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ABSTRACT 

 

 The sol-gel process is a synthetic approach that can yield silicon dioxide-

based inorganic polymer materials of varying densities, pore volumes, and 

crystallinity.  Depending on the initial conditions of the reaction, materials such as 

high density amorphous glasses called xerogels, intermediate density crystalline 

powders called zeolites, or low density-high surface area glasses called aerogels 

can be fabricated.  Both the xerogels and the zeolites have been doped with 

transition metal ions to produce hybrid metal-silica materials that exhibit catalytic 

properties.  The process for synthesizing these hybrid metal-silica materials has 

been extended to create a novel type of metal doped silica, low density-high 

surface area aerogel. 

The results of this investigation elucidate the electronic properties of 

vanadium and chromium metal centers that reside in amorphous xerogel 

matrices and in crystalline zeolites.  Differences in the metal coordination and 

electronic structure imposed by the amorphous and crystalline matrices have 

been quantified.  Spectroscopic studies of this nature should help in the 

development of new and more efficient catalysts for industrial organic synthesis.   
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Chapter 1 

INTRODUCTION 

 

1.1 The Sol-Gel Process 

 The sol-gel process is a generic phrase used to describe a room 

temperature liquid phase reaction route to producing ceramic and metal-doped 

ceramic materials [1-7].  As the name implies, there are two distinct stages 

during the synthesis.  The first stage is a colloidal suspension of particles in a 

liquid medium that is referred to as the sol.  The particles react with each other in 

such a way as to form polymeric chains which cross-link, forming a three-

dimensional structure.  When the structure extends to the sides of the container 

and the material becomes rigid enough to resist pouring when inverted, the sol 

has become a gel.  Manipulation of the initial materials used to create the sol 

results in a wide range of materials that are possible through this synthetic route.  

Furthermore, this technique is performed at or near standard temperature and 

pressures and is thus an attractive alternative to producing materials that would 

otherwise require more extreme conditions.    

Although there are several ways to synthesize materials through the sol-

gel route, the most popular method employs metal alkoxides.  Materials 

synthesized through the use of metal alkoxides can attain a wide variety of 

properties-from optically clear, amorphous glasses to dense, white crystalline 

powder.  Hydroxide groups on metal centers will undergo condensation to 

produce water and one or more metal-oxo-metal bonds.  Multiple alkoxide groups 

on a single metal center can lead to multiple metal-oxo-metal bonds, thus 

forming a three-dimensional framework.  Crystal structure characteristics are 

affected by the size of the alkoxide group and/or choice of the metal center. 
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1.1.1. The Sol-Gel Reaction   

 The formation of extensive, polymeric, three-dimensional networks within 

sol-gel-produced materials  can be described by two concomitant reactions: 

hydrolysis and condensation.  In the initial hydrolysis step, an alkoxyl group (OR) 

is replaced by a hydroxyl group (OH) through nucleophilic substitution from the 

   

  M(OR)4 + H2O ?  HO-M(OR)3 + ROH  Reaction 1-1 

  M(OR)4 + nH2O ?  (HO)n-M(OR)n-4 + nROH Reaction 1-2 

  M(OR)4 + 4H2O ?  M(OH)4 + 4ROH  Reaction 1-3 

   

 

reaction with water (Reaction 1-1).  The hydroxyl group on the metal center is 

even more reactive than the alkoxide and can produce a range of products.  

First, it can undergo a retrograde reaction and reform a metal alkoxide and one 

water molecule (Reaction 1-1 in reverse).  Second, the metal compound can 

further undergo hydrolysis until all the alkoxyl groups are replaced with hydroxyls  

(Reactions 1-2 and 1-3). Third, the hydroxyl groups can undergo a condensation 

reaction with alkoxyl groups of a second metal alkoxide (Reaction 1-4) and 

produce one M-O-M linkage and one alcohol molecule (ROH).   

 

(RO)3MOH + ROM(OR)3 ?  (RO)3M-O-M(OR)3 + ROH Reaction 1-4 
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 Finally, the hydroxyl groups can undergo a condensation reaction with 

other hydroxyl groups to produce one M-O-M linkage and one molecule of water 

(reaction 1-5).   

 

(RO)3MOH + HOM(OR)3 ?  (RO)3M-O-M(OR)3 + H2O  Reaction 1-5 

 

In both cases where alcohol (alcoxolation) or water (oxolation) is produced, the 

reaction has been shown to proceed through nucleophilic substitution [8-10]. 

 

1.1.2 Catalysis and Reaction Mechanisms of the Sol-Gel Process   

 Although the reaction processes seem straightforward, gelation time can 

be on the order of months, thus catalysts are used to facilitate polymerization.  

Brønsted acids and bases are used to catalyze both the hydrolysis and 

condensation steps through nucleophilic substitution.  They are also chosen with 

respect to how well they will leave the lattice in the final calcination step.  For 

example, a good acid would be acetic acid (CH3COOH) or nitric acid (HNO3) as 

they form carbon dioxide (CO2) and nitrogen oxides (NOx), respectively, upon 

heating under excess oxygen.  An example of a good base is ammonium 

hydroxide (NH4OH), which produces water and nitrogen oxides (NOx).  A variety 

of catalysts, with their effects on hydrolysis and condensation rates as judged by 

gelation times, have been analyzed by Pope and Mackenzie [11]. 

 Acids and bases have different reaction mechanisms to catalyze 

hydrolysis and condensation.  In the acid-catalyzed reaction, the first step is the 

protonation of an alkoxyl group.  Silicon donates electron density to the 

protonated alkoxyl group and in the process becomes more electrophilic and thus 

open to attack from water.  This reaction follows an SN2 mechanism [12].  A 

water molecule attacks the silicon from the opposite side as that of the 
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protonated alkoxyl group and acquires a positive charge. The magnitude of the 

charge on the protonated alkoxyl group is correspondingly reduced with the 

ultimate effect of making the alcohol group labile.  As the alcohol leaves, the 

silicon undergoes inversion of configuration, and the water group loses a proton 

taking the positive charge with it, as been shown by Sommer and coworkers, 

Figure 1 [13-15].  

 

      

 

          
Acid Catalyzed S N2-Si Hydrolysis showing transition state 

Figure 1 
 

Studies have shown that by reducing steric crowding around the silicon atom, an 

increase in the hydrolysis rate is observed [16].  This type of mechanism favors 

the condensation reaction occurring between small clusters at terminal silicons, 

which form relatively long polymer chains with little branching.  This process has 

been referred to as the reaction-limited cluster aggregation (RLCA) [17].   

 The first step, under basic conditions, is an attack on the silicon by a 

hydroxide ion.  Pohl and Osterholtz propose a SN2**-Si and SN2*-Si mechanism 

[12] as described in Figure 2.  However, in this case a stable pentacoordinate 

intermediate is proposed, and SN2**-Si and SN2* represent the rate-determining 
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formation or decay of two intermediates, Inter.1 and Inter.2 respectively, as 

shown in Figure 2.   

 

 Base-Catalyzed SN2**-Si and SN2*-Si Hydrolysis 

Note: The bonds between Si---OH and Si---OR in Inter. 1 and Inter. 2 are longer 
than that otherwise found due to the presence of like charges on both the central 
metal and the ligand. 

Figure 2 
 

The hydrolysis rate is sensitive to inductive and steric effects due to the formal 

negative charge on the silicon imparted to it from the electron withdrawing group 

of the hydroxide ion in the transition state between Inter. 1 and Inter. 2.  Meaning 

that once the silicon has achieved a formal negative charge steric affects 

determine which group will leave.  In Figure 2 the OR group is larger than the 

hydroxide group and will leave first taking the negative charge with it.  Note that 
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inversion of configuration is not required in this proposed mechanism.  This 

affects the condensation step by moving the reaction site to a silicon located 

towards the middle of a cluster rather than at the terminal site as is the case 

under acidic conditions.  Steric interference prohibits clusters from undergoing 

condensation with each other.  

 The formation of polymer chains from monomers is referred to as reaction-

limited monomer cluster (RLMC) growth or Eden growth [18,19].  Through an 

examination of the two types of reaction mechanisms, it is apparent that the rate-

limiting step is different for the acid and the base catalyzed reactions .  This 

affects cluster growth, and it is known that the overall final network produced is 

governed by the relative rates of hydrolysis and condensation [20,21]. 

 

1.1.3.  Prehydrolysis of Precursors    

As can be seen in the previous section, the base-catalyzed process produces a 

network which is more highly cross-linked, and thus structurally stiffer.  However, 

in the base catalyzed route , the hydrolysis step is rate limiting.  A way of 

promoting hydrolysis to speed up the overall gelation time is to prehydrolyze the 

precursors.  Prehydrolysis was first attempted by Brinker [22] by mixing Si(OR)4 

precursors with a small amount of water under acidic conditions.  This process 

induced the formation of small clusters of silicic acid that underwent RLCA when, 

in a second step, more acid or base, under aqueous conditions, was added.  

Choice of acid or base in the second step seems irrelevant, as the network 

created is composed of building blocks formed in the first step.  However it has 

been noted that using base in the second step can stiffen the overall network.  

Principal investigators who employ this method include Hrubesh [23,24], Mulder 

[25], and Hunt [26] to produce low density aerogels.  Supercritical extraction of 

solvent, while leaving behind a strong three-dimensional network, is possible 
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when employing the two-step process.  Further discussion of this option is given 

in Chapter 4 . 

 

1.1.4  Gelation   

 As mentioned in the previous section, hydrolysis followed by condensation 

occurs to form clusters and polymeric chains of clusters.  An increase in the 

quantity of these structures is directly proportional to the sol’s viscosity.  The 

polymeric chains  reach all sides of the container, at which point there is a sharp 

rise in the viscosity, and the sol is considered gelled.  A good definition of the gel 

point is when the sol can support a stress, for example its own weight, elastically 

[27] in the form of no mass flow when the container is upended.  In the 

discussion of reaction mechanisms and acid/base-catalyzed reactions, it was 

noted that acid-catalyzed reactions produced longer and less branched chains, 

whereas base catalyzed produced more branching.  Solvent, with dissolved 

unhydrolyzed and uncondensed species, can be trapped within the developing 

framework during the process of gelation.  Despite the onset of gelation, 

condensation has been shown through nuclear magnetic resonance (NMR) [28] 

and Raman spectroscopic techniques to continue [29,30]. 

 

 

 

1.1.5 Aging   

 Aging in sol gels is defined as the collection of processes which take place 

between gelation and the point at which the final materials can be processed.  

The four processes most recognizable during the aging period are 

polycondensation, syneresis, coarsening, and phase transformation [27].  

Polycondensation, or condensation, was mentioned in the gelation section and 
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need not be discussed further except to say that the condensation reaction rate 

can be increased by applying heat. 

 As the condensation reaction proceeds, new bonds are formed bridging 

neighboring chains , causing the network to contract.  As the network contracts 

the solvent trapped in the pores is forced out.  This simultaneous contraction of 

the network and expulsion of solvent is called syneresis.  Several factors can 

affect syneresis.  This whole process occurs in an aqueous system and the 

ability of two species to join together and undergo a condensation reaction is a 

function of electrostatic van der Waals forces.  The extent of condensation and 

shrinkage can therefore be controlled by addition of electrolytes.  Heat can also 

increase shrinkage to the extent that heat increases the rate of condensation.  

However, the condensation reaction can be inhibited by the presence of organic 

protic solvents which hydrogen bond to silanol groups.   

 Another process that occurs during aging is coarsening.  Coarsening is 

the “growth” of larger particles of a substance from smaller particles.  An example 

of the process of coarsening would be to partially melt fine-grained sand in a 

crucible.  As the melt cools , larger particles form and the overall texture is 

coarser.  In the case of the sol-gel, smaller particles dissolve in the available 

solvent and reprecipitate in the cracks between neighboring larger particles.  This 

reprecipitation has the result of filling in the smaller pores and shifting the 

statistical distribution of pore size to larger volumes.  Particle centers do not 

migrate and thus the degree of shrinkage is unaffected.    

 Solid-liquid, liquid-liquid, and solid-solid phase transformations are 

possible in the gel during the drying process.  An example of a solid-liquid phase 

transformation is microsyneresis in which the polymer chains show a greater 

attraction to other chains  than for the solvent in which they are growing.  Rather 

than branching out into the solvent, the chains “clump” together and the net result 
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is the production of gel pores with a greater volume.  The degree of attraction of 

the polymer to itself, which is a determinator of pore size, is a factor of the type of 

solvent in the pores as demonstrated by Quinson et al. [31].  Liquid-liquid phase 

transformations, as expected, occur between two liquids which can phase 

separate and are usually not readily miscible with each other.  A good example is 

the base-catalyzed hydrolysis of silicon alkoxides.  When soaked in pure water, 

the gel turns white which is attributable to droplets of partially hydrolyzed 

alkoxide [32].  Finally, there are the solid-solid phase transformations where 

materials that were initially amorphous become, at least partially, crystalline.  The 

overall process is very similar to coarsening with the same factors that affect the 

rates.   

 

1.2  Synthetic routes and final materials 

 A pictorial overview of the kinds of materials possible by employing the 

sol-gel process is shown in Figure 3.  The initial sol is the state which all 

synthetic processes must achieve before continuing down the synthetic route 

leading to the desired final product.  Silica monomers are thus suspended in a 

medium that can be manipulated to produce materials ranging from thin coats on 

surfaces to metal-containing, highly crystalline powders.  Change any physical 

parameter in the sol’s environment and the final outcome will change 

dramatically.  A few of these changes, and the materials they produce, will be 

discussed in part below and in more detail in the following chapters. 

  

 

 

 

 

Sol
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•Add template 
under high pH

•Subject to 
hydrothermal 
conditions

•Warm to 
increase 
viscosity

•Spin-coat 
hot

SCE of 
solvent
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Pictorial overview of materials possible through the sol-gel route.  
Figure 3 

  

 Typical silica monomers used in the sol-gel process are largely immiscible 

in water and yet they need to be hydrolyzed before they can condense to form 

the polymer filaments.  A co-solvent is necessary, such as ethanol or isopropyl 

alcohol, in which hydrolysis can take place due to the miscibility of both water 

and the silica monomers.  Although production of the polymer filaments is 

inevitable once water is added, the process can be slowed down or speeded up 

depending on the goal.  In the case of thin films, a thickness of ~1 µm is typical.  

Once the sol has been mixed, it is subjected to heat to increase the rate of 

polymerization and increase viscosity, and then sprayed in a constant stream of 

hot fluid onto a rapidly spinning surface.  The heat not only speeds up the 

polymerization process, but induces the silanol groups in the sol to react quickly 

with silanol groups on the surface of the substrate, binding the polymer filaments 

to the surface.  The spinning spreads out the solvent stream onto the flat surface 

by centripetal forces producing a relatively flat surface once the coat has cured.  
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Evaporation of the solvent occurs almost immediately in such thin layers, thus 

the aging required for bulk materials is avoided. 

 

 Crystalline zeolites can also be synthesized from the initial sol.  Once the 

sol has been mixed, a templating agent such as tetrapropylammonium hydroxide 

(TPAOH) or tetrabutylammonium hydroxide (TBAOH) is added which causes the 

pH of the solution to  increase.  The whole mixture is then sealed in a Teflon®-

lined, constant volume, pressure vessel, otherwise known as a bomb, and placed 

in an oven.  Under these conditions the templating agent is unreactive towards 

hydroxyl groups and coordinates to itself forming regular patterns.  The silica 

polymers adopt the same patterns as the templating agent during polymerization.  

Once sufficient time has passed the vessel is removed from the oven, and the 

crystals are rinsed and then calcined to remove the templating agent.  The silica 

matrix maintains the patterns formed by the templating agent even after 

calcination.  Different lattice structures can be constructed by choosing which 

template to use in the synthesis.  The method employed to produce the materials 

being analyzed in this work uses TBAOH as the templating agent.  Use of 

TBAOH in the synthesis produces a material with a crystal structure that is a 

silica polymorph of ZSM-11 [33] and has been given the name Silicalite-2 (S-2).  

A “stick” representation of ZSM-11 is given in Figure 4.  Those materials made 

using TPAOH as the templating agent is given the name of Silicalite-1 (S-1) and 

are a silica polymorph of ZSM-5 [33-39].  Both S-1 and S-2 frameworks contain 

4-, 5-, and 6-membered rings that are arranged in such a way to produce a 10-

membered ring opening that is continuous throughout, producing channels in the 

framework.    
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ZSM-11 Silica Framework 
“Stick” representation of the ZSM-11 framework which can be used to describe 
Silicalite-2 as they are silica polymorphs.  Image obtained from the  Handbook of 
Molecular Sieves [34].   

Figure 4 
 

S-1 and S-2 can be distinguished from one another by the ordering of the 

channels.  In S-1 the channels display both linear and zig-zag orientation, 

whereas in the S-2 framework only linear channels are observed [35,40].  It is 

these channels which hold great interest for researchers as the silicalites are 
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capable of absorbing organic molecules of up to ~ 6 Å in diameter into their pores 

[38]. 

 Some materials require more in the way of physical processing.  If the 

initial sol were allowed to gel, i.e. the polymer filaments reach the side of the 

container, two courses of action can be taken that will lead to the production of 

two entirely different types of materials.  The first course is to allow the gel to age 

continuously while shrinking and expelling solvent.  At the conclusion of the 

shrinkage phase, the gels are dried in an oven to remove the rest of the solvent 

and other organic material.  The end-product is called a xerogel, a porous glass 

with pore sizes ranging from 10-50 nm.  The second course of action is to stop 

the process at the gel state and to remove the solvent supercritically.  

Supercritical extraction can remove the solvent without destroying the framework, 

and the resulting aerogel material can have densities as low as 0.003 g/m3 and 

tremendous surface areas.   

 The following chapters present spectroscopic studies that were performed 

on amorphous, transition metal-doped xerogel glasses, crystalline zeolites, and 

low density aerogels.  Despite the differences in synthetic approaches, the nature 

of metal doped xerogels, zeolites, and aerogels are similar in that all transition 

metal centers occupied virtually identical structural environments.  The major 

conclusion drawn from these results is that constraining transition metal centers 

in crystallographically unique sites within the matrix is not possible with the 

synthetic approaches that we developed.  This conclusion is supported by X-xay 

fluorescence and quenching studies. 
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Chapter 2 

Vanadium (V) Complexes in Crystalline and Amorphous 

Systems 

 

2.1 Introduction 

As mentioned earlier zeolites have the capacity to absorb intermediate 

sized molecules into their pores.  This ability was successfully exploited to 

promote numerous industrial catalytic processes through the use of Al+3 

containing silica zeolites.  Substitution of Al+3 with other transition metals ions, in 

the hopes of producing other useful molecular sieves, became a topic of much 

interest.  In earlier work, Wulff had determined that TiO2 dispersed on high-

surface-area SiO2 was an active and selective catalyst for the epoxidation of 

olefins with hydroperoxides [41].  Utilizing this pioneering work by Wulff, Bruno 

Notari substituted some Si, in a silicalite-1 (S-1) framework, with Ti.  The material 

that resulted was named TS-1 where T= titanium and S-1 = silicalite-1 [42].  TS-1 

is capable of partial oxidation of numerous organic compounds, in high yield, with 

almost all of the oxygen supplied by H2O2.  Such a technique was the basic 

principle behind doping silicalite -2 zeolites with vanadium in the hope of replacing 

Si at tetrahedrally coordinated vertices (See Figure 5 as indicated by arrow).  

Following Notari’s precedent the resultant materials are named VS-2 where V = 

vanadium and S-2 is Silicalite-2.  Analysis of the vanadium center within an 

amorphous silicon oxide matrix has been well studied spectroscopically, 

electronically and vibronically by Tran et al. [44].   
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Vanadium Incorporation in Silicalite-2 Framework 
 Proposed coordination geometry of a pseudotetrahedral vanadium center 

 substituting for silicon in a tetrahedral site within a Silicalite-2 crystal lattice 
 as proposed by Anpo et al [43]. 

Figure 5 
 

The dominant emitting species appears to be a discrete pseudotetrahedrally 

coordinated vanadium center with three long V-O bonds anchoring it to the 

substrate and one short terminal V=O bond.  The results presented by Tran et al, 

would prove useful in comparing vanadium centers contained within an 

amorphous material to the same vanadium center constrained to 

crystallographically unique sites within an S-2 framework.  Results such as a shift 

to higher energy of the absorbance in the UV-Vis, a higher energy vibronic 

progression found in the emission, and monoexponential lifetime decay values, 

as compared to multi-exponential or distribution of lifetimes for the amorphous 

vanadium xerogels, would give further insight into the coordination and electronic 

environment of the vanadium center constrained to a strictly tetrahedral site 

within the S-2 framework.  The initial impetus to study zeolite materials 

spectroscopically was inspired by the research of Anpo et al. [43] who examined 

VS-2, a crystalline silica matrix containing vanadium centers.  X-ray diffraction 
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revealed no difference in crystal structure between the 0% and 2% vanadium 

zeolites. Infrared analysis showed a band at 970 cm-1, which was assigned to a 

lattice defect in the matrix as a result of vanadium ion incorporation.  Nuclear 

magnetic resonance revealed the absence of V2O5 phases.  When the VS-2 

material was excited with light of wavelengths between 270-340 nm, a resolvable 

vibronic emission in the 450-550 nm range resulted which was attributed to a 

V=O stretch.  This spectrum did not appreciably change with different excitation 

wavelengths.  The second derivative of the resultant spectrum was used to 

surmise that the energy separation between the (0à0) and (0à1) transitions 

associated with V=O in this matrix is about 956 cm-1, contrasted to a V=O energy 

separation of 1035 cm-1 for vanadium oxide dispersed on Vycor® or silica.  Anpo 

et al. felt the lower energy could be attributed to surface -OH groups interacting 

with the V=O species included in the framework.   

 The intensity of the emitted spectrum was temperature-dependent with the 

maximum occurring between 200 to 300ºC.  Lower temperatures produced less 

intense spectrum due to the presence of oxygen and water, while at higher 

temperatures the vanadium oxide center was reduced.  Quenching studies 

performed by Anpo et al. [43], with triisopropylbenzene, were interpreted by Anpo 

to indicate that the emitting sites were within the framework where the large, 8 Å, 

molecule could not fit due to no apparent loss of emission intensity.  Lifetime 

emission decays exhibited a mono-exponential fit.  The conclusion drawn from 

these observations was that the vanadium center exhibits pseudotetrahedral 

symmetry, possessing a terminal oxo species and three oxygen-vanadium 

bonds.  In addition, Anpo’s group presents evidence to suggest that there is also 

a hydroxyl group closely associated with the vanadium center. 

This system is similar to the vanadium center found in amorphous silica-

vanadia matrices.  The vanadium is in much more of a strict tetrahedral, C3V 
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symmetry without neighboring hydroxyl groups to interfere with the V=O 

stretching vibration.   Our research set out to determine 1) lifetime emission 

decay differences due to differing coordination of the central vanadium, 2) the 

effects of the neighboring hydroxyl in vanadium-containing silica zeolites versus 

the effects of water coordinating to the vanadium center in the amorphous silica-

vanadia materials, and 3) the effect of water on the vanadium center in a 

vanadium-silica zeolite material.  

 

2.2 Synthetic Approaches 

 

2.2.1 Vanadium (V) Xerogel Synthesis 

Reagents Tetramethylorthosilicate (TMOS; 99+%) and oxovanadium 

triisopropoxide [98%] were purchased from Gelest.  The TMOS was refluxed 

over sodium methoxide and distilled; the oxovanadium triisopropoxide was 

vacuum-distilled directly prior to use.  Reagent water was deionized to a 

resistance of 18 megaohm-cm utilizing a Barnsted E-Pure system.  All vanadium 

(V) xerogel synthesis was carried out in accordance with published methods [45-

47].   In our syntheses, a dilute acid mixture having mole ratios relative to the 

silicon in the TMOS of 3:1 for water and 0.5:1 for acid was slowly added while 

stirring to a solution containing isopropyl alcohol, TMOS, and the volume of 

vanadium triisopropoxide containing the desired mole percent relative to the 

silicon in the TMOS.  The volumes of water and isopropyl alcohol were calculated 

to give a final silicon concentration of 2.05 M.  After sonication, the solution was 

poured into 4-mL square, polystyrene cuvettes, capped, and allowed to gel.  

Crack formation in the monoliths was avoided by allowing three months for aging, 

evaporation, and densification.  The final processing occurred in a programmable 

oven ramped to 100 ºC from room temperature at a rate of 5 ºC/hr, where the 
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temperature was held constant for 72 hours before ramping the temperature to 

500 ºC at the same rate.  After 36 hours of annealing, the monoliths were cooled 

to room temperature over a 95-hour time period. 

2.2.2 Vanadium (V) Zeolite Synthesis 

Reagents Tetraethylorthosilicate (TEOS; 99.999%) and a 

tetrabutylammonium hydroxide solution (40% by mass) were purchased from 

Aldrich, and oxovanadium triisopropoxide was purchased from Gelest.  These 

reagents were used as received, and the synthesis was carried out using 

deionized water (18 megaohm-cm; Barnsted E-Pure system).   

 Zeolites are formed by forcing the -O-Si-O- polymeric chains to condense 

around a templating agent, in this case N(C4H9)4
+, with the OH- acting as a 

catalysis for condensation.  After gelation and aging, the zeolite is calcined in air 

at 500 °C to remove all organic material.  The resulting silica/vanadia network is 

crystalline.    

 The choice of reagent and templating agent used in the synthesis affects 

the crystal structure of the zeolite. Choices of templating agents include 

tetrapropylammonium hydroxide (TPAOH) and tetrabutylammonium hydroxide 

(TBAOH).  Materials made from TPAOH are classified as VS-1, while materials 

made from TBAOH are designated VS-2. Both templates guide the metal/oxygen 

network into a pentasil formation, however the resulting crystal lattice is affected 

by the size of the templating agent.  The major difference between VS-1 and VS-

2 structure is the relationship between the atoms in the stacked layers.  Adjacent 

layers in the VS-1structure exhibit inversion center symmetry (i-type stacking) 

[48].  In the VS-2 structure, adjacent layers are in a disordered sequence of i-

type stacking and s -type stacking (mirror symmetry) [49,50].  
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Some of the compounds considered as a vanadium source for our zeolite 

were oxovanadium triisopropoxide VO(iPrOH)3, vanadium(III) chloride (VCl3), and 

vanadium sulfate hydrate (VOSO3)•xH2O.  The choice of vanadium source does 

not appear to affect the crystal structure of the zeolite [43].  Our initial zeolite 

synthesis was patterned after the published methods of Anpo et al. [43].  In a 

typical preparation, 48.7 mL TEOS and 19.1 mL isopropyl alcohol were mixed 

under nitrogen in an ice bath.  To this solution, 18.2 mL TBAOH (40 mass %) is 

added at about 2 mL/min.  Next, 36.4 mL TBAOH (10%) in 23 mL H2O is added, 

followed by 0.7 g VCl3 in 10 mL H2O.  The sol is stirred for 1.5 hours at 0 ºC and 

then for 5 hours at 50 ºC.  The sol is allowed to cool to room temperature and 

stirred overnight.  After 12 hours the liquid sol is placed in a high-pressure 

autoclave and heated to 160 ºC for 4 days.  The resultant crystalline material is 

rinsed several times with deionized water, followed by calcining in air at 500 ºC 

for 1 day.  In a hybrid synthesis method, based in part on the aforementioned 

Anpo method and a synthetic method for titanium silicalite [51], 40% TBAOH was 

diluted to 20% with deionized water to determine if the base concentration affects 

the crystal structure of the vanadium environment.   Comparison of the two 

synthetic methods can be found on Table 1. 

 

 

 

 

 

 

 



 20 

Table 1 

Comparison of Anpo and hybrid Zeolite Synthetic Methods. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Anpo Method 

( 2 mol% V) 

Hybrid Method 

(2 mol% V) or (0.5 mol% V) 

Reagents 

added, in 

chronological 

order 

TBAOH conc. 

in the resultant 

mixture (M) 

Reagents added, in 

chronological order 

TBAOH conc. in 

the resultant 

mixture (M) 

48.7 mL TEOS 

19.1 mL i-PrOH 

0 15.3 mL TEOS 

  6.0 mL i-PrOH 

0 

18.2 mL 40% 

TBAOH 

0.323 17.2 mL 20% 

TBAOH 

0.341 

36.4 mL  40% 

TBAOH 

23.0 mL H20 

0.573 0.2112g or 0.1717g 

VCl3 

  5.0 mL H2O 

0.301 

----- 0.573 12.9 mL 20% 

TBAOH 

0.407 

*0.7g VCl3/10mL 

H2O 

0.536   9.0 mL H2O 0.351 
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We developed the hybrid method after unsuccessfully using the Anpo 

method, which apparently strives to maintain a constant concentration of base 

throughout the entire synthesis.  In Anpo’s method, the base is added in two 

aliquots, before the vanadium is included, which might begin base-catalyzed 

hydrolysis.  A framework would begin to develop before any metal ions were 

present thus limiting the possibility of incorporating the metal centers into the 

matrix and restricting them to surface sites instead.  In addition Anpo’s method 

requires extended lengths of time devoted to heating while stirring which 

promotes polymerization before the sol is exposed to temperatures and 

pressures necessary to form the crystalline structure.  Base concentration is 

roughly the same for both methods after the second step but then diverges with 

the hybrid method maintaining a value half of that found in the Anpo method until 

all reagents have been added.  In the hybrid method metal ions are introduced 

between two additions of base.  Care must be taken to prevent gelation thus the 

hybrid synthetic route is performed as quickly as possible.  The effect of adding 

the metal ions between aliquots of base is to increase the opportunity to form V-

O-Si bonds before significant framework development has begun. 

Characterization 

 Although Anpo claimed 2 mol% vanadium, we were only able to confirm 

0.02 mol% by XRF on materials synthesized by his method.  Materials 

synthesized that had been calculated to contain 0.5  mol% vanadium contained 

only 0.04 mol% by XRF analysis.  No explanation is currently available for the 

discrepancy between Anpo’s synthetic claim and the measured vanadium 

content or for the trend of increasing actual vanadium content versus decreasing 

theoretical vanadium content.  
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2.3 Spectroscopic Studies 

2.3.1  UV-Visible Diffuse Reflectance  

Electronic Absorption Spectroscopy. Absorbance/Emission spectra were 

recorded on a Perkin-Elmer Lambda 900 UV-Vis-NIR absorption spectrometer.  

Along with traditional transmittance capabilities, this spectrometer is also 

equipped with a 160 mm integrating sphere to perform reflectance 

measurements (total or specular) of powdered samples. Diffuse reflectance 

spectra of 0.5 mol%, 0.02 mol%, and 0.04 mol% vanadium silicalite samples, 

measured in the range from 270 to 600 nm can be found on Figure 6. A diffuse 

reflectance UV-Visible spectrum of 0.5 mol% vanadium zeolite prepared by us 

using the Anpo method was performed and is similar to Anpo’s published results. 

Zeolites of the 0.02 mol% Anpo preparation and 0.2 mol% hybrid preparation 

exhibit a peak at ~298 nm, the 0.5 mol% vanadium xerogel sample has a peak at 

~305 nm, and the 0.04 mol% Anpo preparation zeolite seems to have no 

absorbance in the 285 to 333 nm range. Tran et al. assign the region of 285 to 

333 nm as the direct absorption of light, with promotion an electron out of orbitals 

on the basal plane oxygen to a p * orbital on the terminal oxygen which is anti-

bonding with respect to the V=O bond, to the triplet emitting state [44].  Dzwigaj 

et al. [52] also detected two bands at 270 and 340 nm in ß zeolites doped with 

vanadium that were also present in the UV-Vis spectrum of NH4VO3 and TiVO4, 

in which the vanadium is surrounded by four oxygen ligands.  Evidence was 

presented, by Dzwigaj for various vanadium-doped silica materials , that the 

coordination geometry for the vanadium was pseudotetrahedral (SiO)3V=O, 

possessing a double V=O bond and three single V-O bonds.   
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Room Temperature Diffuse Reflectance UV-Visible  

Room temperature diffuse reflectance UV-visible of vanadium doped xerogel and 
zeolite materials under dry nitrogen. 

Figure 6 

 The greater the vanadium loading, the more intense the band at 270 nm 

becomes which might be attributed to the presence of a pseudotetrahedral 

vanadium species tha t is hydroxylated.  Although diffuse reflectance absorption 

spectroscopy may not reveal weak bands, there is no evidence that any bands 
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exist in the region of 600 to 800 nm in our materials. According to Dzwigaj et al. 

[52], absence of (d-d) transitions within the range of 600 – 800 nm is a clear 

indicator of the lack of the presence of VIV species, and one can assume that any 

vanadium present would have to be of the VV oxidation state.    

 

2.3.2.   Emission/Excitation Absorption Spectroscopy 

Luminescence Spectroscopy.  Electronic spectra were collected on a Spex 

Model FL2T2 Fluorolog-2 Spectrofluorimeter with dual emission and excitation 

monochromators with an Advanced Research Systems Displex closed-cycle 

refrigerator for spectroscopy at temperatures down to 6.5 K.  

As shown in Figure 7, 0.5 mol% vanadium xerogel and 0.5 mol% 

vanadium zeolite under vacuum and cooled to 77 K both exhibit emission spectra 

centered about 525 nm upon excitation of the absorption band at 355 nm.  This 

spectrum agrees well with published results for location of maximum intensity 

[43].  No matter what excitation wavelength is used, the emission maximum 

remains unchanged, indicating only one emitting site.  Also apparent in the 

zeolite spectrum is a medium sized peak, or shoulder, located at about 425 nm. 

Soult et al. have determined the peak at 425 nm to be a tin impurity introduced 

during the synthetic process and is present in all zeolite materials [53].   
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Emission spectrum overlay of Vanadium doped Xerogel and 
Zeolite 

Dashed line is 0.5 mol% zeolite and solid line is 0.5 mol% vanadium 
 xerogel both cooled to 77 K and excited at 355 nm.  Note peak occurring 
 in the  zeolite spectrum at about 420 nm indicating the presence of tin 

Figure 7 

As can be seen in Figure 8, by changing the excitation wavelength to 266 

nm for the zeolite sample , the tin’s contribution to the emission has been greatly 

reduced relative to the vanadium emission, which is centered at about 512 nm.  

Furthermore the emission from tin is largely temperature-independent, unlike the 

vanadium excited state emission which is temperature-dependent.  By exposing 

the samples to low temperatures, the nonradiative pathways for excited state 

decay are greatly reduced, and the vanadium emission becomes much more 

intense.  This is illustrated in Figure 8, where decreasing the temperature of the 

vanadium zeolite to 12 K produces a significantly more intense spectrum with a 
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more clearly defined vibronic structure and very little contribution from the 420 

nm tin emission.  
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Emission Spectra of Vanadium Doped Xerogel and Zeolite 
Bumpy line is 0.05 mol% vanadium zeolite cooled to 12 K and excited at 266 nm 
and the smooth line is 0.5 mol% vanadium xerogel cooled to 77 K and excited at 
355 nm. 

Figure 8 
 

The two spectra differ only slightly. The xerogel maximum can be found at about 

525 nm, while the maximum for the zeolite is at about 512 nm.  A change in 

index of refraction due to differences in metal ion concentration cannot be ruled 

out as a reason for the differences in emission spectrum. 
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 Metal-doped zeolites can contain metal centers located at the surface of 

the pores and within the silica framework where they are not exposed to the 

ambient atmosphere.  The emission spectra of the amorphous xerogel and 

crystalline zeolite are very similar, and thus the nature of the emitting sites in 

both materials must be similar.  The nature of the emitting site in xerogels is that 

of vanadium bound to surface sites.  Zeolites contain both surface sites and 

internal matrix sites thus, for the emission spectra of a zeolite to be similar to a 

xerogel, the internal matrix sites must be non-emissive.  An effort was made to 

determine if the emitting species within the zeolite are surface sites, framework 

sites or a combination of the two by analyzing a material that contained surface 

vanadium sites only. The surface sites on a vanadium-doped zeolite can be 

synthesized by mixing uncalcined silicalite-2 material with vanadium 

triisopropoxide in alcohol.  The use of uncalcined silicalite-2 prevents deposition 

of vanadium upon the walls of the pores as they are currently filled with the 

templating agent.  The vanadium binds to the only sites left available, surface 

hydroxide groups, through the condensation reaction.  This material is then 

calcined to remove the templating agent leaving vanadium deposited on the 

surface.  This vanadium-deposited silicalite (VDS) was analyzed under the same 

conditions as those for the materials in Figure 8 and plotted with them on Figure 

9.   
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Electronic Spectrum of Vanadium Deposited Silicalite, 
Vanadium Doped Zeolite and Vanadium Doped Xerogel 

 
Vanadium deposited Silicalite is the dash dot dot line, 0.5 mol% Vanadium 
Xerogel is the solid line, and 0.05 mol% vanadium Zeolite is the dashed line. 
 

Figure 9 
 

The emission maximum for the VDS material was within 200 cm-1 of the 0.05 

mol% vanadium xerogel.  In general the amorphous xerogel, crystalline 

vanadium zeolite and VDS, based on ?max, display similar physical and electronic 

vanadium environments.  Unfortunately synthesizing a material that contains only 

framework vanadium sites is not possible at this time so the question of whether 
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the emission from the zeolite comes strictly from surface sites remains 

unresolved.   

2.3.3.  Spectroscopic Assignments and Analysis 

The vibrational structure that is resolved in the emission spectra of vanadium-

silica xerogels and zeolites from a Franck-Condon analysis can be found in 

Figures 10 and 11, respectively.   

 

 

 

 

 

 

 

 

 

 

 
 

Franck-Condon Analysis of 0.5 mol% Vanadium Xerogel 

Franck-Condon Analysis of 0.5 mol% Vanadium Xerogel 

Figure 10 
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Franck-Condon Analysis of 0.05 mol% Vanadium Zeolite 

Franck-Condon Analysis of 0.05 mol% Vanadium Zeolite 

 
Figure 11 

The Franck-Condon analysis employs the use of a harmonic approximation to 

describe the absorption and release of energy [54].  Absorption occurs starting 

from v=0 in the ground state into discrete levels in the excited state which have 

adequate overlap.  Emission then occurs out of v=0 in the lowest excited state 

into those vibronic levels in the ground state that have sufficient overlap.  The 
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greatest intensity should then be from v=0 out of the excited state to v=0 in the 

ground state if the excited state were directly aligned over the ground state.  This 

is referred to as the 0-0 transition or Eoo.  A plot including both the absorption 

spectrum and emission spectrum can be used to approximate ly locate the zero-

zero transition energy at the point where both spectra overlap.   

 The distance between v=0-1, v=1-2, etc. is a function of the frequency of 

vibration of an oscillator.  In this case the model used for this frequency is a V=O 

unit vibrating against an infinite wall.  Thus the reduced mass simplifies to the 

actual mass of vanadium and oxygen and a frequency of 970 cm-1 was 

calculated.  In the analysis, the zero-zero transition energy (Eoo) was assigned to 

the highest energy modes resolved; 22957 cm-1 for the zeolite and 23227 cm-1 

for the xerogel.  A Franck-Condon progression generated for an Eoo one mode 

higher in energy reproduced a spectrum in poorer agreement even though the 

zero-point energies were still in the overlap region as seen on Figure 12.  The 

diffuse reflectance data demonstrate that this material weakly absorbs in this 

spectral range and there is no discernable vibronic structure to the absorbance.  

Weak absorbance and lack of vibronic structure prevents unambiguous 

assignment of the zero-zero transition energy employing the 

absorbance/emission spectral overlap method.  Thus, as mentioned before, the 

zero-zero transition energy location was determined to be the highest vibronic 

frequency that could be resolved.  Figures 10 and 11 show the Franck-Condon 

progressions calculated for a 970 cm-1 mode originating from the assigned zero-

zero transition energies of the xerogel and the zeolite, respectively.  Good 

agreement is obtained between the observed and calculated progressions.  The 

normal coordinate change required to generate either of these progressions is 

reasonable, with a value of 0.075 Å used for both the 22957 and 23227 cm-1 

origin. 
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UV-Visible Diffuse Reflectance Spectrum, Emission  
Spectrum Overlay 

Absorption: 0.5 mol% Vanadium Xerogel is the thin dashed line, 0.02 mol% Vanadium 
Zeolite (Anpo method) is the dash dot line, 0.2 mol% Vanadium Zeolite (hybrid method) 
is the thick dashed line and the 0.04 mol% Vanadium Zeolite (Anpo method) is the thick 
dashed line.  Emission:  0.5 mol% Vanadium Xerogel is the thin solid line and 0.05 
mol% Vanadium Zeolite is the thick solid line. 

 
Figure 12  
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We conclude that these results compare well with previously determined 

emission spectra for a pseudotetrahedrally coordinated oxo-vanadium in a silica 

matrix with the vibronic progression originating from the V-O-Si stretch [44]. 

 

2.3.4.  Emission Decay Analysis 

Introduction The issue of whether the nature of the emitting sites contained 

within vanadium doped zeolites are surface sites, framework sites, or both might 

be resolved by examining the emission lifetime decay data.  In the amorphous 

xerogel materials the vanadium center can occupy sites that are not strictly C3V 

symmetry but a range of coordination environments that are loosely 

pseudotetrahedral.  This range of coordination environments would affect the 

decay pathways of the excited state resulting in a distribution of lifetimes with 

each lifetime associated with a slightly different geometry.  Considering the 

amorphous nature of the xerogel such a distribution might be Gaussian in nature 

centered about a particular lifetime.  Zeolites are highly ordered crystalline 

materials and, as such, restrict the occupancy of the vanadium to specific 

crystallographically defined sites.  With very little variation in the vanadium 

coordination environment the expected lifetime decay data from a zeolite would 

be monoexponential, or a series of exponentials with each exponential defining a 

slightly different vanadium geometry.  Examination of the differences in the 

emission lifetime decay data between zeolites and xerogels should give further 

insight into the nature of the emitting sites contained within the zeolite. 

 

Time-Resolved Spectroscopy.   Fluorescence was induced using 355 nm 

excitation pulses from a Spectra-Physics laser system.  The Spectra Physics 

DCR-2a is a 10 Hz pulsed Nd/YAG laser (oscillator and amplifier) with a 9 nsec 

pulse time width and an 8 mm physical diameter.  The amplified pulse from the 
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Nd/YAG is fed into a harmonic generator where crystals mix the 1064 nm pulse 

and its second harmonic to generate the 355 nm pulse (third harmonic).  Type II 

KDP crystals are employed in our harmonic generation system.  The 355 nm is 

turned through the WEX (Spectra Physics wavelength extender crystal module) 

by a 355 nm dichroic and Pellin-Brocca prism onto an Oriel 1-inch diameter 

cylindrical fused-silica lens with a focal length of 100 mm.  The lens is set such 

that the excitation beam forms a vertical slit on the sample cell. 

 Laser energy is monitored by reflecting a portion of the excitation beam 

into a Laser Precision Corporation’s power meter, model number RJP-735.  

Fluorescence collection is done at a right angle to the excitation beam.  The 

collecting lens is a 2-inch diameter Newport bi-convex fused silica lens with a 

focal length of 75.6 mm.  The collecting lens is mounted on a translation stage to 

allow for proper collimation of the sample fluorescence.  The collimated beam is 

then focused into the monochromator by a Newport 2-inch diameter bi-convex 

fused silica lens with a focus of 200 mm.  An L-39 Hoya long pass filter is 

positioned before the entrance slit of the monochromator.  A Jarrel-Ash 0.25-m 

(f/3.6) Ebert monochromator, Scientific Measurement Systems model 82-410, is 

the dispersive element prior to the detector.  The detector is a Hamamatsu R928 

extended red high sensitivity photomultiplier tube with all dynodes employed.  

The signal from the PMT was coupled to the LeCroy Model 9410, dual-channel, 

150 MHz digital oscilloscope with a 5.0 kO load resistor.  The oscilloscope is 

connected through a GPIB cable to a IEEE GPIB card installed in a 386 33MHz 

IBM compatible PC.  A PC is used in the collection and handling of data. 

 

Analysis of Lifetimes in Solid Systems     As described in the experimental 

section, a sample was excited with a 355 nm pulse, and the decay of the 
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intensity at 550 nm was recorded.  This system can be described as an excited 

state (E) decaying to a ground state (G) at a particular rate (k): 

 

  E à G   (equation ME 1) 

       k 

 

The rate of disappearance of E and appearance of G are related by: 

 

  -d[E]/dt = [G]/dt = k[E] (equation ME 2) 

 

The rate law can be determined in terms of E: 

 

  -d[E]/[E] = kdt  (equation ME 3) 

 

This law can be integrated over the ranges [E] = [E]o to [E] and t=0 to t to give: 

 

  Ln [E] – ln [E]o = -kt  (equation ME 4) 

 

The natural logarithm can be eliminated by taking the antilog of the equalities to 

give: 

 

  [E] = [E]oe-kt   (equation ME 5) 

 

This equation is known as the mono-exponential and describes a first-order 

reaction of one species becoming another species.  For pseudotetrahedrally-

coordinated vanadium (V) with a terminal double bonded oxygen, incoming light, 

at 355 nm, promotes an electron from the basal plane oxygen into an orbital on 
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the vanadium that is anti-bonding with respect to the terminal double bonded 

oxygen.  This system releases energy in the form of photons with a maximum 

wavelength of about 550 nm, and decays back to ground state.  The symmetry 

around the vanadium ion affects the energy levels of the orbitals, and any 

deviation from pseudotetrahedral can affect the wavelength of the exiting photon 

and/or the length of time of decay.    

 Solution systems are in constant motion and any range of lifetimes for a 

particular decay route  can be averaged to produce just one lifetime.  Emission 

decay produced by solids is rarely monoexponential but consists of a distribution 

of lifetimes imposed by differences in the coordination environment of the 

emitting site throughout the solid.  Emission decays from such materials are 

treated by more complex forms that more closely approximate the distribution of 

emitting sites.  Oftentimes the decision of data analysis is done empirically, 

based on which treatment the data are fitted best.  Ideally, the final choice to use 

a specific distribution should be based on its appropriateness for the material 

under analysis. 

 Zeolites constrain vanadium ions in specific crystallographic sites and 

might be expected to exhibit multiple decay times, each representing a 

crystallographic site with slightly different vanadium symmetries.  Such a 

distribution can be described as a simple sum of monoexponentials.  The 

equation below describes a mono-, bi-, and tri-exponential fit employed to 

analyze the decay data: 

 E(t) = C1e-(t/t ) + C2e-(t/t ) + C3e-(t/t)   (equation Ex 1) 
  [___] 
  mono- 
  [___________] 
   bi- 
  [_________________] 
    tri- 
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E is the energy at time – t , C1 is called the pre-exponential function and t is the 

time necessary for the energy to reach baseline.       

 For systems with a broad range of structurally different emitting sites, 

continuous distributions are often assumed.  Among the most successful of these 

is that proposed by Albery who assumed a dispersion of the free energy change, 

? Gø, according to a normal Gaussian distribution, exp(-x2), about some mean, 

?Gø, and ?  describes the spread of the Gaussian distribution [55]. 

   

   ? Gø =  ? Gø – ? xRT    (equation A1) 

 

In this treatment the assumption made is that there is a Gaussian distribution in 

? G‡ or in ln (k).  In simpler terms this approach assumes there is a Gaussian 

distribution of activation energies.  The width of the Gaussian distribution of 

activation energies is expressed as ?  and at ?  = 0, meaning no distribution,  

equation (A3) reduces to a simple mono-exponential.  Tau, t , is related to the 

mean rate constant, k , by: 

  t  =k  t      (equation A2) 

Integrating across the normal distribution, exp(-x2), yields equation A3 which 

gives the decay of the excited state population over time. 

 

  c/co = ? exp(-x2) exp[-texp(?x)] dx  (equation A3) 

    ? exp(-x2) dx 

where 

   ? exp(-x2) dx = p 1/2      
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 Finally, some heterogeneous solid-state emitting materials have been 

successfully treated using the Kohlrausch-Williams-Watts (KWW) function. 

   

  E(t) = C1exp-(t/t )ß    (equation Ex 2) 

 

Kohlrausch [56] first proposed this equation to describe relaxation in 

viscoelecticity and later Williams and Watts [57] applied it to dielectric relaxation.  

In the KWW relationship t = time, t  represents the average of lifetimes for the 

majority of the light-emitting sites and ß (beta) describes the spread of the 

distribution.  The rest of the light emitting sites have shorter or longer lifetimes 

with the distribution of these lifetimes spread out over an extended length of time.  

If the lifetimes were plotted versus time one would see a skewed distribution with 

one side of the Gaussian “stretched” or not falling to baseline as quickly as the  

other side.  An example of stretch exponentials is shown on Figure 13.  Such 

systems which express this kind of decay typically possess a non-Gaussian 

distribution of emitting sites and thus express the “stretched exponential” effect.  

It was thought at the beginning of our research that the discrete 

crystallographically defined sites in the zeolite would result in monoexponential 

decay or a sum of exponentials with each lifetime representing a unique site.  

The logic behind this theory was that each unique site would have a slightly 

different electronic and structural environment than the other sites, thus 

increasing or decreasing the decay lifetimes enough to require its own 

exponential to describe it.  Conversely it was expected that the amorphous 

material, having emitting sites that are not constrained to specific crystal 

structure locations, would be fit best by a distribution of sites such as those 

assumed by the Albery or KWW approximations.   
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Example of “Stretched” Exponential Decay 
Example of stretched exponential decay from a bright light-emitting diode from 
research performed from Pophristic et al. [58]. 

Figure 13 
 

Examination of Table L1 reveals that despite adding more exponentials to the 

fitting routine R2 shows improvement only at the third decimal point, for bi- and 

triexponential fits, between the amorphous and crystalline materials.   
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TABLE L1.  

Xerogel/Zeolite Comparison 

 Monoexponential  Biexponential    Triexponential 

 

Furthermore trying to fit the data with two or more exponentials resulted in a fit 

that was over-determined, as indicated by the dependencies, and concluded that 

too many variables were employed.  In addition the decay lifetime values are 

close enough together to prevent distinguishing between amorphous and 

crystalline materials.  On Table L2 the KWW fit has a slightly better R2, which is 

as good a fit as the tri-exponential, but with only 3 parameters as compared to 6 

parameters for the tri-exponential.  The Albery fits for both materials produces R2 

values that are almost identical, and lifetimes and distribution widths (gamma) 

that are the same order of magnitude.   This would seem to indicate that, to the 

Albery function, these materials are the same.  Pure Silicalite-2 materials 

analyzed by these fitting routines produced lifetimes ranging from 0.07 to 0.2 ms 

0.5% V Zeolite Xerogel Zeolite Xerogel Zeolite Xerogel 

τ(ms) 3.51 6.71 
 

1.55 

 

2.03(58%)  

10.01(42%) 

0.562(43%)  

2.48(29%)  

13.84(5%) 

0.888(43%)  

0.2256(35%)  

12.12(22%) 
R2  0.9573 0.9846 0.9970 0.9992 0.9989 0.9997 

Depend. a 0.704 0.626 0.898 0.821 0.974 0.943 

 b 0.704 0.626 0.961 0.960 0.994 0.992 

 c   0.960 0.070 0.993 0.990 

 d   0.886 0.929 0.994 0.997 

 g     0.993 0.999 

 h     0.980 0.986 
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and xerogel controls produced a range between 0.01 to 0.2 ms indicating that the 

matrix contribution to the emission decay is extremely short-lived.   

 

Table L2 

Xerogel/Zeolite comparison 

   Albery Fit     KWW Fit 

 

  

 The use of residuals is another test for how good a fit is especially for a 

curved line.  The three graphs utilizing monoexponential (Figure 14), Albery 

(Figure 15), and KWW (Figure 16) fittings display a smaller box at the top with 

the y-axis labeled “Residuals”.  All data have been normalized to a value of 1 so 

that direct comparisons can be performed.  Residuals are given in decimal point 

form which when multiplied by 100, give the percent distance the residuals points 

are from the actual data.  A perfect fit would display a straight line across the 

residuals graph centered at 0.  A good fit will have an even distribution of points 

located plus and minus about zero and less than 0.02 or 2%.   

 

 

0.5% 

Vanadia 

Zeolite Xerogel  0.5% Vanadia Zeolite Xerogel 

Tau 1.97ms 4.42ms  Tau ? 2.631ms 

Gamma 1.620 1.213  Gamma ? 0.5692 

R2 0.9983 0.9987  R2 ? 0.9998 

Depend. ?  0.513 0.601  I ? 0.985 

 k 0.513 0.601  t  ? 0.992 

     ß  ? 0.967 
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Monoexponential Fit 
 
Example of monoexponential fit applied to vanadium emission lifetime decay 
data with Residuals displayed in upper box. 

 
Figure 14 
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Albery Fit 
Example of Albery fit applied to vanadium emission lifetime decay data with 
Residuals displayed in the upper box. 
 

Figure 15 
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KWW Fit 
Example of KWW fit applied to vanadium emission lifetime decay data with the 
Residuals displayed in the upper box. 

Figure 16 
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Approximate lifetime of the laser pulse is on the nanometer scale.  Data 

collection was programmed to begin at approximately 10 laser decay lifetimes 

after the initial laser pulse.  Despite the delay time in data acquisition the simple 

exponential fits and the KWW fit all have a problem fitting data close to the laser 

excitation pulse, as is evidenced by an increase in the residuals in that region of 

the data.  However, the Albery function with its simpler fit involving only two 

variables to analyze decay data, error in the residuals of about 0.8%, and the 

excellent R squared valued leads us to believe that this is the best fit for both 

materials.     

 The data fitting routines employed give a lifetime in the vicinity of 0.2 to 9 

ms, with the Albery centered on a value of 4.42 ms for the xerogel and 1.97 ms 

for the zeolite , and the multi-exponential fits displaying another lifetime in the 10-

15 ms range for both materials.  Each data set for the xerogel and zeolite was 

produced by one sample of each at the aforementioned conditions.  

Multiexponential fits will produce long lifetime components for those systems 

which show strictly monoexponential decay thus the 1-15 ms lifetime results are 

not unexpected here.  Considering the system under scrutiny these results 

suggest that lifetimes shorter than 1 ms are framework emission decay, lifetimes 

between 1-9 ms is the decay from the vanadium emission and the long lifetime is 

either a long-lived component of the vanadium emission, not likely, or it is an 

attempt of the multiexponential fitting routine to break up the decay into discrete 

partitions to best fit the data.  Attempts at baseline correction did not eliminate 

the long lived component.  
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2.4 Summary 

Spectroscopic probing of the ground and excited states of vanadium-doped sol-

gel made amorphous xerogels has been accomplished owing to the optical 

transparency of the glasses.  Crystalline materials, called zeolites, can also be 

synthesized employing the sol-gel method and are of special interest due to the 

large pores present which, when transition metals are substituted for silicon into 

the matrix, act as size discriminators and catalytic sites.   A better understanding 

of the metal centers’ catalytic ability within the zeolites can be achieved by 

spectroscopic probing and comparison with the already well characterized metal-

doped amorphous xerogels.  As a supplement to this study two approaches of 

zeolite synthesis were carried out to determine what, if any, conditions were 

critical in the framework incorporation of transition metal ions.  X-ray 

fluorescence analysis of materials made by the Anpo method reveals that 

theoretical 2 and 0.5 mol % vanadium zeolites in fact only contained 0.02 and 

0.04 mol % respectively whereas the hybrid 0.5 mol % theoretical  content was 

shown to contain 0.2 mol % vanadium.  Diffuse reflectance UV-visible analysis 

displays an absence of peaks in the 600 to 800 nm range indicating no V4+ 

present.  Furthermore both types of zeolites, Anpo and hybrid method, exhibit a 

peak at ~298 nm with the vanadium xerogel shifted to lower energy at ~305 nm 

and, in the region of 285 to 333 nm, are attributed to charge transfer bands of V5+ 

species in an isolated pseudotetrahedral environment.  Emission/excitation 

absorption spectroscopy of these materials is consistent with this assessment.  

Emission maximum location does not change with changes in excitation 

wavelength, and thus only one emitting site is present. The only difference being, 

again, that the center of emission is to slightly higher energy in the case of the 

zeolite which can be attributed to vanadium occupying a more constrained crystal 

lattice site.  When compared against VDS, a material that contains only surface 
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vanadium centers, the emission maximum of the zeolite was to slightly higher 

energy.  Unfortunately synthesis of a material containing only vanadium 

framework centers is not possible at this time so no conclusions can be drawn as 

to the exact nature/composition of the emitting sites in the zeolite.  Cause for the 

vibronic progression by an A1 symmetric metal-oxygen stretch of the basal plane 

ligand is verified by Franck-Condon analysis of the zeolite and xerogel materials  

[44].  The shift in E00 for a xerogel and zeolite in the Franck-Condon analysis 

could be attributed to a slightly more constrained crystal structure on the zeolite 

surface which would affect the V-O stretch.  The vibronic progressions of the 

xerogel, themselves, agree with already published results thus the accuracy of 

the equipment and data are maintained.  Emission lifetime decay studies indicate 

that decays less that 1 ms are due to emission from the framework, between 1-9 

ms is probably due to vanadium emission and greater than 10 ms is an artifact 

generated by the multiexponential fitting program.  The Albery approach, based 

on a Gaussian fit of the log of activation energies and expected to fit the 

amorphous materials only, seems to work best for both xerogel and zeolite 

decays.  A quenching study was initiated to study the contributions of surface 

vanadium sites and interior surface pore sites to the overall emission.  An 

emission spectrum was taken before and after a 2 mol% vanadium zeolite, 

calcined under oxygen prior to this experiment, was exposed to methanol 

(CH3OH) and cyclohexanol (C6H11OH).  Cyclohexanol, at dimensions of ~6.58 Å 

by ~4.86 Å, is twice as large as methanol, which measure ~3.5 Å by ~2.20 Å, and 

thus should be limited in its access to vanadium sites.  The degree of quenching 

observed was 82% by cyclohexanol and 90% by methanol.  This indicates that 

the vast majority of emitting sites are on the surface of the materials and not on 

the surfaces of interior pores.  
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 Contrary to the original research intent we did not find differences between 

the lifetime decay fits of xerogels and zeolites and thus could not unambiguously 

determine coordination geometries of the vanadium center in the zeolite.  FT-IR 

data was negative for the presence of free hydroxyl groups bound to the matrix 

which is indicative of no vanadium incorporation into the framework.  If no 

vanadium was incorporated into the framework then determination of the effects 

of neighboring hydroxyl groups was not possible.  Likewise the same can be said 

for the last point of the original research intent, the effects of water on framework 

vanadium centers. 

 What has been learned is that the metal-doped zeolites synthesized by 

these particular methods more closely resemble metal-doped xerogels than 

expected.  A possible explanation is that the majority of vanadium centers 

present in the zeolite are surface sites with little or no framework incorporation, 

although this has not been unambiguously determined. 
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Chapter 3 

Chromium (VI) Complexes in Crystalline Systems 

  

3.1  Introduction 

 Zeolite materials in which transition metal ions have been substituted into  

the silicate or aluminosilicate framework have been of considerable recent 

interest due to their potential as selective heterogeneous oxidation catalysts.  

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

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

[42].  The overall phenol conversion, in water at 60 ºC for 6 hours, is 50% with 

97.7% of the yield containing a mixture of hydroquinone and catechol and 2.3 % 

of the yield containing benzoquinone [74].  In the case of TS-1, the high catalytic 

activity appears to arise from the isomorphic substitution of Ti(IV) for Si(IV) in the 

zeolite lattice.  Taking TS-1 as a model, other metal ions possessing similar ionic 

radii have been substituted into the silicalite framework and explored for catalytic 

activity.  In TS-1 and other zeolites containing isomorphically substituted metals, 

the distribution of the metal in the zeolite lattice and the structural and electronic 

properties imposed on the metal by the lattice contributes significantly to 

chemical reactivity.  High-valent transition metal sites isolated in crystalli ne or 

amorphous silica often exhibit photoluminescence.  Photoemission from these 

systems often provides comparative information about the electronic structure of 

the metal sites and, when vibrational modes can be resolved, the emitting site 

can be unambiguously related to vibrational modes observed in the bulk material.  

In the case of TS-1, vibronic structure in the titanium emission allowed the well-

known 960 cm-1 vibrational mode observed in the bulk materials to be 

unambiguously assigned a Ti-O-Si stretch.  We have observed highly 
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vibrationally structured photoemission from Cr(VI) substituted into a silicalite 

lattice.  While a vibronically structured emission has been observed from Cr(VI) 

sites supported on amorphous silica, we believe that this is the first observation 

from such sites in a zeolite.  Moreover, Cr emission in the silicalite materials 

shows an unprecedented amount of vibrational structure with two well resolved 

vibronic progressions, which differ significantly from that observed in amorphous 

silica. 

  

3.2.  Chromium (VI) Zeolite Synthesis 

Reagents Tetraethylorthosilicate (TEOS; 99.999%), tetrabutylammonium 

hydroxide (TBAOH, 40 wt%) and chromium (III) chloride hexahydrate (99.995%) 

were purchased form Aldrich.  All reagents were used as received.  All synthe tic 

procedures were carried out using deionized water (18 megaohm-cm; Barnsted 

E-Pure system). 

 Chromium silicalite was prepared hydrothermally from an established 

synthesis utilizing Cr(III) salts as a chromium source [43]  except for the following 

alterations: (1) 20 wt% or 10 wt % TBAOH was used instead of 40 wt% by 

diluting the 40 wt%, (2) the aqueous chromium was added between the first and 

last aliquot of base instead of as the final addition of the entire synthesis, and (3) 

the sol was placed in a pressure vessel at 175 ºC (not 160 ºC) for 7 days (not 2 

days).  The use of two aliquots of 20 wt% TBAOH, instead of one 40 wt% and 

one 10 wt%, was employed to prevent possible precipitation and/or gelation 

before the sol was placed in the pressure vessel.  This technique was 

successfully employed for the synthesis of titanium zeolites [51].  Materials for 

spectroscopic analysis were calcined under oxygen at 600 ºC for 24 hours.  This 

process both removes the template and oxidizes the chromium to Cr(VI).  After 
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cooling, the materials were transferred directly from the tube furnace to a cryostat 

under an inert atmosphere antechamber to prevent contamination.  

 

3.3  Spectroscopic Studies 

3.3.1  Experimental 

Luminescence Spectroscopy.  Electronic spectra were collected on a Spex 

Model FL2T2 Fluorolog-2 Spectrofluorimeter with dual emission and excitation 

monochromators and an Advanced Research Systems Displex closed-cycle 

refrigerator for performing absorption, emission, and Raman spectroscopy at 

temperatures down to 6.5 K.   

Electronic Absorption Spectroscopy. Absorption/Emission spectra were recorded 

on a Perkin-Elmer Lambda 900 UV-Vis-NIR absorption spectrometer.  Along with 

traditional transmittance capabilities, this spectrometer is also equipped with a 

160 mm integrating sphere to measure the total reflectance of the solid sample.  

 

3.3.2  Spectroscopic Properties 

Figure 17 shows the emission and emission-excitation spectrum of a 1 mol% 

Cr(VI) silicalite-1 collected at 10 K.  The emission spectrum, which is absent in 

pure silicalite -1, is non-Gaussian and is centered about 650 nm.  The emission 

band shows a sharp complex vibronic structure.  The emission-excitation 

spectrum does not show vibronic structure but overlaps with emission spectrum 

between 550 nm and 600 nm where the first resolved vibronic mode in the 

emission occurs.   
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Emission/Excitation, Emission and Diffuse Reflectance 
Spectra of Cr Zeolite 

 
A: Emission/Excitation (dashed line) and Emission (solid line) spectrum overlay 
of 1 mol% Cr zeolite.  B: Diffuse reflectance UV-Vis spectrum of 2 mol% (dash 
dot line), 1 mol% (dash line) and 0.5 mol% (solid line) Cr zeolite. 

A: Figure 17, B: Figure 18 
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The absorption spectrum (Fig. 18) collected as a diffuse reflectance spectrum at 

room temperature shows an intense band in the near UV at ~ 375 nm and a low-

energy shoulder at about 460 nm associated with the Cr.  The high-energy band 

is in good agreement with the excitation spectrum consistent with emission 

originating from Cr sites.  The low energy band is in somewhat poorer 

agreement, but is much better resolved in the excitation spectrum, which simply 

reflects that it is better coupled to the emitting state.  The band, however, is 

shifted considerably to longer wavelengths by about 60 nm.  The origin of this is 

a little unclear.  It may, in part, be due to differences in sharpness of the band 

due to the differences in temperature at which each type of spectra were 

collected.  In addition, the scattering contribution to the spectra collected in 

diffuse reflectance mode may also distort the position of the band maxima. 

 

3.3.3.     Franck-Condon Vibrational Analysis 

A well-resolved vibronic progression is also apparent in the emission spectrum 

for chromium zeolites.  Franck-Condon analysis for this progression can be found 

on Figure 19.  Close inspection of the vibronic progression reveals that there 

are, in fact, two vibration frequencies built on each other.  The long mode, at 

~990 cm-1, was modeled on the vibration of a terminal oxygen that is bonded to a 

chromium center with a reduced mass of 15.9994 atomic mass units and a 

normal coordinate change of 0.081 Å..  The short mode, at ~270 cm-1, was 

modeled on  a CrO unit with a reduced mass of 67.9954 atomic mass units and a 

normal coordinate change of 0.097 Å stretching against a “wall”. 
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Franck-Condon Analysis of 1 mol% Cr Zeolite 
 
Franck-Condon analysis of 1 mol% Cr Zeolite.  990 cm-1 vibronic progression 
based on terminal oxo unit with µ = 15.9994 AMU and dS = 0.081 Å.  270 cm-1 
vibronic progression based on CrO unit with µ = 67.9954 AMU and dS = 0.097 Å. 

Figure 19 
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3.4     SUMMARY 

Diffuse reflectance spectral data, in comparison to work previously done by other 

groups, indicate that the emission does in fact occur out of the chromium centers 

and not the silica matrix.  Excitation/emission data confirms a double peak in the 

300 to 500 nm region that is also found in the diffuse reflectance spectrum.  

Furthermore, the emission spectrum suggests only one emitting species, as 

neither location no peak characteristics change with differing excitation 

wavelength.  The electronic spectrum is qualitatively similar to that of Cr 

supported on amorphous silica with the band centered on 650 nm and consisting 

of a well defined vibronic progression.  The overall bandshape is less Gaussian 

indicating a smaller normal coordinate change in the zeolites.  The vibronic 

progression appears to consist of two distinct progressions with the shorter 

frequency built upon the longer progression.  Franck-Condon fitting produces a 

good fit employing a model based on one vibronic progression, ~990 cm-1, due to 

a terminal Cr=O vibration and the other, ~270 cm-1, due to a basal plane Cr-O 

stretching vibration against an infinite “wall”.  
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Chapter 4 

Silica and Vanadia Aerogels 

4.1 The Aerogel Process 

 Aerogels are very low density, high surface area, ceramic oxide materials 

that are synthesized by supercritical extraction of solvent from a sol-gel solution 

immediately after gelation.  Aerogels cannot be produced by boiling off the 

solvent because surface tension pressure at the liquid-gas phase boundary is too 

great for the matrix to withstand.  There is no liquid-gas phase boundary at the 

critical temperature and pressure as both phases are the same density thus 

matrix collapse due to boiling is avoided.  Once supercritical conditions have 

been attained, the fluid is vented slowly, to prevent the pressure from dropping 

below the critical point, leaving behind an intact aerogel.   

 Initial attempts to create aerogels followed the synthetic route as 

discussed in Chapter 1.  In order to achieve the diaphanous matrix necessary for 

aerogel synthesis a large volume of solvent (alcohol) had to be used to dilute the 

silica.  However, such a large volume of alcohol will promote esterification and 

alcoholysis, the reverse reactions of hydrolysis (Reaction 1-1) and condensation 

(Reaction 1-4) respectively, thus inhibiting gelation.  Avoiding the rate limiting 

step of hydrolysis was determined to be necessary for the creation of the matrix 

which would become the aerogel.  The use of prehydrolyzed precursors affected 

conditions such that condensation was kinetically favored despite the presence 

of excess solvent. 

 

4.1.1  Prehydrolyzed Precursors   

 In base-catalyzed systems, condensation commences before hydrolysis is 

complete, indicating that hydrolysis is the rate determining step.  A product of 
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hydrolysis is alcohol, formed from an alkyl group present on the silicon.  the 

formation of alcohol in the hydrolysis step coupled with the already excess 

amount of alcohol present, which is necessary to produce low density 

frameworks, acts to inhibit gelation by favoring the reverse reaction of 

condensation in accordance with Le Châtelier’s principle.   

 

     Si(OR)4 + nH2O ?  HO-Si(OR)n-4 + nROH           Hydrolysis 

(RO)3Si(OH) + (RO)-Si(OR)3  ?  (RO)3Si-O-Si(OR)3  + ROH     Condensation 

(RO)3Si(OH) + (HO)-Si(OR)3  ?  (RO)3Si-O-Si(OR)3 + H2O        Condensation 

 

In the first step, hydrolysis is initiated by a catalytic amount of water.  The water 

produced in the second condensation reaction must be made available to the 

initial hydrolysis step otherwise polymerization/gelation does not occur.  If 

hydrolysis were already inhibited, through alcoholysis, catalytic amounts of water 

would be insufficient to initiate the reactions.     

 Gelation can be promoted by prehydrolyzing the silicon in a separate step 

to Si(OH)n(OR)4-n where n>1.  Adding a base catalyst to the sol containing the 

prehydrolyzed silicon, favors condensation over alcoholysis, by eliminating or 

bypassing the rate limiting step of hydrolysis.  Prehydrolyzed, or condensed silica 

(CS), is prepared by heating a solution of ethanol, tetraethoxyorthosilicate  

(TEOS), an acid catalyst, and a sub-stoichiometric mole ratio amount of water <3 

mol H2O : 1 mol Si.  The solvent is removed by distillation, leaving a viscous fluid 

which is then diluted in an aprotic solvent to prevent gelation.  This method has 

been developed by Hrubesh for both tetramethoxyorthosilicate (TMOS) [59] and 

tetraethoxyorthosilicate (TEOS) [60].  Further research by the same group 

revealed that CS consists of small linear chains, cyclic trimers and tetramers as 
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confirmed by GC/MS and NMR results.  Aerogels synthesized by a one-step 

method, in which the CS is added with all other reagents at once, have a “string-

of-pearls” structure with an average “bead” radius of 11 nm as determined by 

high resolution transmission electron microscopy (HRTEM) [61].  Employing the 

same technique, HRTEM, on aerogels made from a two-step process, in which 

the CS is mixed with solvent first and to it is added a “catalytic” solution 

containing a base, shows the structure to be made of many fine filaments with a 

chain-like structure, with an average width of 2 nm and a distance of 20 nm 

between connections [60]. 

 

4.1.2  Supercritical Extraction   

Hydrolysis and condensation of silica-alkoxides result in the formation of polymer 

strands consisting of Si-O-Si units.  These strands increase in size and length 

until they reach all sides of the container.  The solvent in which this takes place is 

trapped in the voids between the strands and rendered largely immobile.  At this 

point the sol is said to have gelled.  It is also at this point that the strands have 

cross-linked enough to support its own weight if freed from the solvent.  If the gel 

is heated to drive off the solvent, the framework collapses due to capillary forces 

that shrink and crack the matrix [62]. In order to maintain the integrity of the 

matrix, the solvent has to escape through the polymer strands as a gas without 

creating a liquid/gas interface.  The conditions under which this is possible occur 

above the solvent’s critical temperature and critical pressure.  Under these 

conditions, there is no distinction, and thus no boundary, between the liquid and 

vapor phases.   

 The first attempts at this method used supercritical water as the working 

solvent.  Unfortunately, Kistler discovered that supercritical water redissolved the 

silica matrix [62].  In another attempt, the gels were rinsed of all salts and then 
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the water exchanged with an alcohol.  The alcohol was then supercritically 

extracted.  In a typical supercritical extraction the gels are submerged in the 

same solvent as the gel and placed in an autoclave.  The autoclave is 

pressurized above the critical pressure, to prevent boiling at any time, and then 

the temperature is increased above the critical temperature.  The system is 

allowed to equilibrate , and then the solvent is vented at constant temperature.  

Attempts to perform supercritical extraction without first submerging the gels in 

solvent resulted in evaporation and collapse of the matrix.  Two-step gel 

formation using TMOS or TEOS requires no solvent exchange, as they use 

alcohol as a solvent.  Lowering the critical pressure and temperature needed to 

remove the solvent would increase overall safety of the system.  This can be 

achieved by performing a solvent exchange with liquid carbon dioxide.  The 

carbon dioxide is then supercritically extracted.  Direct solvent extraction is 

simpler whereas CO2 extraction is considerably safer. 

  

 

 

4.2  Synthetic Method   

 

4.2.1.  Reagents  

Oxovanadium triisopropoxide (OV(OiPr)3) was purchased from Gelest.  Ethanol 

was purchased from AAPER Alcohol and distilled under nitrogen prior to use.  All 

synthesis was carried out using deionized water (1018 mohm; Barnsted E-Pure 

system) and the condensed silica source was from Silbond Corp. (Silbond H-5, 

73% Ethyl Alcohol and 27% Ethyl Polysilicate).  30% aqueous ammonium 

hydroxide reagent grade was purchased from Fisher.   
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4.2.2  Synthesis 

A typical synthesis used the two-step method with direct solvent extraction. The 

first step involved the mixing of 17.5 mL of ethanol, 37.5 mL of water and 175 µL 

of 30% aqueous ammonium hydroxide to create the catalyst solution.  The first 

step involved not only the CS but also the addition of the transition metal ion 

source.  A 2 mol% vanadium aerogel is desired thus to 25 mL of Silbond H-5, a 

solution of 25 mL ethanol and 395.5 µL vanadium triisopropoxide is added while 

stirring.  The entire catalyst solution from step one is added to the mixture from 

step two at a rate of 4 mL/minute and stirred for an additional minute.  At this 

point, the sol was poured into quartz molds which were previously treated with a 

mold release agent (Synlube-1000).  After gelation the molds were placed into an 

autoclave in order to perform direct solvent extraction. Gelled samples are placed 

in the autoclave and submerged in ethanol.  The autoclave is sealed, purged with 

argon and then pressurized to 800 psi from a gas tank.  The gas line between the 

gas tank and the autoclave is vented through bypass 1 (B.P. 1) to prevent over-

pressurization as schematically shown on Figure 20.  The autoclave is 

programmed by the controller to heat up to 260 ºC over 6 hours, and then holds 

that temperature for another 2 hours.  After 8 hours, the controller then activates 

the Whitey actuator which opens a ball valve for one second every 1-5 minutes, 

depending on the size of the aerogel pieces, venting the supercritical ethanol.  

Once the pressure in the autoclave has reached 1 atmosphere, the power to the 

3 phase coils is turned off and the autoclave is allowed to cool to room 

temperature.  Pure silica aerogels and 2 mol% vanadium aerogels have been 

synthesized with this method. 
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Supercritical Extraction System 
 
Pictorial representation of all components used for the supercritical extraction of 
solvent to produce aerogels. 
 

Figure 20 
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4.3  Fabrication of Supercritical Extraction 

The supercritical extraction system can be separated into four main parts: the 

autoclave, the accumulator, the gas delivery system and the electronic controls, 

as pictorially represented in Figure 20.  The main autoclave body is a 2-liter 

pressure vessel produced by Autoclave Engineers and is composed of 316 

stainless steel designed with a maximum working temperature of 950 ºF and a 

maximum pressure of 5000 psig.  Included are a high pressure gauge for 

monitoring the conditions inside the autoclave, a thermocouple-containing tube 

that extends down into the autoclave cavity to monitor temperature inside, and 

three sets of three-phase heating coils.  A gas inlet port, a gas outlet port, and an 

emergency pressure release are accessed via the autoclave head.  Emergency 

pressure release is accomplished by employing a reverse-acting rupture disc 

with a burst pressure of 4500 psig, from Continental Disc Corporation, mounted 

in a flat-seat, muffled type rupture disc holder.  The accumulator is a 4-liter 

pressure vessel constructed by the Florida State University Chemistry 

Department’s machine shop out of 316 stainless steel, designed to have a 2.4 to 

3.0 safety margin.   

 The gas delivery system is composed of stainless steel tubing from 

Swagelok with dimensions of 1 ¼ inch outside diameter and 0.035 inch thick 

walls.  This tubing has a working pressure of 5100 psig.  Gases are delivered, 

from compressed gas cylinders pressurized to 2500 psig, through a two stage 

pressure regulator.  All valves are Swagelok extreme duty, except for the ball 

valve on the actuator.  Controlled pressure release is accomplished by venting 

through a two-way ball valve which is turned by a Whitey 141 series type AC 

electric ball valve actuator model number MS-141AC. Controlled pressure 

release through the Whitey actuator is made possible by Eagle Signal B506 1/16 
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DIN LED Timer which is set to open the ball valve for one second every 1-5 

minutes. 

 An ?E Omega model Cn4221 Temperature/Process controller moderates 

the temperature ramp rate of the three-phase heating coils on the autoclave body 

through three ?E Omega solid state relays , model number SSR240DC45.  

Initiation of the controlled pressure release regime is determined by a ChronTrol 

CD model timer employing a Time-of-Day schedule.  

  

4.4 Characterization 

 

4.4.1. Thermal Gravimetric Analysis and Differential Scanning Calorimetry 

(TGA-DSC) 

TGA-DSC analyses were performed on a TA Instrument SDT-2960 simultaneous 

thermal analysis and differential scanning calorimeter.  Pre-calcined samples 

were loaded into one alumina pan of the dual pan system.  The temperature was 

ramped up at a rate of 10 °C/min under a nitrogen atmosphere.  Weight loss and 

exotherm data were collected at the same time. 

 

4.4.2. Gas Physisorption Measurements 

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

Micrometrics ASAP 2010 sorptometer.  Prior to measurement, all samples, 

previously dried at 500 ºC, were degassed for 12 hours at 150 ºC.  Adsorption 

and desorption isotherms over a range of relative pressures (P/Pº) from 0.01 to 

0.95 were collected for all samples [63].  Surface areas were determined from 

the Brunauer-Emmett-Teller (BET) equation at the relative pressure range 

between 0.01 and 0.10 [64].  Pore volumes and pore size distributions were 

determined over the whole isotherm from density functional theory using a split-
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pore model [65].  Micropore surface areas were estimated from t-plot analysis in 

the range 0.30 < t < 0.50 nm using the Harkins-Jura correlation [66,67].  All 

isotherms are described using IUPAC nomenclature [68].   

 

4.5 Results 

4.5.1. Nitrogen Physisorption 

Figures 21 to 24 are nitrogen physisorption at 77 K of 0 mol% and 2 mol% 

aerogels and xerogels. 

 

 

 

 

 

 

 

 

 

 

 

 

Relative Pressure (P/Po) 

BET Plot for 0 mol% Vanadium Aerogel 
 

Top-Type IV isotherm for 0% vanadium aerogel and Bottom-BET surface area 
plot for 0% vanadium aerogel. 

 
Figure 21 
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BET Plot for 2 mol% Vanadium Aerogel 

 
Top-Type IV isotherm for 2 mol% vanadium aerogel and Bottom-BET surface 
area plot for 2 mol% vanadium aerogel. 

 
 

Figure 22 
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Relative Pressure(P/Po) 

 
BET Plot of 0 mol% Vanadium Xerogel 

 
Top-Type IV isotherm for 0 mol% vanadium xerogel and Bottom-BET surface 
area plot for 0 mol% vanadium xerogel. 

 
 

Figure 23 
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Relative Pressure (P/Po) 

BET Plot for 2 mol% Vanadium Xerogel 
 
Top-Type IV isotherm for 2 mol% vanadium xerogel and Bottom-BET surface 
area plot for 2 mol% vanadium xerogel. 

 
 

Figure 24 
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Table BET 1 

 [Si:ROH:H2O] Surface Area(m2/g) Isotherm Type Pore Volume(cm3/g) 

 

 

Table BET 2 

Author  material  Surface Area  Isotherm Pore Volume 

  [Si:ROH:H2O] (m2/g)   Type  (m3/b) 

 

0 mol% V Aerogel 

[1 : ~6 : ~17] 

365 IV 83.9 

2 mol% V Aerogel 

[1 : ~6 : ~17] 

667 IV 153.2 

0 mol% V Xerogel 

[1 : 2.84 : 3.59] 

670 IV 153.9 

2 mol% V Xerogel 

[1 : 2.84 : 3.59] 

712 IV 163.6 

Buckley 

and 

0 mol% V Aerogel 

[1 : 4 :16] 

185 II 4.61 

Greenblatt 0 mol% V Xerogel 

[1 : 4 : 16] 

677 I 0.358 

Dutoit 3.35 mol% V 

Aerogel 

[1 : ? : 2.07] 

989 IV 2.5 

Iura 0 mol% V Aerogel 

[1 : 1.6 : 4] 

760 ? ? 
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Table BET 1 is data that was collected on our synthesized materials and Table 

BET 2 is data from other groups.  Buckley and Greenblatt [69] have synthesized 

aerogels with a similar mole ratio of silicon to alcohol and silicon to water as to 

those materials in Table BET 1, however they age them enough to slide the gels 

from the polystyrene round-bottomed tubes before supercritical extraction.  This 

aging process allows additional cross-linking and some shrinking of the 

framework.  Buckely and Greenblatt’s materials indicate, by isotherm data and 

pore volume, that their aerogels have relatively large pores and their xerogels are 

microporous.  Those materials, aerogels and xerogels, presented on Table BET 

1, have isotherms to support the claim of calculated large pore volumes.  The 

surface areas of the 0 mol% V xerogels are virtually the same. In addition their 

xerogels were synthesized with ethanol and the ones presented on Table BET 1 

were synthesized with isopropanol.  The large organic aspect in isopropyl alcohol 

would inhibit the formation of smaller pores possible in an ethanol solution, due 

to smaller organic branching, and this is reflected in the isotherm and pore 

volume data.   

 Iura and Kawaguchi [70] calculate roughly double the surface area that 

has been found for aerogels , however, the silicon to alcohol and silicon to water 

ratio more closely resembles those for xerogels.  Consequently, the surface 

areas for Iura and Kawaguchi’s aerogels are much closer to xerogels than the 

aerogels of others as can be seen on Table BET 1.       

 Dutoit [71] has synthesized aerogels with mole ratios closer to xerogels 

presented on Table BET 1 and, again, surface areas and isotherm types reflect 

this.  The pore volume is extremely small compared to all other values and Dutoit 

has noted that this may be a result of increasing vanadium content.  This 

observation and the extensive aging performed in their synthetic method would 

account for such results. 
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4.5.2. Thermal Analysis 

Figures 25, 26 and 27 are our thermogravimetric analysis (TGA), weight loss as 

a function of heat added, and differential scanning calorimetry (DSC), detection 

of endo or exothermic processes occurring within the material as a function of 

heat added, data for xerogels and aerogels. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 

Thermal Gravimetric Analysis 
 

Thermal Gravimetric analysis of 2 mol% Vanadium Xerogel. 
Figure 25 
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Differential Scanning Calorimetry/Thermal Gravimetric 
Analysis Overlay   

 
Differential Scanning Calormetry (dashed line) and Thermal Gravimetric Analysis 
(solid line) of 0 mol% vanadium Aerogel 

Figure 26 
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Differential Scanning Calorimetry/Thermal Gravimetric 
Analysis Overlay 

 
Differential Gravimetric Analysis (dashed line) and Thermal Gravimetric Analysis 
(solid line) of 2 mol% Vanadium Aerogel 

Figure 27 
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region of ambient to 130 ºC, physisorbed water is released; two minor peaks at  

343 and 465 ºC are indicative of dehydroxylation and oxidation of remnant 

organic residues, respectively;  and the maxima at 339 and 448 ºC are results of 

carbon dioxide evolution.  Furthermore, they performed an experiment where the 

sample was analyzed and then allowed to cool while still in the equipment under 

nitrogen, and then re-analyzed.  Carbon dioxide was still produced, indicating 

that not all organics were removed during calcination.  Previous studies have 

determined that the carbon that produces carbon dioxide comes from 

realkoxylation of surface hydroxyl groups, incorporation of unhydrolyzed alkoxide 

ligands and residual solvent in the matrix [72].   

 Jesenák [73] has determined that when silica aerogels are calcined in an 

oxidizing atmosphere, mass loss cannot be explained by heat transfer through 

the sample, and the shifts of peaks observed are related to diffusion of the 

decomposition products of the organic matter in the aerogel sample.  Further, 

unbonded organic matter should be released by 200 ºC, with release of residual 

water up to 260 ºC.  This is followed by combustion of CH3-O- groups bonded to 

the SiO2 matrix, as indicated by peaks at 320 ºC and between 440 ºC and 460 

ºC.  Finally, there is a slow, continuous dehydroxylation of the SiO2 aerogel 

matrix from 800 ºC to 1000 ºC.   

 Iura [70] supports this claim with FT-IR data that show absorption bands 

between 2800 and 3000 cm-1, corresponding to C-H stretching and bending 

modes, respectively.  They ascribe the carbon content to a condensation reaction 

between surface silanols and an alcohol molecule occurring in the autoclave 

under supercritical conditions to produce a surface silica alkoxide.  This being the 

case, there should be less carbon content in xerogels since they are not exposed 

to supercritical conditions.  This is evidenced on Figure 25.  There is the 

expected physisorbed water expulsion between ambient and 150 ºC, with a very 
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slight peak at 250 ºC which can be accounted for by dehydroxylation and 

oxidation of residual organics.   

 Figure 26 is a simultaneous TGA-DSC scan of a 0 mol% V aerogel.  The 

expected water loss from ambient to 70 ºC, carbon dioxide evolution at 150 ºC 

and dehydroxylation and oxidation of residual organics as a slight peak at about 

350 ºC is evident in the TGA – solid line with an overall weight loss of about 2.5% 

by weight.  The DSC – dashed line, displays an exothermic process during the 

carbon combustion from ambient to 650 ºC and an endothermic process from 

800 ºC and above probably associated with pore collapse.  TGA and DSC data 

for a 2 mol% V aerogel is given on Figure 27 and gives the same basic features 

with the exception of an inexplicable  0.2 wt % gain from 600 ºC to 900 ºC.   

 

4.6  Summary 

Gas physisorption experiments have revealed that the aerogels analyzed are 

mesoporous, with pore volumes and surface areas equal to or slightly less than 

xerogels with the same vanadium content.   One of the differences during 

synthesis between the aerogels and the xerogels are in the mole ratios of water 

and alcohol to silicon, with the xerogels having smaller ratios for both reagents.  

The xerogels were acid-catalyzed, which tends to produce a more open matrix, 

while the aerogels were base-catalyzed, which tends to produce a more closed 

matrix.  Once the xerogels were allowed to age, cross-linking and shrinkage 

would make it possible for the aerogels and xerogels to exhibit the same relative 

pore volumes. 

 TGA and DSC data on the xerogels show distinct water loss and some 

small amount of organic oxidation.  The aerogels exhibit water loss, residual 

solvent and surface silica alkoxide combustion, and finally dehydroxylation of the 

SiO2 matrix in agreement with previously determined results.  As can be seen by 
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this data, calcination of aerogel materials under oxygen up to temperatures of 

750 ºC will not remove all organics from the matrix.  Just as the size of an 

aerogel is limited by the diffusion of solvent out of the matrix during supercritical 

extraction, oxidative removal of organics is also dependent on diffusion of 

organic combustion products out of the matrix. 
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