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Abstract 

Since the development of organophosphate (OP) nerve agents during World 

War II, rapid, effective detection of low concentration OP’s has been necessary. The 

Tokyo subway attacks of 1995, which killed twelve and injured thousands, 

demonstrated how vulnerable major cities are to chemical warfare agent (CWA) 

attacks. OP’s are dangerous neurodegenerative chemicals that inhibit the enzyme 

acetylcholinesterase (AChE). Exposure to powerful OP’s inhibits the metabolism of 

acetylcholine (ACh), a neurotransmitter, by AChE, leading to constant muscular 

contraction signaling, and eventual death.  

A novel hybrid thin film doped with a Europium complex sensitizer has been 

created for the low level detection of OP’s. The intensely luminescent complex, 

Eu(TTA)3Phen (TTA=2-thenoyltrifluoroacetone, Phen=1,10 Phenanthroline), was 

characterized by FTIR, SEM, and luminescence spectroscopy, and doped into a SiO2 

matrix via the sol-gel method. Doped thin films were exposed to various 

concentrations of diisopropyl fluorophosphate (DFP), a Sarin mimic and the 

luminescence intensity quenching by DFP was measured as a function of time. The 

thin films exhibited rapid luminescence quenching in the presence of DFP due to a 

cooperative effort between sol-gel and Eu(TTA)3Phen complexes. DFP coordinated to 

the complex allowed silica hydroxyl groups to hydrolyze DFP. The products, 

diisopropyl phosphate and hydrofluoric acid, were able to dissociate, causing 

protonation of the TTA- ligand, quenching the luminescence. 
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Chapter I 

Background & Theory 

Organophosphates 

Organophosphates have been used as chemical warfare agents since their 

discovery in 1932. Two German scientists, Lang and Krueger, were looking for 

compounds which proved to be effective pesticides. They successfully synthesized 

dimethyl phosphofluoridate and diethyl phosphofluoridate and found that the 

compounds blurred vision and caused choking when inhaled.1 Soon thereafter, 

Gerhard Schrader first created parathion, a thiophosphate, for use as a pesticide in 

Germany. During World War II, the German government took notice of his work and 

Schrader was reassigned from insecticide research to chemical warfare research. After 

discovering the cholinesterase inhibiting ability of diisopropyl fluorophosphate (DFP), 

he quickly produced the structurally analogous G-series agents (Soman, Sarin, Tabun) 

of fluorophosphate nerve agents, which were much more potent and deadly. Although 

they were never used, the Germans had amassed several tons of G-series chemical 

warfare agents (CWA). At the end of the war, the US and Russia had found Sarin 

manufacturing plants throughout Germany and immediately began their own 

production of Sarin. DFP, a less potent fluorophosphate, was independently 

discovered in England, but scientists there later created VX, a phosphonothioate and 

the most powerful nerve agent made to date. Since that time, the US has slowly been 

destroying its chemical weapons stockpile and at the Chemical Weapons Convention 

in 1993, the US agreed to dispose of its CWA’s.   
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Since their inception, organophosphates (OP) have been synthesized and used for 

various purposes. The overwhelming majority of OPs are used as insecticides and 

pesticides the world over. Malathion is the most commonly used mosquito insecticide 

and is considered to be a safe organophosphate. However, it can degrade into a more 

toxic OP, isomalathion. Such was the case in Pakistan where several hundred spray 

men were poisoned by exposure to isomalathion that formed from Malathion that had 

been stored in drums for some time. Similarly, accidents have occurred from the 

production and demilitarization of chemical warfare agents. In 1950, several workers 

at Dugway Proving Grounds were exposed to Sarin vapors after a test had been 

conducted days earlier. Several people were injured from exposure.2 During the mid 

‘70s, the Colorado Health Department began finding diisopropylmethylphosphonate, a 

byproduct of the breakdown of Sarin, in drinking water. The nearby Rocky Mountain 

Arsenal, run by the U.S. Army, had been destroying Sarin stockpiles, and 

contaminants had leaked into ground water.2 The intent to use OP maliciously has 

been demonstrated in recent years as well. Iraqi military forces used weaponized Sarin 

munitions during the Iraq-Iran war and even used Sarin gas and other OPs on Kurds in 

northern Iraq 1988. Similarly, in 1994 and 1995, the Japanese Aum Shinrikyo cult 

used Sarin vapor to attack the citizens of Matsumoto and Tokyo, respectively. 

Thousands of people were affected by the attacks, and 19 people were killed in the 

incidences. The physical and chemical properties of the G-agent series nerve agents, 

diisopropyl fluorophosphate (DFP) and VX are given in Table 1.  

 



 

 

            Table 1. Properties of Organophosphates 

 GA (Tabun)* GB (Sarin)* GD (Soman)* GF (Cyclosarin)* DFP VX*

Chemical 
Name 

Ethyl 
dimethylamido 
cyanophosphate 

Isopropyl methyl 
phosphonofluoridate 

Pinacolyl methyl 
phosphonofluoridate 

O-cyclohexylmethyl 
fluorophosphonate 

Diisopropyl 
fluorophosphate 

O-ethyl methyl 
phosphonothioate S-(2 

diisopropyl-aminoethyl) 
Molecular 

Weight 
162.13 140.1 182.178 180.2 184.15 276.38 

Boiling 
Point (°C) 

245 158 198 239 183 298 

Vapor 
Pressure 
(mmHg) 

0.037 (20°C) 2.10 (20°C) 0.40 (25°C) 0.044 (25°C) 0.579 (20°C) 0.0007 (20°C) 

Liquid 
Density 
(g/cm3) 

1.073 (25°C) 1.102 (20°C) 1.0222 (25°C) 1.1327 (20°C) 1.06 (25°C) 1.006 (20°C) 

Vapor 
Density 
(air=1) 

5.63 4.86 6.33 6.2 6.4 9.2 

Hydrolysis 
Half-Life 

(20°C, 
pH 7) 

8.5 hr 39-41 hr 80-83 hr NA 
53 hr 

(25°C, pH 7.4) 
400-1000 hr 

Water 
Solubility 

72g/L (20°C) Miscible 21g/L (20°C) 0.37wt% (20°C) 1.54wt% (25°C) 0.30wt% (25°C) 

L(CT)50 in 
monkeys 

(ppm) 
37.5 25.5 - - 106 - 

              *Modified from Toxicology of Organophosphates and Carbamate Compounds 
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While OPs can be extremely dangerous, their study and use have proven to yield 

beneficial outcomes in pest control, insecticides and medicine.3 The spread of malaria 

and other mosquito-borne illnesses has nearly been removed from countries which 

routinely use insecticide OPs, whereas in poorly developed countries, malaria is still a 

leading cause of death. The benefits of OPs come at the cost of toxicity to not only 

insects and pests, but to humans as well. Therefore low level detection of OPs is 

necessary.  

Organophosphate is a general term for a wide range of chemical toxins. Schrader first 

discovered the general chemical formula for cholinesterase active OPs to be a 

phosphorus atom double bonded with an oxygen or sulfur atom, having two single 

bonds with side chains, and having a single bond with a leaving group.3 Together, the 

leaving group and side chain constituents characterize the OP out of thirteen similar 

types. Of these thirteen, only phosphonofluoridates and phosphonothioates make up 

the AChE inhibiting OP nerve agents shown in Figure 1. 
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Figure 1. Structures of G-series nerve agents, DFP, and VX 

 

Organophosphates are deadly in that they attack the nervous system, the complex 

collection of nerve cells throughout the body responsible for relaying electrical 

impulse signals from the brain to all of the muscles. When an action potential reaches 

the end of the nerve cell, ion channels are signaled to open, allowing a depolarization 
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of the cell by a sudden influx of Ca+2 ions. The depolarization signals the release of 

neurotransmitters from the cell into the synaptic cleft. The neurotransmitters then 

diffuse across the cleft to the post-synaptic membrane which contains neurotransmitter 

receptors on the surface. Several neurotransmitters have been discovered and their 

functions can often be complex due to the body’s ability to inhibit certain transmitters 

while releasing others. Among the most common neurotransmitters are dopamine, 

serine, acetylcholine, melatonin, and serotonin, which are used and subsequently 

metabolized and broken down by enzymes. The release and metabolysis of these 

transmitters is carefully balanced in the body and too much or too little of a certain 

type can lead to devastating effects. For example, dopamine deficiency leads to 

apathy, fatigue and depression whereas an increased level of serotonin can cause 

migraines, increased blood pressure, and even hallucinations. Acetylcholine (ACh) is 

the neurotransmitter which chemically propagates the action potential across the 

synaptic cleft by triggering an opening of ion channels on the post-synaptic 

membrane, and a new action potential is created.4 After the ACh neurotransmitters are 

released from the end of the nerve cell, they bind to receptors at the neuromuscular 

junction, causing muscle contraction. They are quickly metabolized by 

acetylcholinesterase (AChE) enzyme. The active site of AChE has a serine residue 

with a hydroxyl group that rapidly hydrolyzes ACh neurotransmitter into choline and 

acetate. Reaction rates for AChE have been determined to be pH dependent but can be 

as fast as 1.6x104s-1.5 The efficiency at which AChE operates can be traced to the 

structure of the active site, which contains two small neighboring pockets that work in 

tandem to hydrolyze acetylcholine. The “anionic” site acts as a catalyst pulling the 
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electron density from ACh choline nitrogen, as the “esteratic” pocket covalently binds 

to the ACh causing hydrolysis.6 The same mechanism also hydrolyzes 

organophosphates but at a much slower rate, where the anionic site draws electron 

density away from the P-F bond in fluorophosphates so that the esteratic serine site 

binds to the phosphorus atom.  The active site resembles the catalytic triad of 

chymotrypsin, however the three residues that assist in hydrolysis of ACh are His, Ser, 

and Glu,7 where Glu replaces Asp as in chymotrypsin. In Torpedo californica, the 

active site was found to be at the bottom of a large cavity within AChE nearly 20


A in 

length, or halfway into the enzyme.7  Nerve agent OPs are cholinesterase active and 

work to inhibit AChE causing high levels of ACh to accrue in the synaptic gap. OPs 

can effectively bind to the active site serine of AChE when the phosphorous atom of 

the OP is attacked by the hydroxyl group of the active site serine in AChE as shown in 

Figure 2. 

When an OP binds, a specific functional group is released, and one of three metabolic 

pathways is possible. AChE can reactivate by hydrolysis of the OP and AChE bond, 

albeit at a very slow rate. Second, AChE can be reactivated by removal of the OP by 

an oxime, which effectively binds to OP and removes it from the AChE active site. 

AChE reactivation in patients exposed to OPs can only occur if oximes are 

administered quickly. The most common AChE reactivation molecule is pralidoxime, 

which acts as both a competitive inhibitor with OP’s and as an extractor of bound 

OP’s. Pralidoxime reversibly binds to AChE, allowing it to compete against OP’s for 

binding sites. However, it also can bind to and remove OP’s bound to the serine active 
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site. Lastly, the OP can irreversibly bind to AChE after aging, which is the removal of 

an alkoxy group from one of the phosphorous bound oxygens. This process results in a 

stable OP-serine structure. In Figure 2, aging of Sarin by hydrolysis produces an 

isopropanol leaving group from the bound OP. Permanent inhibition of the active site 

allows for ACh buildup in the synaptic gap, causing continuous muscle contraction 

throughout the body. Acute symptoms of ACh inhibition are blurred vision, wheezing, 

and tightness of the chest. More severe symptoms are associated with the SLUDGE 

acronym: salivation, lacrimation, urination, diarrhea, GI symptoms, and emesis 

(vomiting). 
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Figure 2. Inhibition of acetylcholinesterase(AChE) by Sarin 

Down: slow reactivation occurs by hydrolysis. Right: reactivation by removal of Sarin by Pralidoxime. Up: permanent binding to serine through aging. 
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As the OPs spread throughout the nervous system, muscles spasm convulsively until a 

limp paralysis occurs. The diaphragm continually contracts, and death is primarily 

caused by asphyxiation. The toxicity of the G-agents varies with the type of agent. The 

binding of the OP to AChE is reversible, however, within a limited time window from 

a few seconds to several hours, and the aging times of individual OPs determine the 

reversibility of acute exposure. For example, GD ages within minutes whereas VX, a 

potent phosphonothioate, has an aging time of several days as shown in Table 1. 

The OPs that make up the nerve agents all have low vapor pressures and relatively 

high boiling points. Most OP’s are weaponized in some form typically by vapor, 

aerosol, or in a binary form. Binary chemical warfare agents (CWAs) consist of two 

components of a chemical agent that are encapsulated in separate housings of a bullet 

casing. When fired, the two components mix, creating a lethal OP in-flight. Vapors 

can be created through a number of means, including dissolving the liquid OP into a 

volatile solvent. In the 1995 Tokyo subway attacks by the Aum Shinriko cult, small 

bags of liquid Sarin were placed in grocery bags filled with newspaper and set on the 

floor of several Tokyo subway cars. In a coordinated attack, cult members on different 

subways poked their bags with umbrellas as they exited their respective subway cars. 

Although 12 people died and several thousand were injured in the attack, the low 

vapor pressure of Sarin allowed the OP to vaporize slowly and did not affect as many 

people as it could have. The same property that makes OPs less able to vaporize is an 

added effect of VX gas that makes it particularly dangerous. VX is an oily liquid that 

degrades slowly, and its hydrolyzed components are nearly as toxic as the OP itself. 
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For this reason, it is used as a “terrain denial” weapon, and toxins can last in an area 

for long periods of time. OPs are typically soluble in organic solvents for limited 

amounts of time. For example, when diisopropyl fluorophosphate is dissolved in 

isopropanol, it can be stored for months at low temperatures. However, when stored in 

other organic solvents such as chloroform or ethanol, it will degrade within hours. OPs 

are also water soluble, but are unstable. Hydrolysis occurs at varying rates that 

degrade the OPs into phosphoric or phosphonic acid products. The hydrolysis half-life, 

shown in             Table 1, is the amount of time needed for ½ of the OP in water to 

undergo hydrolysis. Sarin is miscible in water but has a relatively short hydrolysis 

half-life compared to VX which can remain in water for extremely long amounts of 

time. 

Clearly, the need for detection of these types of chemical toxins is important. With the 

possibility of rogue nations acquiring chemical warfare agents, detection of OPs at low 

concentrations is an increasingly important field of study. In order to improve on 

current techniques, detectors must be portable, simple to make and use, and be able to 

detect small concentrations of OPs quickly.  

 

Rare-Earth Metals and Complexes 

The Rare-Earth (RE) elements have been used for a variety of applications including 

OLED lighting,8 NMR shift reagents,9 and sensing applications.10-12 Unlike transition 

metal complexes, RE complexes usually have coordination numbers as high as 8 or 9. 

The difference arises from the electronic configuration of the f electrons of the 
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lanthanide and actinide series. In transition metal complexes, valance electrons are in 

the five d atomic orbitals (AOs) and typically, coordination numbers of 6 are 

observed. In the presence of an octahedral ligand field, the d orbitals are split into two 

respectively degenerate molecular orbitals (MOs). The energy difference between the 

higher and lower energy levels is the ligand field splitting parameter, Δ, and typically 

falls within the visible range for several transition metal complexes. Transition metals 

can also commonly have different oxidation numbers. Rare-Earth (RE) complexes are 

markedly different. As one goes across the row, the 4f electron orbitals are being filled 

for the lanthanide series. The f orbitals penetrate into the core electron shells and the 

two outer 6s electrons and lone 5d electron are easily removed to form the stable [Xe] 

configuration as a trivalent cation. Figure 3 shows the distribution of the squared 

radial wave function for trivalent Gadolinium by Taylor and Darby.13 

 

Figure 3. Radial probability distribution of Gd3+. 

 Physics of Rare-Earth Solids by Taylor and Darby 

 



Texas Tech University, John Como, December 2010 

13 
 

The 4f electrons effectively screen the 5s, 5p, and 6s electrons of lower energy from 

the nucleus, which lowers there ionization energy. For the lanthanide series, the two 6s 

and lone 5d electrons become the conduction band in solids, and in solutions are easily 

lost to form ionic halide complexes. Consequently, all the lanthanides have 3+ valancy 

although exceptions such as Ce4+ and Eu2+, are also possible. 

 

Table 2. Properties of the Lanthanide Series Rare-Earth Elements 

 
Atomic 
Number 

Electronic 
Configuration 

Ln3+ 
Electronic 

Configuration
Ionic Radius 

(Å) 
Ln 3+ Ground 

State 
Ce 58 [Xe] 4f15d16s2 [Xe] 4f1 1.061 2F5/2 
Pr 59 [Xe] 4f36s2 [Xe] 4f2 1.034 3H4 
Nd 60 [Xe] 4f46s2 [Xe] 4f3 1.013 1I9/2 
Pm 61 [Xe] 4f56s2 [Xe] 4f4 0.995 5I4 
Sm 62 [Xe] 4f66s2 [Xe] 4f5 0.979 6H5/2 
Eu 63 [Xe] 4f76s2 [Xe] 4f6 0.964 7F0

Gd 64 [Xe] 4f75d16s2 [Xe] 4f7 0.950 8S7/2 
Tb 65 [Xe] 4f96s2 [Xe] 4f8 0.938 7F6 
Dy 66 [Xe] 4f106s2 [Xe] 4f9 0.923 6H15/2 
Ho 67 [Xe] 4f116s2 [Xe] 4f10 0.908 5I8 
Er 68 [Xe] 4f126s2 [Xe] 4f11 0.894 4H15/2 
Tm 69 [Xe] 4f136s2 [Xe] 4f12 0.881 3H6 
Yb 70 [Xe] 4f146s2 [Xe] 4f13 0.869 2F7/2 
Lu 71 [Xe] 4f145d16s2 [Xe] 4f14 0.858 1S0 
 

           Modified from Physics of Rare-Earth Solids by Taylor and Darby 

 

As can be seen in Table 2, the ionic radii of the lanthanides contract as the Z number 

increases. This is due to the effective screening of the increasing nuclear charge of the 

core by 4f electrons. As a consequence, the filled 5s and 5p orbitals contract in order 

to increase negative charge density and counteract the increasingly positive core. 

Lanthanide contraction has minor consequences when considering ligation. The Ln-O 
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bond length of oxygen donor ligands has been shown to decrease across the row.14 

This coupled with the contracting ionic radius means that ligands coordinated to rare-

earth (RE) lanthanides with higher Z numbers begin to sterically shield the ion.  

Lanthanide ions act as hard Lewis acids and form stabile complexes with ligands that 

behave like hard Lewis bases. Hexahydrate rare-earth halides (LnCl3(H2O)6, 

LnF3(H2O)6, etc.) form extremely stable compounds that are typically used as 

precursors for complexation by other ligands. Halide salts are charge neutral from 

bonding three monovalent anions to the trivalent lanthanide. Nitrates are also common 

monovalent ligands that bond three molecules per single RE ion. Water, however, acts 

as a neutral ligand, donating a lone pair of electrons from oxygen to the metal. In 

hexahydrates and in solution, water typically fills out the remaining sites of the 

coordination sphere. The halide salt complexes are 9-coordinate since the donors are 

small monodentate ligands. The structure of these coordination compounds is usually 

based on an orthorhombic antiprismatic point group. Because the f valence electrons 

are shielded from external electric fields, RE complexes are more ionic in character 

than the highly directional covalent bonding of the transition metal complexes. 

Therefore, the highly ordered point groups found in transition metal chemistry that can 

be accurately predicted by valence shell electron pair repulsion theory do not apply to 

RE complexes. The arrangement of ligands around the RE ion is instead best 

described by a “points on a sphere” approach where the RE metal ion is represented as 

a sphere, and points are assigned at the locations of the electrons donated by ligands. 

As previously mentioned, bond distance of the ligands can vary according to many 
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properties including ligand type, the choice of RE metal, steric shielding of other 

ligands, and other effects.  

The denticity of ligands also affects the bonding strength. Bidentate and multidentate 

ligands have found special use with RE complexes. Typically, the electron donating 

atoms of bi- and multidentate ligands are oxygen or nitrogen. Bidentate ligands have 

greater binding characteristics than monodentate ligands since there are two locations 

of interaction with the metal. Furthermore, they have greater bite radii around the 

coordination sphere, and steric shielding can lead to beneficial spectroscopic effects. A 

single RE metal ion can accommodate up to four bidentate ligands to form an 8-

coordinate complex. In some instances, a ninth coordination site can be 

accommodated by a small monodentate ligand such as a solvent molecule depending 

on the amount of steric shielding. Some of the simplest bidentate ligands are derived 

from β-diketone compounds, the simplest being acetylacetone. Deprotonation of the 

acetylacetone aliphatic carbon by a strong base produces the ligand acetylacetonate.  

 

OO

-

H

RR+H
+

OO

HH
RR

-Diketone -Diketonate
 

Figure 4. Beta-diketone deprotonation 
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The removal of the proton causes the delocalization of electrons over the two 

carbonyls, and α-carbon forming a stable structure. The rigidity of β-diketonates plays 

an important role in spectroscopy, especially when the R groups of the ligand are 

optically active. The ability to tailor these groups has led to the wide use of 

acetylacetonate as a precursor for creation of ligands with specific chemical and 

spectroscopic properties. For example, addition of alkyl chains R groups makes the 

entire RE complex less water soluble, and increases the vapor pressure of the 

compound. Similarly, addition of fluorinated carbons makes the complex more polar. 

Addition of benzene rings has implications for spectroscopic use of REs which will be 

discussed later. Deprotonation also causes these ligands to be negatively charged. To 

be charge neutral, a trivalent RE can have accommodate three β-diketonate ligands, or 

four with the addition of a counter ion. These ligands are particularly useful for 

sensing applications due to their spectroscopic tailoring abilities and labile nature. 

Multidentate ligands, such as crown ethers, tend to take up most or all coordination 

sites of a RE complex. These complexes have been shown to be relatively inert since 

the multidenticity provides a strong coordination bond with the metal ion. 

Nitrogen donating bidentate ligands are used as neutral bidentate ligands. These 

ligands are useful in coordinate chemistry for the removal of water or solvent 

molecules from the coordination sphere that may bring the metal ion from an excited 

state to the ground state through non-radiative means. Due to their neutrality, they 

form Lewis adducts with RE ions and they do not reduce the net charge of the 

complex. Again however, the structure of the ligand has implications for the overall 
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function of the complex. 1,10-phenathroline has proven to be a good nitrogen electron 

donor ligand. The extensive π-bonding above and below the fused rings allow for 

delocalization of the electrons to form an optically active structure. Similarly, the 

rigidity of the rings improves energy transfer effects.  

N N  

Figure 5. 1,10-Phenanthroline 

 

The characteristic spectroscopic properties of RE trivalent ions arise in part from the 

shielding effect the outer filled electron orbitals have on the valance f electrons. 

Perturbations to the valence electrons by crystal fields are therefore very small and 

transitions are intraconfigurational f-f transitions. This is in stark contrast to transition 

metal complexes where the valence d electrons participate heavily in bonding. In 

transition metals, the crystal field interactions are large and spin orbit coupling 

interactions are weak comparatively. The opposite is true for RE’s which have large 

spin orbit coupling interactions due to the angular momentum L, and spin S, being 

relativistic. As a consequence, the angular momentum and spin are coupled, and the 

total angular momentum J is a good quantum number and can be accurately described 

by the Russell-Saunders scheme so that L+S=J.13 The actinide series cannot be 

accurately characterized as well by this scheme, however, because relativistic effects 

contribute largely to the energy and other corrective factors must be included. The 
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atomic orbital energy levels of the lanthanides are described by the (2S+1)LJ format. 

These energy levels are (2J+1) degenerate and crystal field interactions can lead to 

further splitting, although only weakly so. In order to evaluate a RE ion’s ground state 

term, Hund’s rules are applied. Table 2 gives the number of valance f electrons for 

each element. Applying Hund's rules, the lowest energy term will have the highest 

multiplicity and therefore the highest total spin, S, and highest total angular 

momentum, L. For less than half-filled orbitals, this implies that when the spins of the 

electrons are all parallel, the energy is minimized. Also for half-filled shells, the 

lowest energy term will have the lowest total angular momentum, J=|L-S|. For shells 

more than half-filled, the lowest energy term will have the highest value for angular 

momentum, J=L+S. The ground state terms for the lanthanides are also listed in Table 

2. Hund’s rules apply only for the ground state term and generally cannot predict the 

excited state terms. RE emission spectra are of great interest to physicists and chemists 

alike. Due to the shielding effects on the 4f electrons by closed 5p and 5s shells, 

transitions are sharp and are characteristic for RE ions. The energy difference between 

the lowest excited state energy and the ground state energy of most lanthanides lies in 

the VIS-NIR range, and therefore they have found extensive applications in 

luminescence. Nd:YAG lasers utilize the excited states of Nd3+ to produce a 1.06μm 

pulsed laser output used in NIR studies. Eu3+ and Tb3+ have found applications in LED 

television lighting due to their characteristic red and green luminescence, respectively.  

The symmetry of the RE plays a large role in the spectroscopic properties of 

luminescence. The 4f electrons are constrained to intraconfigurational transitions. The 
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oscillator strength P of those transitions is determined by the electric dipole operator, 

which has odd parity. 

 Ψ | |Ψ  
(1)

Using a first order approximation, the initial and final states of the electron in the 

ground and excited state can be described as linear combinations Ψ | ℓ |  

and |Ψ |ℓ  respectively, where  and  are the remaining quantum 

numbers that uniquely define the states, and  and  are constants. Because the 

Coulomb interaction is large compared to the crystal field splitting in solids, so J 

remains a good quantum number. Under a first order approximation the oscillator 

strength is equal to zero since the initial and final states have the same parity. 

 Ψ | |Ψ 0 (2)

However, looking at the spectrum of a luminescent lanthanide, there are intense 

electric dipole transitions orders of magnitude greater in intensity than the calculated 

magnetic or quadrupole intensities. Judd and Ofelt originally proposed that the 

transitions were induced electric dipoles, arising from admixture of states of opposite 

parity.15, 16 For a lanthanide solid, the crystal field is weak and only splits the J 

multiplets up to the maximum 2J+1 degeneracy without overlapping J states. In order 

to introduce admixing of states, the crystal field Hamiltonian must be expanded into 

higher order terms of the irreducible representations of the crystal symmetry and the 

dipole operator. The dipole operator can be expanded in terms of spherical harmonics 
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 4
2 1

,  
(3) 

 

and the perturbation crystal field Hamiltonian V is given by 

 

,

 (4)

where  are the crystal field coefficients. If there is a center of inversion,  has no 

odd terms, and no admixture of states occurs. The crystal field is considered a first 

order perturbation that mixes excited state configurations |ℓ ℓ  of parity 

opposite the ℓ  states so that the states become 

 Ψ | ℓ | ℓ ℓ |
,ℓ , , ,

∑ ℓ | |ℓ ℓ
ℓ

 
(5) 

 |Ψ |ℓ |ℓ ℓ
,ℓ , , ,

∑ ℓ ℓ | |ℓ
ℓ

 
(6) 

so that finding the electric dipole transition intensity becomes a matter of solving 

equation (2) as before, but using the states perturbed by the odd terms of the crystal 

field. The closure procedure can be carried out on the second term of the states if 

certain assumptions and approximations are carried out, removing the need to know 

the excited state wave functions |ℓ ℓ  and there energies. The four 
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approximations made by the Judd-Ofelt theory concerning the pertubation energy 

ℓ are: 

1. Both  and  are degenerate. This is a valid assumption since the J splitting 
is small compared to the energy difference between the excited state and 
ground state terms. 

2. ℓ  is invariant to and . This is only moderately accurate since 
the excited state energy term ℓ  is set to the average energy of the 
configuration.  

3. ℓ  is also invariant with respect to , which means the radial 
integrals are the same for the excited state and ground state, allowing for the 
closure procedure. 

4. The perturbing configurations ℓ ℓ  are high above the configurations 
ℓ  undergoing 4f-4f transitions. 

A tedious derivation by Judd and Ofelt using all four assumptions from above, 

accurately produces the selection rules for observed lanthanide transitions, which are 

quadrupole in nature.  

In the case of the lanthanide complexes, the perturbing “crystal field” is not from 

neighboring lanthanide ions, but from coordinated ligands. Therefore, it is the 

symmetry of the ligands’ donor electrons that determine the first order perturbation. 

Qualitatively, if the ligands are arranged around the lanthanide ion such that there is an 

inversion center, there are no odd terms in the ligand field Hamiltonian, and electric 

dipole transitions are weak. A lowering of the symmetry allows opposite parity states 

to mix, since the odd terms of the ligand field Hamiltonian are non-zero.  

The magnetic dipole operator has even parity, and therefore, under inversion, has even 

transformation properties. Consequently, intraconfigurational magnetic dipole 
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transitions are allowed in a centrosymmetric field, although only weakly luminescent 

compared to electric dipole transitions.  

As mentioned previously, coordination of the RE ion with an organic molecule, 

particularly aromatic or heterocyclic bidentate ligands, drastically improves 

luminescence. The reason for this increase is two-fold. First, the excited state trivalent 

ions can return to their respective ground states via a forbidden f-f dipole-dipole 

transitions, leading to weak luminescence. In the presence of water, the excited state 

energy can be non-radiatively dissipated through high frequency –OH vibrations. 

Bidentate ligands serve to limit the number of coordinated water molecules through 

their large bite angles and steric shielding. Also, aromatic or heterocyclic ligands can 

contribute to luminescence by absorbing light and efficiently transferring energy to the 

metal ion due to the extensive π bonding of heterocyclic rings, delocalizing the 

electrons into a cloud above and below the rings. When ultraviolet light excites 

molecular π→π* transitions in these organic compounds, several energy pathways are 

possible. The excited state singlet can radiate energy in the form of molecular 

luminescence and return to the singlet ground state. The excited state singlet can also 

return to the ground state by non-radiative means through vibrational interactions with 

solvent molecules. Lastly, intersystem crossing from the excited state singlet to an 

excited state triplet is possible. The long radiative lifetime of triplet states allows 

solvent molecules to interact with the electrons and dissipate energy through non-

radiative processes. If the organic ligand is coordinated to a rare-earth lanthanide 
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however, and the excited state triplet energy is greater than the metal ion emission 

energy, energy resonance promotes the RE to an excited state. 

In this manner, the ligands act as antennae, collecting excitation energy and efficiently 

transferring it to the rare-earth metal ion and as steric shields, keeping water from 

coordinating with the RE. The choice of ligand is important when considering 

luminescence properties. If the ligand triplet state falls below the resonant energy of 

the RE emission state, no luminescence is observed. As an example, consider Figure 6 

from Physics of Rare Earth Solids. A complex of Eu3+ coordinated with a ligand of 

triplet energy C will emit luminescence. Energy transfer from the ligand triplet 

promotes the Eu3+ to the 5D0 excited state which returns to the ground state, emitting 

light. No such luminescence occurs for a complex consisting of the same ligand 

coordinated with Tb3+, where the ligand excited state triplet lies below the Tb 

emission energy. Only the ligand with triplet energy A will transfer energy to Tb3+. 

Then, emission will occur from both 5D3 and 5D4 excited states of Tb3+ to the ground 

state. Similarly, the ligand with triplet energy B will induce luminescence from both 

the 5D1 and 5D0 excited states of Eu3+ to the ground state.  

 



Texas Tech University, John Como, December 2010 

24 
 

 

Figure 6. Ligand excited state levels 

Figure from Physics of Rare-Earth Solids by Taylor and Darby 

 

Ternary complexes, in which three anionic β- diketonates and one neutral nitrogen 

electron donor are bound to one RE, have been well studied and documented.17-19 

These complexes have intense luminescence spectra, with characteristic emissions.  

 

Sol-Gel Synthesis 

Sol-gels have become an interesting field of study for various reasons including 

particle capture,20 low k dielectric properties,21-23 and sensing applications through 

doping.10, 12, 24-29 Sol-gels are formed from the mixing of a silica or titania precursor 

with water and alcohol. The precursors undergo hydrolysis/condensation reactions that 
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polymerize the precursors into a rigid matrix (the gel) immersed in an alcohol/water 

solution (the sol). Removal of the volatile sol by evaporation, heat treatment or 

supercritical evacuation leads to the creation of xerogels and aerogels. 

 

 

Figure 7. Silica sol-gel precursors 

 

The sol-gel reaction can be complicated due to simultaneous polymerization and 

condensation reactions that form the rigid matrix, and solution phases. The end 

product of a sol-gel is greatly influenced by the initial conditions and reagents used, 

namely: the type of precursor, amount of alcohol, amount of water, pH, inclusion of 

drying control chemical additives (DCCA), and inclusion of polymers. These factors 

will explicitly determine the hydrolysis rate, polymerization rate, particle size, pore 

size, gel time, the ability to form monoliths, the ability to spin into thin films, and the 

luminescence intensity of doped lanthanide complexes. Isolating and monitoring the 

effects of all of these reagents and processes can be quite difficult, however extensive 
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research has been done in order to understand the role of each of these affects.30-36 

Initially, the sol-gel precursor undergoes hydrolysis, forming a silanol.  

  (7)

In order for the hydrolysis step to occur, the precursors must be diluted in water. But 

because silica precursors are not miscible with water, an emulsifying alcohol is also 

added to increase the miscibility of the precursor. Typically, the same –R group of the 

precursor is used as an alcohol. For example, with tetramethoxy orthosilicate (TMOS), 

methanol is used as the alcohol, whereas in tetraethoxy orthosilicate (TEOS), ethanol 

is used. Hydrolysis is either acid catalyzed, in which case the reaction is electrophilic 

substitution, or base catalyzed, in which case the reaction is a nucleophilic 

substitution. An alcohol leaving group and a hydroxylated precursor, a silanol, are 

produced in the reaction. With tetrakis precursors, the remaining three side chains 

need not be hydrolyzed and the extent of hydrolysis is strongly dependent upon the pH 

of the solution. After the silanols are produced, however, they can undergo a 

subsequent polymerization/condensation reaction with another silanol to form a Si-O-

Si siloxane group and water.  

 

 

 (8)
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In this manner, the reaction is sustainable, since the water produced hydrolyzes other 

precursor monomers. The pH of the solution strongly influences the hydrolysis and 

polymerization rates. Acid catalyzed hydrolysis allows for electrophilic attack of water 

by the silicon atom of the precursor. Subsequent electrophilic attacks by the same 

silicon atom are less energetically favorable, meaning only one or two branches of the 

precursor are hydroxylated. Acid catalyzed hydrolysis of precursors therefore tends to 

produce fibrous sol-gel matrices in the polymerization step. Base catalyzed hydrolysis 

allows water molecules to nucleophilically attack the silicon atom of the precursor. 

Continued hydrolysis of the same silica atom by other water molecules is energetically 

favorable and most of the branches are hydroxylated. Therefore base catalyzed 

hydrolysis produces branched sol-gel matrices after polymerization. 

Once polymerization begins, a network of rigid siloxane bonds forms throughout the 

solution until all precursors are bonded and gelation occurs. The rigid, microporous 

structure is formed, but filled with an alcohol/water solution. The method of removal 

of the solution contained in the pores determines the type of gel. Evaporation, or fast 

drying of the volatile solvents, leads to massive pore shrinkage due to large capillary 

forces exerted on the walls of the gels during drying. Consequently, these gels shrink 

in overall volume and pore size and are known as xerogels. If the solvents are 

removed supercritically, by using liquid CO2 at supercritical temperatures and 

pressures for example, the solvents will not exert capillary forces and the pore sizes of 

the gel remain intact. These gels are known as aerogels due to their extremely low 

density, and large pore size. 
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One of the most important factors that determines the properties of the sol-gel is the 

pH of the solution. Under acidic conditions, the hydrolysis of the silane precursors is 

an electrophilic substitution. Subsequent hydrolysis of the other –OR groups of the 

silanol monomer becomes more difficult. As a consequence, the silanols tend to 

polymerize into fibers which intercross to form the sol-gel matrix. Acidic conditions 

also increase the hydrolysis rate, but decrease the polymerization rate. Polymerization 

occurs most rapidly at neutral pH. Similarly, very basic pH will also increase the 

hydrolysis rate while decreasing the polymerization rate. The growth of the sol-gel is 

much different however. Base catalyzed hydrolysis makes subsequent hydrolysis of 

the same unit easier. Polymerization therefore yields highly branched sol-gel matrices. 

As the monomers form Si-O-Si bonds with each other, the linear (or branched) 

polymers will continue to grow, causing the viscosity of the solution to increase. 

Finally, the solution will no longer exhibit fluid flow and gelation has occurred. The 

pH can also affect the pore and particle size. Particles are not formed in acid catalyzed 

hydrolysis, but are formed in the branched matrix of base catalyzed hydrolysis. The 

polymers tend to form spherical particles that aggregate to form the sol-gel. 

Polymerization in an acidic environment will yield a higher surface area since the 

linear polymers have a large surface area, accompanied by small pores. Alkali 

environments produce large spherical colloidal particles, which decrease the surface 

area of the gel, and increase the pore size throughout.  

Adding DCCA’s to a sol-gel reaction has effects on polymerization, hydrolysis, pore 

size, and total monolith volume.31, 32, 37 Primarily, the DCCA lowers the surface 
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tension of the sol phase so that capillary forces are reduced during removal of the 

solution. The capillary pressure is inversely proportional to the pore radius according 

to the Laplace-Young equation, 

 
Δ

2
 (9)

where Δp is the capillary pressure. For the nanometer sized pores of sol-gels, these 

forces can be extremely large and removal of the solvent causes pore collapse. 

Reducing the surface tension, γ, therefore reduces the capillary stress on the silica 

matrix, and pore shrinkage is reduced. N,N-dimethylformamide (DMF)  is a 

commonly used DCCA. Although the hydrolysis rate is decreased by adding DMF, the 

polymerization rate is increased. DMF has been shown to assist in the deprotonation 

of Si-OH, helping to form the siloxane bond.32 Furthermore, due to the high boiling 

point of DMF, it remains in the matrix after both ethanol and water have been 

removed, reducing the amount of capillary stress induced during drying. Porosity has 

been shown to increase while the surface area decreases with increasing 

concentrations of DMF.32  

Addition of polymers, such as polyethylene glycol (PEG), can have profound effects 

on sol-gel properties as well.  The size of the polymer directly controls the pore size. 

As the polymer length increases, the pore size increases. Therefore, longer polymers 

serve to make the particle sizes larger and increase the pore size. This same 

mechanism increases the condensation rate, and decreases the gel time significantly by 

forming direct bonds with silanols, and other PEG oligomers.38-40 A 2004 paper by 
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Shchipunov and Karpenko found that polymers with terminal –OH groups added to 

the sol-gel process did not necessarily always bind to the rest of the sol-gel, and 

instead sometimes formed hydrogen bonds with other –OH groups within the gel.41  

Long chain length PEG oligomers incorporated into the matrix also provide structural 

support to the matrix, reducing capillary stress during drying, and counteracting pore 

and volume shrinkage. Interestingly, increasing PEG oligomer lengths removes the 

dependence of the type of drying method on the gels.40 The proportion of reagents is 

important for the type of gel desired and the miscibility of the three main components 

(precursor, ethanol and water) must be mixed accordingly with miscibility in mind to 

obtain a homogeneous sol. A general table for these reagents exists that divides the 

different proportions by type of gel desired: spinnable films, coatable films, and 

castable monoliths.30 Varying the amount of water and alcohol with respect to the 

amount of silane determines the sol best suited for the different types of gels. 

Sol-gels have been intensely studied for various reasons especially extremely low 

density aerogels which have been used as thermal insulators and low k dielectrics. In 

the 2005 Stardust mission,20 NASA passed a grid of over 100 aerogels through the tail 

of the Comet Wild 2 comet to safely collect particulates without destroying them.  The 

low density aerogels entrapped the particles within the silica matrix so that they could 

be brought back to Earth for study. Similarly, sol-gels with luminescent molecules 

entrapped into the matrix have been studied.42-45 Most notably, RE complexes have 

been doped into sol-gel matrices for their luminescence properties.46-53 In this work, a 
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common Europium complex, Eu(TTA)3Phen (TTA=2-thenoyltrifluoroacetone, 

Phen=1,10 phenanthroline) was doped into a sol-gel and used as an OP detector.  

Previous work by Roland Menzel initially showed Eu3+ complexes could be used as 

sensitizers for OP’s.54 In the experiment, Eu3+ and Tb3+ complexes in solution were 

physically absorbed into paper. Various complexes of RE(Phen), RE(TTA), and 

RE(TTA)(Phen) were tested for comparison. The complexes doped into the paper 

were excited to the 5D0 excited state by a handheld UV lamp (λ=366nm) and a red 

luminescence was observed. When the paper was placed over the top of a vial of OP, 

visual inspection confirmed that the OP saturated vapor in the vial seemed to quench 

luminescence. The cause of the quenching was attributed to F- ions, produced in the 

hydrolysis of the OP, displacing the TTA ligands and allowing water into the 

coordination sphere. The water then quenched the luminescence through high 

frequency –OH stretching, allowing non-radiative relaxation to the ground state. 

However, it was found that RE(Phen) complexes showed no quenching, whereas 

complexes with TTA ligand, both tetrakis and ternary, did show luminescence 

quenching. This was attributed to the strong binding of Phen in coordination 

compounds and the apparently labile nature of TTA.  

In the following work, the Europium complex was created by a known method and 

characterized to ensure its presence and homogeneity throughout a sol-gel thin film. 

The luminescence quenching effects of DFP on the Europium complex were studied 

by spectroscopic methods, and a new mechanism was proposed. 
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Chapter II 

Experimental Procedure and Setup 

Europium Complexation and Characterization 

A Europium complex was created and used as an OP sensitizer. Europium is a RE 

lanthanide that has many desirable spectroscopic properties. The ground state term of 

lanthanides can be expressed in the (2S+1)LJ form. Since Europium trivalent ion has six 

4f electrons, ∑ 3 following Hund’s rules. Because the 4f shell is not filled, 

all six electrons have the same spin, ∑ 3 in order to minimize energy. 

Again, from Hund’s rules, since the shell is less than ½ occupied, the lowest angular 

momentum has the lowest energy. The angular momentum is | | 0 and the 

ground state term for Europium is 7F0. There are seven possible J multiplets (|

| 6) each having 2 1 degeneracy. The excited states of Eu3+ are 

intraconfigurational 4f states. Electrons in the lowest excited state, 5D0, will transition 

down to all six multiplets. Depending on the ligand used, the 5D1 excited state may 

exhibit luminescence as well if the triplet state of the ligand has high enough energy to 

excite resonance to this level. Thus, the complex chosen was a highly luminescent 

Europium complex that has been well studied,55-60 Eu(TTA)3Phen shown in Figure 8.  
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Figure 8. Eu(TTA)3Phen complex 

 

The addition of thenoyltrifluoroacetone (TTA) and 1,10-phenanthroline (Phen) 

antenna ligands allows for energy transfer to the lowest excited state of Europium. In a 

paper by e Silva,19 the energies of the excited state singlets of the TTA ligands were 

calculated using the Sparkle model.61 The study found that the UV/VIS absorption of 

spectrum of Eu(TTA)3 complexes were independent of a fourth bidentate adduct, and 

that the singlet to singlet transitions were mainly localized in the TTA ligands. Both  

ligands have areas of delocalized π electron clouds, allowing for π→π* molecular 

transitions excited by absorption of ultraviolet radiation, however, in the present 

experiment, the excitation energy did not overlap with the Phen ligand absorption. 

Intersystem crossing occurs from the TTA ligand excited state singlet to the triplet, 

and the Eu3+ is excited by resonance energy transfer to the 5D0 excited state as shown 

in Figure 9.  
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Figure 9. Ligand to Europium energy transfer 

TTA ligands are excited via singlet π→π* molecular orbital transitions. Intersystem crossing to the ligand 

triplet causes resonance energy transfer to the Eu 5D0 exited state followed by 7FJ emission. 

 

The calculated energy for the TTA ligand S0→S1 transition is 29,240cm-1, and 

18,182cm-1 is the energy difference between ground state singlet and the excited state 

tripet S0→T.19 Efficient energy transfer from the TTA ligand triplet to the lowest 

Europium excited state occurs due to the closeness in energy of the two states, where 

the energy of the 7F0→
5D0 transition is 17,300cm-1. The role of the neutral Phen ligand 

is to keep water molecules from coordinating to the Europium ion, effectively 

reducing non-radiative energy transfer, but it also increases the luminescence lifetime 

and luminescence quantum yield. The absorption spectra for the ligands dissolved in 

ethanol solution are given in Figure 10. All absorption spectra were obtained on an 

HP-8453 UV/VIS linear array diode array spectrophotometer (Agilent Technologies). 
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Figure 10. Absorption spectra of free Phen and TTA ligands  

 

The peaks in the absorption spectra are associated with chromophores owing to the 

extensive pi bonding in both ligands. For Phen, they are the peak at 200nm 

corresponding to n→π* C=C bond, and the 228nm and 265nm peaks corresponding to 

π→π* transitions.56, 62-64 In TTA, the three major peaks are attributed to π→π* 

transition of the thiophene ring at 265nm, n→π* of the C=O bond at 291nm, and the 

broad π→π* of the TTA ligand centered at approximately 355nm.63-65  

The procedure for coordinating the TTA and Phen ligands with Europium was first 

given by Melby18. In this work, a modified version was used to create the complex.17 

Europium chloride hexahydrate (EuCl3·6H2O), Phen, and TTA were purchased from 

Sigma Aldrich and used without further purification. 2mmol Phen, 6mmol TTA, and 

6mmol NaOH were added slowly to 100% ethanol at 60°C under stirring. The ligands 

were soluble in ethanol as was the Europium chloride. The NaOH served as a base to 

deprotonate the β-diketone thenoyltrifluoroacetone (TTA), subsequently creating the 
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negatively charged β-diketonate. 2mmol aqueous Europium chloride salt was first 

diluted in water and then was added to the solution drop wise, forming a white 

precipitate. The hot solution of complex and ethanol was stirred for 3.5hrs and allowed 

to come to room temperature overnight. The coordinated chloride ions were replaced 

by three negatively charged TTA ligands, making the complex charge neutral. The 

TTA ligands occupied a total of six coordination sites. Two coordination sites were 

occupied by the neutral Phen ligand. The complex was filtered and washed with cold 

200 proof ethanol and DI water. After drying at room temperature for several hours 

under ambient conditions, it was stored in a sealed vial. Images obtained on a Hitachi 

S4300 Scanning Electron Microscope (National Science Foundation Grant Number 

NSF MRI 04-511) at the Texas Tech University Imaging Center showed that the 

complex formed a crystallite powder from fast crystallization in the ethanol solution as 

shown in Figure 11. 
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Figure 11. Eu(TTA)3Phen complex crystallite powder SEM image. 

Image taken at 1.0keV at x700 magnification. 

 

The solubility of the complex powder was tested by adding into various organic 

solvents. At room temperature, the crystallite dissolved readily in dimethylformamide 

(DMF), and slightly in methanol and acetone. It would not dissolve in ethanol, 

acetonitrile, or hexane. The luminescence characteristics of the crystallite are shown in 

Figure 12, which were taken on a QuantaMaster C61/2000 (PTI, Inc.). A broad 

excitation band is found, corresponding to the molecular excited states of the TTA and 

Phen ligands. The excitation peak at 465nm is attributed to the direct excitation of 

Europium via the 7F0→
5L6 transition. The sharp emission line spectra is characteristic 

of Europium and the observed peaks are the 5D0→
7FJ transitions where J=0,1,2,3,4. 

The splitting of the multiplets reveals the low symmetry of the environment around the 

ion.  
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Figure 12. Eu(TTA)3Phen crystallite luminescence spectra 

 

The small emission peak at 581nm theoretically has degeneracy equal to one, and 

therefore it shows the uniformity of the complex. Selection rules forbid this transition 

(ΔJ=0, 0↔0 not allowed) however, its presence as a single peak suggests the existence 

of only one complex. A split peak would indicate emission from two separate types of 

complexes. The total intensity of the red luminescence is favorable for quenching 

measurements, where a decrease in intensity is monitored as a function of exposure 

time to OP. The mechanisms of Eu(TTA)3Phen quenching will be discussed later. The 

effects of solvent on the complex are drastically apparent in the excitation/emission 

spectra of the complex dissolved in dimethylformamide (DMF) shown in Figure 13.  
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Figure 13. Eu(TTA)3Phen DMF solution spectra 

 

DMF was found to be a good solvent for the complex but it has also been shown to 

regulate sol-gel properties such as pore size, hydrolysis rate, polymerization, and 

optical transparency. The homogeneity of the sol-gel solution was important factor in 

the production the doped thin films. Although ethanol would have been the ideal 

TEOS sol-gel alcohol, the complex formed a precipitate in ethanol. The DMF solvent 

most greatly affects the excitation energy as shown in Figure 13. Because the ligands 

are exposed to the solvent, changes in the excitation spectrum reflect the ability of the 

ligands to absorb energy, and efficiently transfer it to the Europium ion. In solution, 

the excited state molecular orbitals of the ligands are more susceptible to non-radiative 

energy transfer to the solvent. Due to the long lifetime of the ligand triplet state, 

solvent molecules have a longer period of time to interact with the complex. As a 

consequence, the broad energy excitation profile of the crystallite is narrowed to a 

single, more symmetric peak around the resonance energy of the singlet to singlet 
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transition of the TTA ligands. The emission spectrum is different from the powder in 

that the defined multiplet peaks are spread out into emission bands due to 

inhomogeneous line broadening. Similarly, there is a marked change in luminescence 

lifetime with change in environment. Due to the solvent effects and non-radiative 

energy transfer, the lifetime of the complex dissolved in DMF is decreased as shown 

in Figure 14 below. All lifetime measurements were collected using a TimeMaster 

(PTI, Inc.) photodiode using the LaserStrobe 337nm pulsed nitrogen laser attachment.  

 

 

Figure 14. Eu(TTA)3Phen luminescence lifetime  

Crystallite single exponential fit shown in red. Single exponential fit for complex in DMF solution shown in 

blue. 

 

0.0 1.0 2.0 3.0

N
or

m
al

iz
ed

 C
ou

n
ts

Time (ms)



Texas Tech University, John Como, December 2010 

41 
 

The crystallite complex and complex dissolved in DMF both fit well to single 

exponential fits, meaning that in each case, the complexes lie in the same average 

environment. The lifetime decreases from 904.7±6.2μs in the crystallite to 

557.9±3.0μs in solution due to non-radiative energy transfer from interactions of TTA 

ligand in the long lived triplet state with the DMF solution. The same mechanism 

causes the excitation spectrum to narrow as shown in Figure 13. The planar structure 

of the TTA and Phen ligands also plays a role in the luminescence lifetime of the 

complex. The rigidity of the TTA ligands helps increase resonance energy transfer 

from the TTA triplet to the Europium 5D0 state. Although the Phen ligand does not 

contribute significantly to the excitation of Europium since the Phen absorption peaks 

are approximately 226nm and 265nm, much higher energy than the 336nm excitation 

energy used here, the rigid planar Phen prevents non-radiative energy transfer from the 

Eu+3 to the surrounding environment.  

 

Doped Sol-Gel Thin Film Sample Preparation 

The Europium complex was encapsulated into three different silica sol-gel matrices. 

The precursors used were tetraethoxy orthosilicate (TEOS), and tetrakis (2-

hydroxyethyl) orthosilicate (THEOS).  
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Figure 15. Silica sol-gel precursors. 

 

Initially, TEOS sol-gels and THEOS sol-gels were created in order to find a 

precursor:water:ethanol ratio that worked best for thin film spin coating. According to 

Klein30, changing the ratios of the reagents changes the drying properties of the gels, 

and the final gel will fall into one of three categories as shown in Figure 16. 
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Figure 16. Triangular construction of TEOS-ethanol-water sol-gel 

Ratios given in the table correspond to the 9 numbered points in the triangular construction.                          

T – TEOS, W – Water, E – Ethanol. All solutions made with 0.01M HCl in TEOS.                                                       

Klein, L.C., Annual Review of Materials Science 15, 227-243 (1985) 
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Spinnable TEOS sol-gels are formed when the water content is less than 40 mole 

percent of the sol-gel solution corresponding to points 1, 2, and 3 in the triangular 

construction. The mass ratios, volume ratios, and molar ratios for spinnable sol-gels 

are given in rows 1, 2 and 3 in the table. Initially, undoped TEOS and THEOS sol-gel 

solutions were first made by using Row 3 ratio from Klein, using HCl catalysis. The 

reagents were added together and mixed thoroughly into a homogenous solution, 

baked in an oven, and spin coated onto either glass or mica substrates. The choice of 

substrate depended on several factors. Mica was considered as a substrate for its “flat” 

characteristics but glass proved to be a better substrate. During plasma cleaning, the 

glass substrate is bombarded by ionized particles which create Si-OH groups on the 

surface of the glass. Because the sol-gel is still in the polymerization phase when it is 

spun onto the glass, a covalent bond between the glass substrate and the sol-gel matrix 

is formed, reducing the risk of cracking and peeling in the thin film.   

Once TEOS thin films were made, the process of making doped thin films began. The 

entire process is shown as a process flow diagram in Figure 17. Extensive research has 

been done on the effects of adding drying control chemical additives (DCCAs) to 

silica sol-gels, as well as the effects of adding ethylene glycol or polyethylene glycol 

to silica sol-gels. The Eu(TTA)3Phen complex was poorly soluble in water or ethanol. 

Initial attempts to create thin films using ethanol as the solvent for the complex 

resulted in luminescent thin films that were inhomogeneous. The complex tended to 

aggregate and the thin film luminescence was spotted or patched at best. 
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Figure 17. Process for determining optimal luminescent thin films 
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The complex fully dissolves in DMF, which has been shown to be a good DCCA for 

silica sol-gels. Because there is little literature on making thin films with both a DCCA 

and PEG, a trial and error approach was taken, using the results from published 

articles on polyethylene glycol modified TEOS gels, and published results from 

DCCA modified TEOS gels. The final method for producing the best homogeneous, 

luminescent thin films was found by using the proportions of 

TEOS:EtOH:H2O:DMF:HCl at 1:5:7:1:1x10-3 respectively.32, 34, 66 Polyethylene glycol 

(10,000MW) polymer was also added (10wt%) and significantly decreased the gel 

time while increasing the relative –OH concentration in the gel. After mixing the 

components together thoroughly in a glass tube, the homogenous solutions were 

covered with foil punched with small holes. It was found that the solutions were 

viscous enough for spin coating after being placed in an oven for fourteen hours. One 

inch square glass slides were immersed in acetone for fifteen minutes, cleaned with 

200 proof ethanol, and subsequently plasma cleaned with ionized air for 

approximately five minutes to produce a clean, hydroxylated glass surface. A small 

volume of doped solution was pipette onto the glass substrates. The viscous solutions 

covalently bonded to the glass surface through the same mechanisms of sol-gel 

polymerization, where the silica gel Si-OH groups bonded with the Si-OH glass 

substrate, creating water. THEOS gels were found to gel too quickly. Adding water, 

ethanol, or DMF slowed the reaction, but the resulting thin films were not as 

homogeneous as TEOS gels. For comparison, the excitation spectra and emission 

spectra of three doped gel thin films are given in Figure 18.  
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Figure 18. Doped thin film excitation and emission spectra 

λem=612nm, λex=366nm 

250 300 350 400 450 500

In
te

n
si

ty
 (

a.
u

.)

Wavelength (nm)

THEOS
Ex

550 600 650 700 750

In
te

n
si

ty
 (

a.
u

.)

Wavelength (nm)

THEOS
Em

250 300 350 400 450 500

In
te

n
si

ty
 (

a.
u

.)

Wavelength (nm)

TEOS
Ex

550 600 650 700 750

In
te

n
si

ty
 (

a.
u

.)

Wavelength (nm)

TEOS
Em

250 300 350 400 450 500

In
te

n
si

ty
 (

a.
u

.)

Wavelength (nm)

TEOS
+

PEG
Ex

550 600 650 700 750

In
te

n
si

ty
 (

a.
u

.)

Wavelength (nm)

TEOS
+

PEG
Em



Texas Tech University, John Como, December 2010 

48 
 

The difference in emission spectra of the films can be attributed to the environmental 

differences of the metal ion in the films. The hypersensitive J=2 transition reveals the 

symmetry of the Europium ion is lowest in the TEOS+PEG thin film. Since each J 

state transition is (2J+1) degenerate in a centrosymmetric field, the ligands of the 

complex in the TEOS+PEG film are situated around the Eu3+ ion in the lowest 

possible symmetry since the degeneracy is fully lifted to five distinct energies for the 

J=2 transition. For these acid catalyzed xerogel films, the pore structure is small. Acid 

catalyzed hydrolysis produces fibrous chains of precursor oligomers and the drying 

process during spinning is rapid, leading to pore collapse. The surface structure of the 

TEOS +PEG thin film is shown in Figure 19. The surface was an irregular interwoven 

network of silica precursor and PEG oligomers which contained large pores. At high 

resolution, the Eu(TTA)3Phen complexes could be seen attached to the sol-gel surface.  
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Figure 19. TEOS + PEG thin film surface 

Top – Microporous structure of surface Bottom – Surface bound Eu(TTA)3Phen complex  

 

DMF served as an effective drying control chemical additive in that it controlled the 

shrinking of pores during drying. As the volatile solvents, ethanol, water and DMF, 

were removed under heat treatment, the DMF having the highest boiling point, 
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remained in the pores as water and ethanol evaporated. Comparison of the solution 

excitation spectra (Figure 13) with the gel excitation spectra (Figure 18) shows that 

any remaining DMF in the gels had little to no effect on the complexes. Comparison 

with the ligand absorption spectra (Figure 10) however reveals that the excitation 

spectrum of the doped complexes is dominated by the TTA ligand. SEM backscatter 

images also found that the film thickness was approximately 4.5μm for all spin coated 

films. See in Figure 20. Again, the complexes are visible within the film as small 

white dots.  

 

 

Figure 20. Doped thin film thickness 

 

Maximization of luminescence was the goal for choosing the best film for OP 

detection since the mechanism for detection was quenching. Due to the low symmetry 
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of the europium complex in TEOS+PEG films, the hypersensitive transition J=2 had 

the highest luminescence intensity of the three different environments. Therefore, 

TEOS+PEG doped thin films were also best suited for quenching experiments. A 

significant blue-shift in the excitation spectrum is observed for the doped gels 

compared to both the crystallite (Figure 12) and complex dissolved in DMF (Figure 

13).  

The luminescence lifetime decay of the complex doped into THEOS and TEOS+PEG 

sol-gels are shown in Figure 21. For comparison, both single and double exponential 

fits are shown. In both gels, the double exponentials seem to have better fits than the 

single exponential fits, and have smaller residual error sums. Qualitatively, this is 

attributed to the inhomogeneity of the sol-gel environment surrounding the complexes.  
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Figure 21. Doped thin film luminescence lifetime  

Left – THEOS film with single exponential fit (red) and double exponential fit (purple). Right – TEOS+PEG 

film with single exponential fit (green) and double exponential fit (orange). 

 

The long lifetime of the complex is due to the intersystem crossing of the TTA ligand 

from the excited state singlet to the triplet state.  In the sol-gel environments, the 

lifetimes are increased due to the “cage effect” which physically shields the complexes 

from solvent effects and enhances energy transfer from the ligands to the Europium. 

The luminescence lifetimes of the solid state crystallite complex and complex in DMF 

solution were fit to single exponential decay curves and the complex doped sol-gels 

were fit to double exponential decay curves. Table 3 summarizes the results of the 

exponential fits using 
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where the intensity fractions fi in Table 3 are given by  

 
∑

 (11)

 

Table 3. Luminescence liftimes of Eu(TTA)3Phen complex 

 τ1(μs) f1 τ2(μs) f2 

Eu(TTA)3Phen 

(Solid State) 
904.7±6.2    

Eu(TTA)3Phen in 

DMF Solution 
557.9±3.0    

Doped THEOS 

Thin Film 
835.0±35.7 0.718±0.126 288.9±51.4 0.282±0.232 

Doped TEOS+PEG 

Thin Film 
475.8±21.9 0.417±0.117 170.7±9.6 0.583±0.090 

 

The lifetimes of the complex in the sol-gels were more difficult to accurately fit due to 

the inhomogeneity within the film. Pore sizes in xerogels can vary widely and the 

amount of local hydroxyl groups, which can quench the complex luminescence 

through high energy stretch vibrations, can vary throughout the sol-gel, meaning that 

multi-exponential fits are possible. The decrease in the doped TEOS+PEG gel lifetime 

was attributed to the high concentration of –OH groups within the gel. Attenuated total 

reflectance IR analysis of the doped films, shown in Figure 22 and Figure 23, was 

measured at the University of Texas, Arlington by Dr. Wei Chen. Confirmation of the 

presence of hydroxylated silica within the THEOS thin film was difficult, owing to the 

large presence of SiOH in both glass and mica substrates. 
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Figure 22. FTIR analysis of doped THEOS thin film on glass substrate 

Top – Doped THEOS thin film. Bottom – Glass substrate 

 

The THEOS solution from Sigma Aldrich is dissolved in ethylene glycol. During 

polymerization, the ethylene glycol can participate in bonding with the THEOS 

monomers, becoming part of the sol-gel matrix. While this reduces the gel time of the 

gels, it also leaves a high concentration of bound hydroxyl groups within the gel that 

can non-radiatively quench the Europium complex luminescence. Addition of poly-

ethylene glycol to the TEOS gels had a similar effect of reducing gel time while 

increasing Si-OH groups within the gel. No IR of the TEOS+PEG films was taken, but 

a 2007 paper by M. Stefanescu,39 which studied the effects of addition of ethylene 

glycol on TEOS sol-gels, found similar results as the THEOS gels. The large peak at 

770cm-1 in both the IR spectra is attributed to SiO4 tetrahedron from the glass 

substrate. The peak at 914cm-1 is associated with Si-OH groups, which are present in 
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both spectra. The peak in the film spectrum at 1047cm-1 is due to Si-O-Si stretching 

vibrations. For comparison, a THEOS film was spin coated onto a mica substrate and 

the IR spectrum is shown in Figure 23. 

 

 

Figure 23. FTIR analysis of doped THEOS thin film on mica substrate 

Top – Doped THEOS thin film. Bottom – Formica substrate 

 

In both instances, the difference between the substrate and the respective THEOS thin 

film is the peak located at 1062cm-1 for the film on mica and 1047cm-1 for the film on 

glass, both assigned to the Si-O-Si stretch frequency. For the THEOS film on mica, 

there is also a broad shoulder at 1200cm-1 associated with the Si-O-Si stretch that is 

only weakly apparent in the thin film spectrum on glass substrate. The small weak 

band centered at 1620cm-1 and the weak broad band from 3000-3500cm-1 in both film 
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spectra are attributed to water in the sol-gels. Due to the relatively low concentration 

of the complex within the film, characteristic absorption peaks of the complex were 

not observed. However, IR spectra of solid state TTA and Phen ligands were 

compared to Eu(TTA)3Phen IR absorption in order to confirm coordination of Eu-N 

from the single Phen ligand, and Eu-O from the three TTA ligands. Infra red spectra 

were obtained on a Magna IR-560 Spectrometer (Thermo Scientific) in ATR-FTIR 

mode. See Figure 24. 

 

 

Figure 24. Eu(TTA)3Phen FTIR analysis 

Top – 1,10-phenanthroline (Phen) Middle – 2-thenoyltrifluoroacetone (TTA) Bottom – Eu(TTA)3Phen 

 

The first broad peak of the free TTA ligand at 1630cm-1 is attributed to the C=O 

symmetric stretch and can is seen red-shifted in the Eu(TTA)3Phen complex at 
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1596cm-1.55, 59, 67, 68 The Phen ligand also shows red-shifting of C=N stretch 

frequencies from 1588cm-1 and 1560cm-1 to 1575cm-1 and 1538cm-1 respectively.55, 59, 

69-72 The red-shifted absorption peaks imply coordination of the ligands to Eu3+ since 

the vibration frequencies are slowed. Furthermore, the Eu(TTA)3Phen spectrum shows 

no significant absorption band between 3000-3500cm-1, implying that water is not 

coordinated to a possible ninth coordination site of Eu3+ and that the coordinated 

ligands sterically shield the metal ion from water in the crystallite structure.  

 

Sample Excitation and Emission Collection 

Because the thin film was spin coated onto a glass substrate, the sample was unique 

and a unique design for the experiment was necessary. Controlled and contained 

organophosphate vapor would need to pass over the surface of the doped thin film in 

order to expose the doped complexes, all while exposing the complexes to ultraviolet 

excitation energy and collecting changes in the emission. Changes in the luminescence 

would be caused by the organophosphate interacting with the doped thin films. The 

uniqueness of the sample and the requirements of the experiment made an off-the-

shelf approach unworkable, and the optical system had to be constructed manually. 

Several considerations needed to be met in order to construct a viable optical system 

including: providing an excitation source, monitoring the excitation source, and 

monitoring the doped thin film emission. An ultraviolet LED was used as an 

inexpensive excitation source that satisfied two conditions: the LED output is 

relatively constant and fluctuations in the excitation spectrum would be minimized, 
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and the LED emission is narrow and near the peak excitation energy of the doped thin 

films (λ=366nm) as can be seen from Figure 18. Because the symmetry of the 

Europium ion could be examined by looking at the relative intensities of the 5D0→
7FJ 

emission peaks, a USB2000 VIS-NIR spectrometer made by Ocean Optics was used to 

collect the spectral luminescence as a function of time. The benefits of using the small 

spectrometer outweighed its limitations. For example, because the focal length was 

small, the spectral resolution of the spectrometer was poorer than spectra collected on 

a PTI spectrometer. Similarly, the spectrometer is limited to the 370nm-1000nm 

range, which put direct observation of the excitation source out of spectral range. The 

main benefits of using the Ocean Optics spectrometer were that the entire spectral 

emission of the thin films could be collected in as little as 50μs, and that a customized 

fiber optic cable could be ordered with the spectrometer. In order to excite the doped 

thin film sample while simultaneously collecting emission spectra, the sample, fiber 

optic emission collection cable and UV LED were setup in an inverted fluorescence 

microscope configuration as shown in Figure 25. The large Stoke’s shift of the doped 

thin films provided a large separation between excitation and emission spectra, but 

second order diffraction in the spectrometer diffraction grating caused a large peak to 

appear in the emission spectrum at 732nm. A filter cube was constructed by using 

three filters, and a single beam splitter that allowed for the simultaneous excitation of 

the sample and collection of sample emission, while removing second order excitation 

diffraction from the collected emission spectrum. The transmittance properties of the 

filters in the cube are shown in Figure 26. 
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Figure 25. Luminescence quenching optical setup 

UV LED excitation source (LED), excitation filter (A), intensity calibration filter (B), emission filter (C), 

beam splitter (BS), focusing lens (L), quartz viewing window (Q), thin film sample (S), emission collection 

optical fiber (F) 
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Figure 26. Optical filters 

Emission filter (A), intensity calibration filter (B), emission filter (C) 

 

The UV filter, A, was chosen to correlate with the peak emission wavelength of the 

LED and was placed just after the LED. The 732nm second order diffraction was 

removed by adding a long pass filter, C, in front of the collection fiber. The 

combination of filters A and C completely separated the excitation and emission 

spectra. The beam splitter was used to split the LED emission into two beams, one 

beam for excitation of the thin film, and the other to monitor the fluctuations in the 

LED emission. Stilbenes are a class of fluorophores found in many products such as 

plastics toilet paper, and even laundry soap. Stilbenes are used as artificial whiteners 

because they absorb UV (340nm-380nm) and emit blue fluorescence (425nm-450nm) 

giving the appearance of reflected blue light, and a whiter looking paper.73 Filter B 

was chosen to pass the reflected UV excitation from the beam splitter to a sheet of 
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paper on the other side of Filter B. The blue fluorescence emitted by the stilbenes 

embedded in the paper passed through Filter B, the beam splitter, and finally passed 

through Filter A to the collection fiber. Only the wavelengths under both B and C 

curves were collected on the spectrometer. In this manner, fluctuations in the 

excitation source could be monitored within the spectral range of the spectrometer, but 

spectrally removed from the doped thin film emission so that no overlap in signal 

occurred. The portion of the UV excitation that was not reflected by the beam splitter 

was transmitted through the beam splitter and was focused onto the sample below 

through a UV lens. Emission from the doped thin film was focused by the UV lens and 

reflected by the beam splitter into the collection fiber. The total combined spectrum 

collected by the fiber is shown in Figure 27. 
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Figure 27. LED intensity calibration spectrum 

 

Changes in intensity could then be measured with respect to the blue reference, which 

monitored fluctuations in the excitation spectrum. Because the fluorescence lifetime of 

stilbenes is on the order of 140ps,74 the spectrometer only sees a well averaged 

reference intensity, since the shortest integration time the setup can achieve is 50μs. 

Similarly, the reference intensity was found to be constant over a long period of time, 

where the paper was exposed to two hours of continuous excitation and showed no 

fluorescence decay.   
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DFP Vapor Generation and Delivery 

The design of the optical system as an inverted fluorescence microscope had design 

implications on the sample holder and gas chamber. The main design goal was the 

complete containment of the entire gas stream from generation, to exposure, to 

neutralization of the gas. In conjunction, the UV LED had be able to excite the 

luminescence from the doped thin film and collect luminescence quenching from the 

doped thin film during exposure. In order to satisfy all restrictions, a multi-component 

chamber was designed and constructed. The chamber would be a gas tight sample 

holder, which was able to direct the generated vapor over the doped thin film surface 

with lamellar flow, and direct the gas stream out to be neutralized. See Figure 29. 

Because of the potential for generation of highly corrosive HF gas, the chamber was 

made out of chemically inert Teflon. Schematics were created on AutoDesk 2010 

software and the gas chamber was constructed by Phil Cruzan of the Texas Tech 

University Physics Department Electrical and Mechanical Services Department. 



 

 

 

Figure 28. Gas chamber design schematics
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A quartz viewing window allowed the LED excitation to reach the sample and doped 

thin film emission to reach the fiber optic cable. The entire system was designed to be 

resealable in order to insert and remove doped thin film samples. Teflon coated o-

rings were used to create an air-tight environment within the chamber so that 

organophosphate vapor could be contained. Similarly, Teflon 1/16” OD tubing would 

carry generated vapor to the chamber and connect to it via a Teflon 1/16”x1/16” 

adapter pipe, making a seamless transition from generation to chamber. Another 

adapter pipe and tubing carried the used vapor to a waste collection unit which 

contained concentrated NaOH. The alkali solution served to hydrolyze any remaining 

organophosphate into non-toxic components.  

Diisopropyl fluorophosphate (DFP) was used as a Sarin mimic. As shown in             

Table 1, it is quite difficult to vaporize the neat liquid. The Eu(TT)3Phen complex is 

only stable up to 100˚C, so putting the entire system into an oven to vaporize DFP 

would only serve to destroy the sample. A syringe injection method similar to a gas 

chromatograph was tried using a step motor syringe pump, however, the temperature 

required to heat the carrier gas and/or neat DFP were too great for the materials 

available. Finally, a bubbler system was employed to deliver a constant, diluted stream 

of DFP vapor in a N2 carrier gas to the sample chamber as shown in Figure 29. The 

system resembled a chemical vapor deposition technique and utilized entropic forces 

to create dilute vapor. As the nitrogen carrier gas passed through the DFP solution, 

small bubbles were formed. The large surface to volume ratios of the bubbles made 

the change in entropy across the surface of the bubble greater than the enthalpy. The 

free energy was therefore minimized when solution vaporized into the bubbles. Each 
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component, solvent and organophosphate, began to remove heat of vaporization from 

the solution, cooling it down as they vaporized. Therefore, the entire bubbler was 

immersed in a temperature bath to keep the temperature, and therefore the rate of 

vaporization, constant. Equilibrium pressure was quickly reached in the carrier gas 

volume. As the bubbles float to the surface, the vapor is released into the headspace 

until the sum of the partial pressures of carrier gas, solvent, and OP, exceed the 

chamber pressure downstream. Vapor is carried through the chamber, over the surface 

of the film, and into the NaOH neutralizing solution in a beaker. 

 

NaOH

Q

S

FM

N2

[DFP]
 

Figure 29. DFP vapor generation and delivery 

Dry nitrogen gas (N2) flow rate controlled by a flow meter (FM), bubbled into diluted [DFP]. DFP vapor is 

passed over sample (S). Unused vapor neutralized by NaOH solution. 

 

The solution was a mixture of neat DFP and chloroform. The mass flow rate of the 

mixture was calibrated per experiment by measuring the change in mass of the bubbler 

vial with solution at various time intervals before and after exposure to sample. Figure 

30 shows the change in solution mass as a function of time. 
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Figure 30. Rate of change of solution mass in bubbler 

 

The solution was assumed to be ideal since the mass decreased linearly to completion. 

This implied that the solution as a whole behaved as a homogeneous mixture of 

solvent and liquid organophosphate and therefore both solvent and DFP achieved 

respective equilibrium vapor pressures within the bubbles. If the solutions were not 

ideal, the DFP and chloroform would not mix well, and the mass would level off 

rapidly as the more volatile solvent evaporated away from the solution, leaving the 

denser organophosphate in a solution phase. Because ideal mixing was assumed, the 

total density of the solution was found by adding together the initial mass of the 

individual components and dividing by the total initial volume of solution. Using this, 

the total mass rate of change of the solution (the slope of the line in Figure 30) could 

be used to find the rate of change of volume lost from the solution and transferred to 

the carrier gas. 
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 · ·
 (12)

 
·  (13)

This experiment used a Zero-Air pure N2 carrier gas (T=300K, p=1atm) and the flow 

rate was controlled by a standard flow meter. A low carrier gas flow rate was used in 

order to prevent turbulent mixing of the DFP vapor. The carrier gas flow rate was set 

to a constant 1scfh (7.87mL/s @ 20˚C) and was only set to an on/off mode so that all 

experiments were subject to the same vapor mixing and flow. The concentration of the 

vapor was controlled by adjusting the molar concentration of DFP in chloroform 

solvent. When gas passed through the solution, the bubbler vial quickly became cold, 

confirming the cooling effect of vaporization in the bubbles. The bubbler vial was 

therefore immersed in a room temperature water bath and allowed to come to 

equilibrium for one minute before sample exposure. The vapor concentration in parts 

per million can be derived from  

 

·  (14)

where the volumes for DFP and chloroform are the initial volumes. After generation, 

the DFP gas enters the sample chamber where it passes over the doped thin film 

surface. A square Teflon cutout was placed directly over the sample surface as shown 

in Figure 31, creating a small narrow channel over the doped thin film. The area of the 

film which was covered was used as a reference after a luminescence quenching 

experiment since it was not exposed to DFP vapor. The small hole in the top of the 

cutout allowed the excitation energy to reach the sample.  



Texas Tech University, John Como, December 2010 

69 
 

 

 

Figure 31. Exposure channel created by Teflon cutout 

Left – Diagram of Teflon cutout being placed on sample. Right – Photograph of DFP exposed sample. 

 

The combined sample/cutout was placed into the chamber, where the channel created 

by the cutout directly lined up with the inlet and outlet pipes connected to Teflon 

tubing. The quartz window then was set atop the sample/cutout and the chamber was 

sealed by screws as shown in Figure 28. 
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Chapter III 

Results and Discussion 

In order to measure the effects of DFP on the Eu(TTA)3Phen complex, changes to the 

excitation, emission, and luminescence lifetime were measured as a function of DFP 

concentration. The complex was first dissolved in DMF, and the excitation and 

emission spectra were monitored as DFP was added to the solution. As the 

concentration of DFP increased, the luminescence of the complex decreased as shown 

in Figure 32. 

 

  

Figure 32. Eu(TTA)3Phen luminescence quenching by DFP in solution 

[DFP]/[Eu(TTA)3Phen]=0,50,100,150,200,250, λex=390nm 

 

Each J manifold of the Eu3+ ion decreases in luminescence intensity. Interestingly 

however, if each of the emission spectra are normalized to the peak of the 

hypersensitive J=2 manifold, the splitting of the multiplet becomes more pronounced 
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as a function of DFP concentration. In solution spectra, even if the 2J+1 degeneracy 

of the levels are fully lifted, the multiplet splitting is usually not resolvable due to line 

broadening. The normalized intensity spectra suggest that the individual Stark 

components of the J=2 manifold are affected differently by the addition of DFP. As 

the concentration increases, certain Stark components begin to decreases in intensity 

until they are comparable with the set of weak Stark components that comprise the 

second peak observed in the normalized spectra. Furthermore, the individual J levels 

do not decrease in intensity at the same rate either. Figure 33 shows the intensity ratio 

of the J=2 peak with respect to the J=1 peak, IJ=2/IJ=1 ratio as a function of DFP 

quencher.  

 

 

Figure 33. IJ=2/IJ=1 ratio as a function of DFP in solution 

 

The intensity ratio is very high for the complex in the absence of quencher. Because 

the Europium 5D0→
7F1 magnetic dipole transition is relatively insensitive to changes 
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in ligand field symmetry, it can be used as a reference when observing the intensity 

decrease of the hypersensitive 5D0→
7F2 transition. The decrease in the intensity ratio 

indicates that the symmetry of the ligands around the Europium ion increases with 

increasing DFP concentration in solution. The excitation spectra of the complex in 

solution were also recorded as a function of DFP concentration as shown in Figure 32.  

 

 

Figure 34. Eu(TTA)3Phen excitation spectra in solution 

[DFP]/[Eu(TTA)3Phen]=0,50,100,150,200,250, λem=614nm 

 

The excitation spectra decrease in intensity with increasing DFP concentrations. The 

normalized spectra show two important features however. The overall shape of the 

excitation peak does not change, it only decreases in intensity, but the relative 

intensities of a wide band centered at 350nm and a sharp peak at 465nm do increase 

with increasing DFP. The 465nm transition is attributed to the direct excitation of 

Europium via the 7F0→
5D2 transition and the band is attributed to Ligand-to-Metal 
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Charge Transfer (LMCT) excitation of the Phen ligand. As a control experiment, the 

excitation and emission spectra of EuCl3(Phen)3 complex dissolved in solution were 

recorded as shown in Figure 35. The excitation peak of the EuCl3(Phen)3 complex was 

attributed to the LMCT excited state absorption for the Phen ligand. This transition is 

very weak, and in the Eu(TTA)3Phen complex, is completely overpowered by the 

TTA ligand absorption spectrum.  

 

 

Figure 35. Excitation and emission spectra of EuCl3(Phen)3 in EtOH 

λem=615nm, λex=366nm 

 

Comparison of the EuCl3(Phen)3 complex excitation with the normalized 

Eu(TTA)3Phen excitation spectra confirm that the relatively increasing band at 350nm 

was due to the LMCT excitation of Phen ligand. In solution only, without DFP, the 

weak excitation band is non-resolvable compared to the intense excitation peak of the 

TTA ligand. As DFP molecule is added to the solution, the intensity of the TTA 
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excitation decreased, allowing the LMCT to become more pronounced as the 

mechanism for the metal centered 614nm emission. Similarly, the relative intensity of 

the Europium direct excitation peak became more prominent. These findings strongly 

suggest that the TTA ligand was removed from the Europium ion coordination sphere, 

while the Phen ligand remained coordinated.   

Luminescence lifetime measurements as a function of DFP concentration found 

supporting evidence for this theory. A Stern-Volmer plot (Figure 36) of the 

Eu(TTA)3Phen complex show the luminescence lifetime did not change as DFP was 

added. This was a strong indicator that DFP acted as a static quencher. In static 

quenching, the lifetime does not change because the quencher only decreases the 

number of active luminescent complexes as opposed to a dynamic quencher, in which 

collisional interactions cause the luminescence lifetime to change. As a comparison, 

the luminescence lifetime of the complex was measured as water, a known Europium 

quencher, was added to the complex in solution.   
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Figure 36. Stern-Volmer quencher plots 

 

The Stern Volmer plots, taken at two different temperatures, show that increasing the 

temperature increases the molecular collisional interaction of water with the complex, 

since the lifetime decreases. The ranges of the two quenchers are drastically different 

as well. The molar ratio of water needed to quench luminescence was a factor of ten 

less than DFP in solution, suggesting that the rate at which DFP quenches 

luminescence is low in the DMF solution environment. 

Using the constructed gas chamber and optical setup, time resolved spectroscopy of 

the doped thin films was measured. Doped films exposed to DFP vapor show the 

Eu(TTA)3Phen luminescence spectra decreasing as a function of time similar to that of 

the solution experiment. Figure 23 shows spectral luminescence quenching upon 

exposure to ~100ppm vapor over 1 minute. A three second time step between spectra 

is shown. The broad peak at 475nm is the constant blue reference peak. 
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Figure 37. Eu(TTA)3Phen luminescence quenching 

 

The spectral resolution of the Ocean Optics linear array diode is 1.5nm. Consequently, 

the defined peaks of the doped film emission spectra seen in Figure 18 were not 

resolvable in the gas phase experiment. The fiber optic cable collected emission in the 

spectral range of VIS-NIR approximately 380nm-800nm, as a function of time. The 

peak intensity of the hypersensitive J=2 transition was monitored closely over the 

entire time range. A control experiment consisted of passing chloroform solvent vapor 

over a sample under LED excitation. The decrease in emission intensity of the doped 

thin film exposed to chloroform vapor was collected and fit to a double exponential 

curve labeled the control intensity function, Ic(t). This curve acted as the control for 

both chloroform vapor exposure and for photobleaching effects due to the intensely 

focused UV LED excitation energy. 
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Figure 38.Graphical determination of Iq(t). 

I0-intensity of doped thin film in absence of quencher and excitation exposure. Ic(t)-intensity decrease of 

control experiment due to photobleaching and chloroform solvent exposure. Iobs(t)-observed intensity decay 

from DFP quenching, chloroform solvent, and photobleaching. Iq(t)-calculated luminescence decay due to 

DFP only. λex=366nm, λem=613nm 

 

The method for determining the true luminescence quenching signal, Iq(t), is 

graphically shown in Figure 38. The difference in intensity, as a function of time, 

between the control experiment and the initial intensity, I0, was added back to the 

observed intensity decrease Iobs(t), in order to remove effects due to photobleaching 

and any possible chloroform solvent vapor effects. The resulting time dependent 

luminescence intensity quenching function, Iq(t), was attributed to the quenching 

effects of DFP alone. During an experiment, before allowing DFP vapor to enter the 

chamber, the sample was exposed to excitation energy for a short period of time so 

that later on in analysis, the control intensity function could be calibrated. The small 

tail at the beginning of the time-resolved intensity of the J=2 transition in Figure 38 
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shows that the sample thin film was exposed to excitation energy for approximately 5 

seconds before addition of quencher. The double exponential form of the control curve 

suggests that either two types of fluorophores existed in the doped thin film, which 

was shown to be false according to the single peak observed in the luminescence 

spectra due to the singlet 5D0→
7F0 transition, or that identical fluorophores resided in 

two different average environments. This existence of the double exponential was 

attributed to surface bound complexes, and complexes embedded within the thin film. 

An experiment by Kin et al. using Eu(TTA)3Phen,24 found that when the solid state 

complex was irradiated under UV in air, luminescence decay occurred. However, 

when it was embedded in a similar sol-gel glass, the luminescence did not decay by 

any appreciable level. It would stand to reason that a similar situation occurred in this 

experiment, where surface bound complexes exposed to UV irradiation and 

chloroform vapor in a nitrogen gas stream were photobleached at a faster rate than  

embedded complexes, which were partially protected from photobleaching by the sol-

gel. An attempt had been made earlier to dissolve the complex in chloroform. 

Although the solvent was poor for dissolving the complex, the luminescence intensity 

was not affected. Therefore, it was assumed that the chloroform vapor had no effect on 

the luminescence quenching of the complex. The double exponential control intensity 

function was fit to 

 
1  (14)
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and the resulting parameters presented in Table 4. 

Table 4. Double exponential decay parameters for Ic(t) 

α β1(s
-1) β2(s

-1) χr
2* 

0.182 0.029 (4.634±0.034)×10-4 1.434 
 

*Reduced chi square based on n=2, 5745 data points each, 3 degrees of freedom  

 

Under the assumption that the reaction of the complex to UV excitation was 

environmentally dependent, the fitted parameters show that the majority of the 

luminescence (81.8%) comes from within the surface and that the “lifetime” of the 

long component luminescence is very long, owing to photobleaching effects being 

extremely slow (1/β2 = τ2 = 2852s). The smaller percentage (18.2%) of luminescence 

arising from the surface was photobleached more rapidly (1/β1 = τ1 = 34s). These 

effects were removed from subsequent experiments as described above.  

DFP vapor generated by the nitrogen bubbler system was passed over the surface of 

the sample contained within the gas chamber. Immediately, the intensity began to 

decrease. The intensity quenching function was found for three concentrations of DFP 

as shown in Figure 39. 
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Figure 39. Doped thin film intensity quenching Iq(t) due to DFP vapor exposure 

λex=366nm, λem=613nm 

 

The intensity quenching functions best followed double exponential curves, again, due 

to the two average environments of the complexes.  

 
1  (15)

The observed values for α, β1, and β2 are given in Table 5 for varying DFP 

concentrations.  

 

Table 5. Double exponential decay parameters for Iq(t) 

ppmv/v molDFP/LN2 α β1(s
-1) β2(s

-1) 
3 16.54 0.048 0.143±0.004 (9.499±0.033)×10-5

12 71.72 0.245±0.001 0.102±0.001 (9.943±0.049)×10-4

93 535.20 0.373±0.004 0.116±0.002 (7.895±0.167)×10-3

 

0

0.2

0.4

0.6

0.8

1

0 50 100 150

I q
(t

)/
I 0

Time (sec)

3ppm DFP

12ppm DFP

93ppm DFP



Texas Tech University, John Como, December 2010 

81 
 

A similar trend was observed for the exposed complexes as for the photobleaching 

effects. The fast decay exponential, β1 was similar for all three exposures, which was 

attributed to the quenching of surface bound complexes, and had an average 

quenching time constant (1/β1) of approximately 8.310±0.316s for all three 

concentrations. Again, the fractional contribution of the surface complexes, α, to the 

overall intensity of the doped thin film was small compared to the intensity fraction 

from the embedded complexes, (1-α). The increase in α as the DFP concentration 

increased was attributed to the relative amount of surface bound complexes that were 

quenched by DFP, where the higher concentrations quenched more of the surface 

bound complexes. Essentially, the percentage of intensity that quenched the surface 

increased with DFP concentration. The data implied that a maximum α would be 

reached as the concentration increased. Physically, this means that surface interaction 

of is limited to a certain depth within the film.  

SEM images of the exposed and unexposed regions at low accelerating voltage 

(1.0keV) revealed that the surfaces of the exposed films were also altered as shown in 

Figure 40.  
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Figure 40. Thin film surface roughness 

Top – Unexposed area. Bottom – Exposed area. 

 

In the chamber, the flow of DFP is laminar and the gas is moving relatively fast 

through the sample chamber at a flow rate of 1scfh (~8mL/s) at standard room 

temperature. As the gas flows, the walls will slow the speed at which the particles 

propagate through the chamber, leading to a velocity profile originally proposed by 
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Poiseuille. The change in speed creates a small boundary layer over the surface of the 

film. A concentration gradient then forms which allows DFP particles to propagate 

toward the surface of the film through Fickian diffusion. Figure 26 shows the 

exaggerated velocity profile in the chamber. 

 

Sample

Chamber

Poiseuille 
Flow

 

Figure 41. Sample chamber fluid dynamics 

The velocity profile has axial symmetry through the chamber. DFP particles diffuse outward toward the 

walls of the chamber and to the surface of the thin film. 

 

The diffusion coefficient of DFP in the nitrogen carrier gas stream is calculated via the 

Stokes-Einstein equation.  

 

6
 (16)

Given that the diameter of a DFP molecule is 0.7nm, and the viscosity of nitrogen is 

approximately 17.877x10-6 μPs, the diffusion coefficient is DDFP=350x10-6 cm2/s. The 

two dimensional diffusion length is the given by 
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4  
(17)

where tres is the average residence time of a DFP particle in the chamber. Considering 

the dimensions of the chamber are 3.175mm x 25.4mm x 3.175mm, and the flow rate 

is 8mL/s, the residence time is only 32ms. The diffusion length then is approximately 

65μm, meaning the diffusion length is much smaller than the dimensions of the 

chamber. Therefore, the interaction of DFP with the thin film will be a surface limited 

reaction in which the decay rate is determined by how fast the quenching mechanism 

can deactivate the luminophores.  

Rare-earth complexes of thenoyltrifluoroacetate (TTA) have been used as fluorescence 

pH detectors.10 Deprotonated, anionic TTA ligands remain tightly bound to trivalent 

lanthanide ions. In the presence of acids however, protonation of either of the two 

carbonyl oxygens or the alpha carbon renders TTA charge neutral and the ligand 

uncoordinates with the metal ion. Solvent molecules and water can then bind to the 

metal center and allow relaxation of the excited state lanthanide to the ground state. 

Similarly, in basic conditions, the TTA ligand is once again deprotonated and binds to 

the lanthanide by removing coordinated labile solvent molecules and luminescence is 

restored.  

A test was performed to show the dependence of H+ on film luminescence. 

Hydrochloric acid and sulfuric acid drops were placed onto doped thin films under UV 

excitation. Under direct observation, HCl immediately quenched fluorescence, 

whereas H2SO4 quenching proceeded more slowly. The dissociation constants for 

HCl, H2SO4, are 1.3x106, and 1.0x103 respectively in water. Silica sol-gels are 
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hygroscopic and draw in water from the air. The fast dissociation of HCl in the film, 

coupled with the rapidity of luminescence quenching suggests that the quenching step, 

protonation of TTA, happens quickly once hydronium ions are present in the xerogel. 

Consequently, the type of leaving group acid produced, and the dissociation rate of 

that acid, mostly affects the quenching rate of Eu(TTA)3Phen complex. The 

phosphonofluoridates and phosphorofluoridates both produce HF leaving groups 

under hydrolysis. In a paper by Sohn, another organophosphate detector was designed 

that monitored the thickness of a sol-gel thin film as a function of exposure time.26 

Their results showed that as organophosphates were hydrolyzed by a catalyst 

embedded in the film, HF gas was produced that dissolved the SiO2 bonds of the sol-

gel, and a reduction of the thickness of the film could be measured by reflective 

interferometry.  

Furthermore, lanthanide complexes have been shown to catalyze the hydrolysis of 

phosphate esters,75 and have subsequently been used for DNA and RNA hydrolysis.76, 

77 In particular, lanthanide hydroxides and alkoxides were found to have the highest 

potential for phosphate ester catalysis and transesterification. In general, the 

compounds which exhibit the highest catalysis rates are lanthanide complexes that are 

not coordinately saturated. This allows the phosphate to form a coordinate complex 

with the inner sphere of the metal by removing coordinated solvent molecules. Once 

bound, hydroxide ligands attack the phosphorus atom, releasing a leaving group from 

the phosphate molecule. As mentioned previously, rare-earth ligands are less restricted 

to highly directional bonding as in transition metals. Highly coordinated complexes 

therefore are still able to accommodate more coordinate bonds.  
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Changes in the magnetic dipole transition and hypersensitive transition were also 

observed as the luminescence was quenched. Since the entire spectrum was recorded 

as a function of time, the 594nm (5D0→
7F1) magnetic dipole transition was also 

monitored. The ratio of the hypersensitive transition (J=2) to the magnetic dipole 

transition (J=1) gives information on the symmetry of the Europium ion. The peak 

intensity ratios for the three concentrations are given in Figure 42.  

 

 

Figure 42. Time dependence of IJ=2(t)/IJ=1(t) ratio 

 

Although both of the Iobs(t) for the individual transitions were found to decay bi-

exponentially,  interestingly, the ratio of the two functions appeared to decay linearly. 

This means that the hypersensitive transition decayed at a faster rate than the magnetic 

dipole transition for all three cases, and, furthermore, the rate of decay increased with 

increasing DFP concentration. A constant ratio intensity (flat line at top) implied that 
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the rate of change of the J=1 peak intensity equaled the rate of change of the J=2 peak 

intensity. Such was the case for photobleaching, where both transitions are affected 

equally. An increase in the ratio would suggest that the magnetic dipole transition 

increased with respect to a decreasing hypersensitive transition. A decrease in the ratio 

over time implies the magnetic dipole transition intensity, which is relatively 

insensitive to the local Europium environment, is quenched more slowly than the 

hypersensitive transition intensity, which is very sensitive to the environment. In a 

centrosymmetric field, the magnetic dipole transition would have a greater intensity, 

whereas the hypersensitive transition is forbidden and weak and the intensity ratio 

would be small. In the opposing situation, where the Europium ion is not at an 

inversion center, the hypersensitive peak is more intense.  
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Chapter IV 

Conclusions 

 

The Europium complex Eu(TTA)3Phen is sensitive to the Sarin mimic DFP at low 

vapor concentrations. Based on the evidence that DFP is a static quencher, that the 

exposed sol-gel surface is chemically affected in some way, and that the Europium ion 

increases in symmetry after being exposed to DFP vapor, the following scheme, 

shown in Figure 43, was devised. The mechanism for quenching was determined to be 

a cooperative effort between the silica sol-gel thin film and the complex. The 

Europium complexes acted as phosphate ester hydrolysis catalysts, coordinating with 

DFP and allowing the highly hydroxylated silica sol-gel to hydrolyze DFP into 

diisopropyl phosphate and hydrofluoric acid. Diisopropyl phosphate was able to 

dissociate due to the presence of water in the gel, acquired through production of HF 

gas and the hygroscopic nature of silica sol-gel glasses, which allowed protonation of 

the TTA- ligand. Protonation then rendered the ligand neutral, removing it from the 

coordination sphere, and allowing the Europium ion to be coordinated by quenching 

solvent molecules. 
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Figure 43. Quenching of Eu(TTA)3Phen luminescence by DFP 
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When a TTA ligand was protonated, it left the complex allowing other molecules to 

enter the coordination sphere.  Although there were still two other TTA ligands and 

one Phen that could excite energy resonance in the Eu3+ ion, the symmetry around the 

ion had changed and reconfiguration of the ligands around the ion increased the 

symmetry. The relative increase in the Phen LMCT band and direct Europium 

excitation showed that the TTA ligand excitation had diminished. The majority of the 

intensity of luminescence decreased since 95% came from the hypersensitive 

transition, but the environmentally insensitive magnetic dipole transition was less 

affected. A ninth coordination site, usually occupied by a solvent molecule or water, 

served as a location for DFP coordination. The double bonded phosphoryl oxygen 

allowed DFP to act as a temporary monodentate ligand that coordinated with Eu3+ as 

in Figure 43B. Conveniently, the silica thin film contained a large percentage of 

siloxane groups, even after gelation had occurred. Coordination of the OP with Eu3+ 

allowed the phosphorus atom to be attacked by the sol-gel Si-OH, releasing HF gas 

(Figure 43B). Silica glasses react readily with HF to form gaseous SiF4 and water 

(Figure 43C). Negatively charged diisopropyl phosphate was formed from the 

hydrolysis of the bound DFP from the silica matrix. Dissociated protons then 

protonated the TTA ligand, which left the coordination site, allowing both the 

phosphate anion and solvent molecules to bind to the metal ion, quenching 

luminescence (Figure 43F).  

In conclusion, doping the complex in a sol-gel thin film enhanced the sensitivity of the 

complex due to increased spectral intensity by the cage effect. Similarly, the siloxane 

environment of the thin film, coupled with the catalytic effect of Eu(TTA)3Phen, 
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allowed for fast hydrolysis of DFP within the film. Surface bound luminophore 

quenching rates were limited by the ability of the Europium complex to catalyze the 

hydrolysis of DFP, while within the film, quenching was limited by the rate at which 

complexes were exposed from etching of the sol-gel by HF gas produced in the 

reaction. All three exposure concentrations showed a similarly fast decay response of 

surface bound complexes to the DFP vapor (8.310±0.316s), while embedded 

complexes showed a slower, concentration-dependent response to DFP vapor. The 

slower response was attributed to etching of the SiO2 thin film by HF gas, produced by 

the hydrolysis of DFP, which exposed embedded complexes to more DFP vapor. The 

globally averaged intensity ratio between the hypersensitive J=2 transition and the 

magnetic dipole J=1 transition decreased as a function of exposure time, indicating 

that on average, the symmetry of the complexes increased. The Stern-Volmer plot, 

showed no change in luminescence lifetime as the quencher concentration increased, 

indicating that a static quenching process had occurred. The solution phase 

experiment, where addition of DFP showed a relative increase in Phen ligand 

excitation and decrease in TTA ligand excitation, further substantiated the hypothesis 

that DFP replaced the TTA ligand, and quenched luminescence. 
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