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ABSTRACT 

  
 
 

 

 Mn-silicalite-2 was synthesized at high pH using the molecular cluster, 

Mn12O12(O2CCH3)16 as a Mn Source.  No precipitation of manganese hydroxide 

was observed with this cluster even with the use of tetrabutylammonium hydroxide 

as a templating agent.  This synthetic approach resulted in the incorporation of up 

to 2.5 mol % Mn into the silicalite-2 with direct substitution into the framework 

verified by a linear relationship between unit cell volume and loading.  The Mn is 

reduced to Mn(II) during hydrothermal synthesis and incorporated into the 

silicalite-2 framework during calcination at 500 °C.  Further calcination at 750 °C 

does not affect the crystallinity but oxidizes essentially all of the Mn(II) to Mn(III). 

Cr(IV) substituted silicalite-2 was generated by reduction of Cr(VI)-

silicalite-2 lattice sites at in a CO atmosphere.  The reduction process, Reduction at 

high pressures was found to give almost complete conversion of the Cr(VI) sites to 

Cr(IV).  As generated, the Cr(IV) sites do not reoxidize to Cr(VI) under ambient 

conditions or in the presence of oxidants under reaction conditions. 

We report the development of new class solid-state white-light phosphors 

based on stable nanoparticle-silica glass composites.  These materials are made 

from the incorporating of CdSe nanoparticles into a silica Sol-gel solution.  Once it 

gelled and aged the materials are calcined at 500 °C under oxygen.  The solid that 

results are robust with a bright white luminescence (20%) under UV excitation that 

gives virtually pure white light with coordinates of (0.34, 0.36) on the CIE 1931 

chromaticity diagram and, more importantly, the emission envelope coincides 

nearly identically with the scotopic eye response function.  The white-light 

phosphors have a scotopic/phtopic ratio of 2.56, indicating that these phosphors 

 ix



will be perceived as a particularly efficient illumination source in a dark 

environment thereby being more energy efficient. The emission comes from a 

distribution of nanoscale CdSe particles, with size-polydispersity brought on by 

calcination and subsequent fusing of nanoparticle agglomerates in the micropores 

of the silica xerogel.   The silica matrix makes them exceedingly robust, with no 

changes in the emission properties observed for periods in excess of 18 months.  
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CHAPTER I 

 

INTRODUCTION 

 

 

1.1 General Introduction 

 

Molecular sieves are porous materials capable of separating the components 

of a mixture based on geometrical restrictions derived from molecular shape or 

size. Any molecule smaller than the precise and uniform pore size of the molecular 

sieves can travel through pores. The aluminosilicate members of the molecular 

sieves are commonly call as zeolites. 

Zeolites are three dimensional microporous crystalline solids with well-

defined pore structures that contain aluminum, silicon and oxygen. The framework 

is composed of SiO
4 

and AlO
4 

tetrahedral units sharing oxygen between every two 

tetrahedral units where two AlO4 units can’t share the same oxygen. Therefore, the 

Si/Al ratio is always greater than 1. Generally, some cations, mainly metal ions 

from group I and II  or small organic cations (Na
+

, NH
4+

, etc.) loosely reside inside 

the channel or cavity to balance negative charges in the framework caused by the 

presence of [AlO
4
]

- 

units in the framework. Approximately 40 natural zeolites have 

been found and more than 150 zeolites have been synthesized so far
1, 2

.  The 

medium pore size zeolites, like ZSM-5 and ZSM-11, are of great importance since 

they contain pore sizes comparable to the sizes of small organic molecules thereby 

forming the basis of shape-selective catalysts. Zeolites not only act as shape-

selective catalysts, but also as acid catalysts for chemical reactions if the loosely 

localized cations in the zeolites are exchanged with protons.  

 1



The pore selectivity and catalytic acid sites of the zeolites have been 

exploited together in many organic reactions, including crude oil cracking, 

isomerisation and fuel synthesis. Inspired by this combination of pore selectivity 

and acid catalytic sites inside the channel, scientists have made great effort to 

develop new catalytic sites into the zeolites, expanding the possibilities beyond 

those offered by acid sites alone. Taramasso et al.
3 

claimed the first isomorphic 

substitution of Si
4+ 

from a pure silica silicalite ZSM-5 framework with Ti
4+ 

(TS-1) 

in 1983. The Ti sites in the lattice have shown excellent catalytic activities for 

some oxidation reactions with hydrogen peroxide as oxidant under mild conditions. 

Immediately after its discovery, two industrial processes catalyzed by TS-1 were 

developed: one was the hydroxylation of phenol with hydrogen peroxide in 1987; 

the other was the production of cyclohexanone oxime from cyclohexanone, H
2
O

2
, 

and NH
3 

in 1990. There are several important reasons for developing this type of 

heterogeneous catalyst: they are shape-selective, tunable, regenerable, non-toxic, 

long-lasting, easily separated, and easily disposed of.  

 

1.2 Structure of Zeolite  

 

Zeolites are based on tetrahedral building units (TO
4
), where the central 

tetrahedrally bonded T atoms are usually either Si or Al; these are surrounded by 

four oxygen atoms. Linking these tetrahedral building units in certain ways will 

produce infinite framework structures of zeolites. The zeolite infinite framework 

structures are always described in terms of a finite number of specific 

combinations of tetrahedrons called secondary building units (SBU) (Figure 1.1). 

There are about 20 such structures identified so far. Usually each zeolite 

framework is made up of only one type of SBU, although rare, some can have a 
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combination of different SBUs. The SBUs are not meant to describe precursors 

from which the zeolite grows but inspection of the systematics in existing 

framework types may give clues to choose targets for synthesis because the 

polyhedral cages, may play a role during crystal growth. 

Based on their pore sizes, zeolites can be classified into small, medium, 

large and ultralarge pore materials. Small pore structures have apertures consisting 

of six, eight or nine thetraedra, medium pore have ten tetraedra, large have 12-

membered rings and ultralarge have more then fourteen. 

 3



 

Figure 1.1. Secondary Building Units: a T atom is located at each corner; the oxygen is located 
near the midpoint between two T atoms 
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Among the zeolites, ZSM-5 zeolite is one of the most important, and has 

been studied more extensively than any other type. The structure of ZSM-5 zeolite 

and its analogue silicalite-1, first synthesized in 1978
4

, is shown in Figure 1. 2. The 

ZSM-5 framework, composed of SBU - (5-1), has a Pnma space group and belongs 

to the orthorhombic crystal system. The pentasil layers (010) with the 10-

membered oxygen rings define linear channels perpendicular to the (010) planes. 

Linking (010) pentasil layers with their mirror images completes the three-

dimensional framework and produces (100) pentasil layers that also contain 10-

membered rings that define another sinusoidal channels perpendicular to the (100) 

planes. In ZSM-5, two adjacent pentasil layers (100) are connected after a rotation 

of 180 degrees about the a or b axis; the resultant connectivity shows a center of 

inversion (see Figure 1.2). If the adjacent pentasil layers (100) are connected after 

a rotation of 180 degrees about the c axis instead of the a or b axis, a new 

framework, known as ZSM-11, will result. 
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Figure 1.2. Two adjacent (010) layers in ZSM-5 and ZSM-11 formed by 5-1 SBU 

 
 
The adjacent two layers (100) in the ZSM-11 show a mirror plane. ZSM-11 

has an I-4m2 space group and belongs to the tetragonal crystal system. Despite the 

symmetry differences, ZSM-11 and ZSM-5 have very similar structure and pore 

dimension. Both ZSM-5 and ZSM-11 frameworks contain straight and sinusoidal 

10-membered channels intersecting each other perpendicularly. In the ZSM-11 

case the sinusoidal channels are almost straight (Figure 1.3). The size and 

connectivity of these two channels enable the special shape-selectivity reactions 

and three-dimensional diffusion paths through the lattice. 
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Figure 1.3. Pore architecture of silicalite-1(left) and silicalite-2 (right) illustrated with balloons 
(adapted after reference 5) 

 
 
The Structure Commission of the International Zeolite Association has 

assigned three letter structure type codes to all zeolites of known structure. 

Frequently, different names have been assigned to materials having the same 

structure type but a composition different from the material which was the basis for 

the original assignment of the structure typo code (type material). Such materials 

are referred to as isotypes. 

 

1.3 Shape Selectivity of the Zeolite 

 

The shape selectivity of the zeolite means that both the pore dimension and 

catalytic sites residing inside the channels are used to control the selectivity of the 

product. The first shape-selective catalyst in zeolite was reported by Weisz and 

Frilette from Mobil Laboratories
6,7

. 
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Shape selectivity in zeolites has been divided into three categories: reactant, 

transition state, and product. The phenomena associated with those categories have 

been discussed previously in the literature. In most cases, the observed shape 

selective effects are caused by steric constraints imposed on a molecule or 

transition state by a restrictive pore system. 

Reactant-shape selectivity (Figure 1.4) refers to the selectivity occurring 

because of the different sizes of the reactants; selectivity is observed when a 

mixture of at least two reactants with different sizes is fed into the reactor. The 

larger reactants cannot enter the zeolite pores and reach most of the active sites in 

the channel. The banned bulkier reactants may contact external active sites to 

finish the conversion or leave the reactor without being converted to the products. 

The oxidation reaction of cyclohexane and cyclododecane with peroxide or 

iodosylbenzene over Fe-phthalocyanines (FePc) encapsulated in Y-type zeolites is 

a typical example;
8

FePc encapsulated inside the zeolites can lead to a substrate 

selectivity of 10:1 favoring cyclohexane over cyclododecane, whereas FePc in the 

homogeneous solution can lead to a substrate selectivity of 3:1 favoring 

cyclododecane over cyclohexane. It is a clear indication of the shape and size of 

the pore opening selectively choosing the reactants in the former case.  

In product shape selectivity, all reactants are so small that they all can enter 

into the channels of the zeolite, where they may form isomers with different sizes 

inside the channels because the dimensions at the intersections are often larger than 

the pore openings. But only those species that are smaller than pore openings can 

escape from the channels of the zeolite and join the reaction mixture; the bulkier 

species are unable to escape from the channel and are therefore excluded from the 

reaction mixture.  
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Figure 1.4. Schematic diagram of primary zeolite shape selectivity 

 
 
Formation of para-substituted alkyl-aromatics from alkylation or 

disproportionation is regarded as the industrially most important reaction in which 
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the shape-selectivity of a zeolite is utilized. In order to enhance the selectivity, 

various methods of modification of the zeolite property have been used. The 

enhancement of the shape-selectivity was explained from the narrowing of the 

pore-opening size, the inactivation of the external surface, or the controlling of the 

zeolite acidity 9. The mechanism for the selectivity must be understood well, and, 

based on the properly explained mechanism, the selective catalyst is to be 

designed. However, the interpretation of the selective formation of the para isomer 

is complex, and the problem remains unsolved completely up to date. 

The product-shape selectivity model was always used to explain the product 

distributions in the reaction of toluene alkylation ( Figure 1.4) with methanol over 

ZSM-5 zeolite;
10 

the slimmer p-xylene, the main product, diffuses out of the 

channel 100-1000 times faster than the other two bulkier o –, and m – isomers. 

With the HZSM-5 catalyst an excellent selectivity for ethylbenzene of more than 

98% is obtained at a benzene conversion level of about 20%. The uniform channels 

(dimensions (dp)=0.51 B 0.55 nm) of zeolite ZSM-5 permit the entrance of the 

feed molecules as well as departure of the product molecules ethylbenzene and 

diethylbenzene isomers, while higher alkylated products are restricted from 

leaving. Any of the higher alkylated products formed within the ZSM-5 channels 

are forced to undergo transalkylation or dealkylation to facilitate their diffusion 

back to the bulk. Steric hindrance of the necessary transition states is also believed 

to inhibit the formation of polyalkylated product. Whenever an ethylbenzene 

molecule is formed, it can either be transported into the product stream or undergo 

further alkylation. However, in a mesoporous zeolite the diffusion path is 

significantly shorter than in the conventional zeolite and further alkylation is 

suppressed. 
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Mass diffusion, which is also called hindered diffusion, is the origin for both 

reactant- and product-shape selectivity. In a real reaction, it is impossible to 

completely exclude the bulky reactants from entering the channels of the zeolite or 

to completely encapsulate the bulky products in the channel of the zeolite. It is 

generally observed that the rate of disappearance of one of the bulkier reactants, or 

the rate of formation of one of the bulkier products, is lower than it would have 

been in the absence of mass diffusion.  

Another type of pore shape defining reaction occurs when the interior shape 

of channels in the zeolite favors the formation of less bulky transition states or 

intermediates. This is classified as transition state-shape selectivity. Csicsery 

reported the first transition state shape selectivity in 1971.
11

A typical example of 

this type of shape selectivity is m-xylene isomerization into o –xylene, p-xylene 

and toluene; the o-, and p-xylene form from a single molecule transition state 

whereas tolene forms from a twin molecule transition state. As a result, the o- and 

p- xylene form favorably whereas the toluene product, which has to go through a 

bulkier transition state, is suppressed.  

Transition-state shape selectivity occurs when the space within the zeolite is 

not sufficient to allow the larger of several possible transition-state intermediates to 

form and has the potential to yield the most stereospecific synthesis of products. 

However, it is also the most difficult to exclusively prove. 

Sometimes it is difficult to differentiate between the product-shape 

selectivity and transition-shape selectivity in a reaction. Reactant- and product-

shape selectivity are directly related to their mass diffusion and to the diffusion 

path length in the zeolite, which is dependent on the size of the catalyst. In contrast 

transition-shape selectivity is based on the intrinsic shape of the channels in the 
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zeolite, not on the path length. This is the criterion to distinguish the transition-

shape selectivity from product-shape selectivity.
12

Molecular traffic control can occur in a zeolite which has at least two 

different categories in its pore system. The reactants may circulate preferentially in 

one category of pores, while the products will tend to diffuse through another, 

which will lead to improved diffusion of these species. In zeolite catalysis, 

"secondary" shape selectivity occurs when one type of molecule effects the 

behavior of another type in a way which does not occur in a less hindered 

environment.13 The secondary selectivity covers selectivity effects that can be 

associated with the presence of molecules other than the reactants and which are 

more strongly adsorbed.14

Shape selectivity properties can be beneficial both at the fundamental and 

applied levels. On the fundamental level, they make it possible, through reaction 

specific tests, to assess the pore characteristics of zeolites or similar microporous 

solids, in particular those with a structure that has not yet been clarified. From the 

point of view of applications, shape selectivity plays a role and has often been the 

source of significant progress in a large number of refining and petrochemical 

processes. This concerns mainly acid and bifunctional catalysis. 

 

 

1.4 Substitution of Si from Silica Lattice by Metals  

 

The isomorphous replacement of Al or Si in the zeolite framework by other 

heteroatoms to prepare metallosilicates having new physicochemical and catalytic 

properties is an important research subject in the field of zeolite chemistry. 

Incorporation of trivalent metal ions into zeolite framework can modify the 
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physicochemical properties such as acidity strength, while incorporation of 

transition metal ions such as Ti and V makes zeolites oxidation catalysts which are 

active in liquid-phase reactions with hydrogen peroxide as an oxidant. 

Incorporation of Fe into the framework of MFI-type silicalite, on the other hand, 

leads to ferrisilicate which is an acid catalyst with weaker acid strength than its Al 

or Ga analogues and is also an oxidation catalyst using gaseous oxidants such as 

N2O and O2. 

Zeolites with metal substitutions are quite common. Several of the structures 

that we solved are aluminophosphates or contain gallium, beryllium, cobalt, or zinc 

along with phosphorus. The effect of substitutions is quite dramatic, both on the 

geometry and on the diffraction. In fact, preferred bond lengths may change. The 

fact that the atomic species are different usually lowers the maximal symmetry 

allowed, and hence increases the number of unique atoms. 

In order for the isomorphic substitution of tetrahedrally coordinated Si
4+ 

by 

other metals ions to take place, it is necessary for the metal ions to assume the 

same coordination as the ions being replaced. Based on the radius ratio rules, 

substitution of tetrahedrally coordinated Si
4+ 

should be possible if the radius ratio 

of the cation and oxygen anion is between 0.225 and 0.414. Recent developments 

in this area show that framework substitution is also possible for larger metal 

cations, e.g. Mo, for which the radius ratio is slightly higher than 0.414. The first 

successful example was the isomorphic substitution of Si
4+ 

with Ti
4+ 

from a ZSM-5 

silicalite framework, which was reported by Tiramisu
3 

et al. in 1983. As 

synthesized titanium incorporated ZSM-5 silicalite (TS-1) shows excellent 

catalytic properties in a number of catalytic oxidation reactions with aqueous 

hydrogen peroxide as the oxidant under mild conditions.
15

Based on the success of 
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TS-1
16, 17

, other transition metals, such as, V
18

, Fe
19 

, Mo
20

, Zr, and Cr
7

, have also 

been inserted into the silica lattice. 

In a regular aluminosilicate zeolite in addition to acid sites, cations like 

transition metal ions can function as active sites. A vast amount literature now 

exists on transition-metal, zeolite catalysts for NO, conversion. A recent example 

in the area of chemicals synthesis is from Li and Armor21. Acetonitrile can be 

produced by ammoxidation of ethane using transition-metal zeolites as catalysts 

and cobalt appears to be the favored metal ion for the exchange. 

In principle, any framework substitution of Si4+ by non-tetravalent ions, e.g. 

Ga3+, Fe3+, Co2+ Zn2+, etc., creates lattice charge. However, the stability of the 

framework substitution must be carefully investigated. Additionally, it is well 

known that the acid strength of a balancing proton can be affected by the type of 

substituting element, e.g., A13+ vs Ga3+ vs Fe3+. An area that has not been 

sufficiently explored is that of the acid strength of protons created by lattice 

substitutions of divalent ions, e.g., Zn2+, since they could provide two protons 

adjacent to one another. 
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Figure 1.5. Intra-framework substitution of Si atoms on silicalite-2 unit cell 

 
 

When Si4+ is substituted by Ti4+, then lattice charge is not created. However, 

the Ti4+, can be exploited as an active center for oxidation catalysis when using 

H,O, and/or hydroperoxides as oxidants. The initial materials discovered in this 

area were TS-I and they has been commercialized for several reactions. In addition 

to TS-1 , other titanium zeolites have been prepared;  Ti zeolite beta appears to be 

the most promising material. An interesting example of the types of reactions that 

can be catalysed by titanium zeolites is epoxidation of olefins. 

Elements other than Ti4+, e.g. V4+, Cr6+ etc., have been incorporated into 

zeolite samples and their oxidation behavior investigated and even recent claims of 

Sn4+ and even Zr4+ have appeared. These developments could be of interest for 
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performing oxidation and Lewis acid-mediated catalytic reactions, respectively. In 

addition to active sites that are created as a consequence of lattice substitutions, the 

zeolite can be used as a host to encapsulate guest species that can serve as the 

active center. lntrazeolitic metal particles have long been known to be active sites 

that can be used alone or in a bifunctional manner with zeolitic acid sites.  
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CHAPTER II 

 
SYNTHESIS AND CHARACTERIZATION OF PHASE-PURE 

MANGANESE(II) AND MANGANESE(III) SILICALITE-2 
 
 
 

2.1 Introduction 

 

Molecular-sieve materials in which transition-metal ions have been 

substituted into a silicate or aluminosilicate framework have been of considerable 

interest because of their potential as selective heterogeneous oxidation catalysts. 

Among the most notable and commercially useful of these is titanium silicalite-1 

(TS-1), which catalyzes the hydroxylation of phenol using hydrogen peroxide. In 

the case of TS-1, the high catalytic activity arises from the isomorphic substitution 

of TiIV for SiIV in the silicalite lattice.22 Taking TS-1 as a paradigm, other metal 

ions possessing similar ionic radii have been substituted into the silicalite 

framework and explored for catalytic activity. Among transition metals, 

manganese is a particularly attractive candidate for incorporation because of its 

established activity as both homogeneous and heterogeneous catalysts in other 

ligand environments.23-25

An inherent difficulty with transition-metal substitution into silicalite, and 

one that is acute with Mn, is that the basic conditions typically utilized to produce 

high-quality materials cause precipitation of the metal as the hydroxide. While 

different strategies have been used to overcome this problem, none have generated 

high-quality Mn-substituted silicalite with levels of metal incorporation 

comparable to those attained with Ti. We report here the use of the Mn cluster 

complex, Mn12O12(O2CCH3)16, to deliver Mn ions into a silicalite-2 (ZSM-11) 

lattice under basic conditions. Manganese silicalite-2 (ZSM-11) materials were 
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synthesized using 3,5-dimethyl-N,N-diethylpiperidinium (DDP) as the structure-

directing agent (SDA). This produced phase-pure manganese silicalite-2 of high 

crystallinity with Mn substitution in amounts up to 2.5 mol % achieved. This is, to 

the best of our knowledge, the highest and most systematic incorporation of 

manganese into a silicalite. 

 

2.2. Experimental 

 

2.2.1. Synthesis of Mn-silicalite-2 

 

Mn12O12(O2CCH3)16 and 3,5-dimethyl-N,N-diethylpiperidinium hydroxide 

were synthesized by published procedures.26,27 In a typical preparation, 24.405 mL 

of a 0.7895 M 3,5-dimethyl-N,N-diethylpiperidinium hydroxide solution was 

placed in a three-necked flask equipped with a magnetic stirrer under a N2 flow. A 

total of 15.167 mL of freshly distilled tetraethyl orthosilicate (TEOS; Aldrich, 

98%) was added over a period of 30 min under constant stirring. After 1 h, 0.117 g 

of Mn12O12(O2CCH3)16 in 5 mL of methanol was added. The solution was stirred 

under N2 for a period of 1 h, after which 10 mL of nanopure water (18.0 Ω−1; 

Barnsted E-Pure system) was added slowly. The solution was stirred overnight, 

after which the flask was heated to 78 °C for 1.5 h, resulting in evaporation of 

some of the solvent. The clear solution obtained was transferred into a Teflon-lined 

bomb of 250 cm3 capacity and placed in an oven at 114 °C for 3 days followed by 

heating at 175 °C for an additional 4 days. The solid was recovered by 

centrifugation followed by filtration. The filtrate was washed thoroughly with 

nanopure water, dried at 120 °C in air for 24 h, and calcined at 500 °C in air for 48 

h. 
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2.2.2. X-ray Fluorescence  

 

The weight percent of manganese in the silicalite-2 materials was quantified 

using an Oxford Instruments ED 2000 X-ray fluorescence instrument. For 

quantitative determination, the instrument was calibrated against reference 

standards of known concentration of Mn doped into silica gel. 

 

2.2.3. X-ray Diffraction (XRD)  

 

Powder XRD patterns were collected on a Siemens D500 diffractometer (40 

kV, 30 mA, 2θ = 2° min−1) using Cu Kα radiation. The samples were ground to a 

grain size of 5−10 μm using a mortar and pestle and then mounted on a glass slide 

using the smear mounting method. 

 

2.2.4. Electron Paramagnetic Resonance (EPR)  

 

EPR spectroscopy spectra were obtained on a Bruker E-500 spectrometer 

operating at X and Q band. The g values of the samples were obtained with 

reference to a standard diphenylpicrylhydrazyl resonance at g = 2.0036. 

 

2.2.5. Soft X-ray Absorption Near-Edge Spectroscopy (XANES)  

 

XANES spectra were acquired at the undulator Beamline 8.0.1 at the 

Advanced Light Source at the Lawrence Berkeley National Laboratory. The 

standards and unknown samples were pressed into carbon tape, and the spectra 

were taken on these powder samples. XANES experiments were conducted using 

the total electron yield detection method, where the total photocurrent is measured 
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as the photon energy is scanned through the absorption edges. The experimental 

energy resolution was 0.10 eV at the Mn L2,3 edge. The incident photon flux was 

measured with a highly transmissive gold grid, and all spectra were normalized to 

the current from the gold grid. All spectra were recorded at room temperature and 

base pressures of less than 5 × 10−9 Torr. 

 

2.2.6. Gas Physisorption Measurement  

 

Nitrogen adsorption−desorption measurements were performed at 77 K on a 

Micrometrics ASAP 2020 sorptometer. Prior to measurement, all samples, 

previously dried at 500 and 750 °C, were degassed for 1 h at 90 °C followed by 4 h 

at 350 °C. Adsorption and desorption isotherms over a range of relative pressure 

(P/P°) of 0.01−0.95 were collected for all samples. Surface areas were determined 

from the Brunauer−Emmett−Teller (BET) equation in a relative pressure range 

between 0.01 and 0.10.28 Micropore volumes and the average pore size were 

determined using the method of Horvath−Kawazoe.29 All isotherms are described 

using IUPAC nomenclature.30 

 

2.3 Results and Discussion 

 

The incorporation of manganese into silicalite under the high-pH conditions 

needed to produce materials of high crystalline quality is difficult because of the 

ready formation and poor solubility of manganese hydroxide. For example, for 

MnII ions, which are common reagents, the hydroxide has a Ksp of 10−13.31 Previous 

reports of manganese silicalite synthesis have sought to avoid this problem in 

different ways. In the earliest report, the reaction was carried out at low pH using 

fluoride as a mineralizing agent.32 In that work, infrared spectroscopic evidence 
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indicated that substitution into the framework had been achieved; however, the 

amount of manganese incorporated was small. In later studies, Mn2+ ions were 

exchanged into the layered silicate sodium magadiite, which was then 

hydrothermally treated to form the silicalite-1 MFI structure.33 Recently, 

manganese silicalite-1 has been synthesized under basic conditions using 

manganese acetate as the metal ion source.34 This process succeeded in 

incorporating Mn ions into the lattice; however, the material produced was 

biphasic and the amount of manganese incorporated was low. 

Manganese silicalite-2 was synthesized under standard conditions for 

silicalite-2 using 3,5-dimethyl-N,N-diethylpiperidinium hydroxide as the SDA. The 

manganese acetate cluster complex, Mn12O12(O2CCH3)16, was added in a methanol 

solution, with the amount added being determined by the amount of manganese 

desired in the silicalite product. The resulting solid was transparent even after 

addition of the base, indicating that precipitation of manganese as the hydroxide 

was not occurring. The solution was placed in a Teflon-lined bomb, and 

hydrothermal synthesis was carried out. After synthesis, a white, uniform 

microcrystalline powder was recovered from the colorless clear mother liquor by 

centrifugation followed by filtration. Calcination to remove the template at 500 °C 

for 24 h under oxygen resulted in a gray powder. 

Nitrogen physisorption of the powder gave a type I isotherm with a type H4 

hysteresis loop characteristic of microporosity and typical of the isotherms 

observed for silicalites.30,35 The BET surface area is 278.7 m2/g, and the median 

pore width is 0.45 nm. Powder XRD of calcined (500 °C) 1 mol % manganese 

silicalite-2 powder gave a well-resolved diffraction pattern with sharp reflections 

suggestive of well-formed crystallites (Figure 2.1.a).  
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Figure 2.1. XRD pattern of 1 mol % manganese silicalite-2 calcined at (a) 500 °C and (b) 750 °C 
(arrows indicate the 110 and 330 reflections characteristic of the MEL structure). 
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Analysis of the pattern showed it to be phase-pure ZSM-11, as was expected 

from this SDA, which is confirmed by the observation of diffraction peaks at 2θ = 

6.2° and 18.7° associated with the 110 and 330 reflections, which are allowed for 

ZSM-11 (MEL) but not ZSM-5 (MFI). In addition, two sharp intense reflections 

are observed at 2θ = 23.1° for (501) and 2θ = 23.9° for (303), which are seen in 

phase-pure ZSM-11 but not in mixed ZSM-11/ZSM-5 materials.36,37 XRD analysis 

as a function of added manganese indicates that up to 2.5 mol % remains phase-

pure ZSM-11. Above 2.5 mol %, biphasic materials were recovered that were not 

analyzed in detail. Imaging of the crystallites by TEM (Figure 2.2a) reveals well-

defined planes with an interplanar spacing of ~ 19.7 Å, which corresponds to the 

(200) crystallographic planes. The material shows a sharp electron diffraction 

pattern (Figure 2.2.b) that can be readily indexed to the ZSM-11 unit cell.  
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Figure 2.2. TEM of manganese silicalite-2 calcined at 500 °C: (a) image; (b) electron diffraction. 
TEM of manganese silicalite-2 calcined at 750 °C: (c)image; (d) electron diffraction 
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An SEM image of the material containing 1 mol % Mn (Figure 2.3.a) shows 

it to be composed of extremely well-formed crystallites of ~ 7 μm in length. In 

fact, the images show a clearly resolved arrangement of crystal faces (Figure 2.3.b) 

that are compatible with symmetry of the I-4m2 space group of ZSM-11. 

Interestingly, the manganese-containing materials exhibited larger, better-formed 

crystallites than did control samples containing no manganese made under the 

same conditions with the DDP template. A similar result has been reported 

previously for highly phase-pure ZSM-11, where the addition of an alkali-metal 

cation resulted in larger crystallite formation.36  
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Figure 2.3. SEMs of manganese silicalite-2: (a) calcined at 500 °C showing representative 
crystallites; (b) the crystal faces that define the crystal habit; (c) calcined at 750 °C showing 

representative and (d) highly twinned crystallites. 
 

 

The unit cell parameters for each of the manganese silicalite-2 samples were 

refined in the tetragonal I-4m2 space group of ZSM-11 to obtain an accurate unit 

cell volume. A plot of the unit cell volume obtained from these refinements is 

shown in Figure 2.4. There is a linear increase in volume as a function of 

manganese loading, which is generally taken as indicative of metal ion substitution 

into the lattice, and while it does not quantify the amount of lattice incorporation 
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per amount of added manganese, it does establish that a systematic and 

proportional incorporation is realized for each loading. 

 

 

 

Figure 2.4. Plot of the unit cell volume as a function of Mn3+ (squares) and Mn2+(circle) 
concentration. 

 
 

From a synthetic standpoint, an important question is, what percentage of the 

manganese available in the Mn12O12(O2CCH3)16 cluster is being delivered to the 

silicalite? The cluster itself, which has been extensively studied as a single 

molecule magnet, is a mixed-valence ring structure containing eight MnIII ions 

arranged in a circle with bridging acetate groups and a core of four MnIV ions 

bonded through oxo bridges.26,38 While each cluster can potentially deliver 12 Mn 

atoms if all are incorporated, less incorporation would be expected if one oxidation 
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state of the cluster were selectively incorporated. In the preparation of 2 mol % 

manganese silicalite-2, 1.14 × 10−4 mol of Mn12O12(O2CCH3)16 is added to 0.068 

mol of TEOS to achieve 0.020 mol of Mn atoms for every 1 mol of silicon. 

Elemental analysis of the calcined manganese silicalite-2 gave 1.98% Mn, which 

corresponds to 99.21% of the Mn provided by the cluster ultimately found in the 

silicalite product. The liquid remaining after the silicalite product was centrifuged, 

filtered, and analyzed. The amount of manganese remaining in the solution phase 

(i.e., not incorporated in the solid product) after synthesis proved to be negligible 

(<0.01 mmol). Because we detect no large-scale phase separation into manganese 

oxides within the detection limits of the XRD, it appears that the cluster is nearly 

quantitative in delivering all of its manganese, regardless of the initial oxidation 

state, to the silicalite though, as stated above, we cannot discriminate between 

framework and extra-framework speciation. Interestingly, attempts to synthesize 

manganese silicalite-1 by this approach using tetrapropylammonium hydroxide as 

the SDA were not successful, producing poor-quality materials with little insertion 

of the manganese. The reason for this is unknown, but it does suggest that specific 

interactions between the SDA and the transition-metal ion source may be important 

in the synthesis. 

 

2.3.1. Oxidation State of the Mn  

 

Analysis of the oxidation state for the calcined materials is provided by L2,3-

edge XANES. Figure 2.5. shows the XANES spectrum of a 1 mol % sample of 

manganese silicalite-2 calcined at 500, 650, and 750 °C for a period of 24 h under 

a dioxygen flow. Also shown, for purposes of assigning the oxidation state, are 

manganese oxide reference compounds in the II, III, IV, and mixed-valance II/III 

oxidation states. As indicated by the XANES spectra, calcination at 500 °C, which 
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removes the organic template, yields, within the detection limits of the XANES 

measurement, purely MnII sites in the lattice. These results suggest that, during the 

hydrothermal synthesis and initial calcinations, MnIII and MnIV of the cluster get 

reduced and are incorporated into the silicalite channels as MnII. It should be noted, 

however, that manganese(II) acetate itself has been used in a previous high-pH 

synthesis of manganese silicalite-1 where high manganese loading was not 

achieved.34 Likewise, in our initial attempts to make manganese silicalite-2, the use 

of simple MnII salts [i.e., Mn(NO3)2 and MnCl2] and both manganese(II) and 

manganese(III) acetate complexes did not result in significant manganese 

incorporation. Clearly, the ability of the Mn12 cluster to deliver manganese to the 

lattice is unique and likely results from the formation of intermediate species stable 

at high pH and not simply through reduction to MnII or, more specifically, 

manganese(II) acetate. 
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Figure 2.5. XANES spectra (L2,3 Mn edge) of 1 mol % manganese silicalite-2 calcined at (a) 
500 °C, (b) 650 °C, and (c) 750 °C and reference compounds (d) MnO, (e) Mn2O3, (f) MnO2, 

and (g) Mn3O4. 
 

 

Some structural information about the geometry of the manganese in the 

silicalite lattice can be inferred from the XANES spectra by a comparison with the 
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controls. In particular, a comparison of the spectra of the MnO control, in which 

the manganese is in an octahedral environment, is quite similar at both the L2 and 

L3 edges with that of manganese(II) silicalite-2, suggesting that the geometries of 

the sites are the same. The absorption spectrum of MnII at the L3 edge shows 

several sharp features, which are attributed to a combination of crystal-field effects 

with splitting due to multipole 2p−3d and 3d−3d interactions.39 The intensity of 

these features is strongly dependent on the geometry and crystal-field strength 

around the ion. These resolved features for MnO are largely duplicated in 

manganese(II) silicalite-2, which is further suggestive of a similarity in the 

coordination environment. The low-energy peak at 634 eV, which is well resolved 

in MnO, appears as a shoulder in manganese(II) silicalite-2, which is consistent 

with the existence of a weaker ligand-field environment in this material. The 

XANES of MnIII in silicalite-2 is virtually identical with that of the Mn2O3 

reference in which MnIII is in a distorted six-coordinate environment with two 

elongated Mn−O bonds. Taken together, the XANES spectra suggested that for 

both oxidation states the Mn is six-coordinate in the silicalite lattice. Because 

Mn2+/3+ is replacing Si4+ in the silicalite, it will be 4-fold-coordinated by the lattice 

with the excess negative charge balanced, presumably, by a proton. Because the 

XANES spectra were collected under ambient conditions where hydration had the 

opportunity to occur, it is assumed that the vacant coordination sites are occupied 

by water molecules, which yield the distorted octahedral geometry. This 

suggestion is supported by the presence of hydroxyls in the infrared spectrum. 

 

2.3.2. Incorporation of Mn into the Lattice  

 

As indicated by the XANES data, the Mn is in the II oxidation state at the 

end of the synthesis and after calcination, suggesting that somewhere during the 
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process the Mn has been reduced from the III/IV states present in the Mn12 cluster. 

EPR spectra, collected in X band (Figure 2.6.a), of the as-synthesized manganese 

silicalite-2 show a well-resolved hyperfine sextet characteristic of MnII, suggesting 

that either all or part of the Mn is reduced during the hydrothermal synthesis stage 

of the process. How MnIII/IV is reduced is unclear but probably involves oxidation 

of some of the organic species present in solution. Insights into MnII incorporation 

into the silicalite lattice can also be obtained from EPR spectroscopy. The EPR 

spectra of MnII ions randomly oriented in inorganic matrixes where axial symmetry 

has been imposed on the site are well understood. The outer transitions are not 

observed, and the spectra are characterized by a single Ms = 1/2 ↔ −1/2 resonance.40-

44  

As mentioned, the X-band spectrum of uncalcined manganese silicalite-2 

(Figure 2.6.a) shows a well-resolved hyperfine sextet from the I = 5/2 nucleus with 

g= 2.005 and A = 0.0087 cm−1 corresponding to this transition. The position of the 

main resonance at a g value very close to 2 and the observation of well-resolved 

hyperfine coupling are consistent with a small zero-field splitting. Spectra 

collected at 5 K at Q band (Figure 2.6.b) show further resolution of five of the six 

hyperfine lines into doublets. These lines have been observed previously and 

assigned to the formally nonallowed ΔmI = ±1 transitions of the central Ms = 1/2 ↔ 

−1/2 resonance.44 The relative intensities of the allowed and forbidden lines are 

proportional to (D/H0)
2 where D is the zero-field splitting and H0 the magnetic 

field. Integration of the Q-band spectra and measurement of the intensities of 

allowed and nonallowed transitions yield a zero-field splitting of 0.014 ± 0.004 

cm−1.42,45 This small zero-field splitting indicates that the MnII ions in the as-

synthesized silicalite-2 are largely octahedral with only small axial distortion. 

Notably, both the magnitude of the hyperfine coupling and the zero-field splitting 

are very close to those observed by De Vos et al. for MnII ions exchanged into the 
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pores of NaA zeolites.42 Because the system dehydrates during heating at the 

calcination temperature (500 °C), there is complete loss of the hyperfine structure 

(Figure 2.7.), which is consistent with the large increase in the zero-field splitting 

that would accompany the loss of octahedral symmetry when the ion is inserted 

into the lattice.  

Notably, loss of the hyperfine structure in Figure 2.6. could also be 

explained by spin−spin interactions due to agglomeration of the manganese, that 

would necessitate severe demetalation of the lattice, which is inconsistent with the 

crystallographic data. All in all, this suggests that, in the as-synthesized manganese 

silicalite-2, the Mn ions are not strongly incorporated into the silicalite lattice and 

that actual insertion into the framework occurs with calcination. This suggestion is 

supported by changes in the unit cell volume as a function of the processing 

temperature. Clearly, substitution of the metal ion into the silicalite lattice takes 

place in several stages, with the hydrothermal synthesis delivering the metal ion 

into the pores. At this stage, the coordination sphere is hydrated and, perhaps, 

loosely associated with the lattice, as suggested by the small zero-field splitting in 

the EPR spectrum. Calcination at a temperature that removes the organic template 

also results in insertion of the MnII ion into the lattice. 
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Figure 2.6. EPR spectra of as-synthesized (uncalcined) 0.5 mol % manganese silicalite-2 at room 
temperature collected in (a) X band and (b) Q band. 
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Figure 2.7.  X-band EPR spectrum of 0.5 mol % manganese silicalite-2 calcined  
for 24 h at 500 °C under dioxygen. 

 

 

Above that temperature, at 650 °C the Mn is further oxidized and a mixture 

of MnII and MnIII appears to be present. The mixed valency of the 650 °C calcined 

manganese silicalite-2 is supported by the similarity of its XANES with that of the 

mixed-valence Mn3O4 reference standard (Figure 2.5.g). Materials calcined at 750 

°C undergo relatively complete conversion to MnIII, as evidenced by the XANES 

spectrum (Figure 2.5.b). These results are generally consistent with those reported 

for manganese silicalite-1 by Tusar et al., who confirmed the presence of MnIII 

along with some unoxidized MnII upon 550 °C oxidation.34 However, in 

manganese silicalite-2, the oxidation to MnIII appears to occur at higher 

temperatures, well separated from the initial calcination temperature of MnIII. From 

the standpoint of use in applications such as catalysis, this is advantageous because 

it suggests that relatively pure oxidation state manganese(II) and manganese(III) 

silicalite-2 can be made. 
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Gas physisorption of materials oxidized at 750 °C to MnIII show retention of 

the type I isotherm and the H4 hysteresis loop.30 The BET surface area is 298 m2/g, 

and the average pore diameter is 0.49 nm. The X-ray analysis indicates that it is 

still phase-pure ZSM-11 of apparently good crystallinity (Figure 2.1.b). The 

diffraction peaks are slightly broader than those of the MnII materials, indicating 

that there may be some slight degradation due to thermal processing. TEM (Figure 

2.2.c) of the crystallites resolves well-defined planes with an interplanar spacing of 

~7.5 Å, which corresponds to the (211) crystallographic planes. The material 

shows a diffraction pattern (Figure 2.2.d) that is indexed to the ZSM-11 unit cell. 

Imaging of the crystallite by SEM (Figure 2.3.c) shows them to be very well-

formed rods, on the order of 7−15 μm long and 1.68 μm square, which are identical 

in habit with the materials calcined at 500 °C. Interestingly, the SEM images of 

this sample also showed a number of structures composed of highly twinned or 

even more complex intergrown arrangements of crystallites (Figure 2.3.d). While 

the materials are still silicalite-2 after high-temperature oxidation, an important 

question is whether MnII is still present in the lattice. The unit cell volume, 

obtained from the refined XRD pattern as a function of manganese loading, is 

shown in Figure 2.4. For a given concentration of manganese, the unit cell volume 

would be expected to decrease when MnII is oxidized to MnIII due to a change in 

the ionic radius from 0.80 to 0.66 Å.46 This is observed at each of the manganese 

loadings. The general trend, however, is that the unit cell volume increases as a 

function of the MnIII concentration, consistent with the systematic incorporation 

into the lattice. 

In conclusion, we have established that the choice of molecular precursors 

can have an important impact on the synthesis of framework-substituted silicalite 

under conditions of high pH. By use of Mn12O12(O2CCH3)16 as a Mn source, 

manganese silicalite-2 was synthesized at high pH and with loadings of up to 2.5 
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mol %. Studies of the effects of the calcination temperature of this system found 

that both manganese(II) and manganese(III) silicalite-2 can be prepared by the 

choice of the calcination temperature. This provides a pathway to two distinct 

substituted silicalites, whose catalytic activities are likely to be different. 
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CHAPTER III 

 
SYNTHESIS AND CHARACTERIZATION OF CHROMIUM (VI) AND 

CHROMIUM (IV) SILICALITE-2 

 
 

3.1 Introduction 

 

  The materials reported here represent an effort to extend the class of 

isomorphically substituted +4 metal ions in the silicalite lattice.  The particular 

choice silicalite-2 (ZSM-11) as the the matrix instead of the more common choice 

of silicalite-1 (ZSM-5) is based on recent studies in our group in the synthesis of 

silicalite lattices containing the systematic and controllable inclusion of Mn2+ and 

Mn3+ ions occupying lattice sites.47 In these studies phase-pure silicalite-2 (ZSM-

11) was found to be particular facile in incorporating metal sites into the lattice 

and, at the same time, provided very materials of very high crystalline quality 

which greatly facilitated characterization.  

Chromium ions have been previously incorporated into silicalite-1 and 

silicalite-2 lattices.48,49   Both of these materials were made through the addition of 

Cr3+ salts (typically the nitrate) into the silica sol just prior to  hydrothermal 

synthesis.  The resulting as-synthesized materials were green in color from their 

retention of the +3 oxidation state of the starting chromium salt, however, in all 

cases, calcination to remove the organic template oxidized the Cr3+ site.  The final 

oxidation state of Cr-silicalite-1 was found to be +6, which is the final oxidation 

state of Cr after high-temperature oxidative calcination in most silica matrices.51 

For Cr-silicalite-1, tetrapropylammonium was used at the structure-directing agent 

(SDA). This produced Cr-silicalite-1 of very high crystallographic quality with Cr 

incorporation into the lattice established by the unit cell expansion as measured by 

 38



x-ray diffraction. Chromium silicalite-2 was synthesized hydrothermally using 

tetrabutylammonium (TBA) as the SDA.  While these materials catalyzed several 

notable oxidation processes, TBA is well known to produce phase impure 

silicalite-2 and, while a detailed analysis of the crystalline quality was not 

provided, it is unlikely that these materials were phase pure.36,37

Prior studies have incorporated chromium ions in the lattice of silicalite-1 

starting with Cr(III) nitrate either by a hydrothermal synthesis in basic solution or 

in neutral fluoride medium. After calcination to remove the template the oxidation 

state of the chromium was reported to be a mixture of +3 and +5 in the former case 

and solely +3 in the latter.  While these materials have shown catalytic activity, it 

likely that other oxidation state of chromium might have exhibit greater or 

different reactivity.  We report here the synthesis of chromium silicalite-2 

materials in which chromium occupying lattice sites is oxidized almost 

quantitatively to the +6 oxidation state, thus allowing us to study the catalytic 

properties of pure Cr(VI)-silicalite without interference from the lower oxidation 

state compounds. 

 

3.2 Experimental Section  

 

Characterization of Cr silicalite-2 was done using XRD, XANES, Nitrogen 

physisorption as previously described in Chapter II 

 

 

3.2.1. Synthesis of Chromium(VI) Silicalite-2   

 

Chromium substitution into both silicalite-1 and silicalite–2 has been 

accomplished previously in all cases starting from Cr(III) complexes as a 
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chromium source.5-8  In our preparation of a 1% Cr silicalite, 13.7 ml template 

solution (78.95 mmols 3,5-dimethyl-N,N-diethylpiperidinium in 200 ml aqueous 

solution) was slowly added while stirring to a mixture comprising of 6 ml 

tetraethylorthosilicate and 2 ml 2-propanol under N2. To the resultant mixture a 

solution of 0.1086 g chromium (III) chloride nanohydrate in 5.5 ml nanopure water 

was added very slowly while vigorously stirring. The clear solution was stirred at 

70 °C for 3 hour. The crystallization was carried out in a Teflon lined autoclave 

under static conditions at 180 °C for 21 days.  The zeolite was recovered by 

filtration, washed thoroughly with nanopure water, dried at 120 °C in air for 24 h.  

To remove the template and achieve oxidation of the Cr(III) sites to Cr(VI) the 

materials was calcined at 500 °C  in air for 48 h.  The materials were generated had 

Cr(VI) loadings of 0%  to 2.7% 

 

3.2.2 Electron Paramagnetic Resonance Spectroscopy  

 

Reduced 1 mol % chromium silicalite-2 not reduced 1 mol % chromium 

silicalite-2   samples were placed in a glove bag under argon gas.  In this inert 

atmosphere samples were loaded into a specially designed EPR tube that is 

sealable and is easy to evacuate on a high vacuum line.  The tubes were then 

evacuated to 1 x 10-3 torr and flame sealed. HFEPR was run on a Bruker Elexsis 

E500 EPR system at low temperatures (5-20K), room temperature (298K) and over 

a range of frequencies. 

 

3.3. Results and Discussion 

 

Chromium silicalite-2 was prepared hydrothermally from an established 

synthesis utilizing Cr(III) nitrate as a chromium source but 3,5-dimethyl-N,N-
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diethylpiperidinium as a templating agent.  Consistent with previous reports for 

chromium silicalite-1, as synthesized, the metal remains largely in the +3 oxidation 

state. The electronic spectrum (Figure 3.1) shows two bands in the visible at 440 

and 635 nm, which are assignable to the  4A2 - 
4T1 and 4A2g-

4T1g transitions is for 

octahedral Cr(III). 

 

3.3.1. Calcination and Oxidation Processes 

 

 Calcination of the zeolites at temperatures around 500 °C removes the 

template and also oxidizes the Cr sites.  In chromium dispersed on amorphous 

silica, which is used in generating the Phillip’s polymerization catalyst, calcination 

yields almost exclusively Cr(VI).  However, prior studies of chromium silicalite-1 

have indicated that at temperature of 420 °C, non structural Cr(III) is oxidized to 

Cr(VI) but at higher temperatures at which the framework sites are oxidized (570 

°C) destroys the silicalite structure.   

In particular, a color change is observed in heating the material, 

measurement of the UV-Vis spectrum shows that the Cr(III) bands at 450 and 635 

nm vanish and are replaced by intense bands at 375 nm which are associated with 

Cr(VI) on silica and the material becomes strongly absorbing as seen in Figure 3.1. 

The absorption is largely featureless, increasing in intensity into the UV with a 

resolved peak at 375 nm. There is no evidence of absorbance above 600 nm which 

would be indicative of residual Cr(III), though this band is inherently weak which 

makes them a less than optimal indicator. 
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Figure 3.1 Diffuse reflectance spectra of uncalcinated and calcinated 1mole % Cr silicalite-2. 

 

 The X-ray photoelectron spectrum of the oxidized material shows two peaks 

at 578.4 and 587.3 eV associated with the Cr 2p3/2 and the 2p1/2 ionization 

respectively.  These values compare quite favorably with other Cr(VI) systems 

which typically have 2p3/2 and  2p1/2  binding energies of ~ 578 and ~587 eV 

respectively.  In general Cr oxide compounds follow the general trend that the 

ionization energy increases with oxidation state.  Cr(III) oxides typically have 2p3/2 

and  2p1/2  binding energies of ~576 and ~586 eV respectively (values for Cr2O3 

are, respectively, 575.6 and 585.3 eV).  There are no features in the X-ray 

photoelectron spectrum indicative of lower oxidation state species which suggests 

that, within the limits of detection of the technique, we have only Cr(VI).  Within 
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an oxidation state there are variations in the binding energy attributable to 

differences in the coordination geometry around the chromium imposed by the 

crystallography.  For Cr(VI) oxides the lowest ionization energy is observed in the 

simple oxide CrO3 which is composed of distorted tetrahedra, with binding 

energies of 577.1 (2p3/2) and 585.8 (2p1/2) eV.  For Cr(VI) silicalite the binding 

energies are higher and compare more closely with chromates of the form M2CrO4 

and M’CrO4 where some of the oxygens are shared between the chromium and the 

alkali (M) or alkali-earth (M’) metal.  For example, K2CrO4 the binding energies 

are 578.4 (2p3/2) and 587.7 (2p1/2) eV which are close to the values measured for 

the Cr(VI) silicalite-2.  This is likely to the presence of Si-O-Cr linkages in the 

silicalite lattice which are electron withdrawing.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.2  XPS for Cr (VI) silicalite-2 
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 An important issue in the characterization of metal substituted zeolites is 

establishing that the metal is, in fact, being incorporating into the lattice.  Typically 

this is done by measuring changes in the unit cell volume as a function of metal 

content.   Figure 3.3 show the  powder x-ray diffraction (XRD) of a 1.0 % Cr 

silicalite-2 sample oxidized at 500 ° C for 48 hours.  The material is highly 

crystalline and the diffraction pattern refines in a tetragonal I4m2 space group 

characteristic of the silicalite-2 (ZSM-11). 

 

Figure 3.3 XRD pattern of Cr(VI)-silicalite-2 

 

  Figure 3.4 shows a plot of the unit cell volume, obtained from the refined x-

ray diffraction pattern for a series of Cr(VI)-silicalite-2 samples.  There is a 
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positive linear correlation between the unit cell size and Cr(VI) loading which 

establishes that chromium is being systematically incorporated into the lattice.   

Obviously, some portion of the Cr may also be deposited on the surface and 

defining the how the metal ions partition between lattice and surface sites is, at 

best, difficult. 

  

 

Figure 3.4. . Plot of the unit cell volume as a function 
of Cr6+(round) and Cr4+(square) concentration. 
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Figure 3.5. TEM of  Cr (VI) silicalite-2: image (left); electron diffraction (right) 

 

 

Figure 3.6. SEM of  Cr silicalite-2 
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Infrared spectroscopy, collected as diffuse reflectance spectra of completely 

dehydrated silicalite-2 and  1.0 % of Cr(VI)-silicalite-2  (Figure 3.7.) show only 

one band at 912 cm-1   that is not present in pure silicalite-2. Bands in this spectral 

region are associated with metal-oxygen stretches and are often considered 

indicative of metal incorporation into the silicalite lattice.  In particular, TS-1 

shows a band at 960 cm-1 which has been assigned to a totally symmetric Ti-O-Si 

stretch in the silicalite lattice.  For the Cr(VI) site in silicalite, there were be, in 

conjunction with a bridging oxygen to the lattice, a terminal oxygen to balance the 

+6 charge on the Cr and achieve neutrality.  Therefore, it is likely that one of the 

bands may correspond to a Si-O-Cr stretch and the other to a terminal Cr=O 

stretch. There are two possible assignments for  the 912 cm-1 band.  One is a Cr-O-

Si stretching mode coupling the Cr site to the silicalite-2 matrix.  This would be 

consistent with most other metal silicalite matrices such as TS-1, and Fe which all 

show bridging stretches in this region. 
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Figure 3.7. Overlayed IR spectrum of Cr (VI) silicalite -2(red) with 0.5% Cr (VI) silicalite-2 
(dark blue) and 1% Cr(VI) silicalite-2 (light blue). 

 

 

However, in the case of chromium bound to amorphous silica, which has 

been well studied because of its relationship to the Phillip’s polymerization 

catalyst, a dioxo structure  is often proposed.  It is therefore possible that the 912 

cm-1 mode is the antisymmetric stretch associated with terminal Cr(=O)2  group. 

Infrared absorption and Raman scattering are governed by completely 

different selection rules. Infrared bands arise from an interaction between light and 

the oscillating dipole moment of a vibrating molecule. Raman bands arise from an 

oscillating induced dipole caused by light waves interacting with the polarizability 

ellipsoid of a vibrating molecule. Thus, symmetric stretches, vibrations involving 
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multiple bonds, and vibrations of heavier atoms typically give rise to strong bands 

in the Raman spectrum. Asymmetric molecules will have bands at similar 

frequencies in both the infrared and Raman spectra, but their relative intensities 

will be very different. In most cases, a chemical species will have strong, 

indicative bands in both its Raman and IR spectra but they may not coincide. That 

may be the reason for the sharp peak  in our reagion of interes that can be easily 

assigned as CrO2 mode (Figure 3.8.) 

Figure 3.8. Raman spectrum of 1 mole % Cr silicalite-2 at room temperature excited at 244 nm. 

 

 

The oxidation state of the Cr sites in the silicalite-2 lattice after calcination 

was found to be Cr6+.  The material is EPR silent, which is suggests that no 
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residual Cr3+ remains in the matrix. ( Figure 3.15)   The structure of isolated Cr(VI) 

sites in a silica matrix is well established though vibrational spectroscopy and x-

ray absorption fine structure (XAFS) analysis.  The sites are four coordinate of 

nominal C2v symmetry with two terminal oxo groups and two oxygen atoms 

bridging to silica: (Si-O-)2Cr(=O)2.
50,51  The Cr-silica dioxo structure is 

characterized by a single sharp band occurring in the Raman at 986 cm-1 which is 

the totally symmetric stretch of the dioxo group.51  This band is absent in pure 

silicalite-2 but present in the Raman of a 1 % Cr-silicalite-2 ( Figure 3.8.).  Finally, 

the Cr(VI)-silicalite-2 shows a strong peak at 375 nm and a resolved shoulder at 

450 nm due to LMCT bands characteristic of the d0 chromium(VI) site in other 

silica matrices.  The presence of these structure-specific spectral features indicates 

that, in silicalite-2 the, the Cr6+ dioxo structure is retained.  

 The Cr(VI) silicalite–2 shows a strong orange luminescence (Figure 3.10.) 

with complex and well resolved vibronic structure.  The emission excitation 

spectrum (Figure 3.9.) shows two peaks at 400 and 510 nm with the low-energy 

transition overlapping the blue edge of the emission indicating that it probably 

represents direct excitation into the emitting state.  Comparison of the absorption 

spectrum and the emission excitation spectrum shows good agreement between the 

Cr(VI) charge transfer band at λmax = 375 nm in the absorption and the λmax = 380 

nm band in the excitation, suggesting that the emission is from the Cr(VI) sites.  

The low energy band at ~500nm, which is very well resolved in the excitation 

spectrum  is not resolved as a peak in the absorption spectrum but overlaps and is 

contained in the red edge of the absorption at wavelengths longer than  λmax. The 

distinct resolution of this transition in the excitation spectrum likely reflects the 

fact that it is strongly coupled to the emitting state (i.e. direct excitation into the 

emitting state) and the fact that the excitation spectrum is collected at cryogenic 

temperatures while the diffuse reflectance spectrum is not.   
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Close inspection of the vibronic progression reveals that there are, in fact, two 

vibration frequencies built on each other, the long mode at 956 cm-1tentativelly 

assigned as terminal Cr=O vibration and the short mode at 206 cm-1 from a Cr-O 

vibration. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.9. Emission excitation of 0.05 mole% Cr silicalite-2 monitored at 610 nm emission 

 51



Figure 3.10 Luminescence spectrum of  0.5 mol % Cr silicalite-2 at 50K excited at 355 nm 

 

 

Early investigations to characterize TS-1 focused on determining the 

coordination environment a of the titanium site, which proved to a distorted 

tetrahedron from the isomorphic substitution of  Ti(IV) for Si(IV) in the silicalite 

lattice.  Considerable effort was also spent in determining whether the Ti 

substituted randomly in the available sites in the ZSM-11 structure or whether 

certain sites were preferentially occupied.  The preponderance of data, obtained 

primarily from neutron scattering studies, supports random occupation.52,17  For 

TS-1 and other redox active silicalite materials the catalytic activity that is unique 
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to these systems comes from a synergy between the silicalite lattice and the metal 

ions.  In particular, the Lewis acidity of the metal site coupled with hydrolytic 

lability of the Si-O-M. We report here the observation for extremely unusual 

interactions between a metal site and the silicalite lattice.  In particular Cr(VI) ions, 

substituted at low concentration in a well formed silicalite-2 lattice (ZSM-11) are 

found to induce an abrupt change in the unit cell volume of the crystal.  

Modifying the temperature at which the emission spectra is collected we found that 

is an shift on the vibronic structure at ~ 20K assigned as a phase transition ( Figure 

3.11) and confirmed afterward  by a refinement of the unit cell based on a 

temperature dependent XRD study (Figure 3.12). Decreasing the temperature a 

relative uniform shrinking of the unit cell is observed along all three axes. As the 

temperature decrease lower then 20K, unit cell parameters remain relative constant 

but a sudden decrease of the unit cell along c axes is observed and most probably 

the Cr active site is inducing this change as this phase transition is not observed in 

pure silicalite-2.  
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Figure 3.11. Temperature dependence of  luminescence spectrum of 0.5 mol% Cr silicalite-2 at 
10,20,30 K (excitated at 335 nm) 
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Figure 3.12.  Plot of the unit cell parameters  from   temperature programmed XRD of Cr-
silicalite-2. The temperature ranged from 10 to 150 K 

 

 

3.3.2 Chromium IV silicalite-2 synthesis and characterization 

 

Our approach to creating isomorphically substituted Cr4+ ions is to reduce 

the high-valent Cr sites that form upon calcination of Cr-silicalite-1 and -2, down 

to Cr4+.  Initial synthesis of Cr-silicalite-2 was carried out hydrothermally at high 

pH using tetraethylorthosilicate as the silica source and 3,5-dimethyl-N,N-

diethylpiperidinium hydroxide (DDP) as the SDA.   Chromium was introduced as 

Cr3+ nitrate nonahydrate into the sol at concentrations ranging from 0.5 to 2.5 mol 
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% Cr to Si.  After synthesis a green powder was recovered from the reaction 

vessel.  This color is consistent with Cr3+ ions in silica that was observed in 

previous synthesis of Cr-silicalites.53,54  Calcination of these materials at 500 °C 

under air resulted in the the transformation of the powder to from green to  orange 

with the intensity of the color being dependent on the amount of Cr.   

 

Figure 3.13  XRD pattern of Cr(IV)-silicalite-2 
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X-ray powder diffraction of calcined (500 °C) 1 mol % Cr-silicalite-2 

powder gave a well-resolved diffraction pattern with sharp reflections suggestive 

of well-formed crystallites (Figure 3.6.).  Analysis of the pattern showed it to be 

phase pure ZSM-11, as expected from this SDA, which is confirmed by the 

observation of diffraction peaks at 2θ= 6.2° and 18.7° associated with the 110 and 

330 reflections which are allowed for ZSM-11 (MEL) but not ZSM-5 (MFI).  In 

addition, two sharp intense reflections are observed at 2θ = 23.1° for (501) and 2θ 

= 23.9° for (303) that are seen in pure phase ZSM-11 but not in mixed ZSM-

11/ZSM-5 materials.36,37  XRD analysis as a function of added Cr indicates that up 

to 2.5 mol % it remains phase-pure ZSM-11.  The unit cell parameters for each of 

the Cr silicalite-2 samples were refined in the tetragonal I-4m2 space group of 

ZSM-11 to obtain an accurate unit cell volume.  A plot of the unit cell volume 

obtained from these refinements is shown in Figure 3.4.  There is a linear increase 

in volume as a function of Cr loading, which is generally taken as indicative of 

metal ion substitution into the lattice and, while it does not quantify the amount of 

lattice incorporation per amount of added Cr, it does establish that a systematic and 

proportional incorporation is realized for each loading.     

 

A scanning electron micrograph (SEM) image of the material containing 1 

mol % Cr (Figure 3.6) shows it to be composed of extremely well formed 

crystallites of ~7 mm in length.   Imaging of the crystallites by TEM (Figure 3.14) 

reveals well-defined planes with an interplanar spacing of ~9.7 Å, which 

corresponds to the (200) crystallographic planes.  The material shows a sharp 

electron diffraction pattern (Figure 2b) that can be readily indexed to the ZSM-11 

unit cell.    
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Figure 3.14.  TEM and diffraction pattern for Cr(IV) silicalite-2 

 

 

The reduction of silica supported Cr(VI) oxide by CO has been intensely 

studied due to its importance in activating these materials for use as the Phillips 

ethylene polymerization catalyst.42,50  Studies by Krauss have shown that CO 

reduction of silica supported Cr(VI) sites pass through a Cr(IV) intermediate 

during the formation of the Phillips catalyst.  Reaction of chromium(VI) silicalite-2 

with CO was carried out thermally at 220 °C.  This threshold for reaction was 

determined qualitatively from the observable color changes in the material as a 

function of temperature.  The reaction was carried out under different pressures of 

CO with flowing CO (1 atm) realizing only slight color changes in the material 

after eight hours, whereas at the same temperature pressurization to 1000 psi 

yielded a dramatic color change suggesting that a more significant amount of 

reaction had occurred.   

While the materials are still silicalite-2 after high temperature oxidation an 

important question is the oxidation state of the Cr and whether it is still present in 

the lattice.   
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For Cr(IV) and other d
2 

systems, EPR spectra are usually not observed for an 

ion in an octahedral field, due to the large zero-field splitting arising from spin-

orbit coupling in the 
3

T
1 

ground state.
42 

The d
2 

Cr in a tetrahedral field, which 

would be expected for isomorphic substitution of Si in the lattice, has an 
3

A
2 

ground state that results in a longer relaxation time, so EPR spectra should be 

observed more readily. Consistent with the expected electron configuration and 

coordination  environment, an EPR spectrum of the reduced Cr site (Q-band, 101 

K) was recorded by us but not presented here because of the ambiguous result   

from the field scan EPR ( Figure 3.15) . The  Q-band spectrum shows a strong line 

at g = 1.975 for the Δm
s 

= ±1 allowed transition (for Cr(OBu
t

)
4 

g = 1.962).
 

The 

band is broad with a peak-to-peak line width of 493 gauss (this is observed 

similarly for Cr(OBu
t

)
4

42c

). 
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Figure 3.15.  EPR at  low temperature 6K ( II is parallel mode, T is perpendicular mode). 

 

The EPR spectra present a good case to say that oxidation state of the 

catalytic active site is  but since this has been a controversial topic and based on a 

first handed observation of  some Cr(III) impurity, a definitive technique that will 

characterize the oxidation state unambiguously is necessary. The oxidaton state 

was determined from x-ray absorption near edge spectroscopy (XANES). 

 XANES by its very nature, gives extremely accurate data about the oxidation state 

of the metal being studied.   
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Figure 3.16. XANES of Cr6+ (black) and Cr4+(red) in silicalite-2 

 

 

The XANES of the first row transition metals have well defined structure 

patterns and are useful to study the local environment. A strong pre-edge peak 

appeared at ≈5994 eV for compounds having tetrahedral coordination of Cr. It is 

well known that the pre-edge structure for the first row transition metal ion is 

attributed to 1s–3d transition, which is dipole forbidden in free atoms and in 

octahedral coordination with an inversion center as in the  not calcinated 

Cr3+silicalite-2 . This pre-edge absorption becomes dipole allowed, in part, when 
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the symmetry of the ligand is changed to tetrahedral. Thus, it can be used to 

determine the local coordination environment of the absorbing atom as we did on 

some previous study. Most important in this case is the relative position of the K-

absorption edge of an element. The energy shift of the edge is governed by its 

oxidation states and varies linearly with the valence of the metal atom. The 

chemical shift for different chromium compound can be easily found in the 

literature. Thus, it is easy to estimate the oxidation state of Cr by the magnitude of 

the chemical shift.  The standard Cr K-edge value for Cr foil is at 5989.2 eV. This 

is the value that is substracted from the experimental edge of each sample. 

On the calcinated Cr-silicalite-2, the pre-edge absorption peak appeared at  5994 

eV ,the edge position is at 6007.2 eV and the chemical shift 18 eV. This suggests 

that the Cr has oxidized to the 6+ ion as expected from the yellow sample color. 

Reduction under CO decrease the intensity of the pre-edge absorption peak and 

changed the chemical shift to 15.2 eV  that is in good agreement with the values 

reported for Cr4+in CrO2.55,56
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CHAPTER IV 

 
STABLE EFFICIENT SOLID-STATE WHITE-LIGHT PHOSPHORS 

FROM  FUSED CDSE-SILICA NANOCOMPOSITES 

 
 
 
 

4.1. Introduction 

There has been considerable recent interest in the development of stable 

emissive materials for application in solid-state lighting.  This is driven primarily 

by energy conservation and environmental considerations.  Two approaches to the 

development of solid-state lighting have been successfully implemented in 

commercially available white-light LEDs.  One method is the use of a phosphor 

conversion diode in which a photodiode, emitting light in the UV, excites a 

phosphor (or group of phosphors), which then emit, singularly or collectively, 

white light.57,58  The second approach utilized three diodes emitting the three 

additive primary colors (red, green, blue) with white light generated by the precise 

mixing of these colors.  Regardless of the approach, these devices suffer from poor 

stability over time and from the complexity of the manufacturing process.59

One of the problems with phosphor conversion LED devices is the difficulty 

of maintaining a consistent quality of light due to variations in ether wavelength of 

the exciting photodiode or in the long-term stability of the phosphors.  Among the 

efforts to make improved phosphors, considerable attention has been given to 

luminescent semiconductor quantum dots (e.g. CdSe) due to their high emission 

efficiencies and emission wavelengths that are tunable by the size of the quantum 

dots (i.e. quantum confinement effect).  While white-light generation from 

quantum dots can potentially be realized from the mixing the quantum dots 

emitting the three primary colors, recent studies have revealed that white light 
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emission can be obtained from a single “magic” size quantum dot.    This white 

light emission arises in very small quantum dots (~ 2 nm) because of contributing 

emitted light arising from two sources; exciton emission (blue) and surface state 

emission (broad band).60 While “magic” size quantum dots are appealing as white 

light phosphors, they suffer from the same long-term stability issues that inhibit 

their application.  To overcome the problems of stability, encapsulation of the 

phosphor in inert binder has been extensively explored.  For this approach to work 

the encapsulant will need to isolated the phosphor and to maintain the original 

transmittance, refractive index, thermal management properties and the structural 

integrity over the lifetime of the emitting device.  

While a number of materials have been used for encapsulation, silica, due to 

its stability and optical properties is highly desirable, however, because of the high 

temperatures required direct inclusion in vitreous silica incorporation of quantum 

dots is not thought possible.  As such, photo-stable quantum dots have been 

incorporated into silica xerogels and aerogels using low temperature sol-gel 

techniques.61,62 We report a new paradigm for the formation of stabilized 

encapsulation of quantum dot phosphores.  In particular, we have determined that 

the high-temperature (500 °C) calcination of CdSe/silicia xerogel composites 

results in the spontaneous formation of highly efficient white-light emissive 

phosphors that are extraordinarily robust for periods in excess of a year. 
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4.2. Experimental methods 

 

4.2.1 Synthesis of CdSe nanoparticles 

 

 Nanocrystalline CdSe was prepared by an adaptation of a reported method. 

 In our Preparation: alkane solvents (pentane, heptane, octane, decane), cadmium 

stearate (CdSA), and microwave based dielectric heating were used. Briefly, stock 

solutions of CdSA and TOPSe (TOP= trioctylphosphine ) were prepared by 

dispersing CdSA (1.0 mmol, 679.36 mg) into 20 mL of an alkane of choice by 

sonication, while a 1 molar solution of TOPSe was prepared under Argon using Se 

powder (0.01 mol) dissolved in 10 mL of TOP. The reaction mixture was added to 

a 10 mL reaction vessel under ambient conditions consisting of a 1:3 molar ratio of 

cadmium to selenium stock solutions with. The reaction mixture was heated in the 

microwave cavity to a temperature of 240 °C during a 30 s ramp period at a power 

of 300 W. The mixture was then allowed to react for 30 s at 240 oC and 

immediately cooled to room temperature (< 1min) using forced air cooling. 

Isolation of the nanocrystals was carried out by standard re-precipitation methods. 

The reaction yields 35 ± 5 mg of sample per 4 mL reaction volume. 

 

4.2.2 Composite Synthesis  

 

Sols were made by the slow addition of a water/isopropanol mixture (8:1 

v:v) to an alcoholic solution of tetraethylorthosilicate and the desired quantity of 

CdSe-TOP. All solutions were separated in 15 ml Corning cap tubes or 4 ml 

styrene cuvettes, sealed and ultrasonically mixed until gelation to ensure 

homogeneous mixing. After gelation, the caps were removed and the gel was 

allowed to age and evaporate for 6 h.  The samples were then dried in a 
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programmable furnace. They were initially ramped to 100 °C at a rate of 0.5 °C/h, 

where they were allowed to dry for 72 h. They were then ramped at the same rate 

to 500 °C, where they were maintained for 36 h. Finally, they were cooled back to 

room temperature over a period of 95 h. 

 

 

4.2.3 Characterization 

 

Absorption spectra were collected in transmission mode for CdSe solution 

and diffuse-reflectance mode on fine grounding powders for the dry and calcinated 

nanocomposites on a Perkin-Elmer Lambda 900 spectrophotometer. 

 

a. Emission Lifetimes 

 

Emission lifetimes were obtained using the fourth harmonic (266 nm) of a 

Spectra-Physics DCR-3 Nd:YAG laser operating at 0.4 Hz to allow sufficient time 

between pulses to collect the long-lived QD emission. Emission was collected at 

right angle to the laser excitation, filtered by a 360 nm long-pass filter (Hoya 

UV36), imaged onto a 250 mm focal length monochromator (Jarrell-Ash 82-410) 

set to the emission maximum at 520 nm and detected by a photomultiplier detector 

(PMT, Hamamatsu R928). The PMT signal was digitized by a digital storage 

oscilloscope (LeCroy 9410) over a 2 second timeframe using 10% pretrigger. 1000 

pulses were averaged  to obtain the final trace.  

 

b. Scotopic/Photopic Ratio 
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To obtain the Scotopic/Photopic ratio, the corrected and calibrated emission 

spectra was multiplied with the scotopic efficacy curve (with a maximum value of 

1700 lumens/watt at 507 nm) and the photopic efficacy curve (with a maximum 

value of 683 lumens/watt at 555 nm). By integrating the resulting spectra a value 

for S and P, respectively, is obtained from which the ratio is calculated. 

 

c. Absolute Quantum Yields 

Following published techniques, the absolute quantum yields of samples was 

measured using a Spex Fluorolog2 equipped with 250 mm double monochromators 

in which is mounted a 4.2 cm diameter  integrated sphere (Labsphere, spectralon). 

The diffusely scattered light was collected at 90 degree from the excitation 

pathway. Spectra of the scattered light were recorded both with and without the 

sample. Integration of the area beneath the excitation light is proportional with the 

total number of incident photons for the first spectrum and with the number of non-

absorbed photons for the second spectrum. The difference between these two is the 

number of absorbed photons. Integrating the area under the fluorescence from the 

second spectrum gives the emitted photons. By definition, the fluorescence 

quantum yield is the number of emitted photons divided by the number of absorbed 

photons. 

 

4.3 Results and Discussion  
 

In the initial stage of synthes is a solution of CdSe quantum dots, protected 

by tri-octylphosphine (TOP) capping ligands are added to a mixture of 

tetraethylorthosilicate in a 1/3 (v/v)  methanol:water solution under stirring.  

Gelation of the solution occurred over a period of ~1/2 hour, the as-formed gel was 
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allowed to age and dry under ambient conditions for a period approximately one 

day.  The resulting xerogel was transparent, solid and intact, though fragile.   The 

material is also emissive and shows an emission spectrum characteristic of the 

quantum dots incorporated.  Drying of the xerogel was carried out at a temperature 

of 100 °C to remove excesses solvent.  After drying they become opaque and the 

emission, while still occurring at the same wavelength, is substantially quenched.  

A transmission electron micrograph of the dried gel containing 5.5 nm CdSe-TOP 

quantum dots the 5.5 nm QDs that were used in synthesis is presented in Figure 

4.2.  Since the photoemission indicates that the nanoparticles are still intact, we 

interpret this image as showing aggregation of particles, which occurs during the 

gelation and ageing process of the silica gels. 
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Figure 4.1. Absorption (-) and photoluminescence (Δ) of CdSe QD isolated in toluene 
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Figure 4.2 Transmission electron micrograph of  5.5 nm CdSe QDs in a silica xerogel composite 
dried at 100 °C. 

 

The materials are then thermally processed to a temperature of 500 °C under 

air.  This process oxidizes any of the organic species, including the TOP capping 

ligands, left in the pores yielding final materials that relatively colorless, brittle and 

easily powdered.  More importantly, the resulting materials show a strong long-

lived luminescence that differs significantly form that of the initial QD emission.  

The emission spectrum, obtained from materials made from 5.5 nm QDs, at 325 

nm excitation, is shown in Figure 4.3.a.  The spectrum has a very broad emission 

spanning from ~400-750 nm and centered at 545 nm.  The position of the emission 

band overlaps both the photopic and scoptopic eye response function, making it 

appear visually as white light.  While the emission of the final material bears no 

resemblance to the size dependent emission of the starting QD, the size of the QD 

that is used does have an effect on the final emission of the calcined material.   The 
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emission spectrum of phosphors made with 4-5 and 7-9 nm QD is also shown in 

Figure 4.3.a.  The emission spectra observed for all staring sizes of QD is similarly 

broad with the emission maximum consistently red-shifted 

 

 

Figure 4.3  a.) The emission spectra of CdSe-silica phosphores made from 4-5 (blue), 5.5 (green) 
and 7-9 (red) CdSe QDs. B.) The emission spectrum of  CdSe-silica phosphores made from 5.5 
nm QDs (green) overlayed with the scotopic (black) and photopic (red) efficiency distribution. 
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as the QDs get larger.  This, of course, follows the known size dependence of the 

QD emission suggesting that final emission in the calcined materials is, at least 

indirectly, related to the size of the starting QDs.   In all cases, however, the 

emission maximum is significantly blue shifted from that of the QD from which it 

is made.  Specifically, the 5.5 nm QD has an emission maximum at 574 nm in 

solution while the emission maximum of calcined material made from these dots is 

centered at 512 nm.  Similar blue shifts are observed between the other size dots in 

solution and in the calcined silica matrix. 

 

 

Figure 4.4.  Placement of the CdSe/silica phosphores made from A.) 5.5 ,  B.) 4-5 and C.) 7-9 nm 
QDs  on the CIE1930 chromaticity chart. 
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The placement of these phosphors in the CIE chromaticity diagram is shown 

in Figure 4.4.  From the sample made from 5.5 nm QDs almost pure white light 

coordinates are realized (0.34, 0.36) while for the <5 nm QDs the emitted light is 

somewhat blue (0.28, 0.37) while those starting from the larger dots (> 7 nm) is 

yellow (0.38, 0.40).  Confocal microscopy of a 5.5 nm sample is shown in figure 

4.5.  A plain micrograph of the sample is shown in figure 4.5.a, the confocal image 

collected for the three different channels, red green and blue, are shown in figure 

4.5.b-d.  The confocal imaging indicates clearly that all the colors are present and, 

moreover, that the emission homogeneously throughout the material, suggesting 

that, even though the microscopic characteristics of the emissive chromophores 

may be very heterogeneous they are uniformly distributed through out the material.  

The sum of the three channels is shown in figure 4e, shown a green color 

characteristic of the emission maximum of the sample.   

In recent years there has been a new understanding of dependence of eye 

response in the photopic and scotopic spectral region.63  This has resulted in a 

paradigm shift in engineering strategies for artificial light output.  Specifically, it 

has been found that white light sources that have enhanced emission at 

wavelengths corresponding to the scotopic eye response (blue-green) are perceived 

by the eye as significantly brighter than white light sources that are weak in 

scotopic but high in photopic output.64  The ramifications of this, in terms of 

applications, light sources with a high scotopic component or, as they are typically 

quantified, a large scotopic/photopic (S/P)  ratio will be more visually efficient 

and, hence, can be operated at a much lower power than a lamp with a low S/P 

ratio.65  As can be seen in Figure 4.3.b, the white-light emitting phosphor made 

from 5.5 nm nanoparticles has an emission the maximum of which coincides 

almost identically with maximum in the scotoptic response function while still 
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being broad enough to have a component in the photopic response region, which is 

necessary for color rendering.  The white-light emissive material is found to have a 

S/P ratio of 2.56, which suggests that this material will be perceived as a 

particularly efficient illumination source in a dark environment thereby being more 

energy efficient. 

The efficiency of the emission, obtained from direct measurement of the 

fluorescence quantum yield is high, for the 5.5 nm materials, with 325 nm 

excitation is 18.4% while the materials have similar values (13.2% for <5nm 

materials and 8.2% for >7nm materials).  The emission is found to be very long-

lived phosphorescence.  
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Figure 4.5  Micrograph of a.) CdSe/silica phosphores made from 5.5CdSe and the a.) blue, b.) 
green, c.) red and e) combined channels of a confocal micrograph. 

 

 

 The emission decay, based on 266 nm pulsed laser excitation is shown in 

Figure 4.6.  As would be expected for a material of this type, the decay is complex 

and cannot be fit to a simple exponential.  For purposes of establishing the order of 

magnitude of the lifetime, a dual exponential fit was applied which gives a long 

and a short lifetime of 637 ms and 128 ms respectively (we are not suggesting that 

the dual exponential function has any fundamental meaning).  
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Figure 4.6.  Full a) and expanded b) scale of the decay of the emission of the white light 
phosphor made with 5.5 nm 

 

 Taken together the efficiency, colorimetric properties and large S/P ratio 

suggest that these materials may represent a useful new white light phosphor.  

Significantly, these materials have proved to be extraordinarily robust with no 

detectable changes in the emission properties of any of the phosphors have been 

observed after 18 months.   

As might be expected the origin of the white-light emission from CdSe QDS 

in the calcined materials is not straightforward.  As discussed above, the trends in 

the emission maximum correlates with the size of the QDs used to make the 

material, however, the positions of the emission bands in the final materials are 

significantly blue shifted and broadened.  Similarly,  the UV-Vis absorption 

spectrum of 5.5 nm QD in solution and in xerogels dried at 100 C show similar 

optical absorption, characterized by the low energy 558 nm absorption 

characteristic of the 5.5. nm quantum dot.  After calcination, at 500 °C to generate 

the white-light phosphors (Fig.4.7) the low energy absorption transition at 558 nm 

of the QDs is lost and new peaks at 400, 325 and 225 nm are observed suggesting 

that there have been pronounced changes in the nanoparticles due to heating.   
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Figure 4.7  UV-Vis spectrum of 5.5 nm CdSe DQs in hexane solution (black) and in a silica xerogel composite 
dried at 100 °C (red) and calcined at 500 °C (blue). 

 

The microstructure of the material, obtained from transmission electron 

microscopy (TEM) of a calcined CdSe/silica materials made with 5.5 nm QDs is 

shown in Figure 4.8.  The image resolved distinct nanoparticles with well-defined 

crystallinity.  From the image, polydispersity of the particle size is observed with a 

large number of 5 nm particles images (Fig 4.8.a) along with number of larger 

particles at ~10 nm larger.  Characterization of the particles indicates that 

unoxidized CdSe is retained in the .  In particular, the particles show well-resolved 

lattice planes, the measured spacing between them is 0.38 (±0.08) nm which is 

consistent with resolution of the (100) plane of CdSe (Fig 4.8.b).   
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Figure 4.8 a.) TEM of CdSe/silica phosphores made from 5.5 CdSe b) and c) expanded region 
showing resolved nanocrystalline composition of the phosphor d.) the electron diffraction 

indexed to the diffraction of CdSe. 
 

 

In addition, electron diffraction rings obtained from particles in the sample 

can be indexed readily to the CdSe crystal structure.    What is interesting is that, 

while the calcination process clearly results in a broader particle size distribution 

from that of the original CdSe dots, it does not results in their net oxidation.  This 

may arise from the microporous nature of the silica, which has only very restricted 

oxygen diffusion, thereby inhibiting the oxidation process.  The observed particle 

size distribution and, in particular the formation of larger particles likely results 

from calcination of the aggregated QD observed in the pores of uncalcined xerogel.  

The thermal processing removes the protective ligands and fuses the particles.  It is 
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reasonable to suggest that the distribution of particle sizes generated through the 

calcinatoin process is responsible, at least in part, for the broad red-shifted 

emission that resutls.   Oxidation of the protective ligands also results in changes in 

the surface that can include oxidation and the formation the Si-O- linkages to the 

surface.  Notably, the coating of CdSe nanoparticles with silica has recently been 

shown to enhance the photoluminescence efficiency.  Such surface modification 

can result in the instruction of mid-gap trapping sites that can contribute to the 

overall emission.  

 

 

 

Figure 4.9  White-light CdSe/silica phosphors (5.5 nm QDs) applied to a photodiode providing 
excitation at ~450 nm to form a light source. 

 

Taken as a whole, we have observed that extremely stable and highly 

efficient white light emitting phosphors can be produced through the high-

temperature processing of semiconductor quantum dots in a silica matrix.  The 

high temperature processing does not destroy the nanoparticles but results in 
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polydispersity of the particle sizes and in stabilization of the particles by the 

matrix.  We believe that this represents a new paradigm for the generation of white 

light phosphors and that a combination of these semitransparent, high efficiency 

phosphors in a device structure engineered to minimize internal loss will enable 

UV-to-white conversion with nearly ideal efficiency.57
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