 synthesizing MOF aerogels,29 
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exfoliation method to obtain few-layered porous MOF nanosheets30-34 as well as crystal 

etching.35-38 Among these methods, soft templating method often produces MOF 

materials containing meso- or macropores filled with surfactant molecules which requires 

further sophisticated post-synthetic treatment to remove them,39 for aerogel method the 

rational design of supramolecular gels still remains a challenge,40-42 while the MOF 

exfoliation technique only applies to layered MOF structures and requires either 

surfactant which block the porous accessibility or wet ball-milling in which certain MOF 

might decompose in the solvent. Therefore, the facile crystal etching method, which has 

also been proven to be successful in creating macropores in zeolite and metal oxide 

crystals,33-46 turns out to be the most efficient method. 

    So far, most of the reported works of MOF etching have been focusing on the 

observation of etching pattern on MOF crystals.36-39,47-49 No connection between etching 

pattern and porous structure at molecular level has been taken into account to evaluate 

whether observed etching would effectively increase microporous accessibility. This is 

especially important for MOF structures with lower symmetry space groups because due 

to their structural heterogeneity etching on different directions results in exposure of 

completely different micro-structures: in some ideal cases with functional porous 

structure more exposed while in some other cases with blocked walls in MOF more 

exposed. Therefore, a controlled facet-specific etching on MOF crystals with the purpose 

of increasing microporous accessibility is highly desirable to overcome the inherent 

diffusion limitations in MOF materials. 

    During the post-synthetic metal cation exchange reaction on Zn(INA)2 MOF, we 

serendipitously discovered that instead of replacing Zn2+ in the MOF lattice, solvated 
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Co2+ ions rather introduced etching patterns into needle-shaped Zn(INA)2 MOF crystal. 

By controlling the solvation environment around Co2+, the etching pattern could also be 

controlled at different directions which leads to completely different exposure of 

microporous structure. Here we first introduce the concepts of effective and ineffective 

etching of MOF crystals regarding increasing microporous accessibility with Zn(INA)2 

MOF crystal etching as an example to demonstrate the controlled defined-effective-

etching through manipulation of etchant chemical properties, followed by detailed 

etching mechanism study. When acetonitrile is used as the solvent significant defined-

effective-etching is observed, while when DMF is used instead no observable defined-

effective-etching exists. However, defined-ineffective-etching is observed in both cases. 

The defined-ineffective-etching originates from the oppositely charged crystal facets on 

Zn(INA)2 MOF crystals while the defined-effective-etching originates from the polarity 

of both Zn(INA)2 MOF crystal and acetonitrile solvated Co2+ ions together with the 

proton transfer process within the acetonitrile solvated Co2+ ions. 

 

7.2 EXPERIMENTAL 

7.2.1 Materials. 

    All solvent used were commercially available and used without further purification. 

Isonicotinic acid (HINA) (99%) was purchased from Sigma-Aldrich, Co(NO3)2∙6H2O 

(99%) was purchased from Strem Chemicals. Zn(NO3)2∙6H2O (99%) was purchased from 

Fisher Scientific. 
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7.2.2 Synthesis of Zn(INA)2 MOF. 

    In a typical synthesis, 0.2 mmol Zn(NO3)2∙6H2O and 0.4 mmol isonicotinic acid (INA) 

were added into 8 mL of N,N-Dimethylformamide (DMF) and stirred until completely 

dissolved. The solution was then transferred into a sealed 20 mL scintillation vial which 

was then placed in an electric oven at 120 °C for 24 hours. After the vial was taken out 

from the oven, the liquid was poured out while still hot. The crystals were washed several 

times with DMF and then dichloromethane (DCM) and finally dried under vacuum. The 

colorless needle-shaped crystals were obtained as Zn(INA)2 MOF.50 

 

7.2.3 MOF Etching. 

    For the etching under room temperature, the as-synthesized Zn(INA)2 MOF crystals 

were soaked in 0.05 M Co(NO3)2∙6H2O acetonitrile solution (CAS) and DMF solution 

(CDS) respectively in 20 mL scintillation vials. While for etching under higher 

temperature the same soakings were performed in an electric oven at 65 °C. 

 

7.2.4 X-Ray Crystallography. 

    All the single-crystal data were collected on a Bruker SMART 1000 CCD 

diffractometer using graphite monochromatized Mo Kα radiation (λ = 0.71073 Å) at 100 

K. Absorption corrections were applied using the multiscan program SADABS.51 For 

Zn(INA)2 MOF, the structure was solved by direct methods (SHELXTL),52 and the non-

hydrogen atoms were refined anisotropically by Gauss-Newton method, the hydrogen 

atoms of organic ligand were generated geometrically (C-H = 0.98 Å, aromatic 0.95Å), 

solvent molecules were removed by solvent mask during refinement. 
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7.2.5 SEM and EDS Characterizations. 

    Before characterizations, the original and etched MOF crystals were first coated with a 

thin layer of platinum on surface through sputter coating in a Hummers Sputtering system 

to improve conductivity. The morphology and surface textures of these crystals were then 

observed with a Hitachi S-4800 Type II field emission SEM. The Energy-Dispersive X-

ray Spectroscopic (EDS) data were collected in-situ with ThermoNORAN NSS EDS. The 

elemental maps were generated from EDS data with NSS software. 

 

7.3 RESULTS AND DISCUSSION 

7.3.1 MOF Structural Analysis and the Definitions of Effective and Ineffective Etching. 

    The Zn(INA)2 MOF crystallized out in a trigonal P32 space group and appeared as 

colorless needle-shaped crystal. An SEM image of these needle-shaped crystals (Figure 

7.3a) revealed that they are actually extremely long hexagonal rods. The structure of the 

as-synthesized Zn(INA)2 MOF was analyzed with single-crystal XRD. The backbone 

structure is the same with that of QMOF-1 reported by Zhao.50 With a careful view of a 

grown cell of the Zn(INA)2 MOF, it can be visualized that large 1-D infinite channels 

expand along the [0001] axis of the crystal while the directions perpendicular to these 1-

D channels are mainly blocked by walls constructed by ligand-metal coordination (Figure 

7.3b). There are two types of highly exposed crystal facets (Figure 7.4). One type 

includes the (0001) and (0001) facets which are the hexagonal plane on the end of the 

rods. Here this type of facets is arbitrarily defined as A facets. The other type of facets 
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includes the three equivalent facets (1010), (0110) and (1100) which correspond to the 

six rectangular walls wrapping around the hexagonal rod. On the other hand, they are 

defined as B facets. Among them, A facets are perpendicular to the large 1-D infinite 

channels and are therefore peppered with large number of micropores corresponding to 1-

D channel transects. On the contrary, B facets are parallel to these 1-D channels and are 

therefore composed of blocked walls knitted by ligand-metal coordination. Therefore 

increasing the exposure of A facets will increase the amount of accessible microporous 

volume while increasing the exposure of B facets does not change accessibility. 

 

Figure 7.3 a) An SEM image of the hexagonal rod shaped Zn(INA)2 MOF crystal (scale 
bar 15 µm); b) A schematic illustration of the 1-D infinite channels inside the Zn(INA)2 
MOF crystals along [0001] direction. 
 

    In the original bulk crystals, due to the diffusion limitation, only small portions of the 

crystal near the rod ends possess accessible micropores to outer species, leaving the 

major part in the middle of the rod crystal non-accessible (Figure 7.5a). Therefore the 

microporous accessibility of the as-synthesized Zn(INA)2 MOFs is highly limited. When 

considering increasing the microporous accessibility through etching, a thorough analysis 

a b 
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of two possible etching patterns, namely etching on A facets vs. etching on B facets, 

would clearly define effective etching and ineffective etching. 

 

Figure 7.4 A schematic illustration of the Zn(INA)2 MOF crystals with the defined A 
facets highlighted with blue color and B facets highlighted with yellow color. 
 

    When etching happens on A facets and goes along the [0001] direction through the rod 

(Figure 7.5b top), only the exposure of wall-blocked B facets is increased through the 

introduction of etching-induced meso/macro pores or channels. In this case, the overall 

percentage of accessible volume within the bulk crystal is not changed (Figure 7.5b 

bottom). Therefore the etching on A facets along [0001] direction is defined as ineffective 

etching. 

    On the other hand, if etching happens on B facets and goes transversely through the 

rods (Figure 7.5c top), the exposure of A facets is increased instead. As discussed at the 

beginning of this section, the microporous accessibility is increased correspondingly 

which also increases the overall percentage of accessible volume within the bulk crystal 

(Figure 7.5c bottom). Therefore the etching on B facets transversely through the crystal 

rods is defined as effective etching. 
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Figure 7.5 Schematic illustration of defined-effective etching and defined-ineffective 
etching on Zn(INA)2 MOF crystal rods (top) and the corresponding percentage of 
accessible micropores highlighted with green color (bottom): a) the intact as-synthesized 
crystal; b) after defined-ineffective-etching; c) after defined-effective-etching. 
 

7.3.2 Etching in Co2+ Acetonitrile Solution. 

    In order to study the etching of Zn(INA)2 MOF crystal in Co2+ acetonitrile solution 

(CAS), the as-synthesized MOF crystals were soaked in 0.05 M Co(NO3)2 ∙6H2O 

acetonitrile solution and fished out for SEM imaging after different periods of soaking 

(Figure 7.6). 

a c b 
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Figure 7.6 SEM images of the Zn(INA)2 MOF crystals before etching (a), and after 
soaked in 0.05 M Co(NO3)2∙6H2O acetonitrile solution after 1 day (b), 3 days (c) and 1 
week (d) under room temperature. The scale bars are all 50 µm in a, b, c and d.  
!

!!!!As being observed from SEM images, the as-synthesized hexagonal rod shaped 

Zn(INA)2 MOF crystals possess smooth surface before soaking. After 1 day of soaking in 

CAS, etching on b facets towards the rod transverse direction began to appear slightly as 

thin nicks. As soaking prolonged to 3 days, these etching nicks became thicker and went 

much deeper transversely into the crystal rods. Finally after even longer soaking of 1 

week, more thicker etching nicks appeared on the crystal rods. Besides the etching 

happened on B facets, etching on A facets along the [0001] direction also happened which 

could be observed as large holes on A facets (Figure 7.6b) and the etching cuts on the rod 

side walls along the [0001] direction (Figure 7.6d). Therefore, both defined-ineffective-

1 Day 

3 Days 1 Week 

Before Etching 

a b 

d c 
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etching and very intense defined-effective-etching on Zn(INA)2 MOF crystals happened 

simultaneously in CAS under room temperature. 

 

7.3.3 Etching Under Higher Temperature in Co2+ Acetonitrile Solution. 

    Increased temperature would intuitively facilitate the etching on these MOF crystals. 

Therefore etching under higher temperature but otherwise identical conditions was also 

studied. The as-synthesized Zn(INA)2 MOF crystals were soaked in 0.05 M CAS under 

65 °C and were taken out for characterization after 1 day, 4 days and 1 week. 

    It could be seen from the SEM images (Figure 7.7) that only after one day of soaking 

at 65 °C in CAS, severe etching, both defined-effective and ineffective-etching, on 

Zn(INA)2 MOF crystals was observed. The etching after only 1 day under 65 °C was 

even more severe compared to that under room temperature after a week. Therefore the 

assumption that higher temperature would facilitate the etching is approved here. As the 

soaking time was extended, the etching became more and more severe (Figure 7.7). 

        In addition to the severe in situ etching on Zn(INA)2 MOF crystals, formation of a 

new MOF phase in the mixture was also observed after soaking under 65 °C. An optical 

microscope image of the mixture taken out after 1 day of soaking (Figure 7.8a) revealed 

the existence of orange colored crystals in the mixture. The unit cell parameters derived 

from the single crystal XRD data identified them as iso-structural with the porous MOF 

MCF-38 constructed with 8-connected {CoII
3(OH)} clusters and INA ligands, reported by 

Chen53 (Figure 7.8b,c). The formation of new cobalt-containing MOF phase was also 

confirmed by the overlap of SEM image and EDS element distribution map (Figure 

7.8d,e). The red color represents the presence of cobalt while cyan blue color represents 
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the presence of zinc. The formation of the new cobalt containing MOF phase could be 

rationalized with that INA ligands were released into the solution during etching which 

could further coordinate with Co2+ ions in the solution and also possibly with in situ 

released Zn2+ ions to construct the new MOF phase. However, during soaking under 

room temperature none observable MCF-38 phase formed even after 2 weeks of soaking. 

It is possibly due to that the energy barrier of MCF-38 formation could not be overcome 

under room temperature and the Co2+-INA complexes stayed as isolated molecular 

species in the solution. 

 

Figure 7.7 SEM images of the Zn(INA)2 MOF crystals before etching (a), and after 
soaked in 0.05 M Co(NO3)2∙6H2O acetonitrile solution under 65 °C after 1 day (b), 3 
days (c) and 6 days (d). The scale bars are 50 µm in a, 100 µm b, c and d. 
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    Therefore under slightly higher temperature, not only the in situ etching on Zn(INA)2 

MOF was facilitated but also the consumed INA ligands during etching together with the 

Co2+ ions in the etching solutions were utilized to construct a new phase of porous MOF. 

 

Figure 7.8 a) An optical image of the mixture taken out after 1 day from Zn(INA)2 MOF 
crystals soaked in CAS under 66 °C; b) Structure of MCF-38 (redrawn from ref. 42); c) 
Structure of the {CoII

3(OH)} unit in MCF-38 (redrawn from ref. 42); d) A low 
magnification SEM image of the same mixture; e) The map of element distribution 
within the SEM image generated from EDS data (with red color represents cobalt while 
cyan blue color represents zinc). 
 

7.3.4 Etching in Co2+ DMF Solution. 

!!!!The study of etching in 0.05 M Co(NO3)2∙6H2O DMF solution (CDS) under room 

temperature was also taken (Figure 7.9). However, the observed etching was very 

different from that in CAS. There was not any observable defined-effective-etching on 

Zn(INA)2 MOF crystals even after 1 week of soaking in CDS. After 1 day of soaking, 

a 

e d 

c b 
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light etching cuts along the [0001] direction appeared on side walls of the crystal rods 

(Figure 7.9b). As soaking prolonged to 3 days, these etching cuts grew longer and 

slightly deeper (Figure 7.9c). Finally after 1 week of soaking, the etching cuts became 

ever wider and deeper (Figure 7.9d). Besides these etching cuts, the typical defined-

ineffective-etching observed as large and deep holes on A facets was also observed. 

Therefore only defined-ineffective-etching on Zn(INA)2 MOF crystals happened CDS 

under room temperature.!

 

Figure 7.9 SEM images of the Zn(INA)2 MOF crystals before etching (a), and after 
soaked in 0.05 M Co(NO3)2∙6H2O DMF solution after 1 day (b), 3 days (c) and 1 week 
(d) under room temperature. The scale bars are all 50 µm in a, b, c and d. 
 

7.3.5 Etching Under Higher Temperature in Co2+ DMF Solution. 

    Etching under elevated temperature was also studied for Zn(INA)2 MOF crystals 

soaking in CDS. Similarly, the as-synthesized Zn(INA)2 MOF crystals were soaked in 
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0.05 M CDS under 65 °C and were taken out for characterization after 1 day, 4 days and 

1 week. 

    Similar facilitation of etching was also observed as could be seen from the SEM 

images (Figure 7.10). However, although the defined-ineffective-etching was 

significantly facilitated, still none defined-effective-etching was observed even at 

elevated temperature in CDS. 

 

Figure 7.10 SEM images of the Zn(INA)2 MOF crystals before etching (a), and after 
soaked in 0.05 M Co(NO3)2∙6H2O DMF solution under 65 °C after 1 day (b), 3 days (c) 
and 6 days (d). The scale bars are all 50 µm in a, b, c and d. 
 

    Similar to that of soaking in CAS, formation of new MOF phase in the mixture was 

also observed after soaking in CDS under 65 °C. As it could be seen from the optical 

image of the samples taken out after 1 week of soaking, the newly formed crystals are 

also orange colored block shape crystals (Figure 7.11a). However, the unit cell 
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parameters derived from the single crystal XRD data identified them as iso-structural 

with another porous MOF Co-INA-2 reported by Banerjee (Figure 7.11b,c).65 The 

different newly-formed MOF phases after soaking in CAS and CDS at elevated 

temperature is possibly due to the different coordination geometry around Co2+ ions in 

these two solvents which potentially guided the growth of the newly-formed MOF lattice. 

 

Figure 7.11 a) An optical image of the mixture taken out after 1 Week from Zn(INA)2 
MOF crystals soaked in CDS under 65 °C; b) Structure of Co-INA-2 (redrawn from ref. 
54); c) Structure of the cobalt dimmer unit in Co-INA-2 (redrawn from ref. 54); d) A low 
magnification SEM image of the same mixture; e) The map of element distribution 
within the SEM image generated from EDS data (with red color represents cobalt while 
cyan blue color represents zinc). 
 

7.3.6 The Origination of Defined-Ineffective-Etching. 

    In order to understand the origination of MOF etching, comprehensive knowledge of 

the structure, chemical and physical properties of related species are necessary. In this 
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section, descriptions of the crystal structure together with the two oppositely charged 

facets of Zn(INA)2 MOF will be given first. Then the proposed defined-ineffective-

etching origination is rationalized based on them. 

    The asymmetric unit of Zn(INA)2 MOF could be viewed as a Zn2+ ion coordinated 

with two INA ligands through the carboxylate groups (Figure 7.12a). As revealed by a 

grown cell of Zn(INA)2 crystal structure, the (0001)-facet-terminated end of the crystal 

rod is mainly exposed by Zn2+ ions while the other (0001)-facet-terminated end of the 

crystal rod is mainly exposed by negatively charged INA ligands with their pyridine 

groups pointing out (Figure 7.12a). When Zn(INA)2 MOF crystals  are soaked in cobalt 

nitrate solutions (either acetonitrile or DMF solution), the positively charged solvated 

Co(Solv)x
2+ are preferably absorbed onto the negatively charged (0001)-facet-terminated 

end of the crystal rod due to electrostatic interaction (Figure 7.12b). The Co(Solv)x
2+ ions 

then slowly coordinate with the exposed INA ligands through the pyridine groups 

pointing out. Zn2+ ions and INA ligands at the (0001)-facet-terminated end of the crystal 

rod are therefore released into the solution as solvated Zn2+ ions and [Co(INA)n(Solv)x-

n](2-n)+ species through a ligand exchange process, resulting in the observed defined-

ineffective-etching along the [0001] direction (Figure 7.12b), with the typical observation 

as these big holes on A facets penetrating through the crystal rods along [0001] direction. 

This mechanism is also consistent with the observation that both etched and intact crystal 

rod ends exist within the same batch of Zn(INA)2 MOF crystals after etching (Figure 

7.12c). This is quite similar to the reported etching on single crystal ZnO hexagonal 

plates along the [0001] direction in the presence ammonium hydroxide,64 which 

originates from the natural polarity of single crystal ZnO where (0001) facet is exposed 
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with positively charged Zn2+ cations while (0001) facet is exposed with negatively 

charged O2- anions.60-63 

 

Figure 7.12 a) Schematic illustration of Zn(INA)2 crystal with Zn2+ exposed (0001) and 
INA- exposed (000 1 ); b) Schematic illustration of defined-ineffective-etching 
mechanism; c) An SEM image of after-etched Zn(INA)2 crystals with both etched and 
intact crystal ends exist. The scale bar is 150 µm. 
 

    The etching cuts on the side-walls of the MOF crystals along the [0001] direction are 

also categorized as defined-ineffective-etching. The origination of them is the defects on 

the side-walls. A higher resolution SEM image revealed that there are a lot defects on the 

a 

b 

c 
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side-walls of the Zn(INA)2 crystal rods (Figure 7.13a). Within these defects there is 

certain amount of A facets exposed, therefore solvated Co2+ ions are absorbed on to 

negatively charged (0001)-facet-terminated surface and etch along [0001] direction 

following the defined-ineffective-etching mechanism discussed above (Figure 7.13b). 

 

Figure 7.13 a) Higher resolution SEM image of the as-synthesized Zn(INA)2 MOF 
crystal with defects on B facets; b) Schematic illustration of the defined-ineffective-
etching happens within these defects with A facets exposed (A facets are highlighted with 
blue color and B facets are highlighted with yellow color). The scale bar is 25 µm in the 
SEM image. 
 

    Since defined-ineffective-etching originates from the electrostatic interaction between 

negatively charged surface and positively charged Co2+ ions, it exists in both cases where 

Zn(INA)2 MOF crystals are soaked in CAS and CDS respectively.  

 

7.3.7 The Origination of Defined-Effective-Etching. 

    In order to understand the origination of defined-effective-etching, further comparison 

between DMF solvated and acetonitrile solvated Co2+ ions is necessary. 

    Considering the existence of Co2+ ions in acetonitrile and DMF, although the 

concentrations of Co(NO3)2∙6H2O are the same in CAS and CDS, the structure, polarity 

a b 
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and chemical properties of the solvated Co2+ ions could be completely different due to the 

difference in solvent coordination. The donor strength of acetonitrile, H2O and DMF 

could be ordered in a sequence as: acetonitrile < H2O < DMF.54,55 When hydrated cobalt 

salt is dissolved in DMF, DMF completely replaced the coordinated aqua ligands and the 

solvated Co2+ ions usually exist as hexa-coordinated [Co(DMF)6]2+,56,57 while in 

acetonitrile the weaker donor acetonitrile molecules could not completely replace aqua 

ligands and therefore Co2+ ions are usually coordinated with both acetonitrile molecules 

and H2O molecules formulated as [Co(H2O)6-x(acetonitrile)x]2+ or [Co(H2O)4-

x(acetonitrile)x]2+.58,59 Therefore, the symmetrical coordination environment renders the 

DMF solvated Co2+ nearly non-polar while the existence of mixed solvent molecules in 

coordination environment renders the acetonitrile solvated Co2+ polar. 

    As for the Zn(INA)2 MOF crystals, although the positive and negative charges are 

partially delocalized between Zn2+ and carboxylate oxygen atoms, still positive charges 

are dominantly localized on Zn2+ while negative charges are dominantly localized on the 

carboxylate oxygen atoms. Therefore the asymmetric unit could be viewed as a net 

electric dipole (Figure 7.14a). When it is further expanded into a grown structure with all 

the asymmetric units replaced by the proposed electric dipoles, the entire crystal is filled 

with uni-directionally aligned microscopic electric dipoles, generating a net macroscopic 

electric dipole in the bulk crystal rod a along the [0001] direction (Figure 7.14a). 

Therefore both the acetonitrile/H2O co-solvated Co2+ ions and the Zn(INA)2 crystals are 

polar. 

    Due to the inherent polarity of acetonitrile solvated Co2+ ions, they tend to be absorbed 

onto the polar B facets of Zn(INA)2 MOF crystals with the solvated ion dipole aligned 
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anti-parallel with the macroscopic net dipole of the MOF crystals along the [0001] 

direction (Figure 7.14b).  

 

Figure 7.14 a) Schematic illustration of the dipole in Zn(INA)2 MOF crystal both at 
molecular level and bulk level; b) The polar acetonitrile/H2O co-solvated Co2+ ions 
attached on to Zn(INA)2 crystal rod side due to dipole-dipole interaction. 
 

    Further more, previous research indicated that when H2O and acetonitrile both 

coordinated to Co2+ simultaneously, solvated ions experience a proton transfer process 

from H2O to acetonitrile which produces protonated acetonitrile H+(NCCH3) and cobalt 

hydroxide complex (CH3CN)Co2+-OH- (Equation 7.1).59 The protonated acetonitrile act 

as a proton donor, which is a typical etchant for carboxylate-based MOF, protonate the 

carboxylate groups in INA ligands and thus detach them from the MOF lattice into the 

solution. Meanwhile, the cobalt hydroxide complexes act as a good electron donor 

towards Zn2+ ions and subtract them out from the MOF lattice through coordination. This 

is also consistent with the fact that new MOF phase iso-structural with {CoII
3(OH)} 

cluster based MCF38 formed after soaking Zn(INA)2 crystals in CAS under 65 °C. 

Therefore, because of the favorable absorption of acetonitrile/H2O co-solvated Co2+ ions 

a b 
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onto B facets through dipole-dipole interaction followed by in situ formation of 

protonated acetonitrile and cobalt hydroxide complexes, etching on B facets transversely 

across the crystal rods (the defined-effective-etching) take place in CAS. 

!"!! !!!!" ! !!! → !"#$ ! !!!!" !!! + !! !!!!"                (Equation 7.1) 

    On the other hand, the nearly non-polar DMF solvated Co2+ ions are not as favorably 

absorbed on the polar surface of B facets. Further more, no strong etchant could be 

derived from the hexa-coordinated Co(DMF)6
2+ ions. Therefore, not any observable 

defined-effective-etching exists when the MOF crystals are soaked in CDS. 

 

7.4 CONCLUSIONS AND FUTURE DIRECTIONS 

    The concepts of effective and ineffective regarding increase the MOF microporous 

accessibility are introduced for the first time. Using Zn(INA)2 MOF crystal etching as an 

example, defined-effective-etching could be achieved through manipulation of chemical 

properties of etchant. Polar acetonitrile/H2O solvated Co2+ ions could be favorably 

absorbed on the polar B facets of Zn(INA)2 MOF crystals and generated strong etchant in 

situ thus resulted in significant defined-effective-etching while nearly non-polar DMF 

solvated Co2+ ions did not have the same driving force for surface absorption thus wasn’t 

able to produce observable defined-effective-etching. On the other hand, defined-

ineffective-etching which originated from the oppositely charged crystal facets of the 

Zn(INA)2 crystals existed in both etching conditions. 

    For future directions, we plan to test gas adsorption properties of these Zn(INA)2 MOF 

crystals and compare that between as-synthesized MOF crystals, ineffectively etched 

MOF crystals and effectively etched MOF crystals. If given that the effective etching 
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improves the diffusion of small molecules within Zn(INA)2 MOF crystals, another future 

direction will be explore the effective etching on other MOF crystals. 
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