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ABSTRACT 

 
Ligand passivated nanoparticles have applications in solid-state lighting, plasmonics, and 

catalysis. At the nanoscale, the properties of these materials can be manipulated by reaction 

kinetics, allowing for systematic control to achieve desired functionalities and performance 

efficiencies. Analysis of these properties and evaluating their fundamental behavior is challenging 

due to the complex chemistry at the nanoscale. Therefore, a combination of analytical techniques 

such as TEM, SEM, pXRD, NMR, and optical methods are required to study the structure and 

properties of these materials. This dissertation consists of two topics covering nanoparticle 

synthesis and their applications. The first topic will discuss the synthesis and isolation of catalytic 

material from an iron-cobalt Prussian blue analogue (PBA). The isolated catalytic material retain 

elemental compositions and obey a scaling law with respect to the seed PBA, suggesting a 

templated interconversion. The second topic will discuss the use of 2 nm lanthanide doped 

nanospinels (Ln:ZnAl2O4, Ln = Tb, Eu) as down-shifting phosphors for solid-state lighting. 

Emission quantum yields up to 50% are achieved following energy transfer from a surface 

coordinating ligand. The nanophosphors provide crystallographic information of the lattice due 

the unique photophysical behavior of the lanthanides allowing for their use as an optical probe 

leading to identification of lattice strain and octahedral tilting within a nanophosphor. The material  

within the dissertation have applications in catalysis, photonics, and crystallography. 
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CHAPTER 1 

INTRODUCTION 

1.1 General Introduction. 

  Nanoparticles are routinely used in applications such as magnetism, lighting, plasmonics, 

and catalysis where enhanced performance can be achieved by reducing the size of the 

nanomaterial. For example, decreasing the size of a lanthanide doped nanoparticle allows for 

sensitization by a surface ligand due to minimization of the distance separating the donor and 

acceptor. In catalysis, it has been suggested that selectivity can be achieved due to preferential 

faceting of the nanocrystal, allowing for targeted isolation of hydrocarbons in the Fischer-Tropsch 

synthesis (FTS). The development of high-performance nanomaterials is essential to ensuring the 

nation’s energy independence.  

 In the US alone, approximately 10% of the energy generated is consumed by lighting 

demands.1 In 2019, over half of the available sockets use inefficient incandescent light bulbs due 

to the poor color quality of commercial solid state lighting (SSL) technology at a $5 price point.1 

To aid in the development of SSL technologies, the Department of Energy (DOE) has invested in 

academia and industry to increase color rendering, luminaire efficiencies, and stability of phosphor 

materials in efforts to reduce the overall energy consumption. To become energy independent, 

researchers are challenged with reducing the overall consumption, generating renewable energy, 

but also to produce hydrocarbon fuels from other chemical feedstocks not derived from 

petrochemical drilling and refining methods. This has led to the industrial adaptation of the 

Fischer-Tropsch Synthesis (FTS) where plants in Qatar, Malaysia, and South Africa, are 

operational. However, projects in Texas, Ohio, and Louisiana have been postponed due to the high 
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estimated capital cost needed to operate the gas-to-liquid facilities.2 Further research and 

development is necessary for the implementation into the US energy sector. 

 FTS allows for the isolation of liquid fuels from biomass, natural gas, and coal, commonly 

written as n	CO + (2n + 1)	H2 → C4H(2452) 	+ n	H2O (1.1). This reaction was developed during 

the war efforts in World War II and has been investigated to enhance selectivity of products and 

reduce water gas shift side (WGS) reaction, CO + H2O → H2 	+ CO2 (1.2), and products. Industrial 

catalysts are iron carbide species which are formed by in-situ carburization of iron.3 While iron 

carbides are the preferred catalyst, they are susceptible to the WGS  (1.2) that causes the 

equilibrium to be shifted allowing the isolation of undesirable products.3-7 Cobalt is less 

susceptible to the water gas reaction, but costs ~200x more as a catalyst than iron due to relative 

abundancies of the metals.3, 8, 9 Isolation of a mixed-metal iron cobalt catalyst can enhance the 

selectivity of the reaction and reduce the sensitivity to the water gas reaction by incorporation of 

Co, while reducing the cost of a pure Co metal system. However, isolation of mixed-metal 

nanocrystals is difficult due to differences in reactivities of the precursors allowing for phase 

segregation.10-12  Considering these technical obstacles, gas-to-liquid plants require the 

development of a robust catalyst that is not prone to the WGS, that can be isolated through a facile 

and scalable synthesis. Employing a templated precursor, such as a Prussian blue analogue (PBA), 

can aid in the isolation of mixed-metal species at the nanoscale following stepwise conversions to 

mixed-metal carbides and bimetallic nanocrystals.  

 The research within this dissertation is aimed to provide solutions to energy issues by 

employing ligand passivated nanomaterials isolated from facile and scalable synthesis protocols. 

Careful consideration was taken in the development of the material to reduce critical needs material 

without the sacrifice of performance. The work investigated two classes of nanomaterial focused 
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on tunable catalysts for FTS applications and earth abundant nanophosphors that are thermally and 

chemically stable. The foundation to extrapolate the material into industrial applications was 

described and the nanomaterial have immediate uses throughout multiple sectors of materials 

science.  

1.2 General Nanoparticles Synthesis and Growth. 

 Isolation of ligand passivated nanoparticles is accomplished from decomposition of 

molecular precursors in the presence of a coordinating ligand that can be accomplished in either a 

round bottom reaction or microwave cavity. Alternatively, nanoparticles can be produced via top-

down protocols that use mechanical forces to reduce grain sizes and boundaries at the expense of 

uniform material.13 In this dissertation, two protocols were employed for the synthesis of oxide 

and mixed-metal nanocrystals. To produce ternary oxides, microwave (MW) induced thermal 

decomposition of stoichiometric amounts zinc(II) undecylenate and aluminum(III) acetylacetonate 

were reacted in a coordinating solvent. The MW couples to dipoles in the reaction media, allowing 

for selective absorption of MW photons leading to uniform heating throughout the solution.14 The 

uniform heating produces nanoparticles with smaller size distributions when compared to 

convective round bottom synthesis techniques due to temperature differences between the exterior 

and interior of the reaction batch.15, 16  

 Mixed-metal carbides and bimetallic nanocrystals isolation was accomplished from 

thermal conversion of a PBA template mesocrystal.17 The thermal conversion does not follow 

classical nucleation theory and is enhanced by the presence of oleylamine. The elemental 

composition, size, and crystallographic phase was shown to be templated by the initial PBA seed. 

Due to the slow kinetics of the reaction, these systems were isolated using common Schlenk line 
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techniques. The versatility of an Fe-Co PBA mesocrsytal was demonstrated where controlled 

synthesis of catalytic material was achieved in the solid state and solution reactions. 

1.2.1 Classic Nucleation and Growth Theories.  

Bottom-up approaches undergo heterogenous or homogenous nucleation as reactive precursors 

become available within the reaction. In homogenous nucleation, rapid or burst nucleation occurs 

which leads to the monodisperse nanocrystals whereas heterogenous nucleation is random and 

nonuniform, yielding products with uncontrolled properties. Classical LaMer nucleation theory 

suggests that monomers form from atoms and begin to grow into nuclei.18 At this point, some 

nuclei are dissolving into the solution while others are growing through collisions or coalescence 

 
 

Figure 1.1. Free energy diagram illustrating the critical radius where the volume term begins 
to dominate the growth of the nuclei, avoiding the dissolution of the nuclei into the solution. 
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mechanisms to reach the critical radius.18 Once the critical radius (r*) is reached, dissolution of 

the nuclei becomes unfavorable allowing for further nanocrystal growth. For a spherical system, 

this can be mathematically described by the total free energy DG, which is sum of the surface 

energy (g) and bulk free energy (DGv) as a function of the radius (r), shown in equation 1.3. 

 
 

Figure 1.2. Autocatalytic growth of nanocrystal showing the two-step process where 
nucleation occurs slowly followed by rapid growth of the nanocrystal.  
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The bulk free energy is the product of Boltzmann’s constant (kB), temperature (T), and the natural 

log of the super saturation (S) over the molar volume (v), shown in equation 1.4. 

Δ7 = 4:;2< +
=

>
:;>Δ7?     (1.3) 

Δ7? =
@ABCDE(F)

?
     (1.4) 

This is schematically represented in Figure 1.1, where rc represents the critical radius where stable 

nuclei are formed as the bulk energy term begins to dominate. As the reaction progressed, the 

nuclei grow into nanocrystals until the precursor is depleted and form a size distribution through 

Ostwald ripening, coalescence, oriented addition, or autocatalytic surface growth.18 

 In Ostwald ripening, the smaller particles are redissolved into solution due to their higher 

surface energy, thus providing more precursor for the larger, more stable nanocrystals. This is 

known to reduce the size distribution of the nanocrystals at small time domains, however, if left 

too long, larger distributions are observed. Coalescence is the growth of nanocrystals by the 

random collisions within the reaction medium. This leads to multiple domains with 

crystallographic defects. In oriented addition, the growth of the nanocrystal is achieved along 

crystallographic planes with similar energies, producing more crystalline and less defective 

material. 

Autocatalytic growth of nanoparticles occurs in reactions where the concentration of 

monomers is below the supersaturation limit. The model developed by Finke and Watzky dictates 

a two-step process where the first step is the slow nucleation followed by the faster growth on the 

surface of the seed in the second step.19 These two processes are occurring simultaneously and fit 

a sigmoidal curve where the slow nucleation occurs followed by rapid growth of the nanocrystal, 

graphically represented in Figure 1.2 This model has been applied to transition metal nanoparticle 
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growth, such as Ni,14 Pt,20, 21 and Pd.22, 23 Previous work out of our group has shown the 

autocatalytic growth of Ni nanoparticles in a microwave field.14  

1.2.2 Microwave Assisted Growth of Nanocrystals. 

 Microwaves are low energy electromagnetic waves with frequencies between 0.3 and 300 

GHz. Frequencies that are used in household microwaves and microwave synthetic reactors are 

2.45 GHz, which is approximately 10-5 eV. These low energy waves couple to dipoles or ions 

within solution causing molecular rotations which result in friction and thus heat. Microwave 

synthetic reactors have been adapted to many fields in chemistry such as catalysis,24, 25 digestions, 

organic,26, 27 solid state,28 and nanoparticle reactions.15, 16, 29-32 This technology offers many 

benefits such as batch-to-batch reproducibility, scalability, and requires less energy to operate than 

comparable convection methods. 

 In microwave assisted nanoparticle synthesis, organo-metallic precursors are employed 

due to their dielectric properties. In order for a MW to heat a material, it must be polarizable and 

 
Figure 1.3. Convection vs. microwave heating methods. Convection heating generates a 
temperature gradient causing heterogenous nucleation whereas microwave heating allows for 
the isolation of monodisperse nanoparticles due to uniform heating throughout the reaction 
medium.  
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couple to the MW to convert the energy into heat. The ability for a species to absorb a MW photon 

is described by equation 1.5. 

GHIJ =
KLL

KL
     (1.5) 

Where e” is the dielectric loss, or absorption of the MW field while e’ is the scattering term. The 

tand is directly proportional to the MW cross-section and thus the ability for a species to generate 

heat within a given reaction. The MW cross-section is temperature and frequency dependent. 

 Selective absorption in a MW synthetic reactor can be achieved through experimental 

design. Many high-temperature solvents used in nanoparticle synthesis have a large scattering term 

and thus a small tand, while the organo-metallic precursors have a larger tand. This allows for the 

selective absorption of the soluble precursors producing uniform heating throughout the reaction 

batch. In contrast, convection methods are hottest near the source and cooler elsewhere. This 

theory is schematically represented in Figure 1.3. More advanced microwave synthetic strategies 

include the epitaxial growth on metals where the microwave cross section is larger for the metal 

than the solvent.31, 33 

1.3 Crystallographic Structures. 

 Within this dissertation, the synthesis and properties of spinels (AB2X4) and Prussian blue 

analogues (KCox[Fe2-x(CN)6]) will be discussed in detail. This section aims to describe the 

crystallographic information of the structures. Hereafter, spinels isolated at 2 nm will be referred 

to as nanospinels while KCox[Fe2-x(CN)6] Prussian blue analogues will be referred to as FeCo-

PBAs. 

1.3.1 Nanospinels. 

 Spinels are naturally occurring minerals having the general formula of AB2X4, where the 

A site is a tetrahedrally coordinated 2+ cation, B is an octahedrally coordinated 3+ cation, and X 
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is a chalcogenide. Some examples of the spinels are Fe3O4 which has mixed valence of FeII and 

FeIII species, MgAl2O4, a naturally occurring mineral, and LiMn2O4,34 a potential cathode material. 

Oxide spinels exhibit thermal and chemical stability and thus provide applications from optical 

hosts35,36,37 to uses in containment of nuclear waste38, 39 and nuclear reactors.40, 41 These properties 

arise from ability to have cation migration between the A and B sites of the spinel. When the B3+ 

 
Figure 1.4. Unit cell of a ZnAl2O4 lattice where the grey spheres represent the tetrahedral 
Zn(II), blue spheres represent the octahedral Al(III), and red spheres represent the oxygen 
anion. 
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cation occupies the tetrahedral A site and vice-versa, the spinel becomes an ‘inverted’ spinel. At 

the nanoscale, the inversion parameter (degree of inversion, l) is demonstrated to be larger than 

their bulk counterparts due to the kinetically trapped structure.42-45 Investigating the degree of 

inversion (DOI) has been accomplished from neutron pair distribution function alysis,46 EPR,47 

Mossbauer, pXRD,44 and solid-state NMR,42, 44, 48-51 however, at the nanoscale Rietveld refining 

patterns through pXRD is inaccurate due to the broadness of the reflections. Within this 

dissertation we probe the DOI by 27Al magic angle spinning-NMR (MAS-NMR). 

 In 1915, the spinel was assigned to the Fd3m phase by Bragg52 and Nishikawa,53 

independently where the octahedral inversion center is conserved in the B site. In this phase there 

is one tetrahedral and octahedral site and it is the most symmetric unit cell of all spinel phases. 

The unit cell is displayed in Figure 1.4. Since 1915, other symmetries have also been reported 

which result from minor distortions in the A or B sites.46, 54 With two different sized octahedral 

sites, the symmetry is reduced to tetragonal P4122 whereas if two different tetrahedral sites are 

present then cubic F43m phase is assigned. Additional tetragonal phases (I4122 & I41/amd) have 

been studied in ZnCr2O4 and ZnGa2O4 with non-centrosymmetric B sites.55, 56 In many of these 

systems, similarities in the X-ray cross-sections makes identification of the phase difficult.46 

However, bulk systems with narrow line-widths allow for the investigation of the pressure induced 

phase transitions from cubic to tetragonal systems by Rietveld refining the powder patterns in 

ZnGa2O4.57 At 31.2 GPa a phase transition to the tetragonal phase of bulk ZnGa2O4 is reported due 

to a decrease in relative intensities and broadening of the reflections. However, similarities of the 

X-ray scattering of the cations in ZnAl2O4 and broadening of the reflections at the nanoscale 

provide ambiguous results. Determination of the proper phase must be made correlations of 27Al 

MAS-NMR,  pXRD, and optical probe data.  
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1.3.2 Prussian Blue and Prussian Blue Analogues. 

 Prussian blues (PB) belong to a class of compounds known as heterometallic coordination 

polymers. These materials provide control over coordination environments for d- and f-block 

metals that are bridged by a coordinating ligand. Within the PB itself, there are two metal (FeII and 

FeIII) sites in an octahedral coordination that are bridged cyanide ligands. The metals are 

 
Figure 1.5. Unit cell of a Prussian blue (analogue) where M’ and M” can be different transition 
metals or oxidation states. The general formula for a Prussian blue is AM’[M’’(CN)6].   
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coordinated in an fcc open framework lattice with a unit cell length of ~10.8 Å, displayed in Figure 

1.5. The lattice is balanced by an alkali cation ion and has a general formula of AM’[M’’(CN)6]. 

By mixing potash and oxblood, the PB was originally isolated as a vibrant blue pigment and led 

to its use in art, instigating the Prussian blue era.58  During the 18th and 19th centuries, wide scale 

production of the pigment produced work like The Stary Night and Great Wave off Kanagawa.58 

This color was later found to arise from an intervalence charge transfer band, the FeII—CN—FeIII 

metal centers.59, 60 The intervalence charge transfer (IVCT) bands are altered by the oxidation state, 

metal used, and hydration of the lattice, shown in Figure 1.6. For example, oxidation of Prussian 

blue to FeIII—CN—FeIII yields a green product designated as Berlin green. 

 
Figure 1.6. A series of Prussian blue analogues displaying the differences in the intervalence 
charge transfer bands. The blue is a typical Prussian blue, burgundy is an iron cobalt PBA, the 
green is an oxidized version of the iron cobalt PBA, and the pink is a cobalt cobalt PBA.    
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PBAs are similar to PBs with the exception that the metals cations can be either d- or f-

block elements. PBAs retain the same open framework fcc lattice with octahedrally coordinated 

metals bridged by cyanides. By substituting the metal cations, control over physical properties can 

be achieved which has given rise to the various applications ranging from catalysis,61, 62 energy 

 
Figure 1.7. Size control of the KCox[Fe2-x(CN)6] by manipulation of the CoCl2 concentration. 
The CoCl2 solutions contained 1 mmol of CoCl2 inserted into 1 mmol, 20 mM K3Fe(CN)6 at a 
rate of 5 mL/min at room temperature. Scale bars are 100 nm. 
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storage,63, 64 gas storage,65-67 and medicinal use.68-70 The changes in the physical properties can be 

seen upon isolation from the reaction mixture where products of different colors are observed. This 

is due to the changes of the IVCT band which can be seen in Figure 1.6.  

 PBAs are synthesized from drop wise addition of cyanide containing species to d- or f-

block metal salts where sizes can be controlled by precursor concentrations71 or by use of 

surfactants such as AOT (dioctyl sulfosuccinate soldium salt)72 and Igapel73.74 When surfactants 

are employed, a reverse micelle yields <50 nm particles whereas simple drop-wise addition and 

shaping agents, like PVP, produce material with cube lengths greater than 100 nm.74-76 Although 

surfactants and shaping agents have been used to control size and morphology, precursor 

concentration were altered to control the mesocrystal size within this dissertation. A series of 

KCox[Fe2-x(CN)6] (FeCo PBAs) were synthesized at room temperature by dropwise addition of 1 

mmol CoCl2 into a 20 mM (1 mmol) solution of K3Fe(CN)6 in the presence of KCl. Changing the 

concentration of CoCl2 from 0.5 mM to 9 mM produced FeCo PBAs with different sizes between 

100 and 500 nm where the experimental results are shown in Figure 1.7. At dilute concentrations, 

larger FeCo PBAs were isolated, however, solubility was unfavorable which caused the larger 

PBAs to precipitate out of solution and allowing for nucleation of smaller mesocrystals. The 

resultant change in mesocrystal size with concentration follows classical nucleation theory and 

therefore are also dependent on temperature of the reaction mixture, drip rate, and KCl 

concentrations. Through the manipulation of mescocrystal size, a scaling behavior was developed 

for the conversion of a FeCo PBA to isolate desired nanomaterial for catalytic applications. 

1.4 Nanoparticle Applications. 

 Materials science is the investigation of inorganic or organic compounds that can be 

employed in applications. At the nanoscale properties can be enhanced from tuning of emission 
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spectra by manipulating the size of a quantum dot,77 to increasing carrier concentrations by adding 

aliovalent dopants to a semiconductor oxide nanoparticle.78 Investigation of properties at the 

nanoscale requires precise synthetic strategies to systematically manipulate its properties. Through 

the use of library synthesis, lanthanide doped nanospinels were investigated as downshifting 

phosphors for solid state lighting where photoluminescence quantum yields (PLQY) up to 50% 

are achieved. Additionally, mixed-metal carbides and bimetallic nanocrystals were prepared as 

potential catalysts for the Fischer-Tropsch reaction to isolate liquid hydrocarbons from chemical 

feedstocks.  

1.4.1 Solid State Lighting. 

High-performance down-shifting phosphors are currently being developed to further 

advance the solidstate lighting industry and provide tunability with white light systems. Down-

shifting materials absorb a higher energy photon which is converted to a single lower energy 

photon, as compared to down-conversion materials which emit two lower energy photons per one 

photon absorption event.79 The Department of Energy (DOE) has provided a set of criteria that are 

needed for new state of the art phosphors which include, narrow emission features, high quantum 

efficiencies, and thermally stable materials.80 An additional goal set by the DOE includes 

development of flexible material that would simplify the mass production of new luminaries which 

can be achieved by additive manufacturing.80 Traditional one-component white light assemblies 

include cerium doped yttrium aluminum garnet (Ce3+:Y3Al5O12, Ce:YAG), which has an 

absorption band centered at 470 nm. When coupled to a GaN blue light emitting diode (LED), 

Ce:YAG absorbs the blue photon and converts the higher energy photon to a lower energy yellow 

photon.81, 82 The blending of the yellow and residual blue photons from the phosphor and pump 

LED produces cool white light. To warm the color, a red phosphor is needed to enhance the 
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emission profile. In 2015, GE patented a red phosphor, Mn4+:K2SiF6 which is a narrow line emitter 

centered at 630 nm.83 The system has increased the tunability of LEDs employed through industry 

today; however, both systems aforementioned have critical issues which need to be addressed. 

First, both materials are produced in conventional solid-state reactions which yield bulk material 

reducing luminaire efficiencies by scattering rather than absorbing pump LED photons. In 

addition, the bulk material is insoluble in lens matrices such as poly (methyl methacrylate) 

(PMMA), polyacrylate, and polystyrene reducing homogeneity in the lens. By reducing the size of 

the phosphors to sub 1100 nm, scattering will be reduced to <10%, thus increasing luminaire 

efficiencies. Further reduction of the size below 5 nm allows for enhancement of nanoparticle 

solubility by ligand passivation, as well as sensitizing lanthanide emission by the molecular 

antenna effect.  

Elemental composition of the host must also be considered when designing a host lattice 

that meets the DOE’s R & D goals and prove to be economically viable. General Electric’s TriGain 

 
Figure 1.8. a) Radial distribution diagram of the Pr(III) cation showing the 4f orbitals 
shielded by the 5s and 5p orbitals87 and b) an abridged Jablosnki diagram of Eu(III), Tb(III), 
Tm(III) and Eu(II) illustrating the excited states of the visible emitting lanthanides. 
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phosphor84, 85 has eliminated the use of critical material, such as Y(III); however, lattices for down- 

shifting material must be thermally and chemically stable to minimize thermal droop. Although 

these materials are currently employed throughout the world, advancements must be made to 

increase the efficiency and decrease the cost, aiding the transition to the new technology, ultimately 

reducing CO2 emissions world-wide. The ZnAl2O4 nanospinel lattice is composed of earth 

abundant materials and given a typical solid-state reaction producing YAG vs. ZnAl2O4 using 

99.99% pure oxide precursors (Y2O3/Al2O3 for YAG, ZnO/Al2O3 for ZnAl2O4), the spinel cost 

~54% less to produce than YAG. By eliminating the use of yttrium and moving to earth abundant 

materials, costs of the host lattice can be reduced as well as eliminating harmful mining to the 

global environment.86 Although Eu(III) and Tb(III) are on the critical needs material list, highest 

QY are typically achieved at concentrations below 10% therefore minimal amounts are necessary 

to reduce lighting energy consumption. 

 
Figure 1.9. Photoluminesce emission spectra at 298 K of a) Tb(III) and b) Eu(III) when excited 
by a sensitizing ligand at 320 nm. The transitions are labeled and correspond to the abridged 
Jablonski diagram in Figure 1.8b. 
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1.4.2 Lanthanide Photophysics. 

Trivalent lanthanide, Ln(III), photophysics are well studied and understood. Ln(III) 

emitters have line like absorption and emission features which are defined by f-orbital 

characteristics. The f-orbitals are buried under the 5s and 5p orbitals resulting in the f-orbitals being 

unperturbed by the coordinating ligand and lattice effects.87 This is shown in Figure 1.8a where 

the 4f, 5s, and 5p orbital wavefunctions are drawn.88, 89 Due to the isolation of these orbitals, the 

only perturbations that arise when excited states are populated through direct excitation or other 

energy transfer mechanisms resulting in slightly broader emission features in comparison to the 

absorption features.88, 90 In addition, the transitions between 4f-4f orbitals are both spin and Laporte 

forbidden which result in low extinction coefficients, e, (~1 M-1cm-1) and micro- to milli- second 

lifetimes.88  

Lanthanides emit from throughout the ultraviolet, visible, and near infrared spectrum. 

Within this dissertation, the work will focus on the Ln(III) with visible emission features such as 

Tb(III) and Eu(III). An abridged Jablonski diagram of Eu(III) and Tb(III) are displayed in Figure 

1.8b. The emission spectra are displayed in Figure 1.9 for (a) Tb(III) and (b) Eu(III). Terbium(III) 

is a green emitter with transitions in the range of 450 and 650 nm. The dominant transition centered 

at 544 nm is assigned to the 5D4à7F5. Europium(III) exhibits red emission with transitions 

between 525 and 725 nm with the dominant hypersensitive transition (5D0à7F2) is observed at 

614 nm. The lanthanide emission spectrums are comprised of electronic and magnetic dipole 

transitions which allow for lanthanides. In an electronic dipole transition, the dipole has an odd 

parity while a magnetic dipole transition is even parity from the rotational displacement.88, 91, 92 

The transitions arise from differences between the charge displacements between the ground and 

excited states where ED transitions exhibit a linear displacement and MD transitions have a 
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rotational displacement. Given that the Laporte selection rule states that transitions with opposite 

parity (electronic transitions) are forbidden, many of the lanthanide emission features are deemed 

forbidden transitions.88, 91 However, the Laporte selection rule only applies in centrosymmetric 

systems, allowing for the lanthanide ions to act as optical probes for site symmetry. 

 Europium(III) has two transitions which can interrogate the local environment, the 

hypersensitive electronic-dipole (ED, 5D0à7F2) transition centered 614 nm and the magnetic-

dipole (MD, 5D0à7F1) transition centered at 590 nm. The ED transition is sensitive to site 

symmetry with an inversion center where the MD transition is independent of symmetry which 

allows red to orange ratio (R/O) to be extrapolated. Lower R/O ratios indicate the presence of an 

inversion center whereas, higher R/O ratios indicate asymmetry which is favorable to lanthanide 

emission.92 Similarly, for the Tb(III) cation, a blue/green (b/g) ratio can be calculated by taking 

the ratio of the (5D4à7F6)/(5D4à7F5) transitions.93, 94 In this case, the lower the ratio, the more 

asymmetric the site. In spinels, cation migration is known to occur which causes distortion in the 

octahedron. This distortion is beneficial to lanthanide emission since it reduces the site symmetry, 

thus promoting the probability of the ED transitions of the f-elements.  

Lanthanides are known to self-quench at higher concentrations and multiple mechanisms 

have been proposed to explain the self-quenching. Historically, the quenching mechanism was 

believed to occur via cross-relaxation through neighboring lanthanide ions, a mechanism similar 

to triplet-triplet annilhaiton.95, 96 However, studies using upconverting lanthanide doped 

nanoparticles have shown concentration quenching through energy migration to surface defects is 

more detrimental to the QY than cross relaxation mechanisms.97, 98 Adding an undoped shell to the 

nanoparticle reduces the observed quenching behavior by passivating surface defects through the 

epitaxial growth.97 The increase in the concentration can allow for higher QY in new nanophosphor 
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technology, however, the growth of the shell will reduce the efficiency of energy transfer due to 

the increased distance between the donor and acceptor. When designing tomorrow’s technology, 

consideration of the competitive processes is necessary to achieve the highest QY. 

1.4.3 Quantum Yields. 

The quantum yield (QY) is defined by M =
NOP

NQRS
 which is the ratio of emitted photons (Pem) 

divided by absorbed photons (Pabs). The ratio defines how efficient the system is at producing 

photons rather than losing electrons through non-radiative decay pathways. To obtain relative 

quantum efficiencies, Eu(TTA)3Phen (QYEthanol = 35.6 %)99, 100 is used as a reference for our b-

diketonate passivated LnxZnAl2-xO4  given the similarities in the absorption and emission spectra. 

Relative QY are determined by equation 1.6:   
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where _F/a	is the integrated intensity of the sample/reference photoluminescence spectra at a given 

excitation wavelength, bF/a is the absorbance of the sample/reference at the excitation wavelength, 

and cF/a is the refractive index of solvent used.89, 91, 101, 102 To increase accuracy of the reported 

quantum yields, a dilution method was employed where plotting the integrated intensities vs. the 

abs yields a linear regression. Comparison of the slopes between the standard and the sample, 

allow for determination of accurate QYs displayed in equation (1.7):  
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Where m is the slope and h is the refractive index of the solvent. Subscripts r indicate the reference 

while s indicates the sample. Achieving the highest quantum yield is important for solid state 

lighting applications due to the proportional relationship with luminaire efficiency. When 

sensitizing a Ln(III) by a ligand, the QY of the system is defined by equation 1.8: 
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MjkElmkEnop
jnqkEo

= cdpEd × MjkElmkEnop
jkElmkEnop = cWFr × csC × MjkElmkEnop

jkElmkEnop	 	 (1.8)	

where MjkElmkEnop
jnqkEo  is the QY of the lanthanide emitter given excitation of the ligand 1π* state, cWFr  

is the efficiency of intersystem crossing from the 1π*à3π* of the ligand, csC is the efficiency of 

energy transfer, MjkElmkEnopjkElmkEnop is the intrinsic quantum efficiency defined by equation 4.89, 91 The 

intrinsic quantum yield is the QY of the lanthanide following direct excitation which allows for 

extraction of radiative (kR) and non-radiative rates (kNR) inherent to the lanthanide ion.  
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Given equation 1.8 and 1.9 the overall quantum yield can be manipulated by the efficiency of the 

intersystem crossing and efficiency of energy transfer which are described in the next section.  

1.4.4 Time-Resolved Spectroscopy. 

 Time-resolved emission studies provide insight into site (in)homogeneity and quenching 

of emission. The data from the time-resolved studies are commonly referred to as lifetimes which 

describe the time it takes a photon to decay from a ground state to a lower lying state. The data 

acquired in lifetime studies can be fit to a mono-exponential, bi-exponential, or stretched 

exponential decay equations which are shown in equations 1.10, 1.11, and 1.12, respectively.  
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When the data best resembles a mono-exponential decay, the emitter occupies equivalent sites 

where the lifetime is t, y0 is a baseline correction term, A is a scaling factor, and x is time. If two 

inequivalent sites are known to exist, it is anticipated that the lifetime data could be fit to a bi- 

exponential equation where the percentages of the scaling terms (i.e. A1/(A1 + A2)) is directly  
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related to the occupation of the site. The stretched exponential equation is similar to the single 

exponential equation when b is 1. The value of b is between 0 and 1 and describes the quenching 

of the donor emission from energy transfer pathways when b is expanded to b = d/s.103, 104 The 

nominator, d, is defined by the dimension of energy transfer (1D, 2D, or 3D) systems whereas the 

denominator, s, relates the type of coupling that is occurring. For dipole-dipole, dipole-quadrupole, 

and quadrupole-quadrupole coupling, s is equal to 6, 8, and 10, respectively. For resonance energy 

transfer mechanisms within a nanoparticle system, values of 1/2, 3/8, 3/10, and 1 are anticipated 

within 3D systems.105-107 Figure 1.10 shows a simulated lifetime of 1 ms for b values of 1/2, 3/8, 

3/10, and 1 where the isosbestic point shown is equal to the lifetime of the system.  

 
Figure 1.10. Simulated stretched exponential models with lifetimes of 1 ms. Values of b were 
changed to 1/2, 3/8, 3/10, and 1, illustrating the differences between stretched exponential fits. 
The isosbestic point seen at 1 ms corresponds to the simulated lifetime value.  
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1.4.5 Molecular Antenna. 

Lanthanide transitions are Loprte-parity forbidden which causes low extinction 

coefficients, typically on the order of 20 cm-1M-1.88, 89 To circumvent these low extinction 

coefficients, a molecular antenna is employed where the extinction coefficients for the 1πà1π* 

states are orders of magnitude grater, typically around 105. This effect has been widely used in the 

field with lanthanide complexes,101, 102, 108-111 however passivation of nanoparticles with a 

sensitizing ligand is a novel approach. In these systems, the ligand can be considered the donor 

and the lanthanide can be considered the acceptor. Once irradiated, the ligand will undergo a 

transition from the 1πà1π* state followed by intersystem crossing to the 3π*. Intersystem crossing 

is achieved by the heavy-atom effect which states that the larger spin-orbit coupling term from the 

heavy-atom will relax the spin selection rule of the coordinated ligand, allowing triplet state 

formation.108, 112-114 From the ligand’s triplet state, the electron will undergo a Dexter energy 

 
Figure 1.11. Probability of Dexter energy transfer as a function of distance between donor 
and accepter, RDA, and spectral overlap, <J>. Energy transfer is maximized at small distances 
and large spectral overlap terms. 
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transfer to the excited state of the lanthanide followed by emission.115 The probability of energy 

transfer is defined by the Dexter mechanism: 

~pEl = � < Å > z
[^VÉ\

Ñ       (1.13) 

where K is the pre-exponential factor describing the probability of electron state population 

between donor and acceptor, <J> is the spectral overlap integral (equation 1.8), RDA is the 

separation distance from the ligand and lanthanide, and L is the sum of the van der Waals radii for 

the donor and acceptor.116 To optimize energy transfer, ligand matching is needed to place the 

triplet state of the ligand and excited state of the lanthanide within 3000 cm-1 of each other, 

corresponding to the J, spectral overlap integral term.116  
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	    (1.14) 

In the Dexter energy transfer model, <J> is taken as the integrated area of the overlap from the 

fluorescence of the donor (ligand) and extinction of the acceptor (lanthanide). Considering that the 

Dexter energy transfer model is an electron hoping mechanism and can occur through spin-

forbidden systems, the emission and extinction spectra are normalized since the intensities 

correlate to the allowedness of the transitions.117 This in contrast to FRET where dipole-dipole 

coupling require the intensities to be considered within <J>.  

For high-efficient nanophosphors, the distance separating the donor and acceptor must be 

minimized, further increasing the probability of energy transfer. As noted in equation 5, Dexter 

energy transfer has and exponential dependency (-2RDA) on distance between the donor and 

acceptor, giving rise to ‘short range energy transfer.’ Förster energy transfer (FRET) on the other 

hand has a RDA6 dependency, often noted as ‘long range energy transfer.’ Figure 1.11 shows the 

probability of Dexter energy transfer as a function of RDA and spectral overlap, <J>. The synthetic 

route produces 2.0 nm particles which given stochastic distribution of dopant places most 
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lanthanides within the quenching sphere of the ligand. If matched to a ligand, the energy transfer 

would be highly efficient at sensitizing neighboring lanthanide ions.  

1.4.6 Other Energy Transfer Pathways. 

 While the most common method to sensitize a lanthanide is through the molecular antenna 

effect, other pathways do occur. A common pathway to sensitize Eu(III) is from a neighboring 

Tb(III) cation. Due to the similar energies of the Eu(III) and Tb(III) excited states, the two ions 

can couple and transfer its energy to the lowest lying excited state of the 5D0 of the Eu(III). It has 

been reported from various authors that sensitization does occur between the two lanthanide 

cations, however, the actual energy transfer mechanism is still elusive. Authors have suggested a 

dipole-dipole coupling118-120 energy transfer best describes the behavior, however, it is unlikely 

due to the fact that the dipole-dipole coupling cannot occur since no f-f transitions are dipole 

allowed. However, it has been proposed that a similar resonance energy transfer mechanism can 

occur through the coupling of two quadrupoles.105-107 This energy transfer pathway behaves like 

FRET with the exception that distance dependence term is RDA-10, rather than RDA-6. Considering 

the electronic quadrupole transitions are weak in the lanthanides, this energy pathway may only 

partially contribute to the overall energy transfer process. By coupling lifetime data and fitting the 

PLQY to the Perrin model, an energy transfer model can be generated. 

1.4.7 The Perrin Model. 

In order to understand the energy transfer processes, the Perrin model was explored to 

elucidate the critical radii for energy transfer within the quenching sphere. The critical radii is 

donor dependent and is given by the following equation: 

 ln fäã
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>5]     (1.15) 
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where QY is the quantum yield of the system, Q0 is the quantum yield within the quenching sphere, 

assumed to be 1, NA is avagadro’s number, [Ln3+] is the concentration of the lanthanide in mol/L, 

and V is the volume of a sphere.121 The volume term can be related to the R0 (50% quenching 

radius) in other diffusional energy transfer models, however in the Perrin model energy transfer is 

assumed to be 100% efficient within the sphere. Plotting the ln fäã
äå
i vs. èê[íI>5] produces a linear 

regression where the slope is equal to the volume of the sphere. From the volume, a percentage of 

accessible lanthanide ions was extrapolated, assuming a stochastic distribution. This model can be 

applied to any donor acceptor pair and therefore was applied to dual-doped systems to understand 

the energy transfer between Tb(III) and Eu(III) as well as ligand sensitization of Tb(III) cations. 

1.4.8 Scattering. 

The scattering of light is a problem with current state of the art phosphors. Current 

phosphors used are made by commercial solid state synthetic routes which are later ball-milled to 

reduce the particle sizes.82 Although ball-milling reduces the scattering of lower energy photons, 

blue and UV photons continue to be scattered reducing luminaire efficiency. Rayleigh scattering 

becomes prominent over Mie scattering when the particle size is 1/10 of the wavelength of light 

 
Figure 1.12. The scattering cross section as a function of nanoparticle size and wavelength as 
predicted from Rayleigh scattering. 
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which applies to the nanotechnology described in this dissertation. The Rayleigh scattering cross 

section is given by equation 1.16: 
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where D is the particle diameter in meters, õ is wavelength in meters, and c is the refractive index 

of the material which is 1.7940 for ZnAl2O4.122, 123 Figure 1.12 shows the scattering cross section 

as a function of particle size and pump LED wavelengths, which demonstrate the importance of 

particle size reduction to increase luminaire efficiency. Additionally, the larger products are more 

difficult to become soluble in the lens increasing the scattering from the pump LED when 

embedded into a lens matrix. Reducing the size to 2.0 nm scattering of the pump LED is 

minimized. By producing soluble 2.0 nm nanoparticles passivated with a sensitizing ligand, high 

efficient down-shifting nanophosphors can be manufactured using additive manufacturing 

protocols as a new technology aimed to reduce lighting energy consumption, consistent with the 

DOE goals.  

1.4.9 Fischer-Tropsch Synthesis.  

 The Fischer-Tropsch synthesis (FTS) isolates liquid hydrocarbon fuels from biomass, 

natural gas, and coal feedstocks by converting syngas to hydrocarbons.124 The FTS reaction is 

shown in  equation 1.1 .Originally commercialized prior to World War II, interest in the FTS has 

recently increased since coal and natural gas reserves are 25 and 1.5 times more abundant than 

petrochemical feedstocks, respectively.3, 124  

n	CO + (2n + 1)	H2 → C4H(2452) 	+ n	H2O    (1.1) 

CO + H2O → H2 	+ CO2     (1.2) 

The FTS is already used at industrial scales to isolate the liquid fuels on a global level with plants 

in Malaysa, South Africa and Qatar, however, facilities in the United States have been postponed 
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due to the significant cost associated with the process. Using iron or cobalt containing catalysts, 

plants around the globe produce millions of barrels of diesel and gasoline from the chemical 

feedstocks. At the industrial scale, iron carbide catalysts are frequently generated by the in-situ 

carburization of a-Fe prior to the catalytic activity. However, common issues arise from iron-based 

systems such the susceptibility to the water gas shift (equation 1.2), limiting the application of 

iron-based catalysts. The water gas shift causes the isolation of longer and undesired hydrocarbons 

and production of CO2. While the mechanism is not understood by the literature, it is suggested 

that formation of intermediate formate complexes shift the equilibrium of the reaction, resulting 

in the longer hydrocarbons.125 Even though iron is more active to the water gas shift, it is employed 

as the catalyst for feedstocks with low water content at plants around the world since cobalt 

containing systems are approximately 200 times more costly to operate.126 

Product tunability can be achieved by controlling the elemental ratios of the alloyed 

material. Ralston et al.127 isolated a series of d-block alloys of Co-M (M = Mn, Cu, Ru, Rh, Re) 

through solvent assisted decomposition of M-carbonyl complexes that produced bimetallic 

nanocrystals. The bimetallic nanocrystals demonstrated enhanced selectivity for ethanol, albeit the 

study indicates that changes in nanocrystal size may also contribute to differences in the catalytic 

behavior. Similar observations were seen by Davis et al.128 in ternary alloys of MxFe2Co1-x (M= 

Cu, Zn, Mn). Lower CO and H2 conversions were observed for Mn doped systems, while Zn and 

Cu doped systems exhibited higher conversions rates. Selectivity for alcohol isolation was 

accomplished with the Mn and Fe systems and water-gas shift activity was reduced when Cu and 

Zn were incorporated into the material. The studies aforementioned investigated the alloyed 

material in the FTS, however, it has been suggested that the carbide species are more stable against 

deactivation, yet isolation of mixed metal carbides is difficult.128 The difficulty stems from the 
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complex phase diagrams of the Fe-C, where most FexCy species are metastable and are isolated as 

mixed phases, especially at the nanoscale. Controlling the elemental composition for the mixed 

metal carbides at the nanoscale requires advanced synthetic strategies where reactivities are similar 

for each metal species.  

 In addition to elemental composition, nanoparticle size and phase have been observed to 

have selectivity towards product isolation. At sizes below 6 nm, reduced turnover frequencies 

(TOF) and increased selectivity was observed for CH4 products, however, the olefin TOF was 

independent of nanocrystal size in metal carbide and metal alloy systems.127-131 Many of the 

systems studied are the iron-carbide catalysts are isolated from sol-gel,132-134 hydrothermal,6, 135, 

136 and recently by thermal conversion of a Prussian blue analogue.74, 137-139 These protocols 

typically require post-annealing steps to enhance crystallinity, however, fusing of the grain 

boundaries are common during annealing which result in aggregated or bulk material.140 Due to 

the synthetic protocol, the results are ambiguous and often conflicting between reports. For 

implementation into the US markets, further research is necessary to control phase, size, and 

elemental composition of the catalyst to control product in the FTS. 

1.5 Conclusion. 

 The following chapters within in this dissertation describe the application and synthesis of 

nanoparticles. Chapter 2 presents a novel method to isolate size, phase, and composition-controlled 

metal carbide and metal nanocrystals from a single-source precursor. It is anticipated that the 

material isolated from the results found in Chapter 2 can be employed as potential catalyst for the 

selective isolation of products generated during the Fischer-Tropsch Synthesis. Chapter 3, 4, and 

5 investigate the properties of lanthanide doped nanospinels (Ln:ZnAl2O4) where quantum yields 

of 37% are achieved from sensitizing Tb(III) with heaxfluoroacetylacetonate (hfacac). The QY 
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were enhanced by understanding the spectral overlap between the donor and acceptor, as well as 

probing the strain dependent behavior. Spectral engineering was accomplished by incorporation 

of two lanthanide ions into a single nanospinel and sensitized by hfacac. The results found within 

this dissertation are aimed to secure energy independence and reduce overall energy consumption 

within the USA. 
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CHAPTER 2 

PRUSSIAN BLUE IRON-COBALT MESOCRYSTALS AS A TEMPLATE 
FOR THE GROWTH OF FE/CO CARBIDE (CEMENTITE) AND FE/CO 

NANOCRYSTALS 

The work in this chapter is available on pubs.acs.org141  

Controlling the composition, size, and morphology of transition metal carbides and metals 

is important for product selectivity in industrial catalytic processes, such as in the Fischer-Tropsch 

synthesis (FTS). Formation of iron-cobalt carbide nanocatalysts can enhance selectivity in the FTS 

process if the iron to cobalt ratios are controlled. Unfortunately, this is difficult to achieve in 

nanocrystals due to ion migration, differences in formation rates, and the requirement of a perfect 

critical nuclei to form prior to growth of the nanocrystal in colloidal synthesis. In this chapter, a 

mixed metal iron-cobalt Prussian blue analogue (PBA) mesocrystal is shown to act as a template 

for isolating pure phase iron-cobalt carbide and iron-cobalt alloy nanocrystals.  The formation of 

the individual nanocrystals from the heterometallic mesocrystal occurs through sequential 

decomposition and recrystallization events. The steps in the inter-conversion are observed by in-

situ and ex-situ analytical techniques allowing a mechanism for carbide and metal formation to be 

proposed. The synthetic route is scalable, and likely to be extendable to a wider range of bimetallic 

materials using the diverse range of Prussian blue analogues (PBAs) reported in the literature. 

2.1 Introduction. 

The increasing demand for chemical feedstocks has promoted the investigation of catalytic 

material and the role of elemental composition, phase, and nanocrystal size in product selectivity. 

High surface area, nanocrystal metal carbides are finding increased application in catalysis, but 

can be difficult to isolate as a pure phase due to carbon diffusivity.3, 142-144 An important industrial 
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catalyst used in the Fischer-Tropsch Synthesis (FTS) is iron carbide and its transition metal carbide 

variants.3-7 FTS converts syngas to alkanes at the surface of transition metal carbides (Fe5C2, Fe7C3, 

Fe3C, or Fe2C) to produce hydrocarbons and olefins. Recent studies have shown the chain length 

of the alkane depends on the transition metal carbide composition due to contributions from a side 

reaction known as the water-gas shift (WGS). 3-5, 8, 128 The WGS is the reaction between H2O and 

CO allowing for the formation of H2 and CO2. This reaction is catalyzed in pure iron carbide 

systems, resulting in isolation of longer and less desirable hydrocarbons with increasing water 

content.3-5 Incorporation of cobalt into the iron carbide inhibits the WGS side-reaction; 3, 8, 9 

enhances catalyst stability, 4, 5 but unfortunately the pure CoxCy is unreactive and Co is more 

expensive.3, 8 Generating catalysts of known Co composition can allow the balance of selectivity 

and cost to be assessed for the FTS, however, to date, few reports have shown the successful 

incorporation of Co into FexCy nanometals.10-12 Translation of the bulk catalysts to nanocrystal 

metal carbides can allow exploration of catalytic activity through control of composition, 

crystallographic phase, and faceting.3, 4, 145  

In this chapter, we explore the controlled conversion of an iron-cobalt Prussian Blue 

Analogue (Fe-Co PBA) mesocrystal to form FeCo nanocarbides (Fe3-xCoxC) and FeCo  

nanometals (Fe2-xCox) selectively. The conversion process is monitored using in-situ and ex-situ 

methods to elucidate the steps that lead to isolating the FeCo carbide over FeCo metal. When 

carried out in oleylamine, precise size and shape control is achieved. The size of the isolated 

nanocrystals scale linearly with the initial PBA size. The growth of the nanocrystal from the PBA 

is believed to occur via a template process involving the growth of the carbide on the wall of the 

PBA, followed by a kinetically slow diffusion of carbon to the nanocrystal surface forming the 

mixed metal alloy. Although no catalysis studies are reported in this chapter, it is envisioned that 
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the described strategy to prepare mixed metal carbides and metals wherein the nanocrystal size, 

phase, and elemental composition are controlled, could be beneficial to future catalytic activity 

studies via the Fischer-Tropsch Synthesis, as well as other catalytic reactions utilizing such 

materials. 

2.2 Experimental. 

2.2.1 Materials.  

All commercially available reagents were used without further purification. Iron-cobalt 

Prussian blue analogue precursors are potassium hexacyanoferrate (K3Fe(CN)6, Sigma, >99.0%), 

cobalt(II) chloride hexahydrate (CoCl2 • 6H2O, Fisher Scientific, >99%) and potassium chloride 

(Sigma, 98%). Solvents used in the synthesis were nanopure water (4.7 W, Barnsted NANOpure), 

oleylamine (Sigma, >70%), methanol (BDH, ACS grade), toluene (Macron, ACS grade), and 

acetone (Macron, ACS Grade). Elemental composition analysis called for concentrated nitric acid 

(Sigma, Trace Grade) and nanopure water. Calibration curves were made by dissolving FeSO4 x 

7H2O (Alfa Aesar, 99.999%) and elemental Co (Sigma, 99.99%) in 2% nitric acid and performing 

serial dilutions. 

2.2.2 Iron-Cobalt KCox[Fe2-x(CN)6] (FeCoPBA).  

The synthesis was adapted from Talham et al.71 Iron-cobalt PBAs were synthesized by co-

precipitation at room temperature. First 50 mL of aqueous 20 mM K3Fe(CN)6 solution and 50 mL 

of aqueous 0.1 M KCl were mixed for 10 min. After stirring, 200 mL of aqueous X mM CoCl2 

(X=9.1, 5.1, 5, 4.75, and 4.45) was added dropwise at a rate of 5mL/min. The reaction was matured 

for 18 hours and the product was isolated by addition of acetone and centrifugation. The higher 

concentration CoCl2 solution produced smaller mesocrystals while the larger mesocrystals were 

isolated at more dilute reaction conditions, following the tenants of nucleation theory. 
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2.2.3 Thermal Interconversion of KCox[Fe2-x(CN)6] to Fe3-xCoxC (Carbide) and Fe2-xCox 

(Bimetallic).  

A round bottom was charged with 4mL of oleylamine and 40 mg of FeCo PBAs. The 

solution was then heated to 50 °C, degassed and stirred for 1 hour. The reaction mixture was heated 

to 350 °C under N2. To isolate the carbide, the reaction was quenched at 2h, while the bimetallic 

is formed by quenching the reaction at 6h. under N2 and cooled by forced air. To isolate the 

nanoparticle, the samples were magnetically separated and washed three times by addition of 

toluene and methanol. The particles were dried overnight by vacuum and stored under N2. 

2.2.4 Physical Measurements.  

X-ray powder patterns were collected at RT on a Rigaku Ultima III diffractometer (Cu-Ka 

source and a CCD detector). In-situ temperature-dependent XRD was performed at beamline 

12.2.2 of the Advanced Light Source (ALS).146-149 The powder samples were introduced into 0.7 

mm quartz capillaries (Hilgenberg, Germany) and placed inside the SiC oven, which was heated 

using two infrared lamps (Osram 64635HLX) between room temperature and  600 ºC at 10 ºC/min. 

A N2 gas flow of 10 NmL/min was delivered using Alicat (USA) mass flow controllers. XRD 

patterns were collected with 34 seconds intervals using a Perkin Elmer 1621 xN amorphous Silicon 

CMOS detector. The superbend beamline was operated with an incident X-ray energy of 25 keV, 

sample-detector distance of 330-450 mm and a spot size of 30 x 30 µm2. The setup was calibrated 

with a LaB6 standard (NIST 660b). The resulting patterns were integrated with Dioptas software 

V0.4.1.  

Size, size dispersity, and morphology were analyzed by scanning electron microscopy 

(SEM) by dispersing the PBAs in MeOH and drop casting. Images were taken on a FEI Nova 400 
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Nano SEM operating at 10.00 kV with a 

spot size of 2.0. Particle sizes and 

distributions were analyzed by measuring 

>300 PBAs. Size, size dispersity, and 

morphology for the carbide and 

bimetallic materials were analyzed by 

transmission electron microscopy (TEM) 

from drop casting toluene dispersed 

particles and drying overnight under 

reduced pressure. TEM measurements 

were carried on a JEM-ARM200cF 

operating at 200 kV using a carbon type 

A (300 mesh) on Formvar-free grids. 

Image analysis of >300 nanocrystals was 

used to generate the size distribution 

curves.  

Elemental analysis was 

accomplished by digesting each sample in 

trace grade HNO3 and injecting into an 

ICP-MS (Thermoscientrific, ICAP-Rq). Calibration curves were created by serial dilutions of Fe 

and Co in 2% HNO3 with an R2 >0.999 for each ion.  

  

 
Figure 2.1. a) SEM image of 271 + 41 nm 
KCo1.09[Fe0.91(CN)6] and b) Gaussian distribution 
generated by measuring the cube length for >300 
PBAs. 
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2.3 Results and Discussion. 

2.3.1 Thermal Conversion of a 271 nm PBA Passivated by H2O.  

Selectively isolating the metal carbide and the metal during the thermal decomposition of 

a PBA should be controllable if the mechanism can be evaluated. Ex-situ and in-situ probe methods 

were used to follow the thermal conversion of a KCo1.09[Fe0.91(CN)6] PBA passivated by H2O 

(FeCo PBA-H2O). The PBA is prepared following the procedure of Talham, et al.71 SEM imaging 

(Figure 2.1) confirms isolation of a 271+ 41 nm FeCo PBA-H2O mesocrystal composed of 39.8% 

Fe to 60.2% Co  atomic percent based on ICP-MS analysis. 

In-situ powder X-ray diffraction data collected on a synchrotron operating at 25 keV is 

shown in Figure 2.2a  and Figure 2.3. Rietveld refinement of the in-situ XRD data set was carried 

out at selected temperatures to evaluate the structural changes occurring as the PBA is heated. The 

temperatures for the Rietveld refinement, the Rietveld refinement fits, and the structural 

assignments are available in the Figure 2.4 and Table 2.1  

Rietveld analysis of the pattern at 18 ºC confirms the assignment to the PBA cubic Fm-3m 

structure. The low temperature (LT) cubic structure is referred to henceforth as Fm-3m (LT). A 

phase transition is identified in the TGA-DSC data (Figure 2.5a) at 119 ºC (10 ºC / min) that lacks 

a correlated change in diffraction pattern in the in-situ XRD data. The transition is associated with 

lattice dehydration resulting in a 21% mass loss. As the temperature is increased to 197 °C and 

(004) full width at half maximum (FWHM) changes over this temperature region is shown in 

Figure 2.5a. The structural transition is assigned to a first order phase transition, exhibiting the two 

phase contributions scaling inversely with increasing temperature. No mass, exothermic, or 

endothermic event is observed for this temperature region in the TGA-DSC. Confirming the Pmn21  
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Figure 2.2. Temperature-dependent pXRD measured from 18 °C to 600 °C at 10 °C /min at 25 keV under N2 flow. The blue is the 

KCo1.09[Fe0.91(CN)6] Fm-3m (LT) phase, the magenta traces indicates the phase transition from the cubic to orthorhombic phase, 

grey trace indicates the orthorhombic phase, dark green indicates disordered phases from the orthorhombic structure to the Fm-3m 

(HT) phase, purple represents the Fm-3m (HT) while the light green traces reveal the transition to the Fe1.30Co1.70C phase and black 

is the Fe0.97Co1.03. Bolded black traces represent the patterns that were Rietveld refined. The full 2q range is available in Figure 2.3 

(PBA-H2O) and Figure 2.9 (PBA-OAm). 
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crystal phase is not a metastable phase observed only in the in-situ XRD data, the orthorhombic 

phase was isolated following annealing of the PBA sample at 197 °C for 1h (Figure 2.4d).The first 

order phase transition from Fm-3m to Pmn21 can be envisioned as a plane rotation (screw-axis 

formation) inducing a canting of the cyanide bridges with the metals on ordered sites following 

lattice dehydration.150, 151 The canting of the cyanide results in an overall volume reduction and a 

weakening of the metal-cyanide bonds due to changes in the orbital overlap. The change in orbital 

overlap leads to oxidative state changes as evidenced in the FT-IR data (Figure 2.6). In the Fm-3m 

(LT) phase, the M-CN stretch can be assigned based on earlier studies152, 153 to an admixture of 

FeIII-CN-CoII species at 2159 cm-1 as the predominate species, and FeII-CN-CoIII at 2120 cm-1and 

FeII-CN-CoII at 2090 cm-1 as the minority contributors. Upon conversion to the Pmn21 phase at 

197 ºC, loss of the FeIII-CN-CoII (2159 cm-1), a growth of a feature assignable to FeIICN-CoIII 

(2120 cm-1), and a new mode at 2074 cm-1 assigned to a canted (4º) Fe-C bond is observed. The 

assignment of the 2074 cm-1 feature is based upon the observation that the orthorhombic Mn-Mn 

sample (solid line) in the TGA-DSC (Figure 2.5a) as the temperature is elevated from 197 °C to 

493 °C. In the TGA-DSC only a small mass loss (8.2%) is observed; however, the calorimetry data 

exhibits an energetic transition at 266°C that corresponds with an inflection point in the (004) 

lattice and FWHM vs. temperature plot in Figure 2.2a (inset). Refinement of the in-situ XRD 

pattern at 493 ºC shows two contributions in the pattern. The major contribution is assignable to a 

disordered Fm-3m, high temperature (HT) cubic phase, while the minority contribution is an 

amorphous phase at  11.7 wt%. The Fm-3m (HT) structure can be represented as being comprised 

of a disordered cyanide and metal network where Co[Fe(CN)5]
- units occupy a non-

centrosymmetric site. The Fm-3m (HT) phase is metastable and cannot be directly isolated by 

heating the powder to 266 ºC for extended time.  
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Figure 2.3. In-situ high-temperature powder x-ray diffraction patterns from the advanced light 

source operating at 25 keV of the H2O passivated KCo1.09[Fe0.91(CN)6] sample. The heating 

ramp is 10 ºC/min from 18 ºC to 600 ºC. Data was collected every 34 seconds during the heating 

ramp. Nitrogen was flowing at a rate of 15 mL/min to eliminate oxidization. The blue is the 

KCo1.09[Fe0.91(CN)6], the magenta traces indicates the phase transition from the cubic to 

orthorhombic phase, grey trace indicates the orthorhombic phase, dark green indicates 

disordered phases from the orthorhombic structure to the Fm-3m (high temperature) phase, 

purple represents the Fm-3m (high temperature) while the light green traces reveal the transition 

to the Fe1.30Co1.70C phase and black is the Fe0.97Co1.03. Bolded black traces represent the patterns 

that were Rietveld refined. 
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Table 2.1. Parameters refined during Rietveld analysis of data taken during dynamic ALS 

measurements of the H2O passivated samples. 

H2O Passivated PBA, Refined Parameters 

Temperature (ºC) a (Å) b (Å) c (Å) Phase 

18 10.31654 10.31654 10.31654 Fm-3m (LT) 

197 9.93331 6.98925 7.06601 Pmn21 

493 10.35486 10.35486 10.35486 Fm-3m (HT) 
 

 
 

Figure 2.4. Rietveld refinement on ALS patterns taken at a) 18 ºC, b) 197 ºC, and c) 493 ºC. 

The pattern in figure (d) was collected using a Mo Ka anode after annealing the sample at 197 

ºC for 1h. 
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Ex-situ TEM imaging of the PBA heated to 375 ºC for 1h Figure 2.5b shows formation of 

a foam like structure that maintains the shape and size of the initial PBA mesocrystal. SEM-EDX 

line scans Figure 2.7 on the sample held at 375 ºC for 1h reveals the iron to cobalt composition is 

constant across the sample. Electron diffraction confirms the foam consists of aggregated 

nanoparticles of Fe3-xCoxC with diffraction fringes assignable to the (110) plane of the Fe3-xCoxC 

structure Figure 2.5b-e. 

The experimental TGA-DSC and in-situ XRD data suggest that the growth of the Fe3-xCoxC 

phase begins in the temperature region of 197 to 493 ºC through formation of cyanometallate 

vacancies leading to the metastable Fm-3m (HT) phase. Consistent with this hypothesis, heating 

 

 

Figure 2.5. a) TGA-DSC scans of the 271 + 41 nm KCo1.09[Fe0.91(CN)6] at 10 ºC/min where 

the solid lines represent the H2O passivated PBAs and the dashed lines represent the OAm 

passivated PBAs. The trace colors correspond to the colors seen in Figure 1 on the dynamic 

synchrotron pXRD patterns. TEM images of a 271 + 41 nm PBA-H2O heated to 375 ºC (b) and 

700 ºC (c) and PBA-OAm heated to 375 ºC (d) and 700 ºC (e) for 1h. 
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 to 580 °C (green, Figure 2.2) leads to loss of PBA features in the pXRD data and FT-IR, along 

with the appearance of reflections assignable to Fe3-xCoxC (P6322) hexagonal phase. The TGA 

exhibits significant mass loss (20.2%) and an energetic transition is observed in the calorimetry 

data at 501 ºC allowing assignment of the transition temperature for formation of Fe3-xCoxC.  

2.3.2 Metal Carbide Foam to a Metal. 

 At higher temperatures the carbide will convert to the metal by carbon migration to the 

nanocrystal surface, as predicted by the phase diagram.154 In the temperature range of 493 to 591 

ºC, a mixed carbide and metal pattern is observed in the in-situ XRD with complete transition to 

the bimetallic FeCo (Pm-3m) at 591 °C. The TGA-DSC data confirms the transition temperature 

for metal formation with an endothermic transition observed at 587 ºC with minimal mass loss. 

 
Figure 2.6. FT-IR showing the M-CN stretch of the Fm-3m 

(cubic) phase (red trace), OAm passivated Fm-3m (cubic) 

PBAs (purple trace), and Pmn21 orthorhombic phase (blue 

trace). 
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The temperature is identical to the report of the temperature for graphitic carbon formation at the 

surface of PBA nanocrystals.74, 137 

In Figure 2.5c, a sample annealed for 1h at 700 ºC under an argon environment was 

investigated by TEM and shows a macroscopic aggregate is formed. The aggregate is comprised 

of an admixture Pm-3m FeCo metal and Fd-3m Fe3O4 (Figure 2.8d-f). The oxide is believed to be 

formed upon exposure to air prior to imaging. SEM-EDX line scans (Figure 2.7d-f) reveal the 

metal signal varies across the width of the sample. In the region of low contrast, the iron to cobalt 

signal is reduced relative to the edge; however, the iron to cobalt ratio is constant. The EDX line 

scans coupled to TEM and SEM imaging suggests the conversion from PBA to metal involves an 

etching of the PBA core followed by recrystallization of the metal at the surface of the PBA, as 

suggested by Lou, et al.62 The result is inconsistent with the report by Yamada, et al.137 of 

nanoparticle PBAs leading to nanoparticle metal isolation.  

2.3.3 Oleylamine Assisted Conversion of a 271 nm PBA.  

Coordinating ligands may lower the barrier for the structural transformations and reduce oxidation 

of the materials, as suggested by Yamada’s study.137 The effect of a coordinating ligand is clearly 

observed for a 271 nm PBA passivated by oleylamine (OAm). Passivation is achieved by ligand 

exchange through dissolving the PBA in neat OAm at 50 ºC for 60 min. TEM imaging shows that 

the PBA-OAm crystallite size remains 271 + 41 nm and exhibits the Fm-3m crystallographic 

structure (Figure 2.11a). In the ALS data, the transition to the metal carbide and metal are observed 

to occur at a lower temperature for the PBA-OAm. Loss of water occurs at 122 ºC vs. 119 ºC with 

a mass loss difference of ~2% consistent with OAm replacing the H2O on the surface of the 271 

nm cube shaped PBA in the TGA-DSC data shown in Figure 2.5a. 
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Figure 2.7. TEM images of an H2O passivated 271 + 41 nm KCo1.09[Fe0.91(CN)6] held at 375 

ºC for 1 hr (a-b) and 700 ºC (d-e). Distributions of the small material are displayed in c and f. 

TEM images of an OAm passivated 271 + 41 nm KCo1.09[Fe0.91(CN)6] held at 375 ºC for 1 hr 

(g-h) and 700 ºC (j-k). Distributions of the small material are displayed in i and l. 
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The dehydration step is followed by the first order structural phase transition from Fm-3m 

à Pmn21 occurring at 148 ºC. Unlike in PBA-H2O, the PBA-OAm sample exhibits a second 

transition between 180 and 252 ºC, with an endothermic transition observed in the TGA- DSC data 

at 254 ºC. The endothermic transition occurs 18 ºC lower than for the PBA-H2O (272 ºC). Rietveld 

refinement (Figure 2.4) of the pXRD data at 234 ºC reveals the Pmn21 lattice is maintained during 

this transition but a compression of the lattice along the a and b axis (1.6% reduction along a; 2.6% 

along b) has occurred.  

Above 300 ºC, the PBA-OAm sample exhibits significant weight loss (20%) with an 

exothermic transition occurring at 445 ºC in the TGA-DSC data. The mass loss is assigned to small 

molecule release from the PBA, and release of the OAm ligand from the surface.155 Rietveld 

refinement of the at 449 ºC diffraction pattern reveals formation of the Fm-3m (HT) phase with an 

underlying broad signal. The broad signal seen at 5.9º 2q in the XRD pattern may arise from an 

amorphous carbonaceous layer that forms as carbon is ejected from the lattice, as previously 

suggested in the literature.137 The transition to the Fe3-xCoxC metal carbide (P6322) occurs at 478 

ºC. This temperature is 102 ºC lower than the H2O passivated samples. Heating to 548 ºC produces 

the pure Fe2-xCox metal. 

Heating of the PBA-OAm for 1h at 375 ºC and 700 ºC allows the morphology of the carbide 

and metal to be investigated for the OAm passivated sample. In Figure 2.5d, the Fe3-xCoxC foam 

is observed to form, analogous to the results from PBA-H2O. The foam is comprised of ~9.4 nm 

Fe3-xCoxC nanocrystals. High-resolution TEM imaging reveal (110) plane with a d-spacing of 2.35 

Å. The darker contrast in the edge is believed to arise from exfoliation leading to lower material  
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Figure 2.8. In-situ high-temperature powder x-ray diffraction patterns from the advanced light 

source operating at 25 keV of the OAm passivated KCo1.09[Fe0.91(CN)6] sample. The heating 

ramp is 10 ºC/min from 30 ºC to 600 ºC. Data was collected every 34 seconds during the heating 

ramp. Nitrogen was flowing at a rate of 15 mL/min to eliminate oxidization. The blue is the 

KCo1.09[Fe0.91(CN)6], the magenta traces indicates the phase transition from the cubic to 

orthorhombic phase, grey trace indicates the orthorhombic phase, dark green indicates 

disordered phases from the orthorhombic structure to the Fm-3m (high temperature) phase, 

purple represents the Fm-3m (high temperature) while the light green traces reveal the transition 

to the Fe1.30Co1.70C phase and black is the Fe0.97Co1.03. Bolded black traces represent the patterns 

that were Rietveld refined. 
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Figure 2.9. Rietveld refinement of the OAm passivated PBA samples at a) 30 ºC, b) 181 ºC, c) 

234 ºC, d) 252 ºC, e) 449 ºC. Samples were collected on the advanced light source operating at 

25 KeV. 

Table 2.2. Parameters refined during Rietveld analysis of data taken during dynamic ALS 

measurements of the OAm passivated samples. 

OAm Passivated PBA, Refined Parameters 
Temperature (ºC) a (Å) b (Å) c (Å) Phase 

30 10.32142 10.32142 10.32142 Fm-3m (LT) 
181 10.06405 7.119187 7.173005 Pmn21 
234 10.02663 7.045343 7.125538 Pmn21 
252 9.90216 6.935544 7.157715 Pmn21 
449 10.25408 10.25408 10.25408 Fm-3m (HT) 
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Figure 2.10. pXRD of a) KCox[Fe2-x(CN)6], g) Fe3-xCoxC, and m) Fe2-xCox. SEM images for 

the b) 129 nm, c) 252 nm, d) 271 nm, e) 341 nm, f) 408 nm PBAs. TEM images of the metal 

carbide nanocrystals converted from the h) 129 nm, i) 252 nm, j) 271 nm, k) 341 nm, l) 408 nm 

PBAs. TEM images of the isolated metal nanocrystals interconverted from n) 129 nm, o) 252 

nm, p) 271 nm, q) 341nm, r) 408 nm PBAs. 
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density at the Fe3-xCoxC foam core during sample deposition. It is believed exfoliation is due to 

sonication. Consistent with this picture, SEM-EDX line scans on a sample that was not sonicated 

(Figure 2.7) reveal the sample has a constant metal composition across the dimension of the cube. 

Annealing the PBA-OAm sample to 700 ºC results in the formation of a Fe2-xCox aggregate (Figure 

2.5e). High-resolution TEM imaging display the (110) lattice plane with a d-spacing of 2.01Å 

confirming the metal is isolated. SEM-EDX line scans on the sample (Figure 2.7) shows the iron 

to cobalt metal ratio is constant, but a depletion of iron and cobalt form the center of the cube 

occurs. Unlike the H2O passivated samples, no evidence of oxidation was observed suggesting the 

carbonaceous layer left by decomposition of the OAm inhibits oxidation. 

2.3.4 Solvent Dispersible, Size-Controlled Carbides and Metals.  

As shown in the previous section, the carbide is templated by the PBA cage and collapses 

to the metal following expulsion of the carbon, as anticipated by solid state phase diagrams for 

iron-carbide.154 The materials do not form as discrete nanocrystals but as foam material. Carrying 

out the reaction on a coordinating solvent may allow nanocrystals to form due to continuous 

surface passivation. In addition, the use of various sized mesocrystals may lead to controlled 

nanocrystal formation. Size dependent conversion of a the FeCo PBA in oleylamine to evaluate 

the ability to isolate discrete nanocrystals from the reaction and achieve selective nanocrystal sizes 

was explored. A series of PBAs were prepared following the methods of Talham, et al.71 yielding 

129 + 22, 252 + 52, 271 + 41, 341 + 56, and 408 + 80 nm (cube edge, Figure 3b-f) PBAs having 

the cubic Fm-3m (LT) structure based on pXRD measurements (Figure 2.12).  

The transition from PBA-OAm to metal carbide and metal was analyzed at 350 oC for 

samples heated in OAm for 2h and 6h. SEM imaging (Figure 2.11) and pXRD measurements 

(Figure 2.12) at 2h reveal solvent dispersible, spherical nanocrystals are formed and assignable to 
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P6322 Fe3-xCoxC structure with nanocrystal sizes of 4.6 + 1.5, 8.3 + 2.3, 10.5 + 1.4, 10.9 + 2.6, 

and 11.6 + 2.6 nm, respectively. The samples isolated after 6h are solvent dispersible, spherical 

nanocrystals that can be indexed to the Pm-3m phase for a bimetallic FeCo nanocrystal, yielding 

1.6 + 0.5, 3.2 + 1.2, 4.4 + 0.9, 5.3 + 2.0, and 6.3 + 2.2 nm nanocrystals. The metal carbide and 

metal nanocrystal size are observed to reduce proportionally to the PBA mesocrystal size (Figure 

2.15) with a R2 value of 0.9168 for the bimetallic carbide and 0.9646 for the bimetallic nanocrystal. 

The linear regression allows for the prediction of the nanocrystal size from an PBA seed. 

Compositional analysis at each time point (0h, 2h, 6h) confirm the Fe to Co mole ratio is 

maintained throughout the reaction, within experimental error (Figure 2.3, Figure 2.16). To 

demonstrate that the elemental compositions are governed by initial PBA elemental constituents, 

 
 

Figure 2.11. Size dependent powder diffraction patterns for a) the K[Fe2-xCox (CN)6] b) the 

Fe3-xCoxC, and c) Fe2-xCox nanoparticles. The color of the trace indicate the material grown 

from the starting precursor, 129 nm K[Fe2-xCox (CN)6] (blue), 252 nm K[Fe2-xCox (CN)6] 

(black), 271 nm K[Fe2-xCox (CN)6] (red), 341 nm K[Fe2-xCox (CN)6] (grey), and 408 nm K[Fe2-

xCox (CN)6] (green). 
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additional PBAs were isolated from reaction conditions with 9:1, 7:1, 5:1, and 1.5:1, Fe:Co. 

Following the reflux at 2h, isolation of the Fe3-xCoxC metals were accomplished with elemental  

compositions similar to the precursor PBA (Figure 2.13). In Figure 2.14 the calculated lattice 

constant for the hexagonal Fe3-xCoxC is shown, reflecting Vegard behavior for the nanocarbides.  

 
Figure 2.12. pXRD of a) PBA and b) Fe3-xCoxC from PBA synthesis reactions containing 1.5:1, 

5:1, 7:1, and 9:1, Fe:Co metal salts. C) ICP-MS data of the isolated PBAs and Fe3-xCoxC. 
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The observed error in the measurement is caused from the absence of an internal standard causing 

minor changes in the pXRD reflections In the TEM images, it is worth noting that no foam 

 
 

Figure 2.13. Calculated lattice constant, c, for the Fe3-xCoxC where open symbols show the size 

dependent data whereas the shaded symbols illustrate the elemental composition-controlled 

samples. The observed shift of lattice constant implies alloying of the nanocarbides. 
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structures are observed at the two time points. Wider area SEM and TEM, and HR-TEM images 

are available in Figure 2.17-Figure 2.21.  

The time and temperature dependent growth of the carbide and metal from the PBA can be 

more effectively analyzed by comparing the changes that occur in the FT-IR (Figure 2.24a), UV-  

 

Figure 2.14. Linear relationship between KCox[Fe2-x(CN)6] size and resultant nanoparticle size 

as determined from the electron microscopy images in Figure 2.11. The red squares represent 

the Fe3-xCoxC nanoparticles while the blue triangles represent the Fe2-xCox. 
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Table 2.3. Characterization of the KCox[Fe2-x(CN)6], Fe3-xCoxC, and Fe2-xCox nanoparticles 

from electron microscopy images (Figure 3) and ICP-MS. 

 

Material 129 nm PBA 252 nm PBA 271 nm PBA 341 nm PBA 408 nm PBA 

KCox[Fe2-x(CN)6] 

Size 

129 + 22 252 + 52 271 + 41 341 + 56 408 + 80 

KCox[Fe2-x(CN)6] 

% Fe (error) 

39.8 

(18.4%) 

42.5 

(4.3%) 

45.6 

(5.8%) 

43.2 

(7.4%) 

44.4 

(12.8%) 

      

Fe3-xCoxC Size 

(nm) 

4.6 + 1.5 8.3 + 2.3 10.5 + 1.4 10.9 + 2.4 11.6 + 2.6 

Fe3-xCoxC 

% Fe (error) 

42.3 

(12.7%) 

43.5 

(17.8%) 

43.2 

(14.3%) 

40.1 

(9.9%) 

40.5 

(17.7%) 

      

Fe2-xCox Size 

(nm) 

1.6 + 0.5 3.2 + 1.2 4.4 + 0.9 5.3 + 2.0 6.3 + 2.2 

Fe2-xCox 

% Fe (error) 

48.9 

(2.7%) 

39.0 

(5.7%) 

48.7 

(4.3%) 

39.4 

(5.5%) 

41.5 

(5.1%) 

 

 
Figure 2.15. Elemental ratios determined by ICP-MS displaying percent iron in each sample. 

The blue traces indicate the KCox[Fe2-x(CN)6], grey indicate Fe3-xCoxC, and red indicate Fe2-

xCox. 
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Figure 2.16. a) SEM image of the 129 nm KCox[Fe2-x(CN)6], b) low-resolution TEM image of 

the Fe3-xCoxC from the 129 nm PBA, c) selected TEM image of the Fe2-xCox from the 129 nm 

PBA, d) high-resolution TEM image of Fe3-xCoxC, e) selected high-resolution TEM image of 

the Fe2-xCox. Histograms and Gaussian fits for the f) KCox[Fe2-x(CN)6], g) Fe3-xCoxC, and h) 

Fe2-xCox. 
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Figure 2.17. a) SEM image of the 252 nm KCox[Fe2-x(CN)6], b) low-resolution TEM image of 

the Fe3-xCoxC from the 252 nm PBA, c) selected TEM image of the Fe2-xCox from the 252 nm 

PBA, d) high-resolution TEM image of Fe3-xCoxC, e) selected high-resolution TEM image of 

the Fe2-xCox. Histograms and Gaussian fits for the f) KCox[Fe2-x(CN)6], g) Fe3-xCoxC, and h) 

Fe2-xCox. 



 57 

 

 

  

 
 

Figure 2.18. a) Selected SEM image of the 271 nm KCo1.09[Fe0.91(CN)6], selected low-

resolution TEM image of the b) Fe1.30Co1.70C and c) Fe0.97Co1.03. High-resolution TEM image 

of d) Fe1.30Co1.70C, and e) Fe0.97Co1.03. Histograms and Gaussian fits for the f) 

KCo1.09[Fe0.91(CN)6], g) Fe1.30Co1.70C and h) Fe0.97Co1.03. 
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Figure 2.19. a) SEM image of the 341 nm KCox[Fe2-x(CN)6], b) low-resolution TEM image of 

the Fe3-xCoxC from the 341 nm PBA, c) selected TEM image of the Fe2-xCox from the 341 nm 

PBA, d) high-resolution TEM image of Fe3-xCoxC, e) selected high-resolution TEM image of 

the Fe2-xCox. Histograms and Gaussian fits for the f) KCox[Fe2-x(CN)6], g) Fe3-xCoxC, and h) 

Fe2-xCox. 
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Figure 2.20. a) SEM image of the 408 nm KCox[Fe2-x(CN)6], b) low-resolution TEM image of 

the Fe3-xCoxC from the 408 nm PBA, c) selected TEM image of the Fe2-xCox from the 408 nm 

PBA, d) high-resolution TEM image of Fe3-xCoxC, e) selected high-resolution TEM image of 

the Fe2-xCox. Histograms and Gaussian fits for the f) KCox[Fe2-x(CN)6], g) Fe3-xCoxC, and h) 

Fe2-xCox. 
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Vis (Figure 2.24b), and EM (Figure 2.23 and Figure 2.24c) during the reaction. For the reaction 

held at 50 ºC for 1h, changes in the metal oxidation state are evidenced by the loss the 2159 cm-1 

(FeIII –CN–CoII) and the appearance of a 2120 cm-1 (FeII –CN–CoIII) and a 2090 cm-1 (FeII –CN– 

CoII) cyanide stretches.156, 157 No changes in the absorption data is observed and analysis of the 

TEM fringe d-spacing (d(200) = 5.0 Å) confirms the Fm-3m (LT) phase is maintained. When the 

reaction is heated to 350 ºC, SEM images aliquots of the reaction mixture at t = 0 min (Figure 

2.22) reveal no visible external morphology changes to the PBA occur; however, in TEM (Figure 

2.23f-h) striations (contrast difference) appear with a width of 7.3 + 3.0 nm. The striations grow  

 
Figure 2.21. SEM images of reaction aliquots taken at 350 °C at a) 0 min, b) 15 min, c) 30 

min, and d) 60 min. The scale bars for the main figures are 1,000 nm while the insets in 

Figures SI 5b, c, and d, are 500 nm. 
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Figure 2.22. Time-dependent TEM images and the proposed PBA changes indicating direction 

of etching during the interconversion process. The reaction aliquots are drawn after 60 min at 

50 °C (b-e), 0 min (f-h) 15 min (j-l), 30 min (n-p), and 60 min (r-t) at 350 °C. The image 

magnifications from left to right are (40,000x; 400,000x; and 1,000,000x). Images a ,e, i ,m and 

q are schematic representations at the specified time points. 
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along the [111] and the <200> directions (indicated by the red arrows). High-resolution TEM d-

space analysis allows both regions (dark and light) to be assigned to the200) plane of the Fm-3m 

(Figure 2.23h). The striation is therefore believed to reflect redistribution of the iron and cobalt 

metal cyanide complexes within the PBA.  

At 15 min, SEM imaging reveals that the PBA begins to decrease in size with increased 

size distribution (Figure 2.24a and Figure 2.22b) and morphology changes at the {111} corners 

and {110} edges of the PBA cube. The striation width increases to 7.9 + 2.6 nm and can still be 

assigned to the (200) of the cubic Fm-3m phase. The morphology changes imply OAm assisted  

 
 

Figure 2.23. a) Time-dependent change in size and size distributions of the PBAs (blue 

squares) taken from SEM and the size dispersities (%, red diamonds) fit to sigmoidal curve, 

b) FT-IR of the nCN taken on the as-prepared (black), OAm exchanged (60 min at 50 ºC, 

orange), 0 min (green), 15 min (red), and 60 min (blue) at 350 °C ramped at 15 ºC/min. c) 

UV-Vis absorption of the as synthesized PBA (purple) (FeIII-CN-CoII) before being oxidized 

to FeIII-CN-CoIII (green). 
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redistribution of the metal ions in the PBA lattice. The changes are coupled to the appearance of 

small nanocrystals within the EM images at times > 15 min. In addition to the morphological 

changes, the solution transitions from maroon to green color due to the loss of the intervalence 

 
 

Figure 2.24. a) Proposed interconversion of a K[Fe2-xCox(CN)6] to Fe3-xCoxC, and Fe2-xCox 

nanoparticles. b) pXRD patterns on aliquots isolated during the first 2h of reaction. The blue 

triangles indicate PBA lattice reflections and the black circles indicate carbide reflections. c) 

High-resolution TEM images catching the phase transformation to ferrite from cementite. 

Particle A exhibits FeCo lattice planes indexable to the (200) and an amorphous lath as 

evidenced by FFT of the region. Particle B shows the FeCo (100) phase nucleating at 30.7 º to 

the (111) of the Fe3-xCoxC. 



 64 

charge transfer band at 638 nm in the UV-Vis absorption data (Figure 2.24b). The FT-IR spectra 

exhibits two new cyanide stretches at 2055 cm-1 and 2172 cm-1. The 2172 cm-1 is assigned to the 

Berlin green analogue, FeIII-CN-CoIII, accounting for the loss of the intervalence charge transfer 

band156 and the 2055 cm-1 feature is assigned to formation of [FeII(CN)5(RNH2)]
3- species 

following oleylamine coordination.158  

At t = 30 min, loss of PBA coupled to increased nanocrystal formation is evidenced in the 

data. The FT-IR spectra exhibits a reduction of the intensity for the cyanide stretches concurrent 

with the appearance of the metal carbide nanocrystal in the pXRD. In the EM imaging (Figure 

2.23n- p), increased striation density and increased width of the striation is observed that is 

accompanied with the appearance of metal carbide nanocrystals. The pXRD patterns broaden 

indicative of loss of long-range order in the PBA and likely reflects nucleation and growth of 

carbide nanocrystals within the striation regions of the PBA, although the carbide phase cannot be 

definitively assigned in the pXRD. High resolution TEM d-spacing analysis conform that at t > 30 

min, the PBA is polycrystalline with contributions from the metal carbide (d(100)) and the PBA 

(d(200)). The size of the carbide particles is 8.1 + 2.3, and the mean channel width is determined to 

be 10.4 + 3.1 nm.  

As the reaction progresses to completion, the pXRD data can be assigned to a mixed PBA 

and metal carbide pattern at 1h, and by 2h the powder XRD confirm complete conversion of the 

PBA to the Fe1.30Co1.70C (Fiugre 2.25b). TEM images ((200) plane of the Fm-3m (Figure2.23h) 

reveal loss of the striation patterning and formation of a cube-like foam structure, with hundreds 

of smaller embedded particles. With longer reaction times, the nanocrystal foam structure 

fragments into individual nanocrystals as observed in Figure 2.11. The distribution of the smaller 

particles is 8.0 + 2.8 nm and HR-TEM allows assignment as the (112) lattice plane at 0.16 nm for 
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Fe1.30Co1.70C. No contribution from the bimetallic phase is observed within 2h. Confirming 

conversion of the PBA to the metal carbide, the FT-IR data at 2h exhibits only OAm features with 

no –CN mode observable in the spectra. Within experimental limitation, analysis of the supernatant 

FT-IR and UV-Vis reveal no metal cyanide coordination complexes are present. At times greater 

than 2h the reaction converts the metal carbide to the metal (Figure 2.11) with no change in the 

iron to cobalt metal ratio. The linear relationship between PBA size and metal nanocrystal is 

maintained (Figure 2.15).  

 
 

Figure 2.25. Characterization of a PBA heated to 180 ºC in OAm for 6h. a) FT-IR 

characterization of the M-CN stretch showing the weakened M-C bond at 2074 cm-1, evident 

in the orthorhombic structure. Bright field TEM image (b) and high resolution TEM image 

showing the FFT of the light and dark regions; both regions are assigned to the orthorhombic 

structure. e) Dark field TEM image of a PBA cube where the yellow line represents the EELS 

line scan and f) data from the EELS line scan where the color of the trace represents the area 

from the line scan. 
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Figure 2.26. Reaction concentration vs. resultant nanoparticle size. Black triangle is the original 

collapse at 32 mM and the blue squares are collapses at 3, 64, and 161 mM. TEM images of a) 

3 mM collapse, b) 64 mM collapse, and c) 161 mM collapse and accompanying histograms in 

d) 3mM, e) 64 mM, and f) 161 mM. Statistics were generated by analyzing >300 particles. 
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The data demonstrates that use of oleylamine as a solvent is critical for isolating discrete 

sized nanocrystals of the metal carbide and metal. The appearance and growth of the striations 

within the first hour of the reaction suggests that OAm is etching into the PBA along the (200) and 

(111) facets which can be achieved at temperatures as low as 180 oC. The etching process enhances 

the formation of the metal carbide through the recrystallization on the walls of the PBA. Electron 

energy loss spectrum (EELS) line cans across the striations for a PBA held at 180 oC for 6h (Figure 

2.26), shows a reduced signal in the light contrast areas. This observation is consistent with the 

OAm assisted metal depletion. In support of the recrystallization process rather than complete 

dissociation, the line scan shows the iron to cobalt metal ratio remains constant throughout the 

PBA. Han, et al.62 observed a similar behavior in Ni3[Co(CN)6]2, where ammonia etching leads to 

controlled pore-size and pore-width within the isolated meso-PBA. The data supports a model 

where oleylamine acts not only to lower the barrier for conversion but also as a coordinating 

solvent to disperse the materials following the conversion.  

2.3.5 Mechanistic Insight.  

The transition from PBA to carbide is surprisingly controlled as this requires nucleation 

and growth of the carbide following small molecule release. The observation of the foam structures 

for the carbide suggest the process likely involves a templated surface mediation nucleation. An 

alternate mechanism would be complete dissociation of the metal precursors followed by 

nucleation, a metal cyanide concentration dependent mechanism. To evaluate this possibility, the 

effect of PBA concentration in oleylamine was analyzed for a 259 + 50 nm (20% size dispersity) 

PBA held at 350 ºC for 6h. In Figure 2.27it can be seen that no concentration dependence is 

observed for reactions carried out at 3 mM, 64 mM, and 161 mM PBA dissolved in oleylamine. 

The isolated nanocrystals from the concentration dependent study are 4.4 + 1.0 nm (23% 
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dispersity), 4.0 + 1.7 (42% dispersity) and 4.6 + 1.2 nm (26% dispersity),  respectively. The results 

of the study are inconsistent with a simple dissolution and re-nucleation process, suggesting the 

template process is more likely. 

The mechanism for PBA à metal carbide à metal is shown in Figure 2.25a. In this 

mechanism the PBA converts completely to the metal carbide nanocrystal during the first 2h. The 

formation of the carbide is believed to be initiated by the first order phase transition  (cubic to 

 
Figure 2.27. DSC-TGA measurements of a 129 + 22 (red), 341 + 56 (blue), and 408 + 80 nm 

(black) KCox[Fe2-x(CN)6] Prussian blue analogues. The samples were heated under Ar at 10 

ºC/min. 
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orthorhombic) observed in the TGA-DSC and in-situ XRD data, following lattice dehydration. The 

orthorhombic phase exhibits canted cyanide bridging ligands, thus reducing orbital overlap and 

the energetic barrier for metal cyano derivative release. Recrystallization of the metal cyano 

complexes on the walls of the PBA is consistent with the observation of the metal carbide foam 

with the macroscopic dimensions of the PBA. The size of the nanometal carbide scaling linearly 

with the PBA size is surprising but may relate to density of intrinsic metal cyanide vacancies that 

are occupied by water molecules within the crystal lattice. Metal vacancies are known in the PBA 

literature to charge balance the lattice for up to 1/3 of the M3+ sites.65, 159 The metal cyanide 

vacancies can be thought of as a T-defect in the lattice  leading to plastic deformation and lowering 

of the barrier for metal carbide formation. This observation is supported by the lowering of the 

phase transition temperature for the cubic to orthorhombic transition in TGA-DSC data (Figure 

2.27).  

The conversion of the carbide to metal after 2h of reaction occurs via a kinetically slow but 

thermodynamically favorable carbon migration to the nanoparticle surface, due to the carbide 

becoming hypoeutectic. The process is described by the Pitsch-Petch mechanism, and is 

anticipated to form lamellar sheets of ferrite and cementite in the nanocrystal with the ferrite phase 

growing ~59 ° to the cementite phase.160 Consistent with the metallurgic process, the isolated 

nanocrystals at 3h exhibit two distinct particles in the TEM imaging (Figure 2.25c). Particle A has 

a crystalline and amorphous area. The crystalline area is indexable to the (111) plane of the 

Fe0.97Co1.03 phase at 1.46 Å. The amorphous zone at the center is attributed to lath formation 

following the decomposition of lamella cementite sheets. In particle B, the bcc-Fe0.97Co1.03 

nanoparticle is observed to be nucleating on the Fe1.30Co1.70C phase at 30.7°. Indexing the lattice 

planes allows assignment of the (111) for Fe1.30Co1.70C at 2.09 Å and the (110) for Fe0.97Co1.03 at 
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2.01 Å. It is worth noting the cementite to ferrite transformation is still debated in the engineering 

literature and therefore, while the data fits a Pitsch-Petch process, alternate mechanisms cannot be 

definitively excluded.161, 162 

2.4 Conclusion. 

The experimental observation that solvent dispersible, size-controlled metal carbide 

nanocrystals can be isolated, while maintaining the metal ratios, following a thermal 

decomposition reaction of PBA is intriguing. The formation of the metal from the carbide follows 

classical metallurgic pathways via a kinetically slow carbon diffusion process,163-166 as defined by 

the Pitsch-Petch relationships.167-169 The ability to isolate high surface area metal carbides are 

important in catalysis, where the experimental results provide a convenient strategy to form foam 

like mesostructures or size-controlled nanocrystals that are potential catalyst candidates. While the 

isolation of metal carbide and metallic phases have been previously reported by solid state thermal 

decomposition routes, the ability to isolate both nanocrystal compositions and define the 

mechanistic attributes of the reaction when carried out lyothermally has not been reported.137-139 

Although catalysis was not investigated in this manuscript, demonstration that controlled PBA 

decomposition can lead to size, shape and metal ion ratio controlled metal carbide (and metal) 

formation provides a convenient pathway for new catalyst development. Further studies are 

underway to evaluate the catalytic potential of the iron-cobalt systems. The route is scalable and 

since a wide range of PBAs can be grown as narrow dispersity mesocrystals (meso-PBA), it is 

believed the route offers a rich playground for materials design.63, 64 
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CHAPTER 3 

BREAKING LATVA’S RULE BY ENERGY HOPPING IN A 
Tb(III):ZnAl2O4 NANOSPINEL 

 
Latva’s empirical rule states that the energy separation between a molecular sensitizer and 

a lanthanide excited state must lie within 2,000 to 4,000 cm-1 for optimal energy transfer. At 

energies below 2,000 cm-1, back energy transfer will impact the process resulting in the reduction 

the photoluminescence quantum yield (PLQY). The role of excited triplet state (3p*) energy and 

intra-lanthanide ion energy hopping is assessed for a series of b-diketonate molecular sensitizers 

coordinated to the surface of a 2 nm 3.56% Tb(III):ZnAl2O4 nanospinel. It is observed that energy 

transfer from the b-diketonate to a 2 nm nanospinel lies within the critical radii for energy transfer 

and the presence of efficient energy hopping minimizes back energy transfer contributions. In 

contradiction to Latva’s rule, the highest PLQY of 41% is achieved following sensitization by 

hexafluoroacetylacetonate, with an energy difference (3p*-5D4)  of only 1,670 cm-1. The measured 

PLQY is consistent with other reports of Tb(III) doped nanocrystal hosts lattices, suggesting 

energy hopping within the lattice enhances the Tb(III) phosphor performance. Although not 

measured, the energy gap plot suggests a PLQY approaching 58% may be achievable by ligand 

design. 

3.1 Introduction. 

In solid state lighting (SSL) the use of trivalent lanthanide ions, Ln(III), is common due to 

the high color rendering factors generated from their narrow full width half max (FWHM) 

emission features.29, 30, 88, 89, 91 This allows for precise control over CIE coordinates by combining 

lanthanide ions to achieve white light or display technologies.82, 91, 170, 171 Since the lanthanides 



 72 

exhibit low molar extinction coefficients due to the optical selection rules, SSL applications 

requires the sensitization of Ln(III) by the host lattice or an appended molecular sensitizer to 

efficiently populate the lanthanide ion.88, 89, 91 Our group previously observed, the efficient ligand 

sensitization of Eu(III) doped oxide hosts leading to enhanced photoluminescence quantum yield 

and the ability to use near-visible excitation wavelengths for down-shifting LED technologies.29, 30 

Other researchers have followed up on the idea showing efficient molecular sensitization in 

nanocrystal lattices.172-175 To produce high PLQY nanophosphors the molecular sensitizer 

passivation layer must have sufficient orbital overlap, minimal radial separation between the donor 

and acceptor, low back energy transfer pathways, and lack low lying host trap states.88, 90, 91, 117  

An approach to predict the optimum orbital overlap for sensitization in the nanophosphor 

can stem from the early reports of Latva, et al.176 on Ln(III) coordination compounds. ‘Latva’s 

Rule’ was defined by his conclusion that the highest sensitization efficiency from the molecular 

antenna to the Ln(III) ion occurs when the 3p* energy is between 2,000 and 4,000 cm-1 above the 

lanthanide excited state. Latva’s rule suggests the maximum energy transfer sensitization is a 

balance between energy matching, directly related to the spectral overlap,<J>, and back energy 

transfer processes. Since the report of Latva,176 several studies have supported the rule in 

coordination compounds,110, 111, 177 yet it has not been translated to nanocrystalline phosphors 

where Ln(III)-Ln(III) hopping may occur. 

To date much of the nanocrystal phosphor development has focused on Eu(III),29, 30, 170, 178-

180 a classic red emitter used commercially in fluorescent light applications.181, 182 For lanthanides, 

Tb(III) is an important green emitter that is sensitive to self-quenching and site of occupation in 

the host,88, 89 but has received less attention in the nanocrystal phosphor field. In this study, we 

evaluate the efficiency of energy transfer from an organic molecular sensitizer appended to the 
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surface of a 2 nm 3.56% Tb(III):ZnAl2O4 nanospinel. In order to evaluate the role of energy 

difference on the PLQY, a series of molecular sensitizing passivating ligands were bound to the 

surface of the Tb(III):ZnAl2O4 nanospinel. The ligands were chosen to have triplet energies 

between 22,170 - 25710 cm-1, resulting in energy differences of 1,670 - 5210 cm-1 above the 5D4 

excited state of Tb(III). A linear relationship between the 3p* and 5D4 energy levels was observed, 

with the highest quantum yield (41%) achieved for heaxfluoroacetylacetonate (hfacac) (3p* 22,170 

cm-1, DE = 1,670 cm-1). A low lying midgap trap center associated with the host lattice is populated 

when the 3p* energy level is above 23,000 cm-1. By comparison, the measured PLQY achieved in 

Tb(III):ZnAl2O4 nanospinel phosphors is at the level of the highest reported PLQY for direct host 

excitation of Tb incorporation into nanocrystal hosts, where values from 0.03%183 to 43%184 have 

been reported.  

 It is notable that a higher PLQY is observed for a smaller energy gap than predicted by 

Latva’s rule where it was reported that significant back energy transfer contributions occurs with 

energy separations below 2,000 cm-1.176 It is hypothesized that Tb(III)-Tb(III) hopping within the 

2 nm nanospinel reduces the contribution of back energy transfer. Contributions arising from the 

possibility of passivant changes to the Tb(III) center was discounted by analyzing the site sensitive 

5D4 à 
7F6 vs. 5D4 à 

7F5
 intensities, where no change in the blue to green ratio is observed for the 

different passivation group. The energy difference plot suggests the higher PLQY may be 

achievable at smaller triplet energy separations. The results of the study demonstrate that Latva’s 

rule is modified by site hopping within the nanophosphor, illustrating the importance of careful 

passivant design to achieve the highest PLQY devices for down-shifting phosphors. 
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3.2 Experimental.  

3.2.1 Materials.  

All commercially available reagents and solvents, with the exception of 

dimethylformamide (DMF) were used without further purification. DMF was dried over molecular 

sieves. The passivating ligands was 2,4-pentanedione (acac, Alfa Aesar, 98%), 2,2,6,6-

tetramethyl-3,5-heptanedione (TMHD, Alfa Aesar, 98%), 6,6,7,7,8,8,8-heptafluoro-2,2-dimethyl-

3,5-octanedione (FOD, Strem Chemicals, > 98%), 1,1,1-trifluoroacetylacetone (tfacac, Alfa Aesar, 

98%), and 1,1,1,5,5,5-hexafluoro-2,4-pentanedione (hfacac, Alfa Aesar, 98+%). Zinc (II) 

undecylenate (Spectrum, 98%), oleylamine (Aldrich, 70%), nitrossium tetrafluoroborate (NOBF4, 

Alfar Aesar, 98%), aluminum (III) 2, 4-pentanedionate (Strem Chemicals, 99%), and terbium (III) 

2,4-pentanedionate hydrate (Alfa Aesar, 99.9%) were obtained from various sources.  

Synthesis of 3.56% Tb(III):ZnAl2O4: Zinc aluminate nanospinels were synthesized by thermal 

decomposition of molecular precursors. Zinc undecylenate (Zn(UND)2, 0.25 mmol), aluminum 

2,4-pentanedionate (Al(acac)3, 0.5 mmol), and terbium(III) 2,4-pentanedionate (Tb(acac)3) were 

charged into a 10mL pyrex microwave vial with olyelamine (70% Tech grade, sigma). The 

reactions were heated to 280 °C for 10 minutes in an Anton Paar MW reactor and cooled with 

forced air cooling. The resultant nanoparticles were isolated by addition of MeOH and 

centrifugation. Samples were dried under reduced pressure.  

3.2.2 Measurements.  

Structural characterization was performed using powder X-ray diffraction (pXRD) recorded on a 

Rigaku DMAX 300 Ultima III Powder X-ray diffractometer (using Cu Kα λ = 1.5418 Å radiation). 

The size of the nanocrystals were measured by fitting the pXRD pattern to the Scherrer broadening 

equation,	" = 	$%/'()*+ , where L is the crystallite size, K is the shape factor and assumed to be 
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1.0 corresponding to spherical nanocrystals, λ is the X-ray wavelength measured in nm, β is the 

peak width at half height at a given 2θ value, and θ is the Bragg angle. Transmission electron 

microscopy (TEM, JOEL, 200kV) was performed to analyze particle sizes and distributions. 

Samples were prepared by drop casting a dispersion of nanoparticles in toluene on a 200 mesh Au 

grid and dried overnight. Elemental concentrations were measured by inductively coupled plasma-

mass spectrometry (ICP-MS, Thermofischer) by digesting nanoparticles in trace grade HNO3.  

3.2.3 Optical Methods.  

Ligand passivation was analyzed by Fourier transform infrared (FT-IR) measured on 

powdered samples using a PerkinElmer Spectrum 100 FT-IR Spectrometer equipped with an 

attenuated total reflectance (ATR) sample chamber consisting of a ZnSe crystal over coated with 

diamond using a single-bounce configuration. Solution UV-Vis absorption spectra were recorded 

in toluene using a 1 cm quartz cuvette in a Varian Cary 50 UV-Vis spectrometer. The 

photoluminescence and photoluminescence excitation spectra were recorded on a Horiba 

Fluoromax spectrofluorimeter equipped with a 150 W CW Ozone free xenon arc lamp, Czerny-

Turner monochromators with excitation grating blazed at 330 nm (1200 groove/mm) and the 

emission grating blazed at 500 nm (1200 grooves/mm). All spectra were corrected for the 

instrument response function and the intensity of the lamp. Photoluminescence quantum yield were  

measured by the relative method using Eu(TTA)3Phen as a standard in EtOH. Linear regressions 

were generated by plotting the integrated intensity vs. the absorption of serial dilutions. 

Comparison of the slopes between the standard and the sample, allow for determination of accurate 

PLQYs displayed in equation (3):  

,- = ,.	/
01
02
3	/41

5

425
3	 	 	 	 	 (3)	
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Where m is the slope and h is the refractive index of the solvent. Subscripts r indicate the reference 

while s indicates the sample. The standard and samples were measured in EtOH at 298 K leading 

to the removal of the refractive index term. 

Lifetime measurements were recorded on an Edinburgh Instruments LP980-KS and excited 

by a Continuum Nd:YAG laser coupled to an optical parametric oscillator with the resulting 

excitation wavelength of 320 nm. Samples were recorded in EtOH at 298 K so that radiative rates 

could be calculated. Lifetimes were fit to a mono-exponential equation using IGOR 8.0. 

 

Figure 3.1. Schematic illustrating the sensitization of the surface passivated b-diketoantes 

with Tb(III) occupation (highlighted in yellow at the Al(III) site. In the schematic the arc 

represents the critical radii for energy transfer from the passivant to the Tb(III) center. The 

energy transfer and excited state relaxation pathways following excitation onto the 1p* 

excited state of the coordinating passivant are shown in a Jablonski diagram to the right.  The 

energies for the 1p* and 3p* excited states are represented in the diagram by the color of the 

ligand where red is hfacac, blue is tfacac, purple is FOD, yellow is acac, and green is TMHD. 

The lattice energy levels are also drawn to scale where the dashed grey line represents the 

midgap trap state arising from Vox defects. 
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3.3 Results and Discussion.  

In Figure 3.1, the 3p* energies for a series of b-diketonate passivants relative the Tb(III) 

exited state energy levels, the energy pathways for populating the Tb(III) emissive center 

following excitation of the passivant layer, and a schematic of the 2 nm b-diketonate passivated 

Tb(III):ZnAl2O4 spherical nanocrystal is shown. In the study, the ~2 nm spherical, b-diketonate 

passivated 3.56% Tb(III):ZnAl2O4 nanopsinel was prepared via a microwave assisted thermal 

decomposition of molecular precursors, as described previously.2 The passivant exchange process 

is accomplished by employing a ligand exchange protocol developed my Murray et al.185 where 

NOBF4 removes the native OAm and acac ligands resulting in NO coordination to the nanospinel 

surface. Exchange of the NO for the b-diketonate of choice is accomplished by addition of a 

stochiometric amount of the free b-diketonate ligand to the NO-ZnAl2O4 nanospinel in a biphasic 

solution of toluene (or acetone) and DMF at 60 ºC. The exchanged nanospinel is isolated by co-

solvent precipitation and centrifugation following dropwise addition of polar solvents (water or 

MeOH) to the DMF mixture.  

In Figure 3.3, the UV-Vis absorption spectrum and FT-IR or the b-diketonate exchanged 

Tb:ZnAl2O4 nanospinel are shown. In Figure 3.3a, absorption spectrum represents contributions 

from the 1p-p* transition energies of the ligand. Following ligand exchange, the -CH2/-CH3 

vibrational modes are still observable in the FT-IR spectra indicating only ~80% exchange of the 

native ligands is achieved, consistent with earlier reports.185 Complete removal of native OAm is 

not required since it is optically inactive at the excitation wavelength of the b-diketonates. 

Evidence for b-diketonate coordination is evident in the FT-IR data, where the ketone stretch is 

observed to shift to higher frequency consistent with M-O bonding. All ketone stretches of free  
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Figure 3.2. Powder X-Ray diffraction patterns indexed to the cubic - 6739: phase (JCPDS 

073-1961) for a) 0% Tb(III):ZnAl2O4 and d) 3.56% Tb(III):ZnAl2O4, b) high-resolution TEM 

images of 0% Tb(III):ZnAl2O4, Gaussian distribution of the c) 0% Tb(III):ZnAl2O4 and f) 

3.56 % Tb(III):ZnAl2O4 nanospinels where statistics were generated by measuring >300 

particles, and e) wide-area TEM images for 3.56 % Tb(III):ZnAl2O4 nanospinels. 

 

Figure 3.3. a) UV-Vis spectra at 298 K in cyclohexane for the passivated 3.567% Tb:ZnAl2O4 

nanospinels. The 1p* absorption features are observed for acac (yellow), FOD (purple), hfacac 

(red), tfacac (blue), and TMHD (green). b) FT-IR spectra of the free tfacac ligand (blue trace) 

and passivated nanoparticle (red trace). The inset displays the shift in the ketone stretch.  
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Table 3.1. Tabulated values of free and passivated ketone stretches for the b-diekatoneate 

series corresponding to the data shown in Figure 3.4. 

Sample Ketone stretch frequency (cm-1) 
 Free ligand Passivated Nanoparticle 

hfacac 1624, 1689 1657, 1727 
tfacac 1707 1730 
FOD 1591, 1698 1636, 1741 
acac 1709, 1728 1728, 1739 

TMHD 1587, 1723 1576, 1748 
 

 
Figure 3.4. FT-IR spectra of the free ligand (black trace) and passivated 3.56% Tb(III): 

ZnAl2O4 nanospinel (red-dashed trace). 
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Table 3.2. Optical properties for the passivated Tb:ZnAl2O4 nanospinel samples 

Ligand 3p* (cm-1) 
(DE) 

 3p* - 5D4 

(cm-1) 

PLQYEtOH 
(%) 

PLQYEtOD 

(%) hsens (%) 

TMHD 25,710 + 770 186-189 5,210 0.47 + 0.15 3.73 + 0.37 4.84 + 0.51 

acac 24,950 + 680 187, 188, 190-193 4,450 3.94 + 0.93 7.58 + 0.91  9.83 + 1.18 

FOD 23,100 + 1,100 186-188, 194-198 3,030 18.27 + 1.93 25.38 + 1.77 32.91 + 2.30 

tfacac 22,980 + 407 187, 190, 191, 199 2,480 27.98 + 1.97 37.72 + 2.67 48.91 + 3.46 

hfacac 
22,170 + 590 186, 187, 190, 192, 193, 

200, 201 
1,670 36.99 + 2.95 

41.29 + 6.29 
53.54 + 8.16 

 

and coordinated ligands have been tabulated in Table 3.1 and Figure 3.4. High-resolution TEM 

images for the 0% and 3.56% Tb(III):ZnAl2O4 nanocrystal along with pXRD patterns for all 

samples are available in the Supporting information (Figure 3.3). The TEM images confirm a 

spherical Tb(III):ZnAl2O4 nanospinel is obtained with the 0% sample being 2.0 + 0.5 nm and the 

3.56% sample being 2.2 + 0.5 nm in size. It is worth noting that the small size and low z-number 

for the host lattice limit the ability to carry out accurate statistical analysis of the TEM images. 

To evaluate the efficiency of the molecular photosensitization process of the Tb(III) center 

by the b-diketonate passivation layer, photoexcitation at 320 nm into the ligand was performed 

and the steady state photoluminescence (PL) recorded for all samples in toluene at 298 K (Figure 

3.5). All samples display the 5D4 à 7F5 transition seen at 544 nm when excited into the singlet 

state for the respective ligands at 320 nm. For the TMHD and acac passivated systems a large 

background from 400-550 nm is observed. The green (5D4à7F5) to blue (5D4 à 
7F6) ratio for the 

samples is 2.53 + 0.02 following correction for the broad emission background. The observation 

of a constant blue to green ratio for the samples implies no structural perturbation following ligand 

coordination. 
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The broad emission observed at high energy is attributed to either triplet ligand emission 

reflecting inefficient energy transfer to the lanthanide ion, or population of an emissive mid-gap 

trap state arising from an oxygen vacancy (Vox) in the ZnAl2O4 lattice.202-204 Based on time-

resolved measurements in Figure 3.6, it is believed the broad emission is due to Vox mid-gap state 

population since a roll-over feature is observed followed by a decay of 872 ns at 298 K, which is 

faster than typically observed for a 3p* emission.205, 206 Consistent with this assumption the lifetime 

for triplet emission of a b-diketonate Gd(III) coordination complexes is on the order of 1.0 µs at 

298 K,207-209 while Vox show lifetimes of 500 to 800 ns at 298 K.210, 211  

 As shown in Figure 3.1, the population pathways of the lanthanide excited state consist of 

multiple steps, each of which impacts the observed PLQY. The overall PLQY for the samples is 

calculated using the following expression, 

;<=>?@A<?@BC?@=AD = EFGH × EJK × ;<?@BC?@=AD<?@BC?@=AD =

E-D@- × ;<?@BC?@=AD<?@BC?@=AD (1), where ;<?@BC?@=AD<?@BC?@=AD
 

is the intrinsic quantum yield for Tb(III). 

The intrinsic quantum yield is estimated by 

comparison of the integrated intensities 

from direct excitation at 488 nm (7F6à5D4) 

to the Tb(III) quantum yield when populated 

via energy transfer from the ligand excited 

at 320 nm. The estimated intrinsic quantum 

yield for Tb(III) in the Tb(III):ZnAl2O4 

nanospinel is 77% (Figure 3.8), which is 

good agreement with literature values.212, 213  

 
Figure 3.5. Photoluminescence spectra of 

3.56% Tb:ZnAl2O4 nanospinels (lex = 320 nm, 

toluene, 298 K).  The color of the traces 

represents a ligand where red traces indicate 

hfacac, blue traces indicate tfacac, purple traces 

indicate FOD, yellow traces indicate acac, and 

green traces indicate TMHD. 
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The efficiency of intersystem crossing (EFGH) from the passivant singlet to triplet state and the 

efficiency of energy transfer from the passivant triplet to the Tb(III) center incorporated into the 

Table 3.3. Lifetime data collected in EtOH and EtOD monitoring the 5D4à7F5 transition at 

544 nm following excitation at 320 nm into the singlet excited state. The values of q are 

derived from the Horrock’s equation and the g/b ratios are the integrated intensities of the 
5D4à7F5/

5D4à7F6. 

Ligand tEtOH (ms) tEtOD (ms) kr, EtOH (ms-1)  kr, EtOD (ms-1) q g/b 

TMHD 
0.746 + 
0.071 

0.987 + 0.14 0.6 3.8 0.8 + 0.5 2.51 

acac 
0.681 + 
0.064 

0.899 + 0.11 5.8 8.4 0.8 + 0.5 2.56 

FOD 
0.824 + 
0.021 

0.936 + 0.13 22.2 27.1 0.3 + 0.5 2.51 

tfacac 1.054+ 0.094 1.142 + 0.08 41.1 33.0 1.3 + 0.5 2.56 

hfacac 
0.850 + 
0.068 

1.083 + 0.12 43.5 38.1 0.6 + 0.5 2.52 

 

 
Figure 3.6. Lifetime measurements monitoring the broad emission seen at 425 nm, following 

excitation into acac. The rollover kinetics and short lifetime suggest population of a midgap 

trap state in the ZnAl2O4 lattice. 
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ZnAl2O4 nanospinel (EJK) will be governed by the spectral overlap function between the ligand 

and Tb(III) excited states, as described within the Dexter mechanism115 MD@B = $ < O > Q/
R5STU

V 3
 

(2). In eqn 2, K is a pre-exponential factor in units of energy, <J> is defined as the integrated 

spectral overlap function O(X) = ∫ZT([)\U([)	A[
∫ZT([)A[ ∫\([)	A[

	, RDA is the radius between the donor and 

acceptor, and L is the effective Bohr radius. The values of K, L, RDA are invariant for the 

experimental results since the nanospinel core is identical between each sample. The difference in 

energy between the 3p* and Tb(III) 5D4 level (∆^_`∗bKc(FFF)dTe) is anticipated to scale with the 

observed PLQY for the nanospinels. In a typical lanthanide coordination complex, the PLQY is 

optimized when the energy difference (DE) is between 2,000 and 4,000 cm-1.176  

In , the optical properties for the series of b-diketonate passivating ligands having a 3p* to 

Tb(III) 5D4 energy difference of 1,670 

– 5,210 cm-1 is listed, along with the 

sensitization efficiency (hsens) of the 

Tb(III) center, and the overall PLQY 

for the nanospinel samples excited at 

320 nm. A plot of the PLQY vs. the 

energy difference between the donor 

and acceptor electronic states is shown 

in  

Figure 3.7. The experimental 

PLQY values are plotted for both the 

EtOH and EtOD where each can be fit 

 
 

Figure 3.7. Quantum yields of 3.56% Tb vs. 

separation between the 3p* and 5D4 state of the 

Tb(III). 



 84 

to linear regressions with a R2 values of 0.968 and 0.990, respectively. The improved fit for the 

EtOD samples is unsurprising due to the elimination of quenchers (-OH) from the system which 

result in the higher PLQY. For the nanospinel samples, the highest PLQY was achieved when 

passivating the nanospinel with hfacac resulting in an experimental PLQY of 41.29 + 6.29% in 

EtOD. The reported 3p* state for hfacac is ~22,170 cm-1 which is approximately 1,670 cm-1 above 

the 5D4 excited state of the Tb(III).The linear trend is consistent with a Dexter energy transfer 

process in which the <J> spectral overlap integral dominates the efficiency of transfer, as observed 

by Latva et al.176 for b-diketonate Tb(III) coordination compounds.  However, the observation of 

 
Figure 3.8. Photoluminescence excitation spectra (black trace) monitoring the 5D4à7F5 

transition centered at 544 nm. Emission spectra flowing ligand excitation (red trace) at 320 

nm and direct excitation (blue trace). All spectra were collected in EtOD at 298 K. 
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continued improvement in the PLQY when DE is < 2000 cm-1 is surprising, and contradicts Latva’s 

rules expectation of back-energy transfer lowering the observed PLQY in this  

range. It is surprising that no back-energy transfer was observed in the PL as a ligand 3p* emission, 

contrary to reports in coordination complexes when DE < 2000 cm-1.  

The breaking of Latva behavior may reflect loss of back-energy transfer or potentially 

lattice or surface changes following coordination of the b-diketonates changing the intricinsic 

lanthanide quantum yield.  Contributions arising from surface reconstruction can be eliminated by 

considering the blue (5D4 à 7F6) to green (5D4 à 7F5) PL intensity ratio, listed in Table 3.3. The 

blue to green ratio is susceptible to site perturbation, and the lack of change to the b/g ratio 

following ligand exchange suggests reconstruction is an unlikely contributor.93, 94 The role of 

 
Figure 3.9. Photoluminescence spectra exciting at 320 nm into the singlet excited state of the 

acac passivant. The black trace represents the Photoluminescence spectra collected in EtOH 

where the blue trace represents EtOD as a solvent. All measurements were recorded at 298 K. 
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surface defects due to a poorer ligand coverage by the various passivants is very likely, as the 

appearance of a Vox defect emission is clearly visible in the PL data collected in EtOH and EtOD 

(Figure 3.9). The presence of the defect will impact the accessibility of water to the surface, which 

is easily confirmed by excited state lifetime measurements using the Horrock’s equation.214-216 It is 

worth noting that the surface sites are more susceptible to –OH quenching than internal sites 

populated via direct energy transfer from the ligand or following a Tb(III) to Tb(III) energy 

migration event. In the Horrock’s equation, the average bound -OH groups per nanospinel (q) is 

evaluated by comparison of the excited state lifetime measured in EtOH and EtOD through the 

expression f = g(hJBijbk − hJBimbk ). In the equation A is a solvent constant available in the literature 

(AEtOH, EtOD = 2.3).217 The excited state lifetimes for each sample is listed in Table 3.3 and displayed 

in Figure 3.10, along with the q-value. In EtOD, the lifetimes are within experimental error as 

function of energy, suggesting that the ligand has no impact on the radiative rates but the 

nanophosphors have –OH quencher accessibility. Applying the Horrock’s equation, the number of 

 
Figure 3.10. Excited state lifetimes monitoring the 5D4à7F5 transition centered at 544 nm in 

a) EtOH and b) EtOD. All measurements were recorded at 298 K. The scale for the residuals 

are 0 + 0.1 (a.u.) for all fits. 
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bound -OH is less than one per nanophosphor with the exception of tfacac which has 

approximately 1.3 + 0.5 coordinated quenchers (Table 3.3), suggesting that the most Tb(III) reside 

at within the volume of the nanoparticle. The nanospinel lattice protects the incorporated Tb(III) 

cations from solvent quenchers which results in the increased PLQYs. The loss of back energy 

transfer pathways may explain the increasing PLQY at DE below 200 cm-1.   Consistent with the 

loss of efficient pathways for back energy transfer, the ligand 3p* emission is lacking form the PL 

plots in Figure 3.5 for the ligands with DE < 2000 cm-1. To explain the loss of back energy, transfer 

pathways, it is plausible in the spinel lattice that efficient Tb(III) to Tb(III) hopping in the lattice 

results in the Tb(III) excited state being outside the critical radii of quenching for the ligands. 

Further studies are underway to evaluate the hopping behavior as a function of temperature. 

3.4 Conclusion.  

 The development of a soluble green down-shifting phosphor was achieved with 

photoluminescence quantum yields of 41% by incorporation of Tb(III) into a ZnAl2O4 nanospinel 

passivated by hfacac. The nanospinel lattice provides a thermal and radiation stable host that is 

optically transparent at the 320 nm, however, population of a midgap state leads to broad blue 

emission at the expense of Tb(III) emission state when passivated by TMHD and acac. The PLQY 

exhibited a linear response to energy separation between the 3p* and 5D4 excited state of Tb(III) 

following fundamental photophysical behavior for energy transfer mechanisms. Latva’s rule 

suggested that the energy separation must be between 2,000-4,000 cm-1 due to the propensity for 

back energy transfer in lanthanide coordination compounds. However, no evidence of back energy 

transfer was observed following the Ln(III) incorporation into a nanoparticle due to hoping events 

to neighboring Ln(III) cations. This can allow increased spectral overlap values to be achieved 

resulting in higher observed PLQYs for future nanophosphor technologies.  
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CHAPTER 4 

STRUCTURE –FUNCTION CORRELATION: ENGINEERING HIGH 
QUANTUM YIELDS IN DOWN-SHIFTING NANOPHOSPHORS 

 

Lanthanides are routinely incorporated into quantum dots to act as down-shifting and up-

converting phosphors in display and lighting applications due to their high photoluminescence 

quantum yields (PLQY). Recent efforts in the field have demonstrated that trivalent lanthanide, 

Ln(III), incorporated into ZnAl2O4 spinel nanocrystals can achieve PLQYs of 50% for down-

shifting nanophosphors using earth abundant materials. The high PLQY is surprising as the Al(III) 

site in a spinel is centrosymmetric, which should lead to poor performance for these 

nanophosphors. However, spinels are prone to formation of an admixture of inverse and normal 

spinel lattices when the cation size ratio is not optimal. Such behavior can produce local cation 

disorder that can influence the phosphor performance. Herein, we describe the use of Tb(III) as an 

optical probe to evaluate the fractional population of the inverse and normal spinel structures 

within TbxZnAl2-xO4. The experimental data exhibits a Tb(III) concentration dependent change in 

the fractional population that results in a maximum PLQY of 37% with 3.56% Tb(III) 

incorporation. A decrease in the degree of inversion (cation disorder) leads to larger amounts of 

the cubic 6739: phase resulting in the observed photoluminescence behavior. The correlation of 

NMR, pXRD, and optical methods provides direct insight into the high PLQY behavior for this 

class of nanophosphor. 

4.1 Introduction. 

In the phosphor field, the incorporation of a trivalent lanthanide, Ln(III), guest ion into a metal 

oxide quantum dot produces materials capable of exhibiting down-shifting or up-converting 
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photoluminescence that can form the color center for a phosphor-converted light emitting diode 

(pcLED).30, 218-223 Quantum dots have passivating ligands that can act as a molecular antenna to 

enhance photon capture and energy conversion of down-shifting phosphors.29, 30 Research into 

the broader class of Ln(III) doped quantum dots that have molecular sensitizers have shown 

variable photoluminescence quantum yield (PLQY) performance depending on the host lattice 

structure,224, 225 guest ion concentration,96-98, 226, 227 and choice of sensitizer.176, 228 The quantum 

yield for the down-shifting phosphor will be impacted by the sensitization efficiency from the 

passivant to the emitting Ln(III) center and by the site symmetry of the Ln(III) ion reflecting the 

optical selection rules. In non-centrosymmetric lattices, the electric dipole allowed transitions in 

f-orbitals become favorable and lead to higher intrinsic quantum yield,91, 224, 225 as reported for 

Ln(III) incorporation into molecular sensitizer passivated Y2O3
29 and NaYF4.172, 229 The 

downshifting phosphor performance can be engineered to produce high quantum yields with 

improved color purity by introducing a lowered symmetry for the Ln(III) site through cation size 

mismatch or choice of a non-centrosymmetric lattice. Improving the optical performance by 

manipulating the structure-function correlation to enhance the phosphor metrics for pcLED 

development is a priority in solid state lighting.  

In an earlier study, it was demonstrated that Eu(III) doped ZnAl2O4 spinels passivated by 

molecular antenna are promising nanocrystal host lattices for pc-LED applications with quantum 

yields of 50%.30 The observation of high quantum yields with a high red to orange ratio is 

surprising when considering the substitutional (Al) site sits on an inversion center which should 

lead to poor performance of the phosphor.89, 91, 230 A likely explanation lies in site distortion due 

to the radius mismatch (rAl = 53.5 pm vs. rEu = 94.7 pm) leading to a localized lattice distortion.231 

Consistent with this hypothesis, spinels are known to exhibit cation disorder (normal vs. inverse 
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spinel) within a crystal leading to admixtures of the cubic 6739: and tetragonal P4122 phases, as 

reflected in the lattice degree of inversion (DOI). The reduced symmetry associated with the 

admixture would lead to the removal of the inversion center accounting for the observation of a 

high PLQY in Eu:ZnAl2O4 (PLQY> 50%).30 The enhanced red to orange ratio observed 

previously, is consistent with the f-f transitions governed by Laporte selection rules,88, 91 wherein 

the ratios of the electric (ED), red, and magnetic dipoles (MD), orange, transitions report the 

fractional population between the two 6739: (centrosymmetric) and P4122 (non-centrosymmetric) 

phases. The local structural perturbations can be validated by NMR spectroscopy and correlated 

through changes in the lanthanide emission spectra, providing a structure-function correlation to 

explain the optical performance of the doped spinel family.46, 47, 224, 225 By coupling of pXRD, 27Al 

MAS-NMR data and the use of the Tb(III) cation as an optical probe, investigation into local site 

symmetry and elucidation of phases contributions is achieved, previously needing advanced 

theoretical and pair distribution modeling techniques to understand.46,54 

In this work, the strain induced effect on the PLQY for a series of TbxZnAl2-xO4 (x = 0, 

0.18, 1.57, 3.56, 5.08, 7.05%) nanospinels is investigated. The results of this study lead to the 

development of an earth abundant green phosphor with PLQY of 37% achieved at 3.56% Tb(III) 

doping, where strain resulted in changes in the fractional population of the admixture of spinel 

phases. Analysis of optical, 27Al MAS-NMR and powder X-ray diffraction (pXRD) provides a 

structure-function correlation to explain high PLQY and color purity achieved within a Tb(III) 

doped nanospinel. The results support a model wherein the Tb(III) center occupies the Al3+ cation 

site leading to a lattice distortion as reported by the lattice DOI. At low Tb(III) concentrations, 

increased tetragonal phase contributions lead to an increase in the PLQY with a maximum at 3.56% 

Tb(III). Above 3.56% Tb(III), competitive quenching processes occur through increased 
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interaction between neighboring lanthanides, energy migration to surface trap states, and increased 

contributions from the cubic phase occurs. The experimental results provide a method to use 

structural design to achieve an ideal phosphor for next-generation pcLED technologies. In 

addition, the use of hexafluoroacetylacetonate (hfacac) as a molecular sensitizer and surface 

passivating layer allows blending with a polymer matrix for use in additive manufacturing 

techniques on solid state lighting technologies.  

4.2 Experimental. 

4.2.1 Materials. 

All commercially available reagents and solvents were used without further purification. 

DMF was dried over molecular sieves. The passivating ligand was 1,1,1,5,5,5-hexafluoro-2,4-

pentanedione (hfacac, Alfa Aesar, 98+%). Zinc (II) undecylenate (Spectrum, 98%), oleylamine 

(Aldrich, 70%), NOBF4 (Alfar Aesar. 98%), aluminum (III) 2, 4-pentanedionate (Strem 

Chemicals, 99%), and terbium (III) 2,4-pentanedionate hydrate (Alfa Aesar, 99.9%) were obtained 

from various sources. 

4.2.2 Synthesis of TbxZnAl2-xO4 (x = 0, 0.18, 1.57, 3.56, 5.08, 7.05%). 

 Zinc aluminate nanospinels were synthesized by thermal decomposition of molecular precursors. 

Zinc undecylenate (Zn(UND)2, 0.25 mmol), aluminum 2,4-pentanedionate (Al(acac)3, 0.5 mmol), 

and terbium(III) 2,4-pentanedionate (Tb(acac)3, variable mmol) were charged into a 10mL Pyrex 

microwave vial with olyelamine (70% Tech grade, sigma). The mmol of Tb(III) used were 0 (0%), 

0.0025 (0.18%), 0.01 (1.57%), 0.02 (3.56%), 0.03 (5.08%), and 0.04 (7.05%). The reactions were 

heated to 280 °C for 10 minutes in an Anton Paar MW reactor and cooled with forced air cooling. 

The resultant nanoparticles were isolated by addition of MeOH and centrifugation. Samples were 

dried under reduced pressure at room temperature.  
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4.2.3. Measurements.  

 Structural characterization was performed using pXRD recorded on a Rigaku DMAX 300 

Ultima III Powder X-ray diffractometer (Cu Kα λ = 1.5418 Å radiation). The size of the 

nanocrystals were measured by fitting the pXRD pattern to the Scherrer broadening equation,	" =

	$%/'()*+ , where L is the crystallite size, K is the shape factor (0.9 corresponding to spherical 

nanocrystals), λ is the X-ray wavelength measured in nm, β is the peak width at half height at a 

given 2θ value, and θ is the Bragg angle. Transmission electron microscopy (TEM, JOEL, 200kV) 

was performed to analyze particle sizes and distributions. High-resolution TEM images were 

collected on an FEI Tecnai Osiris operating at 200 kV. The TEM grids were prepared by drop 

casting a dispersion of the purified nanospinels in toluene on a 300 mesh Cu grid and dried 

overnight. Elemental concentrations were measured by inductively coupled plasma-mass 

spectrometry (ICP-MS, ThermoFischer) by digesting nanoparticles in trace grade HNO3. 

Calibration curves were generated with R2
 >0.999 using ultrapure metal salts. 

4.2.4. Optical Methods.  

Ligand passivation was analyzed by Fourier transform infrared (FT-IR) spectroscopy 

measured on powdered samples using a PerkinElmer Spectrum 100 FT-IR Spectrometer equipped 

with an attenuated total reflectance (ATR) sample chamber consisting of a ZnSe crystal over 

coated with diamond using a single-bounce configuration. Solution UV-Vis absorption spectra 

were recorded in toluene using a 1-cm quartz cuvette in a Varian Cary 50 UV-Vis spectrometer. 

The photoluminescence and photoluminescence excitation spectra were recorded on a Horiba 

Fluoromax spectrofluorimeter equipped with a 150 W CW Ozone free xenon arc lamp, Czerny-

Turner monochromators with excitation grating blazed at 330 nm (1200 groove/mm) and the 

emission grating blazed at 500 nm (1200 grooves/mm). All spectra were corrected for the 
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instrument response function and the intensity of the lamp. Photoluminescence quantum yield were 

measured by the relative method using Eu(TTA)3Phen as a standard in EtOH (QY = 35.6%).99, 100 

Linear regressions were generated by plotting the integrated intensity vs. the absorption of serial 

dilutions. Comparison of the slopes between the standard and the sample, allow for determination 

of the QYs as shown in equation (3):  

,- = ,.	/
01
02
3	/41

5

425
3	 	 	 	 	 (3)	

In eqn. 3, m is the slope and h is the refractive index of the solvent. Subscripts r and s indicate the 

reference and sample, respectively. The standard and samples were both measured in EtOH at 298 

K leading to the removal of the refractive index term. 

Emission lifetime measurements were recorded on an Edinburgh Instruments LP980-KS 

and excited by a Continuum Nd:YAG laser coupled to an optical parametric oscillator with the 

resulting excitation wavelength of 320 nm. Samples were recorded in EtOH at 298 K so that 

radiative rates could be calculated. The emission lifetimes curves were fit to a monoexponential 

equation using IGOR 8.0. 

4.3. Results and Discussion. 

4.3.1. Physical Characterization.  

In Figure 4.1, a schematic of the TbxZnAl2-xO4 nanospinel and the possible structural 

phases that form for the normal vs. the inverted spinel lattice are shown. In Table 1, the 

characterization data for all TbxZnAl2-xO4 nanospinels is summarized. The series of ~2 nm, 

spherical hexafluoroacetylacetonate (hfacac) Tbx:ZnAl2-xO4 (x = 0 to 7.05) spinel nanocrystals 

were prepared by thermal decomposition of metal coordination complexes at 280 ºC in oleylamine 

using a 2.45 GHz microwave reactor operating at 300 W. The nanospinels were ligand exchanged 

with hfacac by treatment with NOBF4 followed by hfacac at 60 ºC in acetone, as described by 
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Murray, et al.185 The nanospinel is isolated using selective precipitation/centrifugation protocols.30 

FT-IR spectroscopy confirms passivant exchange at > 80%, consistent with reports by Murray, et. 

al.185 (Figure 4.2).  

In Figure 4.1 high resolution TEM is shown for the parent ZnAl2O4 nanocrystal. TEM 

analysis of the TbxZnAl2-xO4 nanocrystal is difficult due to low z-number; however, low 

magnification imaging allows the nanocrystal size and size distributions to be analyzed for 300 

nanocrystals on a single grid (Figure 4.3, Table 1). High resolution imaging of the parent ZnAl2O4 

 
 

Figure 4.1. Schematic illustrating the incorporation of Tb(III) into a 2.1 nm ZnAl2O4 lattice 

passivated with hfacac ligands to sensitize the Tb(III) emission and high resolution-TEM of 

the parent ZnAl2O4 nanospinel with an average size and size distribution of 2.1 + 0.4 nm. The 

red, grey, blue and green spheres are oxygen, Zn(II), Al(III), and Tb(III) respectively. In the 

spinel the Al(III) occupies two non-equivalent octahedral sites, shown as dark (Al-1) and light 

(Al-2) blue atoms. 
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nanocrystal shows a spinel lattice is formed as a faceted particle with a size of 2.1 + 0.4 nm. Lattice 

fringes for the parent spinel are assignable in the high-resolution image as the (311) plane (d(311) = 

2.6 Å).  

In Figure 4.4a, the pXRD patterns for TbxZnAl2-xO4 are indexed to the 6739: phase 

(JCPDS 073-1961). The pXRD diffraction peaks exhibit a shift in 2q and a change in the FWHM 

as Tb(III) concentration is increased. Non-Vegard law behavior is expected as substituting the 

Tb(III)
 
(92.3 pm) into a smaller Al(III) (53.5 pm)231 site is not favorable, resulting in lattice strain 

and changes to the DOI. A plot of the calculated lattice constant vs. Tb(III) concentration confirms 

non-Vegard law behavior is observed for the TbxZnAl2-xO4 nanospinel samples. The plot of the 

predicted Vegard law behavior is shown as a dashed line in Figure 4.5.  

The lattice strain can be evaluated from the observed pXRD pattern FWHM and peak shape 

using the Williamson-Hall (W-H) relationship, 'Cno()*p =
qr
m
+ 4u	sin	 +. In the W-H 

relationship the peak shape is calculated as a Lorentzian function varying as 1/cosq if size is the 

dominant contributor. In the presence of strain the peak shape will be Gaussian and can be related 

Table 4.1. Characterization of TbxZnAl2-xO4 

% Tb(III)  [Tb3+] (%) Size (nm) X-ray parameters NMR 

 ICP-MS TEM pXRD % P4122 e, (%) a, (Å) l (%) 

0%  - 2.1 + 0.4 2.8 35 1.45 8.06 44 

0.18%  0.18 1.9 + 0.5 2.2 17 1.92 8.12 19 

1.57%  1.57 2.4 + 0.6 2.2 14 1.93 8.14 17 

3.56%  3.56 2.2 + 0.5 2.0 7 2.08 8.15 6 

5.08%  5.08 2.2 + 0.4 1.7 6 2.41 8.16 3 

7.05%  7.05 2.1 + 0.5 1.7 4 2.56 8.17 2 
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to the trigonometric tangent relationship, sinq/cosq.232, 233 The bhkl term is the FWHM of the peak, 

cosq and sinq are the trigonometric function of the peak position expressed in radians, K is the 

shape factor (typically 0.9 for spherical nanoparticles), l is the wavelength of X-ray, D is the 

particle size, and e is strain. To deconvolute the strain and size parameters from the pXRD patterns, 

the size of the nanocrystal must be estimated from the TEM measurements. Using the W-H  

 
Figure 4.2. FT-IR spectra taken of the free hfacac ligand and the hfacac passivated 3.56 % 

Tb:ZnAl2O4 samples. The inset shows the ketone stretch showing a shift in the frequency and 

symmetry following coordination to the nanospinel. The red trace is the free ligand while the 

black trace is the hfacac passivated nanospinel. 
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Figure 4.3. TEM images of a) 0% Tb:ZnAl2O4, b) 0.18% Tb:ZnAl2O4, c) 1.57% Tb:ZnAl2O4, 

g) 3.56% Tb:ZnAl2O4, h) 5.08% Tb:ZnAl2O4, and i) 7.05% Tb:ZnAl2O4. Size and size 

dispersiteis statistics were generated by measuring over 300 particles where the histograms 

are displayed in d) 0% Tb:ZnAl2O4, e) 0.18% Tb:ZnAl2O4, f) 1.57% Tb:ZnAl2O4, k) 3.56% 

Tb:ZnAl2O4, l) 5.08% Tb:ZnAl2O4, and m) 7.05% Tb:ZnAl2O4. 
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relationship, the calculated lattice strain value (e) is listed in Table 1 and represents the average 

strain value for the analysis of the (311), (400), (511), and (440) reflections.  

The structural changes occurring within the nanospinel lattice with increasing Tb(III) 

content can be analyzed by comparing the observed strain (e), phase purity, and DOI for the 

samples. In Figure 4.6a, a plot of the average strain (e) vs. Tb(III) concentration shows increased 

strain in the lattice is evident as the Tb(III) concentration increases. Likewise, the phase purity is 

observed to be inversely proportional to Tb(III) concentration (Figure 4.6b). The phase purity is 

evaluated by whole pattern fitting of the pXRD to extract the fractional population of 6739: and 

P4122 in each sample, shown in Figure 4.7. Changes in P4122 fraction in the lattice will be 

reflected in the Oh to Td site occupation of the Al(III) site, or the degree of inversion (DOI) for the 

spinel. The DOI is evaluated by the change in area for the 27Al resonance for the two sites through 

 
Figure 4.4. a) Powder X-Ray diffraction patterns and b) 27Al MAS-NMR for x% TbxZnAl2-

xO4 where (*) indicate spinning side bands. The color of the trace represents the Tb(III) 

concentration where 0% Tb is light blue, 0.18% Tb is yellow, 1.57% Tb (red), 3.56% Tb is 

dark blue, 5.08% Tb is grey, and 7.05% Tb is black. 
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the following relationship, yKA/yiC = %/(2 − %).42, 44, 48, 49, 234, 235 In the relationship, ITd and IOh 

are the integrated areas for the Td and Oh peaks, respectively. In Figure 4.4b, the 27Al NMR spectra 

is shown for the TbxZnAl2-xO4 samples. From the ZnAl2O4 (x = 0) sample the Td site is assigned 

to 69.3 ppm and the Oh site is assigned to 11.5 ppm. As the concentration increases a Fermi contact 

 
Figure 4.5. Calculated lattice constant shown in black circles showing non-Vegard behavior. 

The dashed line represents the calculated shift in lattice constant as a function of Tb(III) 

concentration. 
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shift due to the paramagnetic Tb(III) ions is 

observed along with a pseudo contact shift as 

evidenced by the increasing spinning side 

band intensity with increasing Tb(III) 

incorporation.236-238 The observed behavior is 

consistent with uniform Tb(III) 

incorporation.  

In Figure 4.6c, the change in Td/ Oh 

line intensity, or degree of inversion (DOI) 

for the spinel lattice, is shown by plotting the 

27Al integrated area for I(Oh) / I(Td) vs. 

Tb(III) concentration. A plot of the 27Al 

chemical shift vs. Tb(III) concentration is 

provided in Figure 4.8. The plots in Figure 

4.6 and Figure 4.8 all fit to sigmoidal 

functions with 4.32% Tb(III), the P4122 

phase fraction has an inflection point at 

2.23%, the DOI exhibits an inflection point 

at 2.81%, and the inflection points. The 

strain (e) plot exhibits an inflection point 

occurring at Oh chemical shift has an 

inflection at 2.54%. The sigmoidal 

relationships suggest similar  a first-order 

 
Figure 4.6. A plot of the a) strain, b) P4122 

phase fractions and c) degree of inversion vs. 

Tb(III) concentration. The dashed line is an aid 

to see the change in inflection points seen 

throughout the types of analysis. 
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 phase transition within the material is occurring with increasing Tb(III) content. As anticipated, 

local changes in structure are observed in the fractional population of the tetragonal phase, the 

DOI, and the chemical shift, where the inflection point is within experimental error. The strain 

parameter (e) inflection is shifted to higher concertation reflecting normal spinel domain 

 
Figure 4.7. Whole pattern fitting of the a) 0% Tb:ZnAl2O4, b) 0.18% Tb:ZnAl2O4, c) 1.57% 

Tb:ZnAl2O4, d) 3.56% Tb:ZnAl2O4,e) 5.08% Tb:ZnAl2O4, and 7.05% Tb:ZnAl2O4. The black 

trace is the pXRD data, red trace is the fit, and the blue trace is the difference pattern. 
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coalescence within the nanocrystal occurs first to accommodate the large cation size mismatch 

between Al(III) and Tb(III). 

The postulate that a phase transition is induced by localized strain due to cation size 

mismatch has been reported previously in spinel lattices. Stevanović and Zunger, et al.54 postulated 

that all inverse spinel oxides nucleate as the pure P4122 tetragonal structure based upon cation 

pairing energies. As the cation radius rules lead to a normal spinel, a lower degree of inversions is 

 
Figure 4.8. Oh peak position determined from the 27Al MAS-NMR vs. Tb(III) concentration. 
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observed but can be theoretically treated as the 

incorporation of cubic sites as an admixture as 

the lattice transitions to a normal spinel. 

Experimentally, Lang, et al.46 observed the 

appearance of an admixture of cubic and 

tetragonal phases in MgxNi1-xAl2O4 with 

increasing Ni(II) content. The experimental 

studies observed that higher DOI values 

correlate with an increase in the tetragonal 

(inverse) P4122 phase fraction. The literature 

results and experimental observations support a 

model wherein cation size mismatch leads to 

increasing strain in the nanocrystal samples 

driving structural disorder in the spinel. The 

structural disorder will break the site symmetry 

for the Tb(III), which is anticipated to lead to 

changes in the optical properties, including a 

shift in the color purity and the PLQY. 

4.3.2. Optical Properties.  

For the Tb(III) cation, the site symmetry around 

the Tb(III) guest ion arising from the admixture of P4122 and 6739: within the nanocrystal lattice 

will be observable in the intensity of the Judd-Ofelt (JO) allowed transitions for Tb(III).239, 240 An 

electric dipole (ED) transition is allowed for a Ln(III) site occupying a non-centrosymmetric site 

 
Figure 4.9. a) Photoluminescence emission 

spectra of hfacac passivated TbxZnAl2-xO4 

nanospinels in EtOH excited at 320 nm at 

298 K and b) displays the ratio of the 

(5D4à7F5)/ (5D4à7F6) transitions, noted as 

the green/blue ratio. 
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and forbidden for a centrosymmetric site. The magnetic dipole (MD) transition allowedness is 

independent of the site symmetry. The allowedness of the JO transitions reflect the selection rules 

for the ED and MD transitions. The selection rules for assigning ED transitions are |DJ| < 6, |DJ| = 

2, 4, 6 and |DL| < 6, whereas MD transitions are assigned when DJ = 0, + 1 and DL = 0. For both 

MD and ED transitions the spin selection rule dictates that spin must be conserved (|DS| = 0).  

In Figure 4.1, the ED and MD character of the main intensity line for Tb(III) are shown. 

For Tb(III), the most intense feature at 544 nm is assigned as the 5D4 à 7F5 and has contributions 

from both MD and ED transitions making it less sensitive to site symmetry.94, 218, 241 The 5D4 à 

7F6 transition is a pure ED transition (|DJ| = 2, |DL| = 1) and therefore the intensity of the transition 

is strongly susceptible to the local environment.93, 94 The symmetry sensitivity of the JO lines 

allows the ratio of the integrated intensity for the MD to ED transitions , often termed the blue-

green ratio, to act as a convenient probe of lanthanide site symmetry. In TbxZnAl2-xO4 the blue-

green ratio will act as an internal validator of the lattice transitions form a tetragonal (0%) to a 

cubic (7.05%) lattice and provide optical evidence of the observed lattice strain caused by the 

incorporation of the Tb(III) onto the Al(III) site.  

In Figure4.9a, it is observed that excitation into hfacac (lex = 320 nm) leads to population 

of the Tb(III) 5D4 excited state levels. The population of the 5D4 levels occurs through a Dexter 

Table 4.2.  Optical properties of x% TbxZnAl2-xO4. 

 

Sample G/B PLQY (%) t (ms) kr (ms) knr (ms) 
0%  - - - - - 

0.18%  1.97 5.3 (0.5) 0.857 0.062 1.105 
1.57%  2.08 20.9 (2.8) 0.756 0.209 1.046 
3.56%  2.52 37.0 (3.1) 0.746 0.496 0.845 
5.08%  2.83 19.1 (2.2) 0.733 0.261 1.104 
7.05%  3.13 4.2 (0.9) 0.718 0.058 1.334 
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energy transfer molecular antenna sensitization process.30, 115 Photoluminescence excitation 

spectra obtained by monitoring the 5D4 à 7F5 line confirms hfacac acts as a molecular sensitizer 

for the Tb(III) centers due to the overlap of the absorption and excitation spectra and is available 

in Figure 4.10. The observed steady state photoluminescence (PL) emission for all samples are 

 
Figure 4.10. Photoluminescence spectra of the hfacac passivated 0.18% Tb:ZnAl2O4 exciting 

at lex = 320 nm (green trace). Photoluminescence excitation spectra monitoring the 5D4à7F5 

transition at 544 nm (dashed, black trace) and UV-Vis absorption shown in the red trace. All 

spectra were collected at 298 K and in cyclohexane.  
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assignable to the discrete 5D4 à 7FJ transitions 

(7FJ assignments are labeled in Figure 4.9a). 

The optical data for the TbxZnAl2-xO4 samples 

collected at lex = 320 nm is listed in Table 4.2. 

The concentration dependent PLQY for 

the TbxZnAl2-xO4 samples is plotted in Figure 

4.11 and exhibits a maximum PLQY value 

(37%) at a Tb(III) concentration of 3.56%. As 

the concentration increases above 3.56% 

Tb(III), a quenching behavior is observed to 

coincide with the increased contribution of the 

cubic (6739:) spinel. Since a Tb(III) sitting on an inversion center will have a lower quantum 

yield than a Tb(III) occupying a non-centrosymmetric site, the PLQY for the sample will decrease 

with increasing Tb(III) content due to the increasing site population for the centrosymmetric 

Tb(III) center in the cubic lattice (Figure 4.11). The competitive influences explain the observed 

peak PLQY of 37% observed in Figure 4.11 for the 3.65% Tb(III) in the TbxZnAl2-xO4 nanospinels. 

The Tb(III) excited state lifetime exhibits no maximum value but exhibits a decrease with 

increasing concentration, as shown in Table 2 and Figure 4.12. The observed 16% decrease in 

lifetime may arise from a reduced radiative rate concurrent with the increase in cubic phase arising 

from the increasing symmetry about the Tb(III) cation or from concentration dependent Tb-Tb 

nearest neighbor self-quenching. The self-quenching effect has been previously observed for 

Tb(III) phosphors.97, 98 96-98, 226, 227  

 
Figure 4.11. Photoluminescence quantum 

yields of the hfacac passivated TbxZnAl2-xO4 

nanospinels excited at 320 nm at 298 K in 

EtOH.  
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In Figure 4.9b, a plot of the (5D4 à 7F5) / (
5D4 à 7F6) ratio vs. the Tb(III) concentration 

exhibits a linear increase proportional to the Tb(III) concentration. Lower (5D4 à 7F5) to (5D4 à 

7F6) ratios imply a non-centrosymmetric site (no inversion center) while higher (5D4 à 7F5) to (5D4 

à 7F6) ratios imply the appearance of an inversion center.93, 94 The change in symmetry leads to a 

 
Figure 4.12. Lifetimes of the x% Tb:ZnAl2O4 nanospinels monitoring the 5D4à7F5 transition 

at 544 nm. Data was collected at 298 K in EtOH under ambient conditions with a Nd:YAG 

laser operating at 1 Hz. The data was fit to a mono-exponential decay curve where the 

observed lifetimes vs. concentration are plotted in the inset. 
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switch from non-centrosymmetric to centrosymmetric site occupation for the Tb(III) ion induced 

by strain associated with the larger Tb(III) center occupying the smaller Al(III) site. The symmetry 

changes are reported as an enhancement of the PLQY and a redistribution in the intensities of the 

green (5D4 à 7F5) and blue (5D4 à 7F6) transitions. The change in (5D4 à 7F5) to (5D4 à 7F6) ratio 

further confirms the concentration dependent increase in the centrosymmetric site for Tb(III) in 

TbxZnAl2-xO4, as evidenced in the PLQY, the NMR DOI, and the pXRD refinement (Table 2). The 

optical response of the TbxZnAl2-xO4 is correlated to changes in the physical properties determined 

from the characterization by pXRD and 27Al NMR data. 

4.4. Conclusion.  

The functional properties of the down-shifting phosphor, TbxZnAl2-xO4, as illustrated by 

the enhancement of PLQY, reduction in lifetime, and enhancement of green-blue intensity ratio 

can be directly linked to the structural changes occurring within the nanospinel due to cation radius 

mismatch and the flexibility of spinel lattices to accommodate strain through changes in the DOI.48 

In the case of the Tb(III) emission, the transition from P4122 phase transitions to the 6739: phase 

increases the site symmetry from a trigonally distorted octahedron to a normal octahedron with the 

appearance of an inversion center leading the activation of the Laporte selection rule, reducing the 

intrinsic QY of the Tb(III) nanophoshor. 

The use of optical probes to interrogate the site symmetry for a substitutional ion is a 

powerful tool for evaluating nanocrystals. 219, 242-244 In the case of phosphors, the lanthanide ion 

can not only act as the luminophore but also as a probe of the structure due to the sensitivity of the 

electric and magnetic dipoles for f-f centered transitions. Analysis of the optical data confirms that 

the Tb(III) site symmetry in TbxZnAl2-xO4 is distorted with increasing Tb(III) concentration. The 

data is in agreement with the 27Al NMR and whole pattern fitting analysis of the samples, where a 
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sigmoidal change in DOI is observed with increasing Tb(III) content. A maximum of 37% PLQY 

was observed at 3.56% Tb(III) followed by a severe quenching behavior caused by the increased 

cubic spinel phase contributions. These observations are supported by the reports of Stevanović et 

al.54 and Lang et al.46 where theoretical and experimental results suggest that spinels are comprised 

of an admixture of tetragonal and cubic lattices. Strain induced lattice effects are an underexplored 

quenching mechanism in lanthanide doped down-shifting nanoparticles with a few reports based 

upon the NaYF4 lattice. As the demand to reduce Y(III) content increases, researchers are 

challenged with the development of tomorrow’s technology with earth abundant compositions.  
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CHAPTER 5 

SPECTRALLY ENGINEERING A 2-COLOR NANOPHOSPHOR 
THROUGH CONTROL OF ENERGY TRANSFER, OCTAHEDRAL 

TILTING, AND QUADRUPOLE-QUADRUPOLE COUPLING 
 
 Control of the energy transfer pathways in a 2-color phosphor was explored for a 2 nm 

TbxEu0.07-x:ZnAl2-xO4 nanospinel. The phosphor exhibits a photoluminescence quantum yield of 

45% and can be spectrally engineered through doping concentration and excitation wavelength. 

Excitation into the 1p* energy level of the b-diketonate passivating layer leads to a competitive 

population of the Tb(III) and Eu(III) centers via a Dexter energy transfer process, while excitation 

into the Tb(III) 7F6 à5D4 absorption populates the Eu(III) through quadrupole-quadrupole 

resonant coupling. Time resolved emission measurements allow the elucidation of the individual 

population of the emitting states, the role of octahedral tilt in the nanospinel lattice, and the nature 

of resonant energy coupling that lead to spectral tuning. Fitting the decay data to a stretched 

exponential function that incorporates the quadrupole-quadrupole orientation within the spinel 

lattice, the degree of octahedral tilting to reduce lattice strain following lanthanide incorporation 

onto the Al(III) cation site in the spinel can be directly visualized. Interestingly, the tilt for the core 

and surface are unique, implying reconstruction of the surface following hfacac passivation may 

be present. The results of the study open a strategy that allows spectral engineering of a 2-color 

phosphor potentially useable for future smart-LED downshifting lighting. 

5.1 Introduction. 

 Solid state lighting has advanced through design of new down-shifting phosphors that 

reduce rare earth content to reduce cost,30, 170, 245, 246 isolation as nanophosphors to reduce scattering 

losses,247, 248 and the use of a passivating shell to enhance dissolution in the lens materials, as well 
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as a molecular antenna to enhance the conversion efficiency.29, 30, 172 As lighting technology 

continues to progress, the capacity to spectrally engineer a down-shifting phosphor by controlling 

color coordinates through changes in excitation wavelength can lead to smart-LED based solid 

state lighting capable to adapting to environmental changes and user perception. This is 

particularly important in night-lighting where blue can lower visual acuity.249 While many 

approaches to address this problem exist,250-253 one plausible strategy for a single phosphor is to 

manipulate the energy transfer pathways within a single host lattice containing coupled emitters.  

In this manuscript we explore the ability to spectrally engineer the color of a 2 nm 

nanophosphor containing Tb(III) and Eu(III) doped into an earth abundant host lattice based on 

the ZnAl2O4spinel lattice. The phosphor is surface passivated by hexafluoracetylacetonate (hfacac) 

to act as a molecular antenna that enhances the photon absorption cross section since the host 

lattice is optically transparent in the >350 nm range. In addition, hfacac promotes dissolution in 

non-polar and polar solvents making it a viable phosphor for dispersion in LED lenses. Spectral 

tuning in these phosphors arises from competitive energy transfer pathways within the co-doped 

nanospinel. Excitation into the hfacac passivant leads to a competitive population of the Tb(III) 

and Eu(III) emitting centers that scales with dopant concentration and the efficiency for Dexter 

energy transfer from the passivant p* excited state to the Judd-Ofelt (J-O) levels of the lanthanides. 

Excitation into the Tb(III) J-O levels at 488 nm leads to population of both Tb(III) and Eu(III) via 

quadrupole-quadrupole resonant coupling between the lanthanide ions, while excitation at 394 nm 

into the Eu(III) levels leads to only Eu(III) allowed J-O level population. Consistent with the 

population through energy transfer pathways, the efficiency is dictated by the separation distance 

of the dopants and the quadrupole orientation within the spinel lattice. The wavelength dependent 

population allows selective tuning of the green to red ratio in the single 2 nm nanospinel. 
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 In co-doped Tb(III)/Eu(III) containing nanophosphors, assignment of the nature of the 

electric field in the energy transfer process between the Ln(III) cations is controversial with reports 

of dipole-dipole,118-120 dipole-quadrupole,119, 252, 254, 255 or quadrupole-quadrupole105-107 resonant 

coupling. For the TbxEu0.07-x:ZnAl2-xO4 samples, the emission process involves a series of coupled 

energy transfer pathways. Fitting the Tb(III) decay to a stretched exponential allow a direct 

measure of the electric field coupling (b-value), as well as an orientation term for the octahedral 

sites containing the lanthanide ions. Excitation into the Tb(III) centers leads to a b-value of 0.3 

consistent with a quadrupole-quadrupole interaction, confirming the observation of others. 

Analysis of the octahedral tilt from the k-value indicates a distortion of the Al(III) site occurs in 

the spinel. It is believed this is due to cation radii mismatch (rAl(III) = 53.5 vs. rEu(III) = 94.7 , rTb(III) 

= 92.3 pm)231 leading to lattice distortion. The resultant distortion produces a nanophosphor with 

45% PLQY due to breaking of the centrosymmetric symmetry at the Al(III) site in the nanospinel. 

The observation of octahedral tiling upon lanthanide incorporation into ZnAl2O4 PLQYs of 50% 

and 42% for single doping of Eu(III)30 and Tb(III),228 respectively.  

5.2 Experimental.  

5.2.1 Materials.  

All commercially available reagents and solvents, with the exception of 

dimethylformamide (DMF) were used without further purification. DMF was dried over molecular 

sieves. The passivating ligand was 1,1,1,5,5,5-hexafluoro-2,4-pentanedione (hfacac, Alfa Aesar, 

98+%). Zinc (II) undecylenate (Spectrum, 98%), oleylamine (Aldrich, 70%), Nitrosonium 

tetrafluoroborate (NOBF4, Alfar Aesar, 98%), aluminum (III) 2, 4-pentanedionate (Strem 

Chemicals, 99%), europium (III) 2,4-pentanedionate hydrate (Alfa Aesar, 99.9%), and terbium 

(III) 2,4-pentanedionate hydrate (Alfa Aesar, 99.9%) were obtained from various sources.  
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5.2.2 Synthesis of Tbx,Eu0.07-x:ZnAl2-xO4 (x=0,  0.007, 0.015, 0.022, 0.049, 0.051, 0.070). 

Zinc aluminate nanospinels were synthesized by thermal decomposition of molecular 

precursors. Zinc undecylenate (Zn(UND)2, 0.25 mmol), aluminum 2,4-pentanedionate (Al(acac)3, 

0.5 mmol), europium (III) 2,4-pentanedionate hydrate (Eu(acac)3), and terbium(III) 2,4-

pentanedionate (Tb(acac)3) were added to a 10mL pyrex microwave vial with olyelamine (70% 

Tech grade, sigma). The reaction vial was heated to 280 °C for 10 minutes in a 2.45GHz Anton 

Paar MW reactor operating at 300W. To isolate the materials, the reaction vessel is cooled with 

forced air cooling, and the nanospinels isolated by addition of MeOH and centrifugation. Samples 

were dried under reduced pressure.  

5.2.3 Characterization.  

Structural characterization was performed using powder X-ray diffraction (pXRD) 

recorded on a Rigaku DMAX 300 Ultima III Powder X-ray diffractometer (using Cu Kα λ = 1.5418 

Å radiation). The size of the nanocrystals were measured by fitting the pXRD pattern to the 

Scherrer broadening equation,	" = 	$%/'()*+ , where L is the crystallite size, K is the shape factor 

and assumed to be 1.0 corresponding to spherical nanocrystals, λ is the X-ray wavelength measured 

in nm, β is the peak width at half height at a given 2θ value, and θ is the Bragg angle. Transmission 

electron microscopy (TEM, JOEL, 200kV) was performed to analyze particle sizes and 

distributions. Samples were prepared by drop casting a dispersion of nanoparticles in toluene on a 

300 mesh Cu grid and dried overnight. Elemental concentrations were measured by inductively 

coupled plasma-mass spectrometry (ICP-MS, Thermofischer) by digesting nanoparticles in trace 

grade HNO3.  
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5.2.4 Optical Methods.  

Ligand passivation was analyzed by Fourier transform infrared (FT-IR) measured on 

powdered samples using a PerkinElmer Spectrum 100 FT-IR Spectrometer equipped with an 

attenuated total reflectance (ATR) sample chamber consisting of a ZnSe crystal over coated with 

diamond using a single-bounce configuration. Solution UV-Vis absorption spectra were recorded 

in toluene using a 1-cm quartz cuvette in a Varian Cary 50 UV-Vis spectrometer. The 

photoluminescence (PL) and photoluminescence excitation (PLE) spectra were recorded on a 

Horiba Fluoromax spectrofluorimeter equipped with a 150 W CW Ozone free xenon arc lamp, 

 
 

Figure 5.1. Jablonski diagram of a hexafluoroacetylacetonate passivated TbxEu0.07-x:ZnAl2-xO4 

illustrating the multiple energy transfer pathways within the nanophosphor. The schematic to 

the right shows the crystallographic unit cell with the octahedral sites for Al(III) highlighted 

along with the trigonometric relationships for the quadrupoles on the Tb(III) and Eu(III) 

centers. A simplified projection of the qD, q A, qT and r is shown below the unit cell to highlight 

the role of the orientation factor (k2) in resonant energy transfer coupling. 
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Czerny-Turner monochromators with excitation grating blazed at 330 nm (1200 groove/mm) and 

the emission grating blazed at 500 nm (1200 grooves/mm). The PL and PLE measurements wee 

carried out on N2 sparged samples. 

All spectra were corrected for the instrument response function and the intensity of the 

lamp. Photoluminescence quantum yield were measured by the relative method using 

thenoyltrifluoroacetonato 1,10-phenanthroline europium(III) complex (Eu(TTA)3phen) as a 

 
Figure 5.2. Powder X-Ray diffraction patterns indexed to the cubic - 6739: phase (JCPDS 

073-1961) for the TbxEu0.07-x:ZnAl2O4 
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standard in EtOD. Linear regressions were generated by plotting the integrated intensity vs. the 

absorption of serial dilutions. Comparison of the slopes between the standard and the sample, allow 

for determination of accurate QYs displayed in equation (3):  

,- = ,. /01
02
3 /41

5

425
3     (3) 

Where m is the slope and h is the refractive index of the solvent. Subscripts r indicate the reference 

while s indicates the sample. The standard and samples were measured in EtOD at 298 K leading 

to the removal of the refractive index term. 

Lifetime measurements were recorded on an Edinburgh Instruments LP980-KS and excited 

by a Continuum Nd:YAG laser coupled to an optical parametric oscillator with the resulting 

excitation wavelength of 320 nm or 488 nm. Samples were recorded in N2 sparged EtOD at 298 K 

so that radiative rates could be calculated. Lifetimes were fit to a stretched exponential equation 

using Mathematica and IGOR 8.0. 

5.3 Results and Discussion. 

5.3.1 Preparation of 2-Color Nanospinel.  

To evaluate the spectral tuning and the energy transfer pathways, a series of TbxEu0.07-

x:ZnAl2-xO4 nanospinels were prepared using previously reported protocols based upon microwave 

induced thermal decomposition of zinc undecylenate and aluminum acetylacetonate (acac) in the 

presence of the lanthanide acac complexes in oleylamine (OAm) at 280 ºC (10 min, 300W). The 

OAm/acac passivated nanospinels were isolated by addition of methanol and centrifuged prior to 

ligand exchange to hfacac coordinated to the surface of the ZnAl2O4 nanospinel via the Murray 

nitrosonium tetrafluoroborate (NOBF4) protocol.185 The isolated nanospinel pXRD pattern can be 

fit to cubic Fd3m, JCPDS #073-1961 (Figure 5.2).  
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Table 5.1. Elemental compositions determined from ICP-MS following digestion of TbxEu0.07-

x:ZnAl2-xO4 in trace grade HNO3. 

TbxEu0.07-x:ZnAl2O4 

x = [Tb3+] (%) [Eu3+] (%) [Zn2+]:[Al3+] (mol) 

0 0 3.55 1.00:1.98 

0.007 0.37 2.52 1.00:1.91 

0.015 0.76 2.37 1.00:1.93 

0.022 1.11 2.57 1.00:1.90 

0.049 2.43 0.80 1.00:1.99 

0.050 2.51 0.23 1.00:1.97 

0.070 3.56 0 1.00:2.01 

 

 
 

Figure 5.3. Low resolution TEM images for a) 3.56% Tb, 0.00% Eu:ZnAl2O4, b) 2.57% Tb, 

1.11% Eu:ZnAl2O4, and c) 0.00% Tb, 3.55% Eu:ZnAl2O4 nanospinels where the insets display 

high resolution TEM images showing fringes assignable to the ZnAl2O4 lattice. The size 

dispersity was determined by analysis of >300 nanoparticles and are reported in d) 3.56% Tb, 

0.00% Eu:ZnAl2O4, e) 2.57% Tb, 1.11% Eu:ZnAl2O4, and f) 0.00% Tb, 3.55% Eu:ZnAl2O4.  

 



 118 

TEM imaging reveals the isolation of ~2nm spherical nanospinel, consistent with earlier 

reports and are shown in Figure 5.3.30, 228 The composition of the spinel for Tb(III) and Eu(III) 

measured by ICP-MS is listed in Table 5.1 as a function of x for the TbxEu0.07-x:ZnAl2-xO4 

nanospinels. Complete characterization data for the hfacac-passivated TbxEu0.07-x:ZnAl2-xO4 

nanospinels including powder X-ray diffraction, TEM, ICP-MS, UV-Vis, FTIR, and PLE are 

shown in Figure 5.2, Figure 5.3, Table 5.1, Figure 5.4  Figure 5.5 and Figure 5.8, respectively. 

 

Figure 5.4. UV-Vis absorption of the hfacac exchanged TbxEu0.07-x:ZnAl2-xO4 nanospinel 

phosphors in toluene at 298 K. The feature centered at 304 nm is assignable to the hfacac 1(pàp*) 

transition.  
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 5.3.2 Energy Transfer Pathways.  

For a Tb(III) and Eu(III) doped host lattice the red to green ratio will be modified by the 

concentration of acceptors and the sensitization efficiency for population via multiple energy 

transfer pathways. As shown in Figure 5.1, the ability to spectrally tune the color of a phosphor,  

 

 

Figure 5.5. FTIR spectra of the free hfacac (black trace) and hfacac exchanged 3.56% 

Tb:ZnAl2O4 nanospinels (purple trace). The shift in ketone frequency confirms coordination 

and a change in symmetry to the ketone stretch following the passivation of the nanospinel 

(inset). 
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 transfer from the donors and by the intrinsic lanthanide quantum yields. By manipulating the in 

 
Figure 5.6. Theoretical prediction of the orientation k2 value for a dipole-dipole vs 

quadrupole-quadrupole coupling process when qT 0, 90, 180º. The projections illustrate the 

change in value with octahedral tilting within the spinel lattice between illustrating 

differences of dipole and quadrupole calculations. 
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effect control the CIE coordinates for a material, can be achieved by controlling the excited state 

population of two acceptors within a nanocrystal lattice through the manipulation of the energy 

coupling pathways shown in the Jablonski diagram. The overall quantum yield for the co-doped 

nanospinel phosphor will be dictated by the efficiency of energy probability for population of the 

individual pathways, the contribution to the PL from the Tb(III) and Eu(III) sites will change the 

color coordinate in a CIE plot. The effect is easily shown by considering the various quantum 

efficiencies involved. The sensitization of the lanthanide by themolecular passivant is a Dexter 

process that has been fully described previously.115 The columbic interactions within the Dexter 

mechanism lead to an exponential dependency on distance between the donor and acceptor shown 

as, MD@B = $ < O > Qb
5STU
V , where K is the pre-exponential factor, RDA is the separation between 

the donor and acceptor, and L is the effective Bohr radius. The ligand to the lanthanide sensitization 

for a single nanospinel size will therefore be governed by the spectral overlap function, <J>, and 

the number of donors within the spinel lattice, as the number dictates the distance (RDA) for ligand 

to lanthanide energy sensitization. The passivating ligand, hfacac, has a triplet energy level that is 

1,670 cm-1 above the 5D4 excited state of the Tb(III) cation and 3,150 cm-1 above 5D1 excited state 

level of the Eu(III) cation. 

Energy transfer between the Tb(III) and Eu(III) centers has been reported to be governed 

by resonant energy transfer via dipole-dipole,118-120 dipole-quadrupole,119, 254 or quadrupole-

quadrupole.256-258  When considering the effect of dipole-dipole vs. quadrupole-quadrupole electric 

field interactions, the sensitization efficiency will vary with the angular dependence for resonant 

coupling as shown schematically in Figure 5.1b and Figure 5.6. The significant change in the 

magnitude of the k value landscape for a dipole-dipole vs. quadrupole-quadrupole interaction is 

shown in Figure 5.6. For a dipole (n = 1) vs. quadrupole (n = 2) the resonance condition will be 
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influenced due to a second vector associated with the quadrupole.92 When n = 1, the orientation of 

the dipoles is coherent at 0 and 2p, and perpendicular at p/2 and 3p/2.
 At n = 2, the quadrupoles are 

coherent at 0, p, and 2p, and perpendicular at p/4, 
3p/4,

 5p/4, and 7p/4. For the quadrupole, the net 

moment is zero and produces additional nodes shown in the 3D plots in Figure 5.6. As shown in 

Figure 5.6, the efficiency of energy transfer between the Tb(III) and Eu(III) ions incorporated into 

the nanospinel lattice are anticipated to be governed by, concentration and lattice structure 

influencing the donor-acceptor pair distances (RDA);88, 89, 259 and the angles (qD, qA, qT)260 of the 

electric field, which are directly dependent of the lattice structure and strain induced by size 

mismatch.  

The nature of resonant energy coupling can be described analogously to FRET allowing 

the energy coupling efficiency to be related to separation distance and can be mathematically 

described in terms of a critical distance (R0), {| = /}|||(o@k|)~
5∅

kÄÅÇÉÑU@e
O(%)3

k/(Ö)
where Ro is the distance 

at which there is an equal probability for energy to transfer to the acceptor or emit form the donor. 

In the expression, f is the quantum yield of the donor, NA is Avogadro’s number, n is the refractive 

index of the media, (1.7940 for ZnAl2O4
122, 123), c is the coupling constant either 6 (dipole-dipole), 

8 (dipole-quadrupole), or 10 (quadrupole-quadrupole), and k is the orientation factor of the electric 

field between the donor and acceptor described by ÜÄ = (()*(á ∗ +K) − 3cos	(á ∗ +m)cos	(á ∗

+\))Ä	.259, 261 Values for k are constrained between 0-4 where values of 0 when the electric fields 

are perpendicular to each other, and 4 when the electric fields are parallel and collinear.260-262 In 

molecular energy transfer system, a value of 2/3 is assumed reflecting the random orientation in 

time for the dipoles;14, 16 however, in a solid state material the k is dependent on the doping site 

and lattice structure, since the lanthanides are not free to re-orient.  
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The theoretical treatment leads to an expectation of rollover kinetics in the Eu(III) PL time 

dependent decay if the energy transfer is slow and no rollover kinetics if fast. For a slow energy 

transfer the Inokuti-Hirayama model254, 263-267 is employed, while for a fast transfer the stretched 

exponential function, ä = ä| + g ∗ Q
/bãå3

ç∗é5

, is used to account for the distribution in distance 

and the resonant coupling mechanism through the b-value and the orientation of the electric field 

through the k2-value. It is anticipated that the k2
 values for a fixed overall concentration of Ln(III) 

within the nanospinel lattice. For the 3-dimmensonal spherical nanoparticle the b terms are 

constrained to 3/6 (dipole-dipole), 3/8 (dipole-quadrupole), and 3/10 (quadrupole-quadrupole). 103, 104 

105-107 Evaluating the excited state decay for Eu(III) in the nanospinel samples should therefore 

allow a statistical discrimination between the various resonant coupling pathways (b-value) and 

octahedral tilt orientation (k2) for the lanthanides incorporated onto Al(III) sites in the nanospinel 

lattice. 

In a simplified model where a singly doped nanoparticle is passivated by one passivant the 

overall PLQY will governed by equation 1: 

;<=>?@A
<@(FFF) = EFGH × EJK × ;<@(FFF)

<@(FFF) = E-D@-.Vêëíìî × ;<@(FFF)
<@(FFF)

    (1) 

Where hISC is the efficiency of intersystem crossing and hET is the efficiency of energy transfer, 

which follows a Dexter energy transfer mechanism from ligand to lanthanide. The quantum yield 

(;<@(FFF)
<@(FFF)) for the directly excited Ln(III) ion is influenced by the presence of excited state 

quenchers and by local lattice strain. For a system containing two lanthanides which are both 

sensitized by a surface passivant, the overall PLQY will be additive reflecting the sensitization of 

each cation independently. Additionally, if an energy transfer pathway is occurring between 

lanthanides in the system, this will also show an additive effect to the total quantum yield. Taken  
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Figure 5.7. Photoluminescence spectra of the co-doped Eu(III), Tb(III): ZnAl2O4 samples at 

298 K in toluene when excited into the ligand at a) 320 nm and the 7F6à5D4 absorption of the 

Tb(III) cation at b) 488 nm. The calculated CIE coordinates are shown to the right of the PL 

figures in b, c, and d. 
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Figure 5.8. Photoluminescence excitation spectra monitoring the Tb(III) emission at 544 nm 

(green-dashed trace) or the Eu(III) emission at 614 nm (red-dashed trace) and the 

photoluminescence spectra following direct Tb(III) excitation at 488 nm. The black trace 

represents the UV-Vis absorption data showing the singlet absorption feature. All spectra were 

recorded at 298 K in toluene. 
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together the overall PLQY for the sample will depend on excitation and can be written as: 

;BïB = /E-D@-.Vêëíìî
Kc(FFF) × ;Kc(FFF)

Kc(FFF)3 + /E-D@-.Vêëíìî
Jñ(FFF) × ;Jñ(FFF)

Jñ(FFF)3 + /E-D@-.óò(ôôô)→õú(ôôô)
Jñ(FFF) × ;Jñ(FFF)

Jñ(FFF)3 (2) 

Where E-D@-.Vêëíìî
<@(FFF)

is the efficiency of sensitization either cations from the ligand while 

E-D@-.óò(ôôô)→õú(ôôô)
Jñ(FFF)

 is the sensitiztion efficieny from Tb(III) to Eu(III) and ;<@(FFF)
<@(FFF)

 is the intrsinsic 

quantum yield of the lanthanides, described previously. The efficiency of energy transfer, 

E-D@-.óò(ôôô)→õú(ôôô)
Jñ(FFF)

 , will be dictated by the electric field involved in the coupling (dipole vs. 

quadrupole) and the distance of separation (r) between the appropriate donor and acceptor.  

5.3.3 Optical Analysis of 2-Color Nanospinels.  

The UV-Vis data (Figure 5.4) for all nanospinel samples in toluene exhibit a strong 

absorption feature assignable to the 1(p-p*) transition in hfacac at 304 nm. The Eu(III) and Tb(III) 

transitions cannot be observed in the UV-Vis reflecting their low concertation and extinction 

coefficients. The bandgap absorption for the parent ZnAl2O4 nanospinel host occurs above 280 

nm. 

In Figure 5.8, the photoluminescence excitation (PLE) spectra monitored at the Tb(III) 

5D4à7F5 (lem =544 nm) exhibits the 7F6à5D4 feature at 488 nm, while monitoring at the 5D0à7F2 

(lem =614 nm) allows assignment of the 7F0à5L6 for Eu(III) at 394 nm. When monitoring the 

Eu(III) 5D0à7F2 PL line, the Tb(III) 7F6à5D4 feature at 488 nm is not observed.  

In Figure 5.7, the solution phase photoluminescence (PL) spectra for 1 x 10-4 M TbxEu0.07-

x:ZnAl2-xO4 samples dissolved in toluene at 298K are plotted following ligand sensitization (lex = 

320 nm), direct excitation into the 7F6à5D4 absorption for Tb(III) (lex = 488 nm), and direct 

excitation into 7F0à5L6 for Eu(III) (lex = 394 nm) transitions. The PL spectra in Figure 5.7 displays 

sharp features assignable to specific overlapping lanthanide centered transitions attributed to the 
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individual Eu(III) 5D0 à 7FJ and Tb(III) 5D4 à 7FJ Judd-Olfelt (J-O) allowed transitions. The 

spectra exhibit no observable 3p* emission for all samples regardless of excitation wavelength. The 

hypersensitive transition for the Eu(III) is centered at 614 nm and is assigned to the 5D0 à 7F2 

transition, while the dominant transition of Tb(III) is centered at 544 nm and reflects the 5D4 à 

7F5 transition. The intensity contributions for the Tb(III) and Eu(III) is observed to depend on the 

excitation energy. Eu(III) emission is observed at all excitation wavelengths, while Tb(III) 

emission is observed only when excited into the ligand or directly into the Tb(III) center, 

suggesting no back energy transfer from Eu(III) to Tb(III) or Eu(III) to hfacac is occurring when 

excited at 394 nm.  

The PLQY and CIE coordinates for the nanospinels excited into the hfacac 1p* transition 

at 320 nm are listed in Table 5.2 and 5.3. The highest PLQY is seen for the single doped samples 

(x =0, x=0.07) with a PLQY for TbxEu0.07-x:ZnAl2-xO4 (x = 0) of 45 + 7 % in EtOD leading to a 

CIE coordinate at 14.3, 7.2, 0. The TbxEu0.07-x:ZnAl2-xO4 (x = 0.07) has a measured value of 41 + 

6 % with a CIE coordinate at 6.1, 11.6, 3.6. For the samples containing both Tb(III) and Eu(III) 

(0.07 > x > 0), the PLQY is ~30 + 5% for all samples with CIE coordinates that vary with the 

lanthanide ratios (Figure 5.7b). The relative ratio of the 5D4 à 7F5, Tb(III), to 5D0 à 7F2, Eu(III), 

Table 5.2. Optical properties for Tb,Eu:ZnAl2O4 nanospionels following ligand (lex = 320 nm) 

or Tb(III) (lex = 488 nm) excitation. 

TbxEu0.07-x:ZnAl2O4 IEu/ITb IEu/ITb fLnLn fLLn 
x = [Tb3+] (%) [Eu3+] (%) l320 nm l488 nm (%) (%) 

0 0 3.55 - - 48 + 2 45 + 7 

0.007 0.37 2.52 19.32 1.38 - 40 + 5 

0.015 0.76 2.37 23.81 0.77 - 29 + 3 

0.022 1.11 2.57 6.31 3.50 - 32 + 5 

0.049 2.43 0.80 1.84 3.25 - 30 + 5 

0.050 2.51 0.23 1.82 8.15 - 31 + 5 

0.070 3.56 0 - - 77 + 8 41 + 6 
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transition intensity is 

observed to vary with the 

respective lanthanide 

concentration; however, 

the Eu(III) 5D0 à 7F2 

transition dominates the 

spectrum for all samples 

regardless of the Tb(III) 

concentration. This is 

evidenced in the CIE coordinates for the sample (Figure 5.7b).  

Direct excitation into the Eu(III) and Tb(III) f-f absorption lines lead to very different PL 

spectral profiles (Figure 5.7a). Exciting at 394 nm into the Eu(III) 7F0 à 5L6 for samples with x > 

0 results in a PL spectrum assignable to only the Eu(III) J-O allowed transitions. The CIE 

coordinates vary with the x-value for the TbxEu0.07-x:ZnAl2-xO4, with an average value of (15.1, 

8.9, 0.1). The lack of Tb(III) and hfacac 3p* emission supports the assumption of no back-energy 

transfer to ligand or to Tb(III) when Eu(III) is excited in the nanospinel. Direct excitation into the 

Tb(III) 7F6à5D4 absorption feature at 488 nm leads to the observed population of both the Tb(III) 

and Eu(III) energy levels for all samples with x < 0.07.268 A loss of S/N in the PL spectra with 

decreasing Tb(III) content is observed as expected due to the lower optical cross section for the 

7F6à5D4 transition. As a control, in Figure 5.7 no Eu(III) emission lines are observed in the x = 0 

TbxEu0.07-x:ZnAl2-xO4 sample (pure Eu(III)) when excited at 488 nm. The CIE coordinates for the 

samples excited at 488 nm spans the green to red region of the chart, reflecting the change in  

Table 5.3.  x, y, z CIE coordinates for Tb,Eu:ZnAl2O4 

nanospionels following ligand (lex = 320 nm) or Tb(III) (lex = 488 

nm) excitation that correspond to the CIE plots in Figure 5.7. 

TbxEu0.07-x:ZnAl2O4 CIE cords. (x,y,z) 

x = l320 nm l394 nm l488 nm 

0 14.3,7.2,0 16.6,8.4,0.1 - 

0.007 16.8,9.5,0.4 8.7,4.1,0.3 7.5,12.9,2.6 

0.015 14.5,7.4,0.0 17.2,8.6,0.0 14.0,18.9,3.4 

0.022 16.6,9.9,0.4 11.8,7.5,0.0 21.6,22.4,1.8 

0.049 22.2,17.3,1.7 8.4,3.4,0.4 25.4,21.6,4.2 

0.050 18.0,14.2,1.9 15.5,7.8,0.0 21.5,18.5,0.1 

0.070 6.1,11.6,3.6 - 5.6,12.1,2.2 
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population of the Tb(III) and Eu(III) 

emitting centers implying energy transfer is 

occurring form Tb(III) à Eu(III) in the 

nanospinel phosphors through a down-

shifting process. 

5.3.4 Evaluating the Energy Transfer 

Pathways.  

Comparison of the CIE coordinate 

plots for the various excitation wavelengths 

in Figure 5.7 clearly show the population of 

the Eu(III) and Tb(III) centers (Figure 5.1) 

is sensitive to the excitation wavelength 

due to the efficiency of down-shifting 

sensitization. As discussed in the theory 

section and schematically shown in Figure 

5.1, the population of Eu(III) and Tb(III) by 

direct energy transfer from the ligand to the 

lanthanide is determined by the spectral 

overlap function <J>. As reported by 

Raymond, et al lanthanide sensitization 

from the passivant occurs through a Dexter 

energy transfer process and will be more 

efficient for Tb(III) when hfacac is the 

 
 

Figure 5.9. The PL intensity ratio of Eu(III) to 

Tb(II) vs. concertation Perrin plot for emission 

extracted from the PL data measured in toluene at 

298K. The intensities are measured at the most 

intense electric dipole allowed transition for each 

ion (Eu(III) 5D0à7F2
 , Tb(III) 5D4à7F5). The 

Perrin plot is calculated for excitation into hfacac 

at a) 320 nm and b) 488 nm. 
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passivating ligand based on evaluation of <J>.115 The down-shifting energy transfer between the 

lanthanides is dependent on the separation distance (RDA) between the dopants and is describable 

as a non-diffusional energy transfer problem within a three dimensional sphere.11 For non-

diffusional energy transfer in a nanocrystal, the distance is proportional to the lanthanide cation 

concentration.29, 30, 121 

A Perrin non-diffusional energy transfer model is a convenient approach to evaluating the 

critical radius for Tb(III) to Eu(III) energy transfer. The Perrin model predicts the PL intensity of 

the Eu(III) center will vary as ln û
Fõú(ôôô)
Fóò(ôôô)

ü = −†°\[Eu(III)], where V is the volume of the 

quenching sphere (V = 4/3pR03), NA is Avogadro’s number, and [Eu(III)] is molar concentration. 

The Perrin model assumes only one energy transfer pathway (Tb(III)àEu(III)) is present. A plot 

Table 5.4. Experimental fitting parameters for excited state decay in nanospinels. 

Sample lem = 544 nm (stretched exponential) 

TbxEu0.07-x:ZnAl2O4 lex = 320 nm lex = 488 nm 
x = t544 (ms) k2 b544 t614 (ms) k2 b614 

0 - - - - - - 

0.007 0.396 1.86 0.309 0.864 2.11 0.305 

0.015 0.226 1.70 0.316 1.010 2.07 0.300 

0.022 0.464 2.01 0.314 1.089 2.10 0.303 

0.049 0.355 1.84 0.319 1.183 2.21 0.319 

0.050 0.357 1.93 0.334 1.457 2.12 0.313 

0.070 1.083 - 1.0 1.414 - 1 

 
Sample lex = 320 nm 

x =    
0 1.279 1.014 - 

0.007 1.117 1.176 1.166 

0.015 1.124 1.149 1.194 

0.022 1.154 1.288 1.435 

0.049 1.263 1.364 1.577 

0.050 1.409 1.123 1.323 

0.070 - - - 
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of the ln û
Fõú(ôôô)
Fóò(ôôô)

ü vs. the [Eu(III)] following excitation at 320 nm (hfacac excitation) is shown in 

Figure 5.9a. The plot is non-linear, implying multiple pathways for Eu(III) population are present, 

consistent with the earlier assumption that a combination of ligand and Tb(III) sensitization of 

Eu(III) likely occurs in the nanospinel samples. In Figure 5.9b, excitation at 488 nm (Tb(III) direct 

excitation) yields a linear dependence with Eu(III) concentration (R2 = 0.92). consistent with 

down-shifting energy transfer from Tb(III) to Eu(III) being an allowed pathway for Eu(III) 

population. From the slope in Figure 5.9b, the sphere of quenching for Tb(III) population of Eu(III) 

with a 50% probability is R0 =1.4 nm indicating efficient sensitization over the entire nanospinel 

occurs, agreeing with previous literature reports.120, 269 

In Figure 5.10, the excited decay profiles for the series of TbxEu0.07-x:ZnAl2-xO4 nanospinels 

excited into the hfacac (lex = 320 nm) and directly into the Tb(III) center (lex = 488 nm) is shown 

for samples in N2 sparged EtOD at 298K. Excited state decay profiles for excitation into the Eu(III) 

center at 394 nm is shown in Figure 5.11. EtOD is used to eliminate –OH and O2 quenching in the 

samples. No experimental evidence of roll-over kinetics in the Eu(III) data is observed at short 

time scales indicating energy transfer is occurring in the sub-ps time regime allowing use of the 

stretched exponential function rather than the Inokuti-Hirayama expression. The lifetimes 

therefore are fit to a stretched exponential function as detailed in theory section of the manuscript 

and the fit parameters are tabulated in Table 5.4, allowing extraction of the b-value to identify the 

nature of energy coupling between Tb(III) and Eu(III) (dipole-dipole vs dipole-quadrupole vs 

quadrupole-quadrupole) and the k2 orientation term for the octahedral tilting in the nanospinel 

lattice.  

Monitoring the Eu(III) 5D0à7F2 transition centered at 614 nm, the lifetimes can be fit to a 

monoexponential decay with a lifetime of 1.0 – 1.5 µs regardless of excitation wavelength. Fitting 
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to a stretched exponential yields a b = 1 value confirming mono-exponential. The observation of 

invariant lifetime values, regardless of excitation wavelength is consistent with the anticipated lack 

of perturbation of the Eu(III) site in the lattice and the participation of all Eu(III) centers. The 

excited state lifetime of the Tb(III) centers is more complex and is dependent on excitation 

 
 

Figure 5.10. Excited state lifetime decays recorded at 298 K in N2 sparged EtOD monitoring 

Tb(III) emission (a & c) and Eu(III) (b & d) following ligand excitation (a & b) and direct 

excitation (c & d). 
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wavelength. The Tb(III) lifetimes are fit to a stretched exponential function. Excitation at 320nm 

(hfacac) results in the observation of quenched Tb(III) lifetimes when Eu(III) is present (t = 0.23 

– 0.46 µs) compared to the lifetime for the x = 0.07 sample (t = 1.08 µs, b = 1.0). The b-value 

ranges from 0.31 to 0.33 for all samples containing Eu(III). Excitation into the Tb(III) f-f 

absorption at 488 nm leads to shorter t’s with increasing Eu(III) to Tb(III) content. The b-values 

 

 

Figure 5.11. Excited state lifetime decays recorded at 298 K in N2 sparged EtOD monitoring 

Eu(III) emission following direct excitation of Eu(III) at 394 nm. 
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range from 0.30 – 0.32 for all samples containing Eu(III) centers. The x = 0.07 sample (pure 

Tb(III)) exhibits a lifetime that is 23% quenched (1.083 ms) when hfacac is excited as compared 

to direct Tb(III) excitation (1.414 ms). The Tb(III) excited state fitting parameters provide insight 

into the coupling mechanism and the role of orientation in the energy transfer process. The b values 

will reflect the Tb(III)-Eu(III) coupling with values of 3/6, 
3/8, or 3/10 for 3D dipole-dipole, 3D 

dipole-quadrupole, and 3D quadrupole-quadrupole coupling, respectively. The observed b values  

between 0.305 and 0.324 for Tb(III) decay supports 3D quadrupole-quadrupole coupling, agreeing 

with the previous report that Tb(III) to Eu(III) is a quadrupole-quadrupole process.256-258  

In a solid state lattice, it is reasonable to assume the orientation of the quadrupoles 

associated with the emissive center will be dictated by the lattice. In the nanospinel lattice, two 

Al(III) sites exist in the tetragonal phase. Assuming the occupation of Tb(III) and Eu(III) are 

equally probable at the two sites, trigonometry allows us to experimentally determine a theoretical 

ktheory-value using the angular orientation terms for the tetragonal lattice, qT = 16.5, qA = 1.8º, and 

qD = 2.2º. From the angular terms, the ktheory-value is calculated to be 2.15 for the tetragonal lattice. 

By comparison, solving for the experimental k2
exptl-value by fitting the stretched exponential 

function for the direct excitation into Tb(III) leads to a value of 2.14 + 0.07. The difference in the 

theory and experimental values is believed to arise from Al(III) lattice site distortion due to the 

large size difference for Al(III) compared to Tb(III) and Eu(IIII). Back calculating from the 

orientation factor, the two Ln(III) octahedral sites should have a net tilt of ~4-7º with respect to 

the vector containing the donor and acceptor. The angle (qT) between the donor and acceptor was 

found to be ~ 13-15º.  

Surprisingly, evaluating the value of k2
exptl when the hfacac is excited yields a different 

value even though the b-values are within experimental error. The change in k may arise form 
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lattice realization of the nanospinel surface following passivation, as suggested previously. 270-272 

Similarly, lattice relaxation has been reported to occur in CdSe quantum dots.273 The presence of 

surface emitting sites being unique to core emitting sites also has been reported for Eu(III) doped 

Y2O3.
29 If we assume the change in k2

exptl is due to surface reconstruction, an estimate of the 

octahedral tilt change can be calculated. The average k2 value extracted by fitting the stretched 

exponential decay excited at 320 nm was found to be 1.81 + 0.20. Converting the change in k2 to 

a tilt parameter yields an estimated value of qT
 of 20º for the surface associated sites as compared 

to 13-15º for the internal sites. The extracted values are remarkable close to the reported tilts in 

the inverse spinel, Fe3O4, where surface canting was reported to have net values between 23 and 

42º.272 The role of surface reconstruction of the physical properties of these materials is critical for 

2 nm nanospinels and the estimates imply an inversion may occur at the surface upon passivation. 

Further studies are underway to evaluate this possibility of surface reconstruction and its role on 

optical properties in these phosphors.  

5.4 Conclusion. 

 Spectral engineering was achieved through the sensitization of co-doped TbxEu0.07-x:ZnAl2-

xO4 nanospinels passivated by hexafluoroacetylacetonate. The high sensitization efficiency of 

Eu(III) leads to higher red contributions upon incorporation of Eu(III) into the nanospinel, 

although spectral features exhibit concentration and excitation dependencies that reflect the energy 

transfer efficiencies within the system. Inspection of the lifetimes and Perrin plots allow for the 

assignment of a competitive energy transfer pathway involving hfacac to both Eu(III) and Tb(III), 

as well as direct Tb(III) to Eu(III) process occurring over the whole volume of the nanospinel. No 

evidence of back energy transfer is observed, as evidenced by the lack of hfacac triplet emission 

or Tb(III) emission when the Eu(III) center is excited. Based upon the lifetime findings, the likely 
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energy transfer mechanism is a quadrupole-quadrupole coupling due to the b values ~ 3/10. The 

stretched exponential allows the extraction of the octahedral titling within the nanospinel by 

solving for the orientation factor (k) yielding values for canting that are in a good agreement with 

angles determined from the crystallographic information. The orientation factor also identified 

enhanced octahedral tilting at the surface of the nanospinel suggesting lattice reconstruction or 

inverse spinel formation at the passivation-nanospinel interface may occur.  
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CHAPTER 6 

CONCLUSIONS & OUTLOOK 

 While the work completed within this dissertation provides tools for next generation 

technology, future work is necessary to implement this material into tangible applications. The 

phosphor work has shown that spectral engineering is achieved by systematic manipulation of 

Ln(III) concentration, quadrupole-quadrupole coupling, and the octahedral tilt where the Ln(III) 

are sensitized by a surface passivating ligand and Eu(III) was demonstrated to be sensitized by a 

neighboring Tb(III) cation. In addition, the optimization of the nanophosphor spinels was 

accomplished demonstrating that the efficiency of energy transfer is governed orbital overlap of 

the ligand’s triplet state and lanthanide excited state where hfacac passivated nanophosphors 

produced PLQYs up to 41.3% in EtOD. Concentration optimization was accomplished and in 

Chapter 3 where we observed a quenching event that coincides with the strain exerted on the lattice 

upon Tb(III) incorporation into the ZnAl2O4 nanospinel. Additionally, Chapter 2 described a new 

approach to isolate templated nanocrystals that have applications in catalysis such as the Fischer-

Tropsch Synthesis (FTS) and the water gas shift reaction. This chapter provides future outlook for 

all materials listed in this dissertation to produce catalytic material, and smart nanophosphors.  

6.1 Developing Smart Nanophosphors. 

6.1.1 Dual-Ligand Systems for Selective Sensitization.  

The co-doped Tb(III), Eu(III):ZnAl2O4 described in Chapter 5 provide a route to isolate 2 

nm nanophosphors that are capable of exhibiting changes in the spectral features that can be 

induced by altering the excitation wavelength or external presser exerted on the system. The work 

shown in Chapter 5 show a single ligand system that sensitized both the Eu(III) and Tb(III)  
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Figure 6.1. a) UV-Vis absorption of TTA and hfacac passivated nanospinel phosphors in 

toluene, b) predicted emission profile as a function of excitation wavelength generated from the 

absorption features in 6.1a, and c) CIE response of the predicted emission profiles showing a 

linear shift in CIE coordinates.  
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following excitation at 320 nm. The Tb(III) 5D4 and Eu(III) 5D0 excited state energies are 20,500 

and 17,293 cm-1, respectively therefore Eu(III) can be populated selectively at through passivation 

of a ligand with a lower triplet energy. Previous work in the group has demonstrated that quantum 

yields of 50% can be achieved from a Eu(III):ZnAl2O4 when sensitized by 2-

theyonyltrifluoroacetone (TTA).30 The triplet energy of TTA is ~19,000 cm-1, 1,500 cm-1 below 

the Tb(III) 5D4. Employing a dual-ligand system will allow for the selective sensitization, thus 

resulting in spectral feature changes.  

It is proposed in Figure 6.1 that passivation by hfacac and TTA will produce a smart 

nanophosphor that will reflect change from red to orange phosphor dependent upon the excitation 

wavelength. Figure 6.1a displays the normalized UV-Vis absorption data of a TTA and hfacac 

passivated nanospinels where Figure 6.1b shows the predicted 3D plot illustrating the spectral 

changes as a function of excitation wavelength from 360 to 300 nm. The emission spectra shown 

in Figure 6.1b are corrected for the observed PLQY for a hfacac passivated nanopahosnor where 

5.08% Tb(III):ZnAl2O4 is 19% and 5% Eu(III): ZnAl2O4 is 37%, reflecting the higher sensitization 

efficiency of Eu(III). The modeled emission spectra exhibit a linear response in the calculated CIE 

coordinates shown in Figure 6.1c. Current InGaN LED pumps exhibit a red shift with decreasing 

voltage and a blue shift with decreasing current of up to 15-20 nm (i.e. 460 + 20 nm), the tunable 

emission of the LED is also observed in red and green LEDs.274 The proposed work will expand 

the optical cross section of the nanophosnors by employing two ligands capable of selective 

sensitization. The work will require careful consideration of molar extinction coefficients for the 

respective ligands, determination of the intersystem crossing efficiencies, and systematic control 

over ligand passivation. 

  



 140 

6.1.2 Spectral Engineering Through External Pressures.  

In Chapter 4, we demonstrated that the Ln(III) is a reporter of lattice strain that causes 

different ratios of the magnetic and electric dipole transitions. Wisser et al.230 has demonstrated 

that the external pressures exerted on the system are reflected in the Ln(III) transitions for 

upconverting nanoscrystals. Lis et al.275 observed a linear red shift up to 50 nm and increase in 

FWHM as pressure increased to 30 GPa in Ce(III):Y6Ba4(SiO4)6F2 powders. It is anticipated that 

pressure induced spectral changes in for Ce(III) will also impact the ability to sensitize neighboring 

Ln(III) cations due to changes in the spectral overlap between the donor and acceptor. Thus the 

energy transfer rates can be calculated by evaluating a series of pressure and temperature 

dependent studies.  Development of a smart nanosphosnor can use the work described within this 

dissertation and the literature to spectrally engineer the emission through the application of 

external pressures. This capability will allow for precise tuning of Ce(III) (blue), Tb(III) (green), 

and Eu(III) (red), nanophsnors through compression of the crystal field about the Ln(III) cations. 

6.1.3 Additional Sensitization Pathways.  

Historically, Ln(III) have been sensitized by a molecular antenna that is coordinated to the 

cation, however, recent work has shown efficient sensitization may occur through inorganic 

antennas that have a large optical cross section. Incorporation of Ce(III) and Tb(III) into 

Lanthanum phosphate have reported overall PLQYs up to 84% when co-doping is achieved.276, 184, 

277 The increased PLQY is due to the blue Ce(III) emission and sensitization of Tb(III) through 

dipole-quadrupole coupling from the Ce(III) 5d1à7F5/2, 7/2 transition.276 Other cations such as 

Bi(III)180, 278, 279 provide up to a 3-fold increase in the internal PLQY following excitation circa 

320 nm. The energy transfer mechanism from Bi(III) to Eu(III) is currently debated to be dipole-

dipole278 or dipole-quadrupole coupling,180 however, since dipole transitions are forbidden in the 
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f-f transitions, it is likely to follow a dipole-quadrupole mechanism that has a distance dependence 

of RDA
-8. Likewise, Mn(II) can be employed to sensitize lanthanide photoluminescence,170, 280, 281 

albeit it was postulated that a maximum sensitization efficiency of 33% could be achieved.170 The 

inorganic antenna may also be coupled to the molecular antenna to further increase the optical 

cross section and allow for selective sensitization. Furthermore, the incorporation of the inorganic 

antenna will allow for Ln(III) access throughout the nanophosphor, in contrast to the molecular 

antenna that can only access 75% of the nanophosphor.    

 
Figure 6.2. Blending of Tb(III):ZnAl2O4 @ hfacac (left) and Eu(III):ZnAl2O4 @ TTA 

nanophosphors into a PMMA matrix.   
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6.1.4 Additive Manufacturing of Nanophosphor Composites.  

Additive manufacturing protocols allow for the mass production of solid-state lighting 

material that can be printed into the desired specifications. The ability to passivate the nanospinel 

allow for enhanced solubility into a polymer matrix such as polymethyl methacrylate (PMMA) 

shown in Figure 6.2. However, distribution of the nanopsinels within the extruded polymer needs 

to be addressed and optimized. This can be achieved by extruding a filament containing the 

blended nanoparticles in PMMA using screw extrusion methods and examining the cross section 

using SEM. This technique can allow for EDAX mapping of the filament as well as the ability to 

use back scattered electrons to examine the solubility of the nanoparticles within the matrix.   

6.2 Understanding the Catalytic Behavior. 

 Chapter 2 outlined a synthetic protocol to isolate nanoparticle catalysts for the Fischer-

Tropsch Synthesis and the water gas shift reaction. The numerous reaction pathways that occur in 

the FTS will provide difficulty in development of a systematic study aimed to study the catalytic 

response of the mixed-metal carbides and bimetallic nanocrystals. First, it is necessary to 

understand fundamental catalytic activity such as the water gas shift (WGS). Iron based systems 

are more susceptible to the WGS, whereas Co containing systems are less reactive. The results in 

Chapter 2 suggest that the elemental composition is maintained throughout the reaction and these 

results are supported by previous work from Yamada et al.137 Thus, systematic studies through 

control of reaction precursors (FeCl2/ CoCl2) in the initial PBA reaction will produce a correlated 

response observed in the WGS and subsequently in the FTS. This work can also be expanded to 

investigate the role of turnover frequency and its relationship to nanocrystal size. The optimization 

should demonstrate selective isolation of liquid fuels through systematic control of nanoparticle 

size and elemental composition.  
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