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Abstract 

To characterize surface properties by current techniques, metal oxides typically have to 

be pre-treated at high temperature to remove surface absorbents. Therefore, a new low 

temperature method which can provide information on the surface chemistry is desired. In this 

work, the surface properties of metal oxide samples were studied by 

tetrakis(dimethylamino)ethylene (TDE) chemiluminescence (CL). This chemiluminescent 

method was also employed in probing the properties of reversed microemulsions. 

 

It was found that the emission intensity vs. reaction time curve (It) of catalyzed TDE CL 

on MgO was affected by the distributions and types of surface hydroxyl groups. Isolated 

hydroxyls with lower coordination were found to have higher catalytic reactivity for the emission 

of TDE CL. Although hydrogen bonded hydroxyls also catalyze the TDE oxidation reaction, the 

influence on the light emission was negative. Because the properties of surface hydroxyls are 

associated with specific orientations of adjacent ions, information on surface hydroxyls can 

provide information about some general surface characteristics of a metal oxide.  

 

When characterizing surface hydroxyls on Al2O3 by TDE CL, it was found that the 

catalytic reactivity of isolated hydroxyl groups is strongly associated with the stretching 

frequency of isolated hydroxyl. The stretching frequency (ω) of an isolated hydroxyl group is 

related to the modification of the adjacent ions and the coordination of the isolated hydroxyl. The 

results showed that the blue-shifts in the stretching frequencies of isolated hydroxyls led to 

increases in the catalytic reactivity of Al2O3 surfaces for the emission of TDE CL.  

 

TDE CL was further applied in characterizing the surfaces of other metal oxides and 

chemically grafted Al2O3. The results indicated that the isolated hydroxyl groups with fewer 

adjacent ions likely have higher affinity for the binding of grafting agents. Higher emission 

intensities were obtained from catalyzed TDE CL on metal oxides featuring higher percentages 

of isolated hydroxyls.  



 

 

The determination of a surfactant’s critical micellar concentration was accomplished by 

measuring the decay rate of the emission of TDE CL in a reversed microemulsion system. In this 

study, the CMC values of non-ionic and ionic surfactants were measured in different non-polar 

solvents.
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Abstract 

To characterize surface properties by current techniques, metal oxides typically have to 

be pre-treated at high temperature to remove surface absorbents. Therefore, a new low 

temperature method which can provide information on the surface chemistry is desired. In this 

work, the surface properties of metal oxide samples were studied by 

tetrakis(dimethylamino)ethylene (TDE) chemiluminescence (CL). This chemiluminescent 

method was also employed in probing the properties of reversed microemulsions. 

 

It was found that the emission intensity vs. reaction time curve (It) of catalyzed TDE CL 

on MgO was affected by the distributions and types of surface hydroxyl groups. Isolated 

hydroxyls with lower coordination were found to have higher catalytic reactivity for the emission 

of TDE CL. Although hydrogen bonded hydroxyls also catalyze the TDE oxidation reaction, the 

influence on the light emission was negative. Because the properties of surface hydroxyls are 

associated with specific orientations of adjacent ions, information on surface hydroxyls can 

provide information about some general surface characteristics of a metal oxide.  

 

When characterizing surface hydroxyls on Al2O3 by TDE CL, it was found that the 

catalytic reactivity of isolated hydroxyl groups is strongly associated with the stretching 

frequency of isolated hydroxyl. The stretching frequency (ω) of an isolated hydroxyl group is 

related to the modification of the adjacent ions and the coordination of the isolated hydroxyl. The 

results showed that the blue-shifts in the stretching frequencies of isolated hydroxyls led to 

increases in the catalytic reactivity of Al2O3 surfaces for the emission of TDE CL.  

 

TDE CL was further applied in characterizing the surfaces of other metal oxides and 

chemically grafted Al2O3. The results indicated that the isolated hydroxyl groups with fewer 

adjacent ions likely have higher affinity for the binding of grafting agents. Higher emission 

intensities were obtained from catalyzed TDE CL on metal oxides featuring higher percentages 

of isolated hydroxyls.  



 

 

The determination of a surfactant’s critical micellar concentration was accomplished by 

measuring the decay rate of the emission of TDE CL in a reversed microemulsion system. In this 

study, the CMC values of non-ionic and ionic surfactants were measured in different non-polar 

solvents.
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CHAPTER 1 - Introduction 

1.1 TDE chemiluminescence (TDE CL) 

Tetrakis(dimethylamino)ethylene (TDE) chemiluminescence (CL) was observed in 1950 

by Pruett et. al.[1]  Several reports related to this chemiluminescent compound have been 

published that detail the reaction mechanism and application of this chemiluminescent 

compound in semiconductors as a reducing agent or as an auxiliary light source for emergency 

situations. However, studies on applying TDE as a probe either in chemical or biochemical 

reactions have not been done.   

 

The oxidation reaction of TDE under aerobic condition is spontaneous, producing light 

emission. It was shown in early studies that the excited energy for light emission is liberated 

from the proportional or disproportional decomposition of the intermediate produced from the 

oxidation reaction of TDE, tetrakis-dimethylamino-1,2-dioxetane (TDMD), as seen in Figure 

1.1. Rewick et. al. analyzed the composition of the products of TDE chemiluminescence (TDE 

CL) [2] and suggested that tetramethylurea (TMU) and tetramethyloxamide (TMO) were the two 

primary products, about 83 mole%. Rewick et. al. found that TMO and TMU were highly 

electron-affinity species. These two species act as quenchers for the emission of TDE CL. [3, 4, 

5, 6]          

 

TDE CL is considered as a chemical probe in this study because it features two unique 

properties. First of all, the polarity of TDE is different than its products. TDE is composed of 

four di-methyl amino groups symmetrically bonded to a vinyl center, so TDE is non-polar. The 

primary products of TDE oxidation, TMU and TMO, are both polar.  This difference in polarity 

offers the potential for separating out the oxidation products and increasing emission intensity.  

We propose that this feature could be used to probe the properties of reversed micelles.  When 

TDE is introduced into a system with a non-polar solvent and surfactant, because of the opposite 

polarity of TDE and it products, the products will be separated from the bulk phase, forming a 

secondary micellar phase. Second, it is well known that the reaction of TDE CL is enhanced if a 

protonic material, such as a hydroxyl group, is present. [7, 8, 9] The surfaces of metal oxides 
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abound in hydroxyl groups and the catalytic reactivity of surface hydroxyls with different 

configurations may affect TDE CL differently. The properties of surface hydroxyls depend on 

the adjacent surface ions (Mn+ and O2-) and interaction between neighboring hydroxyl groups. 

Therefore, TDE CL is expected to be a tool for detecting the surface properties of metal oxides 

via the catalysis of the surface hydroxyl groups for TDE CL. 
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Figure 1.1 The molecular structures of the products produced from TDE oxidation 

reaction where TDMD, TMU, TMO, TMH BMAM and DMA rep resent  tetrakis-

dimethylamino-1,2-dioxetane, tetramethylurea, tetramethyloxamide, 

tetramethylhydrazine, bis(dimethylamino)methane, and dimethylamine respectively. 

 

1.2 The Characterization of reversed microemulsion system by TDE CL 

A reversed microemulsion micelle is constructed by the aggregation of amphipathic 

(surfactant) molecules with the polar heads attracted to interior of the micelles while the non-

polar tails extend into the bulk non-polar solvent. For a microemulsion system, the CMC (critical 

micellar concentration) is the most important parameter since the system starts to feature the full 

functions when the concentration of surfactant is over the surfactant’s CMC. Above the CMC, 

the surfactant monomers and micelles exist in a dynamic equilibrium. Further increasing the 

concentration in the system will result in the aggregation of the surfactants while the 

concentration of the free surfactant monomers remains virtually constant in the bulk phase.[10, 

11] 
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The present technologies employed in measuring the CMC value of an oil-in-water 

(O/W) microemulsion typically are obtained from the abrupt change in the physical properties, 

such as surface tension, specific heat, conductivity, osmotic pressure, light scattering et. al., as 

the concentration of surfactant is increased. In contrast, the change in the physical properties of 

reversed (water-in-oil, W/O) microemulsion typically is too slight to detect the abrupt change by 

present technologies. This leads the difficultly in the determination of the CMC of reversed 

microemulsions. Many early studies focused on the use of fluorescent probes along with 

spectroscopy, such as UV/Visible and fluorescent spectroscopy, to detect the CMC of W/O 

microemulsion. [12, 13, 14] TDE CL is different from the use of fluorescent probes in CMC 

determination. The most important difference is the absence of an external exciting source, such 

as a laser beam. This is a significant advantage for systems that are sensitive to laser irradiation. 

   

The fundamental basis for using TDE to probe the CMC of reversed microemulsion 

systems is due to the different polarities of TDE and the quenching species, TMO and TMU. The 

collision between excited TDE and quenching species leads to the diminution in the emission 

intensity. It is hypothesized that the formation of an inter-layer assembled by surfactant 

molecules can extract the polar quenching species out of the non-polar TDE bulk phase when the 

concentration of surfactant is higher than its CMC in bulk solvent. Subsequently, the quenching 

species will be enclosed inside the water-pool of the reversed micelles. Therefore, the emission 

intensity of TDE CL can reflect the formation of reversed micelles. The decay of the emission 

intensity not only is related to the concentration of TDE, but also is associated with the number 

of micelles in the solution. In this study, the emission intensity vs. reaction time (It) curve were 

collected by fiber optic spectroscopy and used to analyze the CMC of few surfactants in alkanes, 

cyclohexane and mineral oil.      

 

This research also demonstrated the potential of TDE CL to determine the viscosity of a 

system with a micro-volume. The emission intensity of TDE CL results from the kinetic 

competition between mechanical excitation and electronic excitation. Thereby, limiting the 

number of vibrational modes of excited TDE will limit the dissipation of the excited energy in 

intra-molecular vibration and rotation. This idea has been discussed by Haidekker et. al.. 
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Haidekker et. al illustrated that the emission can be enhanced if the intra-molecular rotation of 

the fluorescent molecules with unique structures is restricted via steric hindrance in a viscous 

media. [15, 16, 17] These specific fluorescers can be employed as molecular rotors in 

determining the viscosity of a system. TDE is constructed by four dimethylamino groups bound 

to a vinyl center. Therefore, it is proposed that emission will be enhanced by restricting the 

rotation of dimethylamino groups in a viscous media. The results show that the emission 

intensity of TDE CL is proportional to the viscosity of media, suggestings that TDE CL can be a 

tool to evaluate the viscosity of a system. This method is attractive for determing viscosity 

because it has no limitation in sample volume and sample type (non-Newtonian vs. Newtonian 

fluid). This feature overcomes the intrinsic disadvantages in present mechanical methods.  

1.3 The characterization of surface properties on metal oxides by TDE CL 

The surface chemistry of metal oxides has always attracted much attention because metal 

oxides are used as catalysts for different reactions and as a carrier for additional materials. 

However, quantitative studies of surface chemistry by present spectroscopic techniques are 

difficult due to the intrinsic complexity of the oxide surface and the limitations of the present 

techniques.   

 

The outermost surface of metal oxide is covered by adsorbed species, such as hydroxyl 

groups and molecular water. Hydroxyl groups are left on the surface after molecular water is 

removed by outgassing at 200oC. Because of the difference in the interaction between surface 

hydroxyl groups and the adjacent surface ion (Mn+ or O2-), the properties of hydroxyl groups, 

including reactivity, acid-base property and perturbation (stretching frequency), vary with the 

surface structure of the metal oxide. Therefore, surface hydroxyl groups can act as finger prints 

that reflect the surface morphology and properties of the metal oxide.    

 

It had been proven in earlier studies that protonic materials, such as water and alcohols, 

act as catalysts for the reaction of TDE CL. [18, 19, 20] This study attempts to use TDE CL to 

characterize the surface properties of metal oxide since the surface hydroxyl group on metal 

oxide may play the same role as protonic material for the reaction of TDE CL. The catalytic 

reactivity of surface hydroxyls for the emission of TDE CL varies with the liberation magnitude 
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of surface hydroxyl groups. Through the variation in the emission intensity, the surface 

properties of metal oxide can be probed. Indeed, the emission intensity of TDE CL is associated 

with the production of TDMD. TDMD is the product of the oxidation reaction of TDE. With the 

presence of specific surface hydroxyl groups, the product of TDMD is thought to be enhanced 

and subsequently more photons will be released after the decomposition of TDMD, as the sketch 

shows in Figure 1.2 .  

 

Understanding the distribution of surface hydroxyls in different configurations is crucial 

and important before employing TDE CL in characterizing surface properties of metal oxide. 

The perturbation of hydroxyl group is decreased as two neighboring hydroxyl groups are bridged 

by hydrogen bonding. Surface hydroxyl groups can be divided into two major categories: 

hydrogen bonded hydroxyls and isolated hydroxyls. Klabunde et. al. suggested that isolated 

hydroxyl groups are adsorbed on edge and corner sites rather than on extend planes. [21] As will 

be shown, TDE CL is influenced by the amount and types of surface hydroxyls present on a 

metal oxide surface, so measuring the It (emission intensity vs. reaction time) curve can provide 

information on the surface properties of metal oxides.   

 

1.4 Characterizing surface grafting by TDE CL  

Surface grafting enables the metal oxide to feature different functions by changing its 

surface properties. For example, grafting hexamethyldisiloxane (HMDS) on the surface of a 

metal oxide causes the surface to become more hydrophobic. This grafting reaction is termed as 

silation. [22] The grafted HMDS helps the metal oxide to be dispersed in non-polar media easily. 

It was found in earlier studies that surface hydroxyl groups on metal oxide were the binding sites 

for grafted organic compounds. Therefore, the binding reactivity and binding position of a 

grafted compound on the metal oxide can be explored through TDE CL. In this study, three 

grafting agents, (2-chloroethyl)ethyl sulfide (2-CEES), HMDS and acetic acid (AA), were 

studied with Al2O3 and TDE CL to understand the effect of surface structure for the binding 

ability of metal oxide.    
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Figure 1.2 Sketch of the catalysis of surface hydroxyl group for the oxidation reaction of 

TDE and the emission of TDE CL. 
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CHAPTER 2 - Literature Review 

2.1 Principles of Chemiluminescence 

Light emission can result from incandescence or luminescence. Incandescence is an 

energy conversion procedure from vibrational energy to radiant energy. Luminescence, in 

contrast, is an energy transition from thermal or chemical energy to electronically excited 

energy. Chemiluminescence (CL) is a sub-category under luminescence. The energy source for 

the light emission in chemiluminescence is specifically liberated from a chemical reaction. 

Highly exothermic reactions are more like to result in the formation of an excited state in a CL 

procedure.  

 

In the past half century, CL has been frequently investigated and used as an analytical 

tool in the fields of chemistry [1, 2] and biochemistry [3, 4, 5, 6, 7].  For example, 1,2-dioxetante 

and α-peroxylactones are two labile intermediates produced from the autoxidation of β-

bromohydroperoxides [8, 9] and ketene [10, 11] and also are the energy source in CL processes. 

The breakdown of these two energy-rich compounds are catalyzed by acid/base-catalization and 

nucleophilic/electrophilic attack. These two chemiluminescent molecules are typically utilized to 

detect transition-metal ions in solution. [12] The distinct advantage using CL as an analytical 

tool is due to the absence of externally excited sources, which means that the analytically 

relevant emission can be measured against a completely dark background. Therefore, 

interference from light scattering can be ignored.  

  

Numerous chemical reactions have been found that can emit a photon. The best known of 

those involve luminol, luciginen, and oxalate esters. The reactions can be broken down into three 

stages: preliminary reaction, excitation, and fluorescence emission. [13] The intermediate 

produced from the preliminary reaction is the source of the necessary excited energy that is then 

transferred to an emissive product or a fluorescent acceptor. The conversion of chemical energy 

liberated from the key intermediate to electronic excitation energy is the excitation step. Finally, 

the photon is released from excited reaction product as the excited reaction product falls back to 
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ground state in the step of fluorescence emission. Therefore, if a chemical reaction is to be 

chemiluminescence, the reaction has to have three essential features. 

1. The reaction should be an exothermic reaction and the excited energy liberated from the key 

intermediate is sufficient to excite an energy acceptor to its excited state. 

2. The structure of excited energy acceptor is stiff to prevent the consumption of excited energy 

in intra-molecular torsional vibrations. [14]  

3. The loss of excited energy is via a radiative process.  

 

2.1.1 Chemiluminescence: Preliminary Reaction 

Two general mechanisms possessing the ability to generate photons have been found: 

peroxyoxalate chemiluminescence and electrogenerated chemiluminescence (ECL). [15, 16] For 

peroxyoxalate CL, the high-energy molecules, 1,2-dioxetane and its carbonyl derivatives, are 

converted through a thermal reaction to an electronically excited state. In contrast, the 

electronically excited energy liberated from charge annihilation results in ECL.  

 

2.1.1.1 Unimolecular Fragmentation  (Peroxide Chemiluminescence) 

The unimolecular fragmentation of peroxides and it derivatives, 1,2-dioxetants α-

peroxylactones and 1,2-dioxetandiones (as seen in Figure 2.1), are extremely exothermic 

reactions. They also are commonly found in organic chemiluminescence and bioluminescence. 

[17] Peroxides are synthesized normally via two procedures: hydroperoxide cyclization and 

singlet oxygen cycloaddition. The starting reagents for producing peroxyoxalates can be oxalic 

reagents, such as aryl oxalates [18, 19], oxalyl chloride [20] and oxalic anhydrides [27], ketenes 

[21], allylic hydroperoxide [22], α-hydroperoxy acids [23], flavins [24], olefins [25, 26] et. al.. 

Because these four-membered ring peroxides involve high strain energy, the electronically 

excited energy is produced from bond energy. Both O-O and C-C bonds cleave simultaneously 

and liberate much energy. Two carbonyl fragments, both containing a C=O bond, are produced 

from the decomposition of the peroxide molecule. If the photon is emitted from the excited 

products of the reaction directly, the CL reaction is termed direct chemiluminescence. 

Alternatively, the excited energy can be transferred to a fluorescent molecule; the subsequent 

emission from this excited fluorescent molecule is called indirect chemiluminescence.   



 10 

R R

O O

R R

R

O O

R O

O O

OO

R R

O O

R R
R

R

O

 

1,2-dioxetane Alfa-peroxylactone 1,2-dioxetandione

*
hv

    homolysis
decomposition  

Figure 2.1 Energy-rich molecules for chemiluminescence (referenced from [17, 28]). 

 

2.1.1.2 Charge Annihilation 

The second general mechanism of luminescence is charge annihilation, also called 

electrogenerated chemiluminescence (ECL). ECL involves a bimolecular reaction with two 

radical ions with opposite charge. The photon is librated by an electrochemical reaction. 

Undergoing the electron transfer from radical anion (D-·) to a radical cation (A+·), the donor is 

excited to an excited state [29]. ECL occurs usually by suitable aromatic hydrocarbons [30, 31], 

polyaromatic hydrocarbons [32] and some inorganic complexes, such as tri(2,2’-

bipyridyl)ruthenium(II) [33, 34]. A systematic report on ECL was published by Schuster et. al. 

[35, 36]  

 

2.1.1.3 Chemically Initiated Electron Exchange Luminescence (CIEEL) 

Chemically initiated electron exchange luminescence (CIEEL) features the characteristics 

of peroxyoxalate chemiluminescence and ECL. A fluorescer acts as the activator and the electron 

donor in CIEEL reaction. Initially, an electron is transferred from a fluorescer to a peroxide 

molecule which contains high energy and acts as an electron acceptor in CIEEL. The electron 

transfer is concomitant with the formation of a radical-ion pair and O-O bond cleavage. An 

electronically excited fluorescer is formed when an electron is transferred backward (backward 

electron transfer, BET). The early studies relating to the reaction mechanisms of CIEEL and the 



 11 

correlation between peroxyoxalates and fluorescer had been reported by Matsumoto [37, 38] and 

Catherall [39, 40, 41, 42, 43]. 

 

2-1-2 Chemiluminescence: Excitation Stage 

2-1-2-1 Excited Energy 

In 1864, Maxwell proposed that light possesses both magnetic and electrical components 

and is an electromagnetic wave. Thus, the velocity of light (C) equals the product of wave 

frequency (υ) and wavelength (λ). 
λυ ×=C       (2- 1) 

Until the 19th century, Planck and Einstein illustrated the concept of photon and 

combined two theories of light, electromagnetic and quantum theories. [44] Therefore, energy of 

photon (E, ergs/molecule) is calculated by Equation 2- 2: 

υλυ hChChE === /        (2- 2) 

where h is the Planck constant (6.63×10-34 J s), C is the velocity of light (3×108 ms-1) and 

υ  is wave number (cm-1). Figure 2.2 shows the relationships between energy and wavelength of 

light emission. 

 

By Planck’s equation, exciting a visible fluorescer, in theory, requires 177 KJ/mole 

(λem=700 nm) to 309 KJ/mole (λem=400nm). However, this critical energy can be lost among the 

vibrational modes of the produced molecules in the excitation process in radiationless transitions 

that are accompanied by heat release and photochemical reactions. The chemical energy is not 

completely transferred to electronically excited energy. For this reason, the adsorption 

wavelength usually is lower then the emission wavelength when a fluorescer is excited by 

external light source. The excited energy liberated from an exothermic reaction in 

chemiluminescence has to be higher than the theorially excited energy for the fluorescer in the 

reaction.    

   



 12 

200

300

400

500

600

700

800

900

1000

UV

Visible

IR

100

200

300

400

500

600

Wavelength
     (nm)

Energy (E)
 (KJ/mole)

50,000

40,000

20,000

10,000

30,000

Wavenumber
      (cm-1)

400 500 600 700 nm

yellow orangeviolet blue Green

Emission

wavelength

 

Figure 2.2 The relationship between emission energy, color, wavelength and wavenumber. 

 

2.1.2.2 Characteristics of Excitation Stage 

For most fluorescers, the absorption spectra appear as diffuse structureless bands with 

several primary maxima and secondary maxima in visible and UV regions. The primary bands 

are representative of the energy transition from ground state to excited states while the secondary 

maxima represent the vibrational and rotational motions of the whole molecule or its parts. [48] 

Since molecular rotation and vibration will cause the dissipation of excited energy, the 

wavelength of light emission spectra always is red-shifted from that of excited radiation. The 

emission spectrum is mirror-symmetric to the adsorption spectrum adsorption, and, usually, 

overlaps with adsorption spectrum in the range from 50-70 nm (Stockes’ law). The range will be 

extended to 150-250 nm according to the molecular structure of fluorescer if the fluorescer 

molecule has a more planar and rigid configuration or intramolecular hydrogen bonds. These 

features minimize the loss of energy from the excited state by intramolecular thermal motions.  
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2.1.2.3 Transition of Electronically Excited Energy 

A singlet state (S) has electrons with antiparallel spins (↓↑) while the triplet state (T) has 

electrons with a parallel arrangement (↑↑). The energy transition in CL involves not only singlet-

singlet and triplet-triplet energy transitions but also inter-system crossing (singlet-triplet). When 

the fluorecer molecule is in the ground state (S0), the electrons occupy the same orbital with 

antiparallel spins. After the adsorption of excited energy, the electrons are excited to a higher 

electronic state (Sn, n=1, 2, 3….). Subsequently, both singlet-singlet and singlet-triplet transitions 

may occur. The light emission due to the singlet-singlet transition (Sn→S0) is termed 

fluorescence. On the other hand, phosphorescence occurs when light emission is due to the 

transition of triplet-singlet (Tn→S0) (as seen in Figure 2.3). Inter-system crossing is carried out 

by spin orbital coupling which is induced by intra- or inter-molecular heavy atom, [7, 45, 46, 47] 

and will extend the lifetime of the excited state. For example, the lifetime of a singlet state 

typically is 1 to 100 ns. However, it will be extended to 100 ns- 10 s for a triplet-excited state. 

[48, 49]  

 

Deactivation is carried out by a non-radiative process including inter- and intra-molecular 

deactivation. Intra-molecular deactivation involves a thermal relaxation by molecular rotation 

and vibration and inter-system crossing from single (S) to triple (T) state (displayed in Figure 

2.3). Due to the long lifetime of the triplet-excited state, inter-system crossing has to be inhibited 

if high emission intensity is desired. The magnitude of thermal relaxation is dependent on the 

molecular structure of fluorescer. Higher quantum states result from more rigid molecular 

structures. This will be further discussed in section 2-1-3-1. Inter-molecular deactivation 

typically is caused by a quenching effect. Many processes can result in quenching deactivation. 

They include molecular collision, static quenching, excited state reactions, electron transfer and 

energy transfer. [50, 51, 52, 53, 54, 55, 56]          

 

Currently 9,10-diphenylanthracene (DPA) and 9,10-dibromoanthracene (DBA) are 

widely used to evaluate the excited state (single or triple state) occurring in a CL reaction 

through an indirect chemiluminescence. Because it lacks heavy atoms, DPA is a singlet-singlet 

energy transformation. [46, 57] In practice, the singlet-singlet energy transfer efficiency from an 



 14 

excited carbonyl product created from a CL to DPA is set as one. Therefore, the singlet quantum 

yield (Φs) can be calculated easily [7, 46, 58]. In contrast, DBA is a triplet-singlet energy 

transformation. [59, 60] The spin-orbital coupling is caused by the bromine atoms of DBA.  
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Figure 2.3 Diagram of energy levels and excited energy transitions occurring in organic 

molecule. Please note that vibrational relaxation is non-radiating transitions. 

 

2.1.3 Chemiluminescence: Emission 

The efficiency of a luminescent reaction is defined as the number photons generated from 

the reaction per reactant molecule. [13] The quantum yield (ΦCL) is given by Equation 2- 3. 

EMETCECL Φ×Φ×Φ=Φ       (2- 3) 

where ΦET, energy transfer efficiency, is an additional term for indirect 

chemiluminescence reaction. The factors ΦCE and ΦEM present the efficiencies of chemical 

reaction and emission, respectively.  

 

ΦCE is related to the productive efficiency of the energy-rich intermediate or complex 

produced from a chemical reaction and, further, associated with the equilibrium and control of 

chemical reaction. The factors which affect ΦET and ΦEM are fairly well understood and can be 

roughly separated into two categories: interior and exterior.    



 15 

 

2-1-3-1 Internal-Factor : Molecular Structure of Fluorescer 

Two basic criteria are available for fluorescer design, conjugated and rigid molecular 

structure. The fluorescent molecules typically are extended conjugated system, containing a 

number of fused aromatic rings or unsaturated double bonds to pool electronically excited energy 

together. By Hückel’s rule, the total number of π electrons in a conjugated ring system equal to 

4n+2, where n=1, 2, 3….. The increase of aromatic ring number (n) will enhance the activity of π 

or n electron and, therefore, cause a decrease of activation energy and a shift the emission 

spectrum to longer wavelengths. [44] For instance, the emission of benzene and naphthalene is in 

the UV region. Bathochromic shift (red-shift) occurs when the conjugated system become larger, 

such as anthracene (in the visible region) and violanthrone(in the IR region). [61, 62] (Figure 

2.4) 

 

The quantum yield of a fluorecer is influenced by many factors. However, a rigid plane 

structure is the most important feature for an efficient fluorescent emitter. The example shown in 

Figure 2.5 is classic and is used frequently. Fluorescein is a highly fluorescent emitter. Although 

phenolphthalein has similar structure to fluorescein, it is a non-fluorescent molecule because too 

much excited energy is lost by vibrational and rotational motions after phenolphthalein is 

excited.   

 

The last factor to cause the batho- and hyperchromic shift of flurescer is the substitution 

effect. It is assumed that the addition of an auxochrome (electron donor, such as –NR2 , -NHR, -

OH and -NHAr) and an antiaucochrome (electron acceptor, such as -SO2CHF2 and –NO2) to a 

chromophore (conjugated system) will cause the extension of the numbers of resonance structure 

and, therefore, lead to an easier excitability of electron in the molecular orbital of fluorescer. [14, 

48, 69]    
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Figure 2.4 The emission wavelength of aromatic compounds. a. benzene; b. naphthalene; c. 

anthracene; d. 16,17-diisopropoxyviolanthrone. 
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Fluorescein Phenolphthalein  

Figure 2.5 Because the rotational and vibrational moving of the substitution groups of 

phenolphthalein leads the radiationless consumption of excited energy, phenolphthalein is 

not a fluorescer. [14] 

 

2.1.3.2 External-Factor: Solvent Effect  

Besides the molecular structure of the fluorescer, the emission intensity and wavelength 

are associated with the properties of external solvent also. Typically hyperchromic 

(enhancement) or hypochromic (diminution) shifts result from the change of viscosity, hydrogen 
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bond formation and the solubility of fluorescer while bathochromic (red) and hypsochromic 

(blue) shifts are usually due to the various forms of solvent polarity. 

 

It is well known that the non-radiative consumption of excited energy via vibrational or 

rotational motions or dynamic collision quenching can be inhibited when the fluorescer is 

dissolved in the solvent with high viscosity [48, 50, 63, 64]. Therefore, fluorescers with specific 

molecular structures possess the potential to be molecular rotors in measuring the viscosity of 

solution. [65, 66, 67, 68] In practical application, those fluorescent probes mainly were used in 

situations when common mechanical manners failed in viscosity measurement, such as the 

system with very small volumes or with non-Newtonian fluids.   

 

2.2 Tetrakis(dimethylamino)ethylene (TDE) chemiluminescence 

Tetrakis(dimethylamino)ethylene (TDE) is constructed of four dialkylamino groups 

bonding to a vinyl center. [70] It is well known that dialkylamino groups have strong electron 

donating properties. Because of these groups, TDE has an extremely low ionization potential, 

about 6.13 eV, leading to the spontaneous chemiluminescence of TDE upon exposure to oxygen 

or air. Furthermore, TDE had been noted as an organic reducing agent. [71, 72] The oxidation 

potential of TDE is almost comparable to that of zinc. [73, 74] These unique properties of TDE 

have led to patent applications for use as a marker in military and road services, in 

polymerization as initiator, and in aviation as an emergency light source. [75, 76, 77, 78, 79] 

 

Since TDE was observed by Pruett et. al. [80] in 1950, a large number of papers dealing 

with TDE have appeared that detail the reaction mechanism, characterize the reaction by 

spectroscopy, and identify the reaction products. The structure of TDE is shown in Figure 2.6. 

The structure of TDE is expected to be quasi planer with a deviation by 28o from planarity due to 

the repulsion of the bulky adjacent CH3 groups.  TDE has two π electrons in the central part of 

the molecule. [81, 82, 83] Therefore, TDE has two of the required features for a fluorescer: a 

planar molecular structure and a conjugated configuration. TDE chemiluminescence is achieved 

by inter-molecular energy transfer. It had been proven that the emitting species in TDE CL is 

electronically excited TDE (TDE*) because the known oxidation products do not fluoresce under 
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these conditions. [84, 96] The emission spectrum of TDE chemiluminescence is a structureless 

band with a maximum at 500 nm.  

 

During TDE CL in solution, energy transfer can occur by collisions between the energy 

donor and accepter. Therefore, the hyperchromic and hypsochromic shifts of the emission from 

TDE CL are associated with the solvent property, such as viscosity and polarity. [85, 86, 87, 89] 

Fletcher et. al. indicated that the photoluminescence peaks of TDE in n-decane, neat TDE, 

dioxetane, 75% TDE/25% TMU mixture are at 487 nm, 505 nm, 550 nm and 565 nm 

respectively. [89]  
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Figure 2.6 Molecular structure of TDE. 

 

2.2.1 Reaction Mechanism of TDE Chemiluminescence  

The reaction mechanism of TDE chemiluminescence in liquid phase and gas phase were 

studied by Urry et. al. [85, 88, 89, 90, 91] and Toby et. al. [92]. Both indicated that the energy-

rich peroxide, tetrakis-dimethylamino-1,2-dioxetane (TDMD), is the energy source to create 

electronically excited state. [93] TDMD is converted from the autoxidation reaction between 

TDE and oxygen. Fletcher et. al. indicated that the autoxidation reaction is catalyzed by protonic 

material, such as alcohols or water (ROH). [90, 91, 94] Hydroxylic additives act as an activator 

for the autoxidation reaction. Indeed, pure TDE in the absence of protonic activators will not 

react with oxygen. [85, 88, 96] The published data show that the autoxidation reaction is first 

order in TDE and oxygen while the chemiluminescence is second order with respect to TDE. 

[85, 88] The reaction mechanism of TDE chemiluminescence is shown in Figure 2.7.  
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Figure 2.7 The reaction mechanism of TDE chemiluminescence 

   

Looking at the reaction mechanism of TDE chemiluminescence (shown in Figure 2.7), 

TDE+ is produced from the autoxidation reaction of TDE in the solvents containing non-polar 

solvent with little water or protonic material (ROH). [95] TDE+ subsequently is converted to the 

energy-rich compound, TDMD. A TDE molecule is excited to an excited state by the energy 

transfer from cleaved TDMD to TDE in the ground state. Alternatively, the hydrolysis of TDE+ 

occurs to give TDE di-cation (TDE2+) [72, 95] if excess protonic material is added into the 

solution. For example, if the solvent contains more than 67% water, the reaction mixture is bright 

red. This color is predicted due to the formation of TDE cation radical (TDE+.) which is 

converted from TDE2+. As excess hydroxylic compound is added, the formation of TDMD 

competes with the formation of TDE2+ and decreases the emission intensity. [85]  

 

2-2-2 The Products of TDE Chemiluminescence 

The composition of the products generated from TDE chemiluminescence has been 

analyzed by gas chromatography, mass and nuclear magnetic resonance spectrometry techniques. 

[85, 97] Urry et. al. and Schumacher et. al. [85, 97] stated that the composition of the products 

produced from TDE CL is constant in various solvents: tetramethylurea (TMU, 65 mole%), 

tetramethyloxamide (TMO, 18 mole%), tetramethylhydrazine (TMH, 12 mole%), 

bis(dimethylamino)methane (BMAM, 2 mole%), and dimethylamine (DMA, trace amounts).   

The structures of these products are shown in Figure 2.8. 
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TMO and TMU are the major oxidation products. Shapiro et. al. investigated the 

oxidation products by electron capture detector to determine the relative electron affinity. [97] 

Electron capture analysis of the major TDE CL products suggested that TMO and TMU have 

relatively high electron capture cross section compared with oxygen. On the other hand, TDE is 

a good electron donor. The high electron donor strength of TDE had been identified by 

Hammond et. al. via the inter-molecular charge-transfer between TDE and π electron acceptors. 

[98, 99] Therefore, the electronically excited energy not only is transferred to unoxidized TDE 

but also is transferred to TMO and TMU by molecular collision. It was concluded from earlier 

studies that the emission intensity decreases with increasing the concentration of TMO and TMU 

[96, 100, 101] and high emission intensity from TDE CL can be expected if the oxidation 

products are removed continuously.  
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Figure 2.8 The molecular structures of the products of TDE chemiluminescence. 

 

2-2-3 TDE Characterization  

Raman and infrared spectra proved that the TDE molecule in the ground state is a 

centrosymmetric structure. The central C=C bond stretching frequency was identified by Raman 

at 1630 cm-1. [96, 102] The electron donor properties of TDE are associated with the 

stabilization by dimethylamino groups. When TDE is in a mono-cation (TDE+) or di-cation 

(TDE2+) state, the positive charge is stabilized by sharing the weakly bonded electron pairs of 

dimethylamino with the central carbon. [103] The charge-states of TDE were recognized by Hori 
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et. al. using electronic absorption spectroscopy. [99] The vibrational frequency of C-N stretching 

is an indicator for analysis of TDE by IR spectroscopy. Pokhodnia et. al. indicated that the 

stretching and bending of C-N bonds in the central N2C=CN2 fragment are in the region 1450-

1050 cm-1. The broad band in the region 1420-1490 cm-1 is assigned to the approximately 20 

bending modes of CH3 fragments. The ionization will cause a blue-shift and intensity gain since 

the N2C=CN2 fragment in TDE+ or TDE2+ is no longer planar. [103] In particular the angle 

between two N-C-N planes increase with the charge-states of TDE. The angle for the di-cation is 

more than double that of the neutral TDE. 

 

2-3 Reversed Microemulsion Systems (RMS) 

Reversed microemulsion systems (RMS) have attracted more and more attention because 

they increase the mutual solubility between aqueous phase and oil phase by amphiphile, 

surfactant. Therefore, RMS has been used extensively as extraction and reaction selection 

medias. In the application of RMS, the water pool entrapped in the reversed micelle acts as a 

micro-reactor for chemical or biochemical reactions and as a cage for nano-particle production. 

[104] For instance, using RMS as the media in polymerization and metal catalyst synthesis, RMS 

enables one to control the yield of reaction and, further, to adjust the crystal structure and size of 

synthesized particle. [105, 106, 107, 108, 109, 110, 111, 112, 113, 114] The interaction of 

amphiphile molecules with oil and aqueous phases has been extensively investigated and 

published in several articles and books that address the properties, characterization methods, and 

application of RMS. [115, 117, 118, 119, 123, 120, 121, 122]   

 

Fluorescent probes have extensively been used as a tool for investigating the properties of 

reversed microemulsions; however, there have been no published studies using 

chemiluminescence to characterize RMS. Fluorescent probes in conjunction with UV-Visible 

and fluorescent spectrometers are the most common methods to characterize the micellar 

structure (shape and size), aggregation number (Nagg), phase equilibrium, critical micelle 

concentration (CMC) and water-to-surfactant ratio (W0) of RMS. [50, 124, 125, 126, 127, 128] 

Otherwise, FT-IR [129, 130], NMR [130, 131], light scattering, small angle neutron scattering 
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[132, 133], calorimeter [134], small angle X-ray scattering [135], and X-ray diffraction [136] are 

also employed in the study of RMS.  

  

2.3.1 Amphiphiles (Surfactants) 

Amphiphiles are organic molecules that consists of a hydrophilic head group and an 

oleophilic tail group. Amphiphiles can, thus, dissolve into both aqueous and oil substances and 

offer an interface between two immiscible components. Surfactants can be classified into ionic 

surfactants (including cation, anion ionic and zwitterionic) and non-ionic surfactants. Examples 

of non-ionic and ionic surfactants are listed in Figure 2.9.   

 

Ionic surfactants, e.g. DTAB and NaDDBS, stabilize a microemulsion by electrostatic 

repulsion while non-ionic surfactants, e.g. Triton®X-100, mainly stabilize a microemulsion 

through steric stabilization. Zwitterionic surfactants, such as AIPS and EDAB (as seen in Figure 

2.9), [137, 138] feature cationic behavior near or below the isoelectric point and anionic behavior 

at higher pH. Some studies found that the stability of RMS can be further enhanced when an 

alcohol, such as 1-butanol, is added into the system. [139, 140, 141, 142, 143] The alcohol acts 

as co-surfactant. The schematically molecular structure of RMS with co-surfactant is shown in 

Figure 2.10. 
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Figure 2.9 The molecular structures of ionic and non-ionic surfactants.  DTAB, NaDDBS, 

AIPS and EDAB represent n-dodecyl trimethylammonium bromide, sodium 

dodecylbenzenesulfonate, 3-((11-acryloyloxyundecyl)imidazolyl) propyl sulfonate, and 

erucyl dimethyl amidopropyl betaine, respectively. 
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Figure 2.10 The molecular structure of reversed microemulsion with alcohols as co-

surfactant. 
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2.3.1.1 Surfactant Aggregate 

At low surfactant concentration, surfactant molecules exist in the interface of two 

immiscible compounds. Over a narrow concentration range, surfactant molecules dynamically 

associate to form a big molecular aggregation. [144] This narrow concentration range is termed 

the critical micelle concentration (CMC). For O/W (oil in water) microemulsion, it is well known 

that the aggregation of the amphiphile in the interface strongly decreases the surface tension of 

the solution and dramatically changes some physicochemical properties, such as surface tension, 

conductivity, light scattering, and osmotic pressure. The determination of the CMC value in an 

O/W microemulsion is due to the abrupt changes of theses physicochemical properties with 

increasing concentration of surfactant (as seen in Figure 2.11). 

 

For O/W microemulsion, several techniques have been developed and some of them have 

become standard methods for determining the CMC. The techniques include conductometry 

[145], fluorescent probe [146, 147], cyclic voltammetry [148], UV-VIS, fluorescence 

spectrometer [149], capillary electrophoresis [150, 151, 152], and surface tension [153]. The 

influences of temperature and pressure on the CMC of surfactants in aqueous media have been 

systemtically investigated and reported. [122] However, there is much less information on the 

CMC of RMS.  This is due to the difference in the micellar structures between O/W (oil in water 

or normal) and W/O (water in oil or reversed) micelle. The methods typically employed in 

determining the CMC value of O/W microemulsion are not suitable to be used in that of RMS. 

Only few methods have been reported. The methods employed to measure the CMC of RMS are 

further described in Section 2.3.3.  
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Figure 2.11 Determination of CMC value by surface tension and conductivity 

 

2.3.1.2 Aggregation Number (Nagg) 

Reversed micelles have the opposite structure as O/W micelles. For reversed micelle, the 

hydrophilic head of surfactant bonds to the interior aqueous component of the microemulsion via 

hydrogen bonds and the hydrophobic tail extends into the bulk oil phase in order to escape from 

aqueous core of micelle. [154] Bcause of the differences in the micellar structure, the number of 

surfactant monomers involved in a reversed micelle is relatively small compared to that in a 

normal micelle. [155, 156, 157] According to published data, RMS’s micelles typically consists 

about 10-100 surfactant monomers (aggregation number, Nagg) depending on the surrounding 

organic media, type of surfactant, temperature and water-to-surfactant ratio (W0). [115, 116]  

 

RMS features a sponge-like structure. A large amount of aqueous materials can be 

dissolved into the water pool of reversed micelle. Increasing the value W0 of RMS increases both 

the water pool radii and Nagg. For a W/O micelle system, a few models based on the nature of 

surfactant and CMC value had been developed to calculated the expected Nagg value. [50, 146, 

158, 159, 160, 161, 121, 122] However, a model for estimating the Nagg of reversed micelles is 

absent. The Nagg value of a RMS can be derived experimentally via several techniques, such as 

steady-state fluorescence quenching [163], fluorescent probe [50], and FT-IR [162].    

 

2.3.1.3 Packing Parameter of Surfactant (S) 

The surfactant can be characterized by a packing parameter (S). This concept was first 

elucidated by Israelachvili et. al.. [164]. In a solution, the parcking parameter of surfactant 
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determines that the surfactant monomers tend to form a reversed or normal micelle. The packing 

parameter is derived from Equation 2- 4. Vtail, Ahead, and Ltail represent the effective tail length, 

tail volume and head surface, respectively. A depiction of the effective tail length, tail volume 

and head surface of a surfactant is shown in Figure 2.12. For a spherical micelle with a core 

radius r, the volume (Vcore) and surface area (Acore) of the core are equal to 4πr3/3 and 4πr2 

,respectively, and, therefore, r =3Vcore/Acore=3Vtail/Ahead. Because r can not exceed the length of 

the tail, Ltail, in an aqueous media, the S value for the micelle with spherical structure should be 

in the range from 0-1/3. [165] Depending on this theory, the correlation between the type of 

micelle (O/W or revered micelle) and S can be deduced. Table 2 -1 relates the connection 

between the type and the shape of micelle and the S value. [122, 165, 166]  

tailhead

tail

LA

V
S =       (2- 4) 

 

Ahead

Vtail Ltail

 

Figure 2.12 Schematic representation of effective tail length (Ltail), tail volume (Vtail) and 

head surface (Ahead) for surfactant. 

 

S value Type of micelle Micelle structure 

0 ≤ S ≤ 1/3 Oil-in-water (O/W) Sphere 

1/3 ≤ S ≤ 1/2 Oil-in-water (O/W) Sylinder 

1/2 ≤ S ≤ 1 Oil-in-water Bilayer 

1 < S Water-in-oil (W/O) - 

 

Table 2-1. The relationship between the value of the packing parameter (S), and the type 

and structure of micelles.  
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2.3.1.4 Surfactants for RMS and Water-in-scCO2 Microemulsion 

When selecting a suitable surfactant for an O/W or reversed microemulsion system, the 

surfactant’s packing parameter, electronic properties and solubility are the most important 

parameters to consider. Figure 2.13 shows a few surfactants usually employed in RMS. They 

include AOT, DDAB [179, 172], CTAB [140, 180], SDS [141, 175] and X-100 [181]. Super 

critical CO2 (sc-CO2) reversed micelle is a special case in the category of RMS. The surfactant 

which can be used in W/sc-CO2 RMS usually features fluorinated tails, such as ammonium or 

phosphate carboxylate perfluoropolyether (PFPE-NH4 and PFPE-PO4) [183, 197, 198, 199, 200, 

201, 202, 203, 204, 207, 205] (molecular structures showed in Figure 2.13). 

 

Sodium bis(2-ethylhexyl) sulphosuccinate (Aerosol OT, or AOT) is a commercial 

surfactant that is used in RMS most frequently. AOT features a high packing parameter (about 7 

[177]) and a high solubility for aqueous phase in most non-polar solvents. Petit et. al. indicated 

that the water-to-surfactant ratio (W0) of AOT micelle can reach 60 at moderate temperature and 

in suitable oil media. [178] AOT consists of double hydrophobic tails with a tail length about 8 

Å, and a hydrophilic head with an effective area of ~51 Å2. [167] The diameter of the micelle 

constructed by AOT monomers in alkanes is about 5-50 nm. [175] Numerous articles have 

addressed the physical properties, applications, and the phase equilibrium of AOT-oil-aqueous 

material reversed microemulsion in the past two decades. [106, 142, 143, 167, 168, 169, 170, 

171, 172, 173, 174, 175, 176, 191]  
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Figure 2.13 The molecular structures usually used in RMS or W/sc-CO2 RMS. 

 

2.3.2 Important Factors for Surfactant Aggregation 

The aggregation of surfactant monomers is influenced by W0, temperature [120, 201], 

surfactant concentration [196], the presence of an additional salt and co-surfactant [139, 140, 

141, 142, 143, 206]. These influences are mainly reflected in the curvature of the micelle [104, 

186, 206] (as shown in Figure 2.14) and the phase transition [185, 187, 188 189, 190, 191] (as 

shown in Figure 2.15).  They also determine the type of microemulsion formed: O/W or 

reversed microemulsion. Eastoe et. al. found that the type of microemulsion can be tuned by 

changing temperature. [192, 193, 194, 195] A systematical study in the phase transition of 

surfactant-oil-water system (SOW) under various temperatures and compositions has been done 

by Kahlweit et. al. [196] and Winsor et. al.. [208] 
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Figure 2.14 The influences of temperature, additional chemicals and the composition for 

the curvature of surfactant aggregation and micelle structure. 
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Figure 2.15 A fish-like phase diagram is observed when water and oil are mixed at a 1:1 

ratio. After CMC, the phase transition is dominated by temperature and surfactant 

concentration effects. [196] Region A: Winsor IV system; there is no excess oil and water 

present. Region B and B’: Winsor I and II systems; two phases exist in the system. O/W or 

reversed micelles exist in water-rich (B) and oil-rich (B’) phase, respectively. Region C: 

Winsor III system; the system includes three phases. The ternary phase containing a water- 

and oil-continuous phase is formed between water- and oil-rich phase. 

 

2.3.3 Determination of the CMC of a RMS 

The CMC value of RMS mainly varies with the type of surfactant, the properties of the 

hydrocarbon media, and temperature. The CMC values of a normal microemulsion is determined 

based on the abrupt change of some physicochemical properties, such as surface tension or 

conductivity. However, those determination methods usually fail in measuring the CMC value of 

a RMS since the change of the physicochemical properties typically is slight when the 

concentration of surfactant approaches the CMC. Moreover, reverse micelles usually are much 

smaller than normal micelles. This also increases the difficulty in CMC determination for a 

RMS. In earlier studies, several techniques have been found for determining the CMC value of 

RMS.  
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Spectroscopic methods are the most widely employed in the CMC determination for a 

RMS. The techniques include 1H and 13C NRM [211, 212, 213], IR spectroscopy [213, 214], 

Raman Scatter fluorescence [213], microcalorimetry [209, 215, 216], fluorometry [209] use of a 

fluorescent probe in conjunction with a UV-VIS spectrophotometer [213, 214, 216, 218, 220, 

221], small angle neutron scattering [219, 222, 223], light scattering [224], controlled partial 

pressure-vapor pressure osmometry [225], photon correlation spectroscopy [226], and positron 

annihilation techniques [227]. Reviewing the present methods which had been utilized in the 

CMC determination of RMS, fluorescent probe plays a most important role not only in probing 

the CMC value of RMS, but also in studying the micellar structure and aggregation number and 

the surfactant’s behavior in non-polar media. Behera et al. published a systemic study on the use 

of fluorescent probes in RMS and O/W microemulsions. [50, 115, 228]       

                                                                                                                                        

2.4. Physicochemical Properties of Metal Oxide Surfaces (MgO and Al2O3) 

Metal oxide nano-particles attract attention because metal oxides have been widely used 

as catalysts [229, 230, 231, 232],  support for other catalysts [231, 233, 234] and organic 

functional groups [235, 236, 237, 238, 239], and adsorbents for waste chemicals [248, 263, 269]. 

The characteristics of metal oxide nano-particles which include the crystal structure, surface 

morphology, electric, and acid-base properties have been investigated qualitatively by several 

methods. The methods include FT-IR [239, 240, 241, 242], UV-visible [245, 246, 247], 

photoluminescent spectroscopy [249, 251, 252], electron paramagnetic resonance (EPR) [253], 

XRD [240], scanning electron microscopy (SEM) [249], scanning photoelectron microscopy 

(SPEM) [250], X-ray photoelectron spectroscopy (XPS) [239, 243, 244], electron spin resonance 

[262], chemical probes [242, 254, 255, 256, 257, 258, 260, 261], BET [256], mass spectroscopy 

[258, 295], ERS [259] and NMR [291, 292]. However, quantitative studies relating to metal 

oxide nano-particles are relatively rare due to their complex surface structure. For example, 

infrared spectroscopy has been widely employed in qualitatively characterizing surface structure 

for metal oxides through the identification of surface chemisorbed species. The difficulty of 

using IR spectroscopy in quantitatively analyzing surface chemisorbed species is due to the 

difficulty of determining the IR adsorption coefficients at each relaxation for the adsorbed 

species. [296]    



 32 

 

The surface properties of metal oxides play the most important role as metal oxides are 

used industrially in various reactions. [231] More theoretical and fundamental studies have been 

done on MgO and Al2O3 than on other metal oxides. Reviewing previous studies on MgO and 

Al 2O3, it is well known that the surface structure is strongly associated with the acid-base, 

electronic, and reactive properties of these metal oxides. In the case of MgO and Al2O3, the 

outmost layer anions (O2-) and cations (Mn+, n= 2 for Mg and 3 for Al) are coordinatively 

unsaturated. Therefore, the outmost layer of the metal oxide is covered by various species when 

exposed to the atmosphere. Water is the most abundant component adsorbed on the surface. 

When there is adsorption of water on MgO or Al2O3, water may be present in its undissociated 

form (H2O), existing in multiple adsorption layers, or dissociated forms (hydroxyl (OH-) and 

proton (H+)), adsorbing on lattically unsaturated sites, Mn+ and O2-. Goodman et. al. indicated 

that the IR band near 1645 cm-1 is associated with molecular water on the surface and the IR 

bands in the range from 3000 to 3800 cm-1 are contributed by dissociated water (hydroxyl 

groups) with different coordination on MgO and Al2O3. [264, 265] 

 

In the IR spectra of MgO and Al2O3, the IR bands in the range from 3000 to 3800 cm-1 

are due to two hydroxyl groups with different configurations. The sharp bands at higher 

frequency are assigned to isolated hydroxyl groups. Due to the formation of hydrogen bonds 

between two hydroxyl groups, the IR band of hydrogen bonded hydroxyl group is a broad band 

at a lower frequency (H-OH). [266, 267, 268, 270, 271] On the other hand, the perturbation of 

the isolated hydroxyl group is related to the coordination of adsorbed lattice ion. Consequentially 

the stretching frequency of isolated OH reflects the surface structure of metal oxide and is a 

spectral fingerprint of the surface structure. [272] In other words, surface hydroxyl groups are the 

markers presenting the surface morphology and surface reactivity on MgO and Al2O3.  

 

2.4.1 Magnesium Oxide (MgO) 

2.4.1.1 The Present Models of Surface Hydroxyl Groups on MgO 

The correlation between O-H stretching frequencies and the their locations on MgO have 

been determined by several experimental [249, 270, 271, 273, 275, 276] and theoretical models 
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[279, 280, 281, 283, 282]. Anderson et. al. first elucidated that there are two proposed types of 

surface hydroxyls formed on MgO surface when water decomposes, as shown in Figure 2.16. 

[268, 271] Knözinger et. al. refined previous models by introducing the consideration of the 

hydrogen bond between hydroxyl groups and the coordination of surface cation and anion for the 

stretching frequencies of O-H groups. [276, 273] According to the coordination number of 

surface cations and anions, the categories of surface hydroxyl groups can be classified into 1-

coordinated OH (type A) as well as 3-, 4- and 5-coordinated OH (type B), as seen in Figure 

2.17. Hydrogen bonds form between neighbouring type A and type B hydroxyl groups under 

certain conditions. The formation of a hydrogen bond will lead type A and type B hydroxyls to 

become hydrogen bond acceptors (type C) and hydrogen bond donors (type D), respectively. In 

the IR spectrum, the sharp bands in a narrow frequency range from 3690 to 3750 cm-1 are 

assigned to isolated hydroxyl groups (type A and type B). The broad band in the interval from 

3200 to 3650 cm-1 is assigned to hydrogen bonded hydroxyls.  
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Figure 2.16 Two types of surface hydroxyls form on metal oxide after the decomposition of 

molecular water. 

 

Investigating the stretching frequencies of isolated hydroxyls adsorbed on different 

locations, both electronic properties of the ions and the distance between lattice cations and 

anions have to be considered. Type A OH has the highest stretching frequency (appearing at 

3750 cm-1) because the cooridination of the cation weakens the OH bond. The stretching 

frequency will be reduced with increasing the coordination of the cation bonded with type A 

hydroxyl. [268, 273, 276] Type B hydroxyls, appearing at 3730-3450 cm-1, are composed of a 

lattice oxygen ion and a proton. [270, 276, 279] Increasing the coordination number of the lattice 

ion shortens the distance between ions (O2- and Mg2+). Therefore, the type B OH with higher 

coordination number have a lower stretching frequency due to the positive charge of 

neighbouring Mg2+ and the Coulomb interaction between the cations and OH. [276, 279] 
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According to previous studies, the stretching frequency of type B hydroxyls can be concluded to 

be in the order shown in Equation 2- 5 and the stretching frequencies of different hydroxyl 

groups are shown in Figure 2.18. [86, 268, 273, 275, 276, 277, 279, 285] 
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Figure 2.17 Types of surface hydroxyl groups. Type C and type D hydroxyl groups result 

from the formation of a hydrogen bond between type A and type B hydroxyl groups. The 3, 

4 and 5 coordinated ions are due to the location of ions on corner, edge, and extended 

planes, respectively. 
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Figure 2.18 The proposed wavenumbers of hydroxyl groups in the IR spectrum. Type A 

and B isolated OH are indicated by empty bars and type C and D hydrogen bonded OH are 

shown by a solid bar. The values shown above the bar are the coordination number of 

hydroxyls. 

 

2.4.1.2 The Location and Thermal Stability of Hydroxyl Groups   

2.4.1.2.1 Location of Surface Hydroxyls on MgO 

On an MgO surface, 3-, 4-, and 5-coordinated hydroxyls are located on corners, edges 

and, extended planes, respectively. It was proposed by Klabunde et. al. [277] that the OH groups 

concentrated on edge and corner sites are more isolated. Consequently the ratio of isolated OH to 

total OH decreases when the surface of MgO is more flat. [278] On a nearly perfect MgO 

surface, the hydroxyls with lower coordination numbers are much less abundant [284], and their 

concentration increases with increasing surface defect concentration. Zecchina et. al. indicated 

that treating MgO surface by water vapor causes surface erosion and considerably increases the 

concentration of the hydroxyl groups with lower coordination numbers.  [245, 249, 274, 275, 

284]  The increase of surface hydroxyl groups with lower coordination is associated with the 

creation of edge and corner sites (lower coordination sites).  This also enhances the surface 

reactivity of a dehydrated surface. The relationship between surface morphology and the surface 

reactivity of MgO was studied by Ahmed et. al.. [291, 293, 301] Ahmed et. al. suggested that the 

surface reactivity is related to the surface roughness or the number of intrinsic sites with lower 

coordination (e.g. M2+
LC and O2-

LC).  The more rough MgO surfaces containing more intrinsic 

sites with lower coordination numbers have higher reactivity. [274, 294]  
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2.4.1.2.2 Quantitative Determination of Surface Hydroxyl Group 

Although surface hydroxyls can be studied by several chemical and physical techniques, 

only a few of them can be used to quantify the surface hydroxyls. Bermudez first pointed out the 

use of NMR in the analysis of surface hydroxyl content on hydrated silica gel in 1970. [295]. 

Furthermore, Morimoto et. al. used weight loss upon ignition to measure surface hydroxyl 

concentration on ZnO. [297] Hoq et. al. approached the surface hydroxyl content by D2 

exchange reaction over thermally activated MgO and, subsequently, determined the ratio of HD+ 

to D2
+ by mass spectrometry. [298] McCafferty et. al. determined the concentration of surface 

hydroxyl group on MgO films by XPS. [244] Even though the total hydroxyl adsorbed on metal 

oxide can be evaluated accurately, to quantitatively identify the different types of hydroxyl 

groups (i.e. isolated vs. hydrogen bonded) is difficult. To measure surface isolated and hydrogen 

bonded hydroxyl, respectively, Sato et. al. reported a chemical characterizion method. By Sato’s 

method, the amount of isolated and hydrogen bonded hydroxyl groups are determined by 

Equation 2-6, 2-7 and 2-8 based on the exchange reaction between the ethyl group of 

triethylaluminum (AlEt3) and the proton of hydroxyl groups. [299] An extension of this method 

was reported recently by Grieken et. al. [300] for determining surface hydroxyl groups on silica 

and Itoh et. al. [277, 278] in measuring hydroxyl groups on MgO.  

213 EEN +=       (2- 6) 

BL nnE 21 +=       (2- 7) 

BL nnE += 22       (2- 8) 

where N is the moles of AlEt3 chemisorbed on metal oxide. E1 and E2 are the moles of evolved 

ethane during AlEt3 and 1-pentanol addition. nL and nB represent the moles of AlEt3 adsorbed on 

metal oxide in linear and bridged form, respectively.  

 

2.4.1.2.3 Thermal Stability of Hydroxyl Groups on MgO  

It is well known that increasing temperature leads to desorption of surface hydroxyl 

groups. The desorption temperature of the hydroxyl groups are associated with the locations 

(coordination number) of the hydroxyl groups. Experimental data showed that the lower 

coordination hydroxyl groups (OLCH, L=3, or 4) have stronger interaction with MgO surface. 
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[276, 277, 278] This result is in agreement with the theoretical calculations reported by Chizallet 

et. al. [280, 285, 286, 287, 288, 289] In the IR spectrum of MgO, the broad band (3650-3000 cm-

1) is contributed by the hydrogen bonded hydroxyls (type C and D hydroxyl groups). 

Experimentally, this band starts to decrease at lower temperature than the sharp band between 

3750-3650 cm-1 and almost disappears at 773K. [285] Because the shape of this band changes as 

temperature increases, this broad band is a multicomponent band. [285] The thermal stabilities of 

the hydroxyl groups contained in with this broad band are difficult to distinguish by simply 

raising the temperature and measuring the IR spectra.  

    

From early studies, it was found that 1-coordinated OH has a lower thermal stability 

compared with 3-coordinated OH. Chizallet et. al. [279] stated that the sharp band shift from 

3750 to 3725 cm-1 occurs above 573K and can be proposed as the desorption of 1-coordination 

OH.  The thermal stability of lower coordinated isolated hydroxyl had been investigated by 

Bailly et. al.. [302] Bailly et. al. found that the O2-
4C and O2-

3C sites start to be released at 673 

and 1073 K, respectively. Klabunde et. al. [277] reported that 4- and 3-coordinated isolated 

hydroxyl groups are thermal unstable at 673 and 1073 K, respectively. The thermal stability of 5-

coordinated isolated hydroxyl group is much lower than 3- and 4-coordinated isolated hydroxyl 

groups. This assumption was reported by Chizallet and Huang et. al.. [86, 285] They found that 

the right shift (from high to low frequency) of the broad band occurs at low temperature 

(~473oC). In contrast with the relative stretching frequency of hydroxyl groups shown in Figure 

2.18, the band of 5-coordinated isolated hydroxyl group overlaps with the band of hydrogen 

bonded hydroxyl, and, therefore, the band shift as increasing temperature can be explained by the 

removal of 5-coordination isolated hydroxyl groups. The removal temperature of 5-coordinated 

isolated hydroxyl groups can be assumed to be 473 K. From these studies, the relative desorption 

temperature of surface hydroxyl groups can be summarized as shown in Figure 2.19.   



 38 

 

373 473 573 673 773 1073

C=3, 4, 5 H-OH

O5CH O1CH O4CH O3CH

K

Temperature  

Figure 2.19 The desorption temperature of surface hydroxyl groups on MgO. The solid and 

hollow bars indicate the desorption temperatures of hydrogen bonded hydroxyls (H-OH) 

and isolated hydroxyls (O1CH, O3CH, O4CH, and O5CH) respectively. 

 

2-4-1-3 Surface Acid-Base Properties of MgO 

The characterization of surface acid-base properties on catalyst surface is crucial since 

acid-base properties are key for the potential catalytic properties of metal oxides. On a metal 

oxide surface, the adsorption of external compound may be in molecular form or dissociated 

form depending on it acid-base properties. [303] Therefore, the acid-base properties of an acid or 

base catalyst is associated with its reactivity and chemisorption ability and, further, reflects the 

population of the active sites on the surface. 

    

2.4.1.3.1 Determination Methods 

The surface acid-base properties associated with catalyst activity and selectivity are 

typically characterized by the topography on metal oxides. It had been mentioned in Sections 

2.4.1.1 and 2.4.1.2 that the stretching frequencies of isolated hydroxyl groups in IR spectrum are 

unique on the specific sites. Indeed, isolated hydroxyl groups are outstanding marker reflecting 

the acid or basic sites on metal oxide surface. However, it also is well known that the 

quantitative determination of surface isolated hydroxyl groups is difficult. Only very few 

techniques can be employed.  

 

Recently the characterization of surface acid-base properties in most studies is based on 

the adsorption of a probing molecule and the ability to react along a basic reagent complemented 

by NMR, FT-IR, XPS, XRD, UV-Visible, TPD (temperature programmed desorption-mass 
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spectroscopes). Otherwise, luminescent emission data collected by photoluminescence also have 

been used to analyze the surface acid-base properties on several metal oxide surfaces. [242, 254, 

256, 258, 260, 285, 304, 305, 306, 307, 308, 309, 310, 312, 311] Reviewing at those methods, 

the step of high temperature treatment is required to get clean surface before the addition of 

probe molecule or the detection (~1073 K). [256] Since high temperature treatment will lead to 

the change of surface morphology and, subsequently, cause the variation of surface acid-base 

properties, a deviation existing in experimental result from actual situation usually occurs. 

Therefore, a low-temperature examination method is desired.  

 

2.4.1.3.2 Acid and Base Sites on MgO 

The strong base character of MgO is well known. In several base-catalyzed reactions, 

[230, 231, 314, 315] the strong base character of MgO plays an important role. On clean MgO 

surface, the electron rich lattice oxygen anion (OLC
2-) acts as a strong Brønsted base (electron 

donating site) and the electron deficient lattice magnesium (MgLC
2+) act as a weak Brønsted acid 

(electron accepting site). [282, 316] On a hydrated MgO surface, O1CH and OLCH (L=3,4 or 5) 

form on MgLC
2+ and OLC

2- after the decomposition of water. The surface hydroxyl group is 

thought of as a weak Brønsted base and is more active than O2- ion (evaluated by the conversion 

of 2-methyl-but-3-yn-2-ol, MBOH). [260, 282, 285, 298, 313]  

 

The interaction between a hydroxyl group and surface ion reflects the acid or base 

strength of surface ions. The basic strength of a metal oxide surface is defined as the ability to 

donate an electron pair to an acid molecule (such as CO2) (Lewis base) or to accept a proton 

(Brønsted base). [260, 312, 317, 318] As discussed above, it was found that the dehydration 

temperature increases with decreasing coordination number. Therefore, the basicity of lattice 

oxygen ions can be assumed as the following order: O3C
2- > O4C

2- > O5C
2-. This proposition is in 

agreement with the studies on the surface acid-base properties on MgO. Chizallet et. al. [285] 

studied the surface acid-base property by the deprotonation ability for methanol and propyne and 

conversion ability for MBOH on MgO. They found that the deprotonation or conversion ability 

is associated with the concentration of surface basic anion sites with lower coordination, OLC
2-. 

Aramendía et. al. [260, 317] used CO2 as a probe molecule and classified the basic sites by the 

interaction strength between OLC
2- and probe molecule. Aramendía et. al. found five peaks in the 
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temperature-programmed desorption (TPD) spectrum at 402, 535, 732, 863, and 1017 K. Lower 

desorption temperature corresponds to site with lower basic strength. It is stated by Stone et. al. 

that lower coordination anion sites exhibit stronger basicity and can react with weaker acid. [247, 

256, 260]  

 

2.4.2 Aluminum Oxide 

Aluminum oxide is frequently used as a catalyst support because of its high surface area, 

superior chemical and thermal stability. [319, 320, 321, 322, 323, 324] The dispersion of a 

supported metal on aluminum oxide is related to the concentration of surface hydroxyls. 

Heemeier et. al. [325] stated that the metal dispersion on a support increases with increasing 

concentration of surface hydroxyl since surface hydroxyls act as nucleation sites for initiation of 

metal particle growth. For the application of aluminum oxide in the automobile industry, γ-Al 2O3 

is typically used as support for BaO or K2O in traditional automotive exhaust control catalysts to 

treat NOX. [323] In the chemical industry, aluminum oxide also can be used as adsorbent [269] 

and catalyst [326, 327, 328, 329] in several reactions. Due to its widespread use in different 

fields, the properties of aluminum oxide, including surface acid-base properties, reactivity, 

structure, hydroxyl configurations and crystal phases, have been well studied and reported in the 

past few decades. [321, 326, 330, 331, 346, 348, 350, 351] 

 

2.4.2.1 The Crystal Phases of Al2O3 

Various precursors of aluminum oxide, aluminum hydroxides (including gibbsite 

(Al(OH)3), bayerite (Al(OH)3), nordstrandite (Al(OH)3), diaspore (AlOOH) and boehmite 

(AlOOH)), have been discussed in the literature. [330, 337, 338] Aluminum oxides with different 

lattice phases are produced from the thermal dehydration of aluminum hydroxides under 

evacuation. The crystal phase of aluminum oxide is temperature-dependent. [330] It changes 

with dehydration temperature, which further causes variations in the configuration of 

chemisorptional species, particularly for hydroxyl groups. [341] The characteristic of aluminum 

oxide is dependent on the crystal structure. In previous research, the change in the surface 

properties caused by the variation of crystal phase usually is monitored by FT-IR since the 
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stretching frequencies of surface hydroxyls shift with the change of surface structure. The details 

have been addressed by Knözinger et. al.. [326, 326, 330, 331] 

 

Knözinger suggested that the change in the lattice phase is due to the migration of surface 

ions under high temperature. [326, 326, 330, 331]. α-Al 2O3 is a thermodynamically stable phase 

and is the final result upon thermally dehydrating aluminum hydroxide under evacuation. Before 

the formation of α-Al 2O3, a series of meta-stable oxide phases (termed transition phases) with 

highly porous surfaces are formed. Depending on the difference in the precursors, the formation 

temperatures for each transition aluminum oxides may be different. Typically, the creation of 

each transition aluminum oxides follows the order shown in Equation 2- 9 with increased 

dehydration temperature. [332] 

AlOOH � γ- � δ- � θ- � α-Al2O3      (2- 9) 

α-Al 2O3 is generally considered to be the most inert of all the aluminum oxides. [330] In 

contrast to thermally stable α-Al 2O3, meta-stable aluminum oxides have higher activity and are 

studied more frequently. Based on the dehydration temperature, transition aluminum oxide can 

be classified into two families:  

1. Low temperature transition phases: such as γ-Al 2O3 and η-Al 2O3 

Dehydration temperature < 600oC 

2. High temperature transition phases: such as δ-Al 2O3 and θ-Al 2O3 

Dehydration temperature > 600 - 1150oC 

 

The structural difference in each transitional phase is ascribed to the arrangement of 

cations in an approximately cubic close-packed oxygen array. [332] The dehydration temperature 

affects how many close-packed oxygen lattice with aluminum ions in the octahedral (AlVI) and 

tetrahedral (AlIV) interactions are formed during dehydration. [330] It has been found that more 

aluminum ions in the octahedral interaction are formed if dehydrating the precursor at higher 

temperature. The surface activity is influenced by the number of cations in tetrahedral and 

octahedral positions. Previous research has shown that tetrahedrally coordinated Al3+ (cation 

vacancy) possesses higher activity than octahedrally coordinated Al3+. [321, 327, 349, 349] 

Moreover, Morterra et. al. [331] indicated that the high-temperature transition phases are 

definitely less active than the low-temperature phase. Wilson et. al. reported that the cation 
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vacancies on δ-Al 2O3 are essentially located in octahedral sites. [332] It is reasonable to assume 

that there is a smaller fraction of tetrahedrally coordinated Al3+ ions existing in high-temperature 

transition alumina than in low-temperature transition alumina.  

 

2.4.2.2 Surface Activity 

An Al2O3 surface has a high population of surface impurities (including hydroxyls, water, 

carbonates and organics with alkyl groups) as well as surface defect sites. Under moderate 

temperature, the defect sites (active sites) are de-activated by the covering of impurities. [333] 

Thermally treating aluminum oxide typically is accompanied by weight loss. The weight loss 

implies the removal of chemisorbed or physisorbed impurities on aluminum surface. The IR 

bands of surface impurities on aluminu oxide had been reported by Costa et. al.. [340, 342, 352, 

355] The bands with higher frequency, 3800-3000 cm-1, are attributed to surface hydroxyl 

groups. Two small bands between 1600-1400 cm-1 are due to carboxylate species, including CO2, 

CO, CO3
2- or HCO3

-. The band between 2960-2860 cm-1 corresponds to H-C stretching. Weight 

loss during thermal treatment is mostly associated with the removal of water and hydroxyl 

groups. [333, 335]  

 

Knözinger et. al. studied the dehydration temperature of surface hydroxyl groups and 

found that 90.4% of surface hydroxyl content is eliminated at 670oC. [321, 326] For the removal 

of the hydroxyl with multi-coordination, the removal of surface hydroxyl creates an oxygen ion 

in the outermost layer and an aluminum ion in next lower layer. The exposed cation is thought of 

as a “hole” (vacancy, or surface defect) and acts as a Lewis acid site. It was suggested by 

Cauwelaert et. al. [333] that the surface reactivity is developed right after the removal of surface 

species and is associated with the population and type of coordinately unsaturated ions on the 

aluminum oxide surface. Further dehydration at higher temperature leads to the migration of 

ions. The high temperature transition aluminum oxide phase is formed slowly. In contrast with 

low temperature transition phase, e.g. γ-Al 2O3, the aluminum oxide with high temperature 

transition phase, e.g. δ-Al 2O3, has less activity due its higher order lattice structure. [331]  

 

Concluding from previous studies, it was found that the stretching frequencies of 

hydroxyl groups vary with the adjacent surface sites. The variation in the stretching frequency of 
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surface hydroxyl is due to the interactional strength between hydroxyl and adjacent sites and 

reflects the perturbation of the hydroxyl group. Type I hydroxyl is considered as the most 

perturbation group since the restriction from neighboring cations is less in contrast with type II 

and III hydroxyls. Therefore, it is reasonable to suppose that type I isolated hydroxyl possesses 

higher catalytic reactivity and the catalytic reactivity of surface hydroxyl is in the order: type I > 

type II > type III. This hypothesis is in agreement with the study of Rinaldi and his co-workers. 

[327]   

 

2.4.2.3 Surface Hydroxyl Groups  

The surface of aluminum oxide abounds in hydroxyl groups and water. Peri and Cantrell 

indicated respectively that the densities of water and surface hydroxyl groups and on aluminum 

oxide are 1.25×1019 OH/m2 and 13 H2O/Å2. [334, 335, 336] Surface hydroxyls result from the 

dissociation of water on coordinatively unsaturated surface sites (Al3+ and O2-). In the IR 

spectrum, surface hydroxyl and molecular water appear at high (3800-3000 cm-1) and low 

(~1630 cm-1) frequencies. Costa supposed that the band at 1630 cm-1 in the IR spectrum of 

aluminum oxide is due to the bending of molecular water. [340] This band disappears after 

dehydrating at 200oC. [344] Further thermal dehydration from 200oC under vacuum leads to the 

decomposition of the associated OH to evolve water and is accompanied by the formation of 

isolated OH and unsaturated active sites (Al3+ and O2-). [354] The bands appearing in the interval 

from 3800-3000 cm-1 are due to surface hydroxyl groups. Busca et. al. elucidated that the 

stretching frequencies of surface hydroxyl groups are associated with the surface structure and 

the modifications of alumina. [337] Indeed, the surface acid-base properties, reactivity and 

topography can be assumed after the surface hydroxyls are identified. A few models have 

described a correlation between hydroxyl configurations and the surface structure of alumina. 

[321, 346, 348, 349, 351] Knözinger’s model is used more frequently, because Knözinger’s 

model completes the previous models by adding the considerations of the coordination of surface 

hydroxyl, the number of nearest neighbor cations, and the coordination of the surface cation 

(including AlIV and AlVI). [321] 
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2.4.2.3.1 Knözinger’s Model 

In the IR spectrum of alumina, the IR bands in the interval from 3800 to 3000 cm-1 are 

ascribed to hydroxyl groups. The interaction between neighbor hydroxyls is increased with the 

formation of hydrogen bonds and causes the difference both in band shape and band location 

(frequency). [339] The broad band whose stretching frequency is in the interval 3600-3000 cm-1 

and centered at 3580 cm-1 is assigned to hydrogen bonded hydroxyls. [340, 343] The sharp bands 

at 3800-3600 cm-1 are attributed to isolated hydroxyl groups. [326, 350] Knözinger et. al. 

proposed that the (100), (110) and (111) faces are covered by hydroxyl and there are five 

different types of hydroxyl groups (type Ia, Ib,IIa, IIb and III) on alumina. [321, 326] The 

difference between each type is associated with the net charge (σ) and the configuration of the 

hydroxyl group. (as seen in Figure 2.20) Net charge is calculated from the strength of the 

electrostatic bond between cation and anion, as shown in Equation 2-10. For example, the 

charge and the coordination number of the Al cation which bonds to type Ia hydroxyl group are 

+3 and 4, respectively. Subsequently, the net charge of Ia hydroxyl groups is 1-2+3/4= -0.25.   

anion

cation
oxygenhydrogenNet n

C
CCC ++=       (2- 10) 

where Cnet is the net charge of a hydroxyl group. For the hydroxyl group on aluminum 

oxides surface, Chydrogen, Coxygen, Ccation are the charges of hydrogen, oxygen and aluminum and 

equal +1, -2 and +3 respectively. nanion represents the number of adjacent anions for the cation 

(coordination number). [321, 331]   

 

On well crystallized sample surfaces, the band at 3775 cm-1 has a relatively high intensity 

and is sensitive to various probe molecules. It was suggested by Nortier et. al. [347] that the 

hydroxyl group with a stretching frequency of 3775 cm-1 is a type I isolated hydroxyl, possibly 

formed on edges or on (100) faces. Costa et. al. used FT-IR to study nanocrystalline γ-Al 2O3 and 

demonstrated that type I, II and III isolated hydroxyls give IR features at 3790-3770, 3730-3720, 

and 3680-3590 cm-1. [331, 340, 352, 353] The large band between 1000-400 cm-1 is a 

characteristic adsorption band of transition alumina. AlIV and AlVI are two general 

transformations. The terminal hydroxyl group over one tetrahedrally coordinated aluminum ion 

(type Ib) is assumed to have a lower frequency than that over one octahedrally coordinated 

aluminum ion (type Ia). [331] The difference in their frequencies is about 60 [321] – 20 [331, 
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349] cm-1. Therefore, it can be assumed that the stretching frequency of type IIa isolated 

hydroxyl group is higher than that of type IIb isolated hydroxyl groups. The relative stretching 

frequencies of the surface hydroxyl groups in various configurations are shown in Figure 2.21. 
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Figure 2.20 The configurations and net charges of surface hydroxyl groups on aluminum 

oxide. 

 

σ σ σ σ σ 

3800 3600 3000

IaIb II aII b III Hydrogen bonded OH

3750 3700 3650

=-0.5 =-0.25 =0 =+0.25 =+0.5

acidity strength

Wavenumber (cm-1)

 

Figure 2.21 The stretching frequencies and acid-base properties of surface hydroxyl groups 

on γ-Al 2O3. 

 

2.4.2.3.2 Thermal Stability of Surface Hydroxyls and Activities of the Corresponding Ions   

It was demonstrated by Gadzhieva et. al. that thermally treating Al2O3 at T=973 K under 

vacuum (P=10-5 Pa) for 8 hours can remove most impurities, such as hydroxyls, water and 

carbonates, from the surface. [355] In contrast with isolated hydroxyl groups, hydrogen bonded 

hydroxyls are less thermally stable. Borello et. al. found the interaction between neighboring 
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hydroxyl groups (hydrogen bond) decreases when treating aluminum oxide samples at 470oC 

under evacuation. [344, 345] When thermally treating Al2O3, the hydrogen bonded hydroxyls are 

initially removed or converted to isolated hydroxyl companied by the breakdown of hydrogen 

bond. For the thermal stability of isolated hydroxyls, type III isolated hydroxyl has lowest 

thermal stability by comparison with type II and type I isolated hydroxyl. The thermal stability of 

isolated hydroxyl groups in different configurations follows the order shown in Equation 2-11. 

[344] Upon heating to 800 K, all hydrogen bonded hydroxyls are removed; isolated hydroxyls 

are removed at 1200 K. [354]  

Type III < Type I < Type II      (2-11) 

 

Surface hydroxyl groups can be acidic, basic or neutral depending on their location on the 

surface of aluminum oxide. The comparison between the acid-base character and stretching 

frequency of hydroxyl groups in different types is shown in Figure 2.21.  

 

2.4.2.3 Acid-Base Properties  

It is well known that the acid-base and catalytic properties on aluminum oxide surface 

can be modified by the presence of unsaturated ions (Al3+ and O2-) and impurities, e.g. 

hydroxyls. In earlier research, the surface acid-base properties of aluminum oxide usually were 

detected by using probe molecules cooperating with infrared spectroscopy. For example, the 

acid-base properties of surface OH and active sites had been detected by using organic 

compounds, such as benzene, toluene, acetonitrile, pyrazine and pyridine, and CO. [354, 358]  

 

Hydroxyl groups on aluminum oxide have been assumed to supply protons, either 

directly or indirectly in certain reactions. [356, 327, 328, 329] Surface hydroxyl groups on 

aluminum oxide are considered to be a Bønsted acid site. [327] According to Knözinger’s study 

[321], the acidic strength of surface hydroxyl is associated with the net charge (δ). The hydroxyl 

with type III configuration (δtype III=+0.5) is the most acidic group and hydroxyls with terminal 

configurations (type Ia and Ib, δtype Ib=-0.5 and δtype Ib=-0.25) are less acidic and more labile 

groups. (as seen in Figure 2.21). Hiemstra et. al. reported that the difference between the acid 

strength of type Ia and III is of the order of 108. [359] 

 



 47 

On the other hand, the exposed aluminum cations and oxygen anions act as Lewis-acidic 

and Lewis-basic centers. At low temperature, the Lewis-acid and -base sites are blocked by 

hydroxyl groups. The active sites are created during the thermal dehydration procedure. Hiemstra 

et. al. found that the Lewis-acid sites double as temperature is increased from 150 to 500oC. 

[360] For the acid-base strength of the active sites, Vigué et. al. [321, 331, 352, 353] suggested 

that the aluminum ion monocoordinated to type Ia hydroxyl group (AlIV, tetrahedral aluminum) is 

the most basic sites and active site with respect to chlorination reaction. The acidity strength of 

surface ions is associated with their coordination; the higher coordination, the more acidity.  

 

2.5 Chemical Surface Modifications  

Surface modification is an efficient means to improve the dispersion [361, 362], surface 

behavior [363] as well as to modify surface acid-base properties for metal oxide particles. In 

early studies, chemical grafting has been widely used to change the surface properties of metal 

oxides [364, 365] and has been utilized to evaluate the surface reactivity of metal oxides [296]. 

(2-chloroethyl)ethyl sulfide (2-CEES), hexamethyldisiloxane (HMDS) and acetic acid (AA) have 

been found to selectively react with hydroxyl groups on metal oxide surfaces. During reaction, 

the grafting species substitute for the adsorbed hydroxyl groups, adsorb on the surface, and block 

the active sites (Mn+ and O2-). 

 

2.5.1 (2-chloroethyl)ethyl sulfide (2-CEES) 

2-CEES contains a sulfur and a chlorine functional group. Both functional groups are 

capable of interacting with the active sites on metal oxides. The hydrolysis reaction of 2-CEES 

first had been reported by Yang et. al. [366, 367] Mawhinney et. al. investigated the reaction 

mechanisms of 2-CEES on aluminum oxide [368, 369] and indicated that the hydrolysis reaction 

of 2-CEES on aluminum oxide is temperature-dependent.  

 

At moderate temperatures (303-473 K), the chlorine moiety of 2-CEES selectively binds 

to isolated hydroxyl groups on aluminum oxide and converts isolated hydroxyl groups to 

associated hydroxyl group (hydrogen bonded hydroxyl). [368] The conversion of isolated 

hydroxyl group has been shown through infrared spectroscopy. Narske et. al. reported a 
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diminution of the band at 3750-3700 cm-1 [370] on MgO, at 3800-3678 cm-1 [369, 371, 372] on 

Al 2O3 and at 3720-3640 cm-1 on TiO2 [373, 374] upon interaction with 2-CEES. These decreases 

in bands associated with isolated hydroxyls were accompanied by an increase in intensity of 

bands associated with hydrogen bonded hydroxyl. [371] 

 

The hydrolysis reaction of 2-CEES on aluminum oxide occurs above 473 K. At high 

temperature, adsorbed 2-CEES is converted into adsorbed alkoxy species, liberating HCl. This is 

shown in Figure 2.22 A. Mawhinnery et. al. stated that the hydrolysis of 2-CEES can be 

characterized by a carbon-oxygen stretching mode in the IR spectrum with a peak at 1100 cm-1 

or by the released HCl which appears as several weak peaks in the range of 2880-2700 cm-1. 

[369] The hydrolysis reaction of 2-CEES can also be characterized by the variation of the 

intensity ratio of υ(CH2) to υ(CH3) in the IR spectrum. Thompson et. al. investigated the reaction 

of 2-CEES on TiO2 and pointed out that the bands at 2978 and 2943 cm-1 are due to the 

asymmetric υ(CH2) and υ(CH3) modes respectively. [373] The band at 2887 cm-1 is due to 

overtones of the δ(CH2) and δ(CH3) modes which are intensified by Fermi resonance. [373] They 

found that the increases in the peak intensities of asymmetric υ(CH3) and two overtones δ(CH2) 

and δ(CH3) modes is accompanied by the decrease of asymmetric υ(CH2) as temperature was 

increased from 255-514 K. The change in adsorption ratio in this case is due to structural and 

configurational changes of 2-CEES and is irrespective for the increase of 2-CEES coverage.    

 

Besides isolated hydroxyl groups, Lewis acid and base sites (Al3+ and O2- pair) also are 

involved in the conversion reaction of 2-CEES. Especially for highly dehydrated aluminum 

oxide, the conversion reaction of 2-CEES is dominated by nucleophilic attack ,as seen in Figure 

2.22 B. Both C2H5SCH2CH2-O
2- and Cl-Al3+ remain on the aluminum oxide surface after the 

reaction. [369, 375] Mawhinnery et. al. reported that this nucleophilic attack is inhibited as the 

Lewis acid-base sites are blocked by other adsorbed molecules, such as pyrindine. [369] 

Therefore, the adsorption of 2-CEES on aluminum oxide occurs mainly through the hydrolysis 

reaction when the surface abounds in hydroxyl groups.  

  



 49 

O
2- Al

3+

O
2- Al

3+

O
2- Al

3+

O
2- Al

3+
O

HS
Cl

O
2- Al

3+

O
2- Al

3+

O
2- Al

3+

O
2-

S

O
2- Al

3+

O
2- Al

3+

O
2- Al

3+

O
2-Al

3+

O
2-

O
2-Al

3+

O
2- Al

3+

O
2-Al

3+

C2H5SCH2
C

H

H

C2H5SCH2CH2

Al
3+

Cl

Al
3+

HCl

A. Hydrolysis Reaction

B. Nucleophilic Attack Reaction

Cl

O

 

Figure 2.22 Hydrolysis and nucleophilic attack pathways for 2-CEES on Al2O3. 

 

2.5.2 Hexamethyldisiloxane (HMDS) 

Chemically replacing surface Brønsted (hydroxyl groups) sites [376, 377, 378] or 

removing Lewis (coordinativelly unsaturated cations and anions) sites [364] by silyl ether groups 

(-O-SiMe3) is termed as silation. Silation is frequently used to modify the surface of oxides in 

analytical, separations and catalytic processes. For example, since the outmost layer of an oxide 

is covered by silyl ether groups after siliation, the metal oxide surface becomes less hydrophilic. 

[379, 380, 381] This helps the dispersion ability of metal oxide particles in non-polar solvents. 

Paul et. al. reported that the degradation of catalyst is prevented when the isolated Al-OH groups 

on Rh/Al2O3 are replaced by silyl ether groups under the conditions where CO adsorption occurs. 

[380] Rosenthal et. al. reported that the Brønsted sites (hydroxyl groups) are the active sites on 

silica-alumina catalyst for the conversion of cumene. The poisoning of the catalyst for cumene 

cracking occurred with the elimination of Brønsted sites by attachment of silyl ether fragments 

after the treatment of HMDS. [296] Matsumiya et. al. evaluated the catalytic activity of platinum 

by poisoning the active site using HMDS. [382]  
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HMDS has been used as silating agent for more than forty years. HMDS attacks Brønsted 

sites (hydroxyl groups) on a metal oxide, leaving a silyl ether group (-O-SiMe3) after the reaction 

(see Equation 2-12). [364, 376, 377, 378] Hertl et. al. [376, 377, 379] indicated that HMDS 

selectively reacts with isolated hydroxyl groups on metal oxides. Hydrogen bonded hydroxyls 

are essentially nonreactive toward HMDS. On a dehydrated metal oxide surface, Slavov et. al. 

[364] proposed that the reaction of HMDS with aluminum oxide is initially a dissociative process 

from reaction with coordinatively unsaturated sites (Al3+ and O2-).  This is shown in Equation 2-

13. Ammonia is liberated from the further dissociative reaction after the transfer of two hydrogen 

atoms to the nitrogen center of the  –NMSiMe3 group.      

 

M OH (CH3)3Si N
H

Si(CH3)3
M O Si(CH3)3 NH32 + 2 +

HMDSBronested sites Silyl ether          (2-12) 

 

O
Al

+

O
Al

+

O

O

((CH3)3Si)2NH

O
Al

+

O
Al

+

O

ONH

(CH3)3Si Si(CH3)3

+
      (2-13) 

    

The dissociative chemisorption of HMDS either on hydrated or dehydrated metal oxides 

typically is characterized by FT-IR. Paul et. al. found that the attachment of –O-Si(Me)3 group 

on Al2O3 leads to the disappearance of isolated OH modes at 3716 and 3670 cm-1 with 

concomitant formation of the characteristic υ(CH3) and δ(CH3) vibrational modes at 2958 

(υas(CH3)), 2907 (υs(CH3)), 1446 (δas(CH3)), 1414 (δas(CH3)) and 1261 (δs(CH3)) cm-1. [380] 

Slavov et. al. reported that the dissociation chemisorption of HMDS on dehydrated Al2O3 is 

temperature-dependent. They noted an increase in relative intensity of the Si-O band in the 

region of 1100 cm-1 as temperature increased. [364]    

 

2.5.3 Acetic Acid (AA) 

Similar to the dissociated chemisorption of 2-CEES and HMDS on metal oxides, the 

chemisorption of acetic acid is irreversible. [385] Evans et. al. noted that acetate species in 
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different configurations are formed after the chemisorption of acetic acid on metal oxide 

surfaces, as seen in Figure 2.23. [383, 384]  

 

Characterizing the chemisorption of acetic acid on MgO and Al2O3, FT-IR spectroscopy 

is frequently employed. Hasan et. al. indicated that the isolated hydroxyl groups on aluminum 

oxide are involved in the reaction of acetic acid. They observed a negative adsorption in the 

region 3800-3680 cm-1 after aluminum oxide was treated with acetic acid. [385] Symmetric 

carboxylate (CO2
-) in the region from 1480-1390 cm-1 (two bands) and asymmetric carboxylate 

at 1608 cm-1 appear following the bonding of acetate on oxidized alumina. [386, 387] The 

symmetric and asymmetric CH3 stretching vibrations were observed at 2937 cm-1 and 1337 cm-1. 

[386]  

 

The IR spectrum of the chemisorption of acetic acid on MgO have been reported by Xu 

et. al.. [384, 388, 389, 390] The peaks in the region 1655-1630 cm-1 and 1360-1300 cm-1 are 

correlated with symmetric and asymmetric carboxylate vibration respectively. The peaks in the 

region 2975-2920 cm-1 and the peaks at 1416 and 1432 cm-1 are due to the C-H stretching of 

acetate group. [384, 388, 389, 390]   

 

Foster et. al. observed severe topographical change accompany the reaction between 

MgO (100) and water or acetic acid through atomic force microscopy (AFM). [388]  Figure 2.24 

shows these changes. Zecchina et. al. indicated that surface erosion occurs upon vapor treating 

the MgO surface. [245, 249, 274, 275, 284] Therefore, the change in the topography on MgO 

caused by the surface treatment of acetic acid is likely due to surface erosion.   

O
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Figure 2.23 The possible binding configurations of acetate species on metal oxides. 
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Figure 2.24 AFM images taken from (A) clean MgO (100). (B) MgO (100) exposed to 19 

Torr of H 2O for 100 hours. (C) MgO (100) exposed to 12 Torr of acetic acid for 1 hour. 

[388] 
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CHAPTER 3 - Experimental and Characterization Methods 

3.1 TDE Synthesis 

TDE was synthesized using a modification of the method published by Pruett et. al. [1] 

Chlorotrifluoroethylene (from SynQuest Laboratories Inc.) was employed directly without 

further purification. Dimethylamine (40% in water, from Alfa Aesar) was purified twice by 

distillation through a Vigreux column before use. After the dimethylamine was purified, 3.72 

moles were sealed in a high pressure reaction vessel and cooled in liquid nitrogen as 

chlorotrifluoroethylene (0.52 moles) was introduced into the vessel from a gas cylinder. After 

loading the reagents, the reaction vessel was heated to 56oC and kept at this temperature for 10 

hours. Because this reaction is extremely exothermic, the excess reaction heat had to be removed 

by cooling water which flowed through a coil inside the reaction vessel. The product is a bright 

yellow solid at room temperature. Heating the solid product in a sealed flask placed in a water 

bath at 56oC caused the solid product to melt and form two liquid layers. The upper layer (an oil 

phase containing TDE and byproducts)  was further washed with deionized water to remove the 

polar impurities. A light yellow liquid (TDE) remained after the impurities were removed. 

Depending on the quality of the temperature control in the beginning of the reaction, the yield of 

TDE varies from 30 to 40%. The emission spectrum of TDE CL had been reported previously by 

Winberg et. al. [2] A similar emission spectrum with a peak at around 510 nm was given when 

TDE was exposed to atmosphere. The purity of TDE was checked by NMR spectroscopy. An 

NMR spectrum, as seen in Figure 3.1, showed a single sharp band at 2.519 ppm (with 

tetramethylsilane as a chemical shift reference) resulting from the protons of the methyl 

functional groups of TDE, proving that the product was TDE. 
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Figure 3.1 NMR spectrum of TDE with cyclohexane. The peaks at 7.256, 2.519, 1.426 and 0 

ppm are assigned to CDCl3, TDE, cyclohexane and TMS (Internal Std.) respectively. 

 

3.2 Experimental Apparatus 

 The emission intensity vs. reaction time (It) curve of TDE CL was detected by a 

fiber optic spectrometer (StelarNet Inc. EPP2000) and recorded by SpectraWiz operating 

software at room temperature (~26oC). An apparatus was constructed in which the sample could 

be monitored while a gas was flowing into the sample. This apparatus consisted of a sample 

holder, the fiber optic cable, and an outer glass chamber to which inlet and outlet tubes were 

connected, as sketched in Figure 3.2. The flexible fiber optic cable was positioned below the 

sample holder. The mixture of metal oxide sample with TDE or reversed microemulsion solution 

with TDE was loaded into the sample vial, which was then placed in the sample holder. The 

chamber was sealed with an O-ring and purged with dry air at 300 ml/min using a rotameter 

during the reaction. In order to avoid the influence caused by stray light from the surroundings, 

the outside wall of the glass chamber was covered by a layer of aluminum foil.  
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Figure 3.2 Sketch of the apparatus used to measure TDE chemiluminescence. 

 

3.3 Characterization Methods 

3.3.1 AlEt3 Titration for Measuring the Content of Surface Hydroxyl Groups 

The apparatus for measuring the number of surface hydroxyl groups on metal oxides was 

modified from the apparatus described by Sato and his coworkers [3]. This apparatus is shown in 

Figure 3.3. The whole system was contained inside a glove box that was pre-purged by nitrogen. 

The metal oxide sample size was approximately 0.4g. Figure 3.4 shows the measuring 

procedure. The titrating agents, triethylaluminum and 1-pentanol, were both purchased from Alfa 

Aesar and were used without purification.  
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Figure 3.3 Apparatus for measuring the amount of surface hydroxyl groups on metal 

oxides. 
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Figure 3.4 Process for measuring hydrogen bonded and isolated hydroxyls by AlEt3 

titration. 

 

Triethylaluminum titration used in the measurement of surface hydroxyl groups on 

magnesium oxide is a substitution and reduction reaction. The determination of the hydroxyl 

group concentrations on the metal oxide samples was based on the amount of ethane released 

during the reaction between AlEt3 and the hydroxyl groups. Monodetate (OAlEt2) and bidentate 

(O2AlEt1) species were formed via reactions between the ethyl groups of AlEt3 and the protons 

of adsorbed hydroxyl groups on metal oxides when AlEt3 reacts with isolated OH and hydrogen-

bonded OH, respectively (Figure 3.4) [4]. The remaining ethyl groups on OAlEt2 and O2AlEt1 

were further reduced by 1-pentanol and released in the final step. Because the density of surface 

isolated OH and hydrogen bonded OH varies with the pre-treating processes, excess AlEt3 had to 

be added to make sure that the protons of the surface hydroxyl groups were completely 

substituted by AlEt3. However, the ethane would be released either from OAlEt2 / O2AlEt1 or 

excess AlEt3 when 1-pentanol was added into the reaction. Thus, the amount of AlEt3 added had 

to be adjusted depending on the densities of adsorbed hydroxyl groups on metal oxide surface. 

The first step was used to estimate the appropriate amount of AlEt3 which would be added into 

the solution in the second step. 
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In the first step, an excess (4ml) of a 0.5M AlEt3/decalin solution was added into the 

reactor and mixed with the metal oxide sample with a magnetic stir bar for 8-12 hours until no 

more ethane was evolved from the reaction. The ethane released from the reaction (nEG, 

Equation 3- 1) was simply calculated by the ideal gas law. Based on the calculation of released 

ethane (nEG, Equation 3- 2) in the first step and the supposition that all adsorbed hydroxyls are 

isolated OH, a stoichiometric amount of AlEt3 was added. This procedure overestimated the 

amount of AlEt3 required (Equation 3- 3), so AlEt3 at a low concentration was left in solution 

after the reaction. The residual AlEt3, thus, had to be removed before 1-pentanol was added. 4ml 

decalin was added into the reactor to extract out the residual AlEt3. In the third step, 4 ml of 1-

pentanol was added into the reactor.  

 

RT

VP
n GG

G

EE

E =       (3- 1) 

OHHOHisoE nnn
G −−

+= 2       (3- 2) 

OHisoOHHAlEt nnn
−−

+=
2

1
3

      (3- 3) 

where PEG and VEG are the ethane pressure and volume of the measuring instrument. nEG is 

the number of moles of ethane which is released from the reaction between the proton of 

hydroxyl on metal oxide surface and AlEt3. niso-OH  is the number of moles of isolated OH on metal 

oxide, nH-OH  is the number of moles of hydrogen bonded OH on metal oxide, and nALEt3 is the 

required additional amount of AlEt3 in step 2. 

 

As AlEt3 reacted with an isolated hydroxyl on the metal oxide surface, only one ethane 

molecule was released from the reaction, leaving monodentate OAlEt2 on metal oxide surface. In 

contrast, two ethane molecules were released when AlEt3 reacted with hydrogen bonded OH 

groups, leaving bidentate O2AlEt1 on metal oxide surface [5,6] (Figure 3.4). 1-pentanol (Alfa 

Aesar) was added to replace residual ethyl groups on monodentate or bidentate and reduce the 

ethyl group to ethane. The volume-pressure data was converted to a mole number through the 

ideal gas law. The number of moles of ethane released from step 2 was named E1 while the 

number of moles of ethane released from step 3 was named E2. The amount of isolated OH (niso-
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OH) and the amount of hydrogen bonded OH (nH-OH) was, then, calculated via Equations 3- 4 and 

3- 5: 

)2(
3

1
12 EEn OHiso −=

−
      (3- 4) 

)2(
3

1
21 EEn OHH −=

−
      (3- 5) 

 

 

3.3.2 Surface IR Study 

The apparatus employed for studying the surface hydroxyls and grafted groups on metal 

oxides, and the interaction between TDE and metal oxide surfaces is shown in Figure 3.5. All 

infrared spectra were obtained in a high temperature DRIFTS cell (SpectraTech). Metal oxide 

sample, about 30 mg, was loaded into the ceramic sample cup in the cell without dilution. The 

desired temperature for treating the metal oxide sample in the DRIFTS cell was controlled by a 

temperature controller (Thermo Electron Corp.) O2 and inert gas cylinders were connected to the 

DRIFT cell by plastic tubing.  

  

The flow rate of inlet gasses was controlled by mass flow controllers. A sealed flask with 

20ml TDE was pre-purged by dry nitrogen and connected to the DRIFT cell with ¼” stainless 

tubes. The inert gas and oxygen were further dehydrated by a water trap before being introduced 

into the DRIFTS cell. To introduce TDE into the DRIFTS cell, the nitrogen and oxygen flows 

were bubbled through TDE and into the cell. 
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Figure 3.5 The scheme of the apparatus used to measure the IR spectra of metal oxide and 

catalyzed TDE CL reaction on metal oxide surface. The amount of TDE in sealed flask is 

20 ml. 

 

3.3.3 Measurement of Surface Area 

The surface areas of metal oxides were determined by the BET dynamic method using a 

Quantachrome Autosorb-1. Nitrogen was used for the adsorption experiment at liquid nitrogen 

temperature. 

 

3.3.4 X-ray Powder Diffraction Analyses 

X-ray powder (XRD) traces of metal oxides were carried out using a Bruker D8 Advance 

X-ray diffractometer (40 kV, 40 mA) (Karlsruhe, Germany).  The aluminum oxide samples were 

scanned starting from 2θ=25-70o with increment of 0.05o and a scan speed of 1 degree/minute. 
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CHAPTER 4 - The Influence of Surface Hydroxyls on Catalyzed 

Tetrakis(dimethylamino)ethylene Chemiluminescence 

4.1 Introduction 

The surface morphology of alkaline earth metal oxides is associated with the acidity, 

basicity, adsorptive properties, and reactivity of the metal oxide.[1,2,3,4,5] Magnesium oxide 

(MgO) has been widely used as a solid base catalyst or as a catalyst support.[6,7,8] The electron 

transfer from magnesium to oxygen atoms in MgO leads to electron rich oxygen anions that act 

as strong base sites. In addition to oxide ions, hydroxyl groups also act as basic sites on MgO. 

[9,10]  

 

The basicity of MgO is expected to greatly depend on the distribution of the oxide ions 

and the location of surface hydroxyl groups. On a clean MgO surface, there are lower 

coordinated (LC) oxide sites (O2-
LC) including 5, 4 and 3-coordinated oxides (O2-

5C, O2-
4C and 

O2-
3C) at extending planes, edges and corners, respectively. Brønsted basicity of O2-

LC ions 

increases in the order: O2-
5C < O2-

4C < O2-
3C. [11,12]  Hydroxyl groups can be divided into two 

categories depending on the atom (metal or oxygen atom) on which the hydroxyl groups adsorbs. 

Hydroxylated magnesium cations and protonated oxide anions are usually referred to as mono-

coordinated (-O1CH) and multi-coordinated (-OLCH, where L=3,4 and 5) hydroxyl groups 

(Figure 4.1).[13] Since the reactivity of surface hydroxyl groups varies with the specific surface 

species, the analysis of surface hydroxyl groups not only characterizes surface acid-base 

properties but also can provide information on the surface morphology of MgO.  
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O2-
LCMg2+

LC

O1CH H

mono-coordinated OH

multi-coordinated OH
where L=3,4 or 5  

Figure 4.1 Mono-coordinated and multi-coordinated hydroxyl groups on MgO. Mono-

coordinated OH is the OH on hydroxylated magnesium cation while multi-coordinated OH 

is a protonated oxide anion. [13] 

 

Although solid bases have been applied industrially for more than forty years, the surface 

properties associated with solid base catalysts have been less well studied compared with solid 

acid catalysts. [6] Previously solid basic metal oxides have been characterized mainly with 

spectroscopic tools (such as UV-visible [14] and photoluminescence [9]) and a variety of 

adsorption experiments.[15,16,17] Determination of surface hydroxyl groups usually is 

accomplished via FT-IR spectroscopy [18,19,20,21,22] and by titration with molecular probes. 

[11,23] Few quantitative methods relating to measuring the content of surface hydroxyl groups 

on metal oxides had been published previously. [24,25,26,27] To detect basic sites on metal 

oxide surfaces either by spectroscopy or the adsorption/desorption of probe molecules (ex. CO2 

and phenol), thermal pre-treatment at high temperature is required to remove adsorbed species.  

For example, to remove hydroxyls and carbonates from MgO, the pre-treatment temperature has 

to exceed at least 800oC. At this temperature, the distribution of surface oxide sites is expected to 

change significantly due to the change in the morphology. Another disadvantage of current 

techniques is that each provides a limited picture of surface hydroxyl chemistry; multiple 

techniques need to be used to fully characterize surface hydroxyls in terms of their quantity and 

type. Thus, characterization methods for metal oxides that can proceed at modest temperatures 

and simultaneously interpret the type and quantity of hydroxyl groups are desired. 
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This work proposes that a chemiluminescent reaction may provide a means to 

characterize active sites on metal oxides.  Since tetrakis(dimethylamino)ethylene (TDE) was 

observed in 1950 by Pruett et al. [28], the reaction mechanism of TDE chemiluminescence (CL) 

and properties of TDE have been well studied; [29,30,31,32,33,34]  However, research applying 

TDE as a probe in chemical and biochemical reactions is rare. As the reaction shown in Figure 

4.2, TDE reacts spontaneously with oxygen to from the high energy intermediate, tetrakis-

dimethylamino-1,2-dioxetane, TDMD. [34,35]  The cleavage of the C-C and O-O bonds of the 

1,2-dioxetane moiety provides the energy for emission of a photon. [36,37,38,39]  In TDE CL, 

TDE itself is the emitter. [40] 

N

N

N

N

O2

O O
N

N

N

N

TDMDTDE  

Figure 4.2 The molecular structures of tetrakis(dimethylamino)ethylene (TDE) and 

tetrakis-dimethylamino-1,2-dioxetane (TDMD). 

 

TDE CL is unique from other chemiluminescent reactions because TDE is non-polar, 

while the products of TDE oxidation are polar. Five polar products are produced when TDE 

reacts with oxygen spontaneously: tetramethylurea (TMU, 65 mole%) and tetramethyloxamide 

(TMO, 18 mole%), tetramethylhydrazine (TMH, 12 mole%), bis(dimethylamino)methane 

(BMAM, 2mole%), and dimethylamine (DMA, trace amounts). [41] TMU and TMO are known 

to quench TDE CL. [34,40] These molecules collide with excited TDE, leading to reduced 

emission intensity and a red shift in emission wavelength.  In addition, the transfer of the polar 

high energy intermediate of TDE CL, TDMD, from the TDE non-polar bulk phase into the 

products’ polar disperse phase leads to a decrease in the emission intensity of TDE CL. 

[32,42,43]  

 

TDE CL is enhanced by the addition of compounds with hydroxyl groups, such as 

alcohols. [44,45,46] For this reason, this work focuses on whether TDE CL could be used to 

analyze the distribution and density of adsorbed hydroxyl groups on metal oxide. MgO was 
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chosen in this study because more theoretical and fundamental studies have been done on MgO 

than other metal oxides. [21,54] A lot of papers relating to the surface properties have been 

published. Therefore, it is convenient for us to develop a new characterization method used in 

detecting surface properties of a metal oxide. Samples resulting from different pretreatment 

conditions were analyzed using established characterization techniques and subsequently were 

tested in TDE CL to examine how the variation in density and distribution of hydroxyl groups 

impacts TDE CL. 

 

4.2 Experimental and Sample Preparation 

4.2.1 Preparation of the MgO Samples 

The MgO nanoparticles (MgOplus) were purchased from NanoScale, Inc. (Manhattan, 

KS.). They feature an extremely high surface area (270m2/g), small crystal size (4nm) and rough 

surface morphology. The MgO was heat treated by sealing the MgO sample in a glass cell 

connected to a N2 cylinder and vacuum line. A cylindrical electric furnace heated the MgO 

sample to the desired temperature while the cell was purged by dry nitrogen. The temperature 

was maintained at the desired temperature for 2.5 hours. In order to inhibit surface reconstruction 

during preparation, the temperature was increased from room temperature to the desired 

temperature at 3oC/min. After that, the sample cell was purged by a vacuum line to evacuate the 

residual gas inside the cell at the desired temperature for 0.5 hours. The heat treated MgO sample 

was sealed inside the cell, cooled down in air, and then moved into a glove box for further study. 

Moisture-treated MgO was prepared by treating the MgO in an electric furnace at 700oC for 3 

hours to remove adsorbed species and then re-hydrating with steam at 85oC for 2 hours. Before 

the use of the moist treated MgO, the sample was treated at 150oC in a sealed cell which was 

purged by nitrogen to remove physisorbed water. 

 

4.2.2 IR Spectroscopy 

All infrared spectra were obtained in a DRIFTS cell (SpectraTech) using a Mattson FT-

IR spectrometer (Model: Cygnus 25). The spectrometer is equipped with liquid nitrogen-cooled 

MCT detector, KBr beam splitter, and ceramic light source. The DRIFTS cell was connected to 
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both mass flow controller and a sealed flask with 20 ml TDE, as the sketch showed in Figure 3. 

4. The flow rates of N2 and O2 going through the flask and DRIFTS cell were controlled by a 

mass flow controller.  

 

4.2.3 Surface Hydroxyl and Surface Area Measurement 

The surface area of pre-treated MgO samples were determined by BET dynamic method 

using Quantachrome Autosorb-1. Nitrogen was used for the adsorption experiment at liquid 

nitrogen temperature. The content of surface hydroxyls on each MgO sample were measured by 

the AlEt3 titration. [44,47,48,49] The detail procedure of AlEt3 titration was described in Chapter 

3. 

 

4.3 Results 

4.3.1 Measurement of Surface Hydroxyls 

In order to eliminate physisorbed water, the MgO samples were pretreated at 150oC. The 

surface hydroxyl groups on heat-treated MgO or moisture-treated MgO were measured and the 

results are shown in Figure 4.3. Figure 4.3 shows the concentrations of total hydroxyls, 

hydrogen-bonded hydroxyls, and isolated hydroxyls on pretreated MgO. The concentration of 

hydroxyl groups on MgO heat-treated at 150oC is 1.72×1021 OH/g (2.87 OH / nm2) and 

decreases with increasing pretreatment temperature. Both the densities of isolated and hydrogen-

bonded hydroxyl groups decrease linearly with increasing pretreatment temperature for MgO. 

However, the decrease is much more significant for hydrogen-bonded hydroxyl groups.  The 

decrease in hydroxyl density is due to the desorption of the hydroxyl groups with lower thermal 

stability and the loss of surface area when MgO was outgassed at high temperature. The loss of 

surface area was particularly significant when MgO was pre-treated using the moisture-

treatment. For example, the surface area of heat-treated MgO at 150oC was 270 m2/g, but 

decreased to 78 and 82 m2/g, respectively, when MgO was treated by heat-treatment at 700oC 

and moisture-treatment. In moisture-treatment, MgO was heated at 700oC for 3 hours to remove 

adsorbed hydroxyl groups. Although the surface of MgO was re-hydrated by steam, the total 
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hydroxyl group density on moist-treated MgO (55.84×10-5 mole/g) was less than that on heat-

treated MgO (at 150, 200, 300 and 400oC). 

 

 The heat-treated MgO samples have nearly the same ratio of isolated hydroxyl group to 

total hydroxyl group at all conditions, with a range 16.6-18.8%. However, this ratio jumps to 

26.4% for moisture-treated MgO. Treating the samples with water vapor clearly changed the 

composition of surface hydroxyl groups and increased the ratio of isolated hydroxyl groups to 

total hydroxyl groups.  
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Figure 4.3 Densities of total OH(▲), hydrogen-bonded OH (♦) and isolated OH (■) on heat- 

treated and moisture-treated MgO surfaces. 

 

4.3.2 Infrared spectra of MgO  

The IR spectrum of MgO, shown in Figure 4.4, has two intense bands in the regions 

3000-3800cm-1 and 1300-1700cm-1. The bands in these two regions are attributed to hydroxyl 

groups and carbonates, respectively. The shoulder next to the band of carbonate at around 

1645cm-1 is adsorbed water. This water could be removed completely by heating to 100oC or 

higher,[22,50] as seen in Figure 4.4. The OH stretching region typically is employed in 

identifying two types of hydroxyl groups. The broad domain in the region of 3100 to 3660 cm-1 
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is assigned to the stretching modes of the hydrogen-bonded OH groups, whereas the narrow 

bands at higher frequency in the region from 3660 to 3750 cm-1 are assigned to isolated OH 

stretching vibrations. The band intensity of hydrogen bonded OH decreases in intensity with 

increasing pre-treatment temperature between 100oC to 700oC, as seen in Figure 4.5. In contrast, 

the band intensities of isolated OH at 3695 and 3741 cm-1 did not noticeably change before the 

pretreatment temperature reached 300oC and 600oC, respectively. A peak shift occurs with the 

increase of pretreatment temperature, both in the sharp band at 3741 cm-1 and the broad band 

between 3100 and 3660 cm-1. 

   

The band at 3741 cm-1 appears as a shoulder on the band at 3695 cm-1 at lower 

temperatures (25-200oC). The band of isolated OH splits into two equally intense bands at 3695 

and 3741 cm-1 when the temperature increases to 300oC. The band at 3695 cm-1 disappears 

following heating to 400oC. The thermal stability of adsorbed OH was in the order of (from most 

to least stable): the shoulder at 3741 cm-1, the sharp band at 3695 cm-1, the broad band from 3100 

to 3660 cm-1 (seen in Figure 4.5). 
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Figure 4.4 IR spectra of heat-treated MgO at elevated temperature: a. room temperature 

(25oC); b. 100 oC; c. 200 oC; d. 300 oC; e. 400 oC; f. 500 oC; g. 600 oC; h. 700oC. 
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Figure 4.5 The IR bands of 3C, 4C isolated OH and hydrogen-bonded OH on the surface of 

MgO which was heat-treated at temperatures from 25 oC to 700 oC. 

 

4.3.3 Decomposition of TDE on MgO  

The interaction between TDE and pre-treated MgO (including heat- and moisture-treated 

MgO) were studied both with and without oxygen through IR spectroscopy. The results for the 

trials when no oxygen was fed are shown in Figure 4.6 and Figure 4.7.  The IR bands of TDE 

are noted in the region of 1000-1400 cm-1, 1420-1490, and near 1650 cm-1.  The bands from 

1000-1400 cm-1 can be assigned to C-N bond stretching or bending within the central N2C=CN2 

or N-CH3 fragments. The IR bands in the region 1420-1490 cm-1 are assigned to the 

approximately 20 bending modes of CH3 groups. [51]  The feature at 1650 cm-1 is consistent 

with a C=O bond stretch, which could come from the oxygen-containing products of TDE 

oxidation, likely TMU or TMO.  It was also noted that the peak at 1650 cm-1 appeared after the 

moisture-treated MgO upon which TDE was pre-adsorbed was exposed to oxygen. It was found 

that this peak grew with time, consistent with the assignment of this peak to oxidation products.   

As seen in Figure 4.6 and Figure 4.7, the band at 1650 cm-1 was observed on heat-treated MgO 

(at 700oC) but not on moisture-treated MgO. On heat-treated MgO, the band at 1650 cm-1 
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increases with time after TDE was introduced into the DRIFT cell from 0 to 40 minutes and 

stops increasing at 40 minutes, while the intensities of other bands (1049, 1095 and 1388 cm-1) 

still increase with time from 40 to 80 minutes. 
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Figure 4.6 IR spectra of TDE on moisture-treated MgO. TDE was introduced into the 

DRIFT cell from 0 to 90 minutes. 
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Figure 4.7 The decomposition of TDE on the active sites (Mg2+ or O2- ions) of MgO which 

was pre-treated at 700oC. TDE was introduced into the DRIFT cell from 0 to 80 minutes. 
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4.3.4 The It (emission intensity vs. reaction time) curves of catalyzed TDE CL  

The It curves for TDE mixed with MgO which was heat-treated at 150, 200, 300 and 

400oC and also a moisture-treated sample are shown in Figure 4.8. It is clear that the It curve of 

TDE CL on moisture-treated MgO differs from the others, not only in the maximum emission 

intensity but also in the shape. The maximum intensity of the It curve of TDE CL on moisture-

treated MgO was about four times that of the It curve of TDE CL on heat-treated (150oC) MgO. 

The shape of the It curves of the TDE CL catalyzed by moisture-treated MgO, heat-treated MgO 

at 400oC, and TDE CL without MgO have a similar exponential decay (Figure 4.8, curves d, e 

and f). The It curves of TDE CL on heat-treated MgO at 150, 200 and 300oC (Figure 4.8, curves 

a, b and c) are quite different.  After an initial decrease in emission intensity, there is a brief 

increase, followed by an exponentially decreasing trend. The maximum in the emission intensity 

occurs at longer reaction times with increasing pretreatment temperature. 
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Figure 4.8 The It curves of catalyzed TDE CL on heat-treated MgO (curve a-curve d) and 

moisture-treated MgO (curve e). For the It curves of TDE on heat-treated MgO, MgO was 

pre-treated at a. 150oC; b. 200 oC; c. 300 oC; d. 400 oC before mixing with TDE. Curve f is 

the It curve of TDE CL without MgO. 

 

4.4 Discussion 

4.4.1 IR studies of adsorbed OH on MgO 

On an MgO surface, the 3, 4 and 5-coordination (3C, 4C and 5C) active sites (uncovered 

Mg2+ and O2- ions) are provided by (111), (110) and (100) crystallographic planes, respectively, 

usually denoted as Mg2+
3CO2-

3C, Mg2+
4CO2-

4C and Mg2+
5CO2-

5C. [53] Knözinger et al. [21] 

indicated that the stretching frequency of OH was correlated with the degree of coordination of 

oxygen ions in OH. Increasing the number of metal ions adjacent to the oxygen ion of OH would 

cause an additional downward frequency shift. [21,52]  For instance, when isolated OH was 

adsorbed on a lower coordination ion, the stretching frequency of this isolated OH would appear 
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at higher frequency in the IR spectra since OH on edges or corners (4C or 3C) are necessarily 

less perturbed by the reduced number of nearest neighbors compared with the hydroxyl groups 

on an extend plane (5C). [22] Chizallet et al. and Knözinger et al. summarize the surface isolated 

OH into two categories from the dissociation of water on MgO (Figure 4.9):  

A. 1-coordinated OH groups (proton acceptor) - produced by the hydroxylation of 

magnesium ions 

B. Multi-coordinated (3-, 4-, 5-coodinated) OH groups (proton donor) – created by the 

protonation of oxide ions.  

H

H
+

Mg2+
xC

O1c

O2-
XCO2-

XC Mg2+
xC O2-

XC Mg2+
xC

1-coordinated OH multi-coordinated OH  

Figure 4.9 Types of surface hydroxyl groups on MgO, where X = 3, 4 and 5 when the ions 

locate on corner, edge and planes, respectively. 

 

The stretching frequency of these two type OH groups in the IR spectrum is still in 

dispute. Some researchers argued that the sharper band at higher frequency (3740 cm-1) is 

contributed by type A (1-coordinated OH) hydroxyl and the broad band at lower frequency 

(3650-3450 cm-1) is assigned to B type hydroxyl (multi-coordinated OH) [53,54] while other 

researchers stated that type A OH appears at higher frequency (>3700 cm-1) and type B OH 

appears both at a higher frequency (>3700 cm-1 for defect and lower coordinated OH) and the 

lower frequency (<3700cm-1 for higher coordinated OH). [10,21,22] However, it can be 

concluded from the former studies [9] that the thermal stability of isolated hydroxyl groups are 

inversely proportional to the coordination number of the oxide ion. The deprotonation 

temperatures for oxide ions are in the order of MgLC-O2-
3CH (deprotonated at 800oC) > MgLC-O2-

4CH (deprotonated at 400oC) > MgLC-O2-
5CH (deprotonated < 400oC). Such results also infer that 

the basicity of oxide ions on MgO increases with the decrease in the coordination number of the 

oxide ion. 
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From our IR results and those described in the literatures, the following conclusions can 

be reached about the types and relative amounts of different types of hydroxyl groups on the 

surface of MgO following different pretreatment procedures. First of all, hydrogen-bonded 

hydroxyls are located in the region from 3100 to 3660 cm-1, making it difficult to observe any 

contribution of 5-coordinated (5C) isolated OH (OHisolated) [9,17] A shift in the peak of the broad 

band at 3660-3100 cm-1 was noted as temperature was increased (Figure 4.5): above 400oC, the 

peak of the broad band shifts from 3556 to 3525 cm-1. This may be explained by the 

disappearance of 5C isolated OH.  

 

The features noted between 3660 and 3750 cm-1 are assigned to 3 and 4-coordinated 

isolated OH and 1-coordinated isolated OH. There are significant changes in this band as treating 

temperature increases, as noted above. The peak at 3741 cm-1 is more thermally stable than the 

peak at 3695 cm-1. For this reason, and because of the known stability of 3 and 4-coordinated 

isolated OH, the peak at 3741 cm-1 can be assigned to the 3-coordinated isolated OH and 3695 

cm-1 as 4-coordinated isolated OH.  There also may be some contribution of 1-coordinated 

isolated OH in the peak at 3741 cm-1. [55] The presence of this peak may explain why the feature 

at 3741 cm-1 decreases in intensity at moderate temperatures (500oC) and shifts to 3718 cm-1, 

characteristic of the 3-coordinated isolated OH group, at 700oC.  Previous research suggests that 

3-coordinated isolated OH is stable up to temperatures of 800oC. [9] The assignments associated 

with each hydroxyl group are presented in Figure 4.10. 

 

3795 3660

Isolated OH Hydrogen-bonded OH

O1c-H

O3c-H O4c-H O5c-H

3100 cm-1

OLC-H,  L=5, 4, 3 and 1

3718  

Figure 4.10 The stretching frequencies of different hydroxyl groups on MgO. 
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As seen in Figure 4.11, the moisture-treated MgO surface exhibits more 4 coordination 

isolated OH. The results of Bailly et al. [56], Coluccia et al. [57] and Zecchina et al. [58] noted 

that the cubic MgO particle was eroded by water vapor, leading to an increase in the lower 

coordinated sites (O2-
3C and O2-

4C) on the surface. Figure 4.11 shows a relatively intense peak at 

3695 cm-1 after MgO was re-hydrated by steam at 85oC (moisture-treatment). The enhancement 

in the intensity of the peak at 3695 cm-1 indicates that more 4-coordinated isolated hydroxyls (or 

surface defects) were formed on the surface after moisture- treatment. The thermal stability of 

this intense band was studied in Figure 4.12. The intensity of the band at 3695 cm-1 was constant 

from 25 to 200oC. However, it started to decrease at temperatures over 300oC and disappeared by 

400oC. Thus, it is clear that the surface of moisture-treated MgO was dominated by 4-

coordinated isolated OH groups, which disappear upon treatment at moderate temperatures (< 

400°C). 
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Figure 4.11 IR spectra of hydroxyl groups on MgO surface: a. the hydroxyl groups on heat-

treated MgO at 150oC; b. the residual hydroxyl groups on heat-treated MgO at 400oC; c. 

the hydroxyl groups (4-coordinated isolated OH) on moisture-treated MgO. 
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Figure 4.12 The thermal stability of isolated OH on moisture-treated MgO when moisture-

treated MgO was treated by an elevated temperature from 25 to 300oC. The band at 

3695cm-1 disappeared when the temperature was increased up to 400oC. 

 

4.4.2 It curve of TDE CL 

As seen in Figure 4.8, the It curve for catalyzed TDE CL on MgO varies dramatically for 

different pretreatments.  For this reason, it infers information on the nature (surface area, 

morphology, and types of hydroxyl groups) of the MgO surface from the It curve.  To do this, a 

number of trends in the It curves must be explained. First, the shape of the It curves varies 

dramatically for samples that have undergone different pretreatments. In some cases, the It curve 

displays a maximum in the emission intensity which is a function of the pre-treating temperature 

of the MgO (Figure 4.8, curve a, b and c).  In addition, this maximum disappears, assuming an 

exponentially decreasing trend with moisture-treatment or heat-treatment at 400oC.  These trends 

are hypothesized to be due to multiple factors, including the presence of quenching species, the 

types and surface concentrations of hydroxyl ions present on the MgO surface, and the ability of 

bare MgO sites to decompose TDE. 
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4.4.2.1 Quenching effect 

The influence of the species which quench TDE CL is hypothesized to be responsible for 

the deformation of the It curves (the It curve with a local maximum).  It is well known that the 

products (primarily TMU and TMO) which are produced from the TDE chemiluminescence 

reaction can act to quench the emission of light from the reaction of TDE with oxygen. [34,40] 

Prior results in our laboratory have shown that adding TMU into solution does, indeed, decrease 

the intensity of TDE CL [56]; however, the trend is not linear.  Initially, intensity decreases 

linearly with TMU concentration. After a concentration of 0.383M, the intensity continues to 

decrease, but the slope is much smaller than at lower TMU concentrations. These results were 

interpreted based on the solubility of TMU in TDE.  TMU is polar, while TDE is not.  For this 

reason, TMU will form a second liquid phase within TDE once its concentration exceeds its 

modest solubility in TDE.  Experimentally, a second liquid phase was observed at high TMU 

concentration. The point where the slope changed probably corresponded to the solubility of 

TMU in TDE.  At concentrations beyond that point, TMU formed a second liquid phase, so 

additional TMU beyond that concentration had little effect on emission intensity. 

 

The unusual shape of the It curves can be explained by the presence of quenching species, 

the relative rates of their formation, and their subsequent removal into a second liquid phase.  

This hypothesis was tested by using a surfactant (AOT, dioctyl sulfosuccinatesodium salt) to 

introduce a micellar phase.  Figure 4.13 shows the It curves of TDE CL in solutions with and 

without AOT reversed micelles. When AOT is added at a concentration less than its critical 

micelle concentration (CMC) (Figure 4.13 curve a) [60,61,62,63], a maximum is observed in the 

emission intensity similar to that observed with numerous MgO-catalyzed TDE CL trials.  These 

results suggest that the local maximum in TDE CL It curve is a consequence of the presence of 

quenching species in the TDE bulk phase.  In the presence of AOT reversed micelles (Figure 

4.13 curve b, [AOT]=1.782 mM in iso-octane), the It curve progressively decreases with reaction 

time.  When reversed micelles are present, the quenching species will be removed continuously 

by the migration from the non-polar TDE bulk phase to the hydrophilic water pools within the 

AOT reversed micelles. [59] In this way, the concentration of the quenching species is kept 

much lower than the saturation points of quenching species. The monotonically decreasing It 

curve is a consequence of the consumption of TDE. When reversed micelles are not present, the 
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quenchers accumulate in the bulk phase over time and aggregate together to form micro-drops 

when the concentration of quenchers reaches their saturation points in the solution. Thus, the 

local maximum on the It curve indicates the competition between the quenching reactions and 

TDE chemiluminescence. 
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Figure 4.13 It curves of TDE CL in iso-octane with addition of AOT: a. below the critical 

micelle concentration of AOT ([AOT]=0.430 mM); b. above the critical micelle 

concentration of AOT ([AOT]=1.782 mM). The concentration of TDE in cyclohexane was 

fixed at 2.54M. 

 

In the system of interest, the local maximum indicates the presence of TDE reaction 

products (as quenching species) in the non-polar TDE liquid phase. Figure 4.14 depicts the 

proposed aggregation mechanism of TDE products in the non-polar TDE bulk phase. In region a, 

the emission intensity of TDE CL decreases gradually with increasing concentration of the 

dissolved TDE products until the concentration of TDE products reach the saturation points 

(point 1). At the saturation point, the TDE products separate out from the bulk phase and 

coalesce together to form micro-drops suspended in the TDE bulk phase. After point 1, because 

the aggregation rate of polar TDE products in the TDE non-polar bulk phase is higher than the 

production rate of the products, the curve goes up with reaction time (region b). The aggregation 

rate of TDE products is balanced by the production rate of TDE products at point 2. After point 

2, a further increase in the concentration of TDE products leads to the formation of the second 

polar liquid layer that separates from the TDE phase. This second phase has been seen 
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experimentally as tiny drops sticking on the wall or bottom of the sample cuvette when the 

reaction time is in region c have been observed. The drops further combine together to form a 

second layer at the end of the reaction.  
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Figure 4.14 Aggregation mechanism of the polar TDE products in the TDE non-polar bulk 

phase. 

 

If quenching species are responsible for the presence of the local maximum, then they 

would also affect the time at which the local maximum appeared.  To investigate this, TMU was 

added in different amounts while TDE CL was monitored (see Figure 4.15).  As seen in this 

figure, the local maximum in the It curves are observed for all concentrations of TMU; but, the 

time at which the local maximum occurs shifts to earlier reaction times with increasing TMU 
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concentration.  This observation is consistent with the mechanism proposed in Figure 4.15.  The 

presence of more quenchers at the start of reaction means that the saturation concentration is 

reached at earlier times, causing the local maximum to appear earlier. 
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Figure 4.15 It curves when the addition of TMU in cyclohexane solution (with 2.8654 M 

TDE) was adjusted from 0 M to 0.1389 M. 

 

With these ideas in mind, the results observed in Figure 4.8 can be explained.  The 

reaction time at which the local maximum appears is highly dependent on the pretreatment 

conditions.  Higher pretreatment temperatures shift the local maxima to later reaction times; 

these pretreatment conditions also correspond to much lower surface hydroxyl group 

concentrations.  Thus, it is hypothesized that surface hydroxyls catalyze the reaction of TDE with 

oxygen.  Lower pretreatment temperatures result in materials with more hydroxyls, which 

enhance TDE oxidation.  This results in faster reaction rates and faster production of quenching 

species.  As noted above, the increasing concentration of quenching species causes the local 

maximum to occur at shorter times.  For this reason, it was observed that samples with more 

hydroxyl groups (lower pretreatment temperatures) exhibit the local maximum at shorter times 

than samples with fewer hydroxyl groups.  This hypothesis is further supported by experiments 

when different amounts of MgO were used to enhance TDE CL, shown in Figure 4.16.  The 

additional MgO reduced the time at which the local maximum in emission intensity appeared, 
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again consistent with a larger number of hydroxyl groups increasing the reaction rate for TDE 

CL. 
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Figure 4.16 The shift of the local maxima on the It curves when a. 0.2g, b. 0.15g and c. 0.10g 

heat-treated MgO at 150oC was added into the solution of 400 µl TDE and 200 µl 

cyclohexane.  The dash line points out the peak position of the local maximum on the It 

curve. 

 

4.4.2.2 Surface Hydroxyl effect 

Although samples with more hydroxyl groups speed up TDE oxidation, this does not 

necessarily imply that those samples produce the highest chemiluminescence.  Several different 

types of hydroxyl groups are present on all samples that may have very different roles in TDE 

CL.   

 

4.4.2.2.1 Isolated hydroxyls 

Isolated hydroxyls are believed to be the cause for enhanced chemiluminescence for 

some MgO samples.  In particular, lower coordinated isolated OH, O2-
3CH (3C OH) and O2-

4CH 

(4C OH), are thought to significantly enhance TDE CL. These conclusions are based on the 

results shown in Figure 4.8 and Figure 4.11.  Moisture-treated MgO gave the most intense 

emissions of any of the MgO samples tested, as seen in Figure 4.8. If all hydroxyl groups were 
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equally active for catalyzing TDE CL, we would expect that moisture-treated MgO would have 

the highest concentration of hydroxyl groups. In fact, the opposite is the case: the total hydroxyl 

concentration is less than the other samples (55.84×10-5 mol/g compared to a range of 196.10-

276.04×10-5 mol/g for other samples). An alternate interpretation is that only isolated hydroxyl 

groups are active in catalyzing TDE CL.  This interpretation would suggest that moisture-treated 

MgO should have more isolated hydroxyl groups; again, this is not the case (moisture-treated 

MgO has an isolated hydroxyl concentration of 14.74×10-5 mol/g compared to a range from 

32.50-49.17×10-5 mol/g for other MgO samples).  Instead, the data suggest that 4C isolated OH 

are most active in TDE CL. As shown in Figure 4.11, the isolated hydroxyls on moisture-treated 

MgO are mostly 4C isolated OH. 

   

Further support for the role of 4C isolated OH in catalyzed TDE CL can be seen in the 

trends for heat-treated MgO samples as the pretreatment temperature is increased.  As seen in 

Figure 4.8, the emission intensity of TDE CL slightly decreases as pretreatment temperature is 

increased from 150 to 300oC. Increasing pretreatment temperature up to 400oC, the MgO surface 

loses the ability to enhance the emission intensity of TDE CL. The It curve of TDE CL on heat-

treated MgO at 400oC (curve d) almost overlaps with the It curve of TDE without MgO (curve f).  

As the pretreatment temperature is increased from 200 to 400oC, both the total concentration of 

isolated hydroxyls and the amount of 4C isolated OH (Figure 4.12) decrease, again suggesting 

that isolated OH groups (particularly 4C isolated OH) are the active species for catalyzing TDE 

CL.  It is particularly interesting to note that MgO treated at 400oC has essentially no impact on 

TDE CL, since this sample is virtually free of 4C isolated OH.  This interpretation is further 

supported by the chemiluminescence data in Figure 4.8. 

 

The prior discussion ignored the possible role of 3C isolated OH for TDE CL.  However, 

3C isolated OH persists on the surface even at very high pretreatment temperatures as evidenced 

by the presence of the absorption band at 3741 cm-1 (see Figure 4.4). The reason that 3C isolated 

OH are not given a primary role in TDE CL is that 4C sites (edge sites) would be expected to be 

much more numerous than 3C sites (corner sites). Imaging a cubic particle constructed by Mg 

and O ions (dMg-O = 2.107) with the same number of ions on each edge, the ratio of corner ions to 

edge ions would decrease rapidly with increasing particle size. For instance, the distance 
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between Mg2+ and O2- ions is 2.107 Å. [18] For a MgO cubic with 0.6 nm on each edge, it can be 

calculated that the ratio of corner ions to edge ions is 33.33%. However this ratio decreases to 

1.39% when the particle size of MgO cubic is increased to ~10.3 nm. The average crystallite size 

of the MgO that was used in this research was about 4 nm. Assuming an MgO particle forms a 

perfect cubic structure, the ratio of corner (3-coordination) ions to edge (4-coordination) ions is 

3.7%. Obviously the MgO particles observed are not perfect cubes, thus the ratio should be lower 

than 3.7%.  The possibility that 3C isolated OH catalyzed TDE CL cannot be excluded, 

particularly at high temperatures when these are the only hydroxyl species present; their impact, 

however, is expected to be much less than 4C isolated OH because of their lower concentration. 

 

4.4.2.2.2 Hydrogen-Bonded Hydroxyls 

As discussed above, emission intensity appears to be correlated with isolated hydroxyls, 

not total hydroxyls.  Instead, hydrogen-bonded hydroxyls are believed to play a negative role in 

TDE CL. Like water and alcohols, [32] the participation of hydrogen-bonded hydroxyls in TDE 

CL could cause the transformation from a TDE mono-cation, TDE+, to the TDE di-cation 

(TDE2+) and TDE cation radical (TDE+*), leading to the consumption of TDE through a non-

fluorescent pathway. The color of TDE+* is deep orange [32], thus, a color change from light 

yellow (the original color of TDE) to deep orange would be seen if a surface caused the 

transformation of TDE+ to TDE+*.  Such a color change was observed at the instant that TDE 

was added to MgO surfaces that were rich in hydrogen-bonded hydroxyl groups. The color 

became lighter and lighter with reaction time as the TDE+* underwent further decomposition.  

 

O2

TDE TDE+

TDE2+
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4.4.3 Interaction of TDE with MgO 

Based upon the IR results shown in Figure 4.7, oxygen-containing products (TMU 

and/or TMO) are formed on heat-treated MgO even in the absence of oxygen in the feed.  When 

a similar experiment was repeated on moisture-treated MgO, no evidence of TMU or TMO was 

found (no peak at 1650 cm-1 appeared for the 90 minutes of the experiment, Figure 4.6). This 

suggests that the heat-treated MgO surface could oxidize TDE, while the moisture-treated 

surface could not. We explain these results by pointing to the differences in the surfaces of these 

two materials. The moisture-treated sample has undergone surface reconstruction and adsorption 

of water. The adsorbed water is further decomposed into hydroxyl groups. The surface is likely 

saturated with hydroxyl groups, and few uncovered sites exist. For the heat-treated MgO, 

however, heating has removed many of the carbonate and hydroxyl groups adsorbed to the 

surface, so uncovered sites (Mg2+ and O2- ions) are present at the surface. We hypothesize that 

these uncovered sites can react with TDE, producing TMU and TMO. Eventually, these sites 

become covered with products, explaining why the intensity of the peak at 1650 cm-1 ceases to 

increase after 40 minutes. 

 

Decomposition of TDE on bare MgO sites may play some role in catalyzed TDE CL, but 

it is not expected to be a dominant role. Blocking of bare sites by products or adsorbed species 

will limit the influence of these sites. An exception may occur at the beginning of reaction.  For 

example, the differences in the emission intensity in the beginning of the reaction for non-

catalyzed TDE CL and TDE CL catalyzed by MgO pretreated at 400oC noted in Figure 4.8. The 

decreased emission intensity noted for catalyzed TDE CL on pretreated MgO 400oC may be 

caused by reaction of TDE with the bare sites on the MgO sample. 

 

4.5 Conclusion 

 

The potential for using TDE CL to probe surface hydroxyl distribution and, therefore, 

surface morphology and acid-base properties of MgO was studied. It was found that the TDE CL 

is extremely sensitive to the types of hydroxyl groups present on the surface of MgO.  TDE CL 

intensity was enhanced by the presence of lower coordinated isolated hydroxyl groups, 
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particularly 4-coordinated isolated OH.  Quenching species produced from TDE oxidation 

played a significant role in TDE CL and their production rate was affected by the amount of 

surface hydroxyls present.  As quenching species (tetramethyl oxamide and tetramethyl urea) 

were formed, they began to aggregate and eventually formed a second liquid phase because they 

are polar while TDE is not.  The aggregation caused a temporary increase in emission intensity 

after some time, as the quenching species were removed from the TDE bulk phase.  The time at 

which this increase occurs is related to the number of hydroxyls on the MgO surface: more 

hydroxyls leads to a great production rate of quenchers and an earlier appearance of the slight 

increase in TDE CL intensity.  Because of its sensitivity to surface hydroxyl groups, TDE CL 

can provide qualitative information on the surface chemistry of metal oxides like MgO.  
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CHAPTER 5 - Catalytic Reactivity of Surface Isolated Hydroxyls on 

Aluminum Oxide for Tetrakis(dimethylamino)ethylene 

Chemiluminescence 

5.1 Introduction 

Aluminum oxides have been used industrially as catalysts [1,2,3,4] catalyst supports 

[5,6,7,8]  and adsorbents [9]. Due to the widespread use of Al2O3 in different fields, the 

properties, including acid-base properties, reactivity, crystal phases and surface hydroxyls, of 

Al 2O3 have been systematically studied [7,10,11,12,13,14,15,16]. Therefore, Al2O3 is often 

chosen when developing a new surface characterization method.   

 

It is well known that the outmost layer of Al2O3 is covered by various exterior 

absorbents, such as molecular water, hydroxyl groups, carbonates and organics with alkyl groups 

[17,18,19,20]. Hydroxyls and molecular water are the two most abundant species [21,22]. With 

increasing temperature, the weight loss mostly occurs by the removal of molecular water and 

hydroxyl groups. Since the interaction between the surface sites (Al3+ and O2-) and hydroxyl 

groups affects the chemical properties (such as reactivity and stretching frequency) of surface 

hydroxyl groups, an understanding of the surface properties can be derived from the distribution 

of surface hydroxyl groups. This idea was discussed by Busca et. al. [23] who noted that the 

stretching frequencies of surface hydroxyl groups were associated with the surface structure and 

the modifications of alumina. 

 

Surface properties of metal oxides have been studied qualitatively by many methods, 

including FT-IR [24,25], UV-Visible [26,27], photoluminescent spectroscopy [28,29], XRD 

[25], X-ray photoelectron spectroscopy (XPS) [24], chemical probes [30,31,32] and NMR [33]. 

However, just a few techniques are suitable for investigating surface properties quantitatively, 

such as NMR [34], weight loss [35], mass spectrometry [36] and XPS [37]. For example, FT-IR 

spectroscopy is a powerful methodology widely employed in characterizing surface structure and 

acid-base properties on metal oxides through the identification of chemisorbed species [13,18]. 
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But to use FT-IR in quantitative analysis, the adsorption coefficients of all adsorbed species have 

to be determined. [38]   

 

On aluminum oxide, IR bands attributed to hydroxyl groups had been identified in the 

region from 3800-3000 cm-1. A broad band with lower stretching frequencies in the region from 

3600-3000 cm-1 is assigned to hydrogen bonded hydroxyls. A few individually sharp bands 

distributed in the region from 3800-3600 cm-1 are ascribed to isolated hydroxyl groups 

[17,18,19,20]. Klabunde et. al. [39] elucidated that the hydroxyl groups concentrated on edge 

and corner sites are more isolated. Indeed, the ratio of isolated hydroxyl to hydrogen bonded 

hydroxyl decreases on surfaces with smooth morphologies [39]. 

  

The vibrational frequency of an isolated hydroxyl is affected by the coordination of the 

hydroxyl group and the adjacent aluminum cations (octahedral or tetrahedral) [7,40]. Therefore, 

the spectral pattern of isolated hydroxyl groups is a spectral fingerprint of the surface and crystal 

structure of aluminum oxide. A few models have been developed on the configuration of surface 

hydroxyl groups on alumina [7,13,14,16,23]. Knözinger’s model [7] is adopted most frequently. 

Knözinger noted that there are five possible configurations for isolated hydroxyls and the 

difference in each configuration is related to the net charge (σ). The difference in the net charge 

for each configuration is related to the number of adjacent surface sites and the coordination of 

the cation (AlVI or AlIV). The net charge of isolated hydroxyls in different configurations can be 

calculated by using Equation 5- 1 [7,12]. Knözinger et. al. also noted that the vibration 

frequencies and acid-base properties of isolated hydroxyls are functions of the net charge of an 

isolated hydroxyl. For example, because a Type III isolated hydroxyl bonds to three octahedral 

aluminum cations, Type III isolated hydroxyls possess the highest net charge (+0.5) and lowest 

stretching frequency (3680-3590 cm-1) of all isolated hydroxyls. Thus, type III isolated hydroxyls 

are the most acidic hydroxyl of all isolated hydroxyls on aluminum oxide. 

anion

cation
oxygenhydrogenNet C

C
CCC ++=       (5- 1) 

where Cnet is the net charge of a hydroxyl group. For the hydroxyl group on an aluminum oxide 

surface, Chydrogen, Coxygen, Ccation are the charge of hydrogen, oxygen and aluminum and equal +1, 
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-2 and +3 respectively. nanion represents the number of adjacent anions for the cation 

(coordination number). 

 

It was shown in our prior studies [41] that the emission of 

tetrakis(dimethyamino)ethylene chemiluminescence (TDE CL) is catalyzed by isolated hydroxyl 

groups on MgO. Isolated hydroxyls with lower coordination had higher catalytic reactivity for 

TDE CL, and 4 coordinated isolated hydroxyls (hydroxyls adsorbed on edges) were concluded to 

play the largest role in enhancing TDE CL on an eroded MgO surface. This study was 

undertaken in order to demonstrate the utility of TDE CL as a valuable tool for characterizing the 

hydroxyl groups on aluminum oxide. Specifically, the surface hydroxyl groups were 

characterized by TDE CL as the aluminum oxide was pre-treated by several methods, including 

heat-, acetic acid- and steam-treatment. The impacts of surface hydroxyl in different 

configurations on TDE CL was evaluated through the interpretation of It curve (emission 

intensity vs. reaction time curve) obtained from the catalyzed TDE CL on aluminum oxide and 

from infrared spectroscopy data.   

 

5.2 Experimental 

5.2.1 Sample Preparation  

γ-Alumina oxide (γ- Al2O3, Alfa Aesar, 99.97%) with a specific surface area of 70 m2/g 

was used without further purification. Heat-treated Al2O3 (HT- Al2O3) was obtained by heat-

treating γ-Al 2O3 in a channel-type furnace at 900oC for 3 hours. AA (acetic acid)-treated Al2O3 

(AAT- Al 2O3) was derived from the HT- Al2O3. To make AAT-Al2O3, HT-Al2O3 was treated by 

acetic acid at 80oC for 8 hour in an AA saturation cell. Before the treatment of acetic acid, HT- 

Al 2O3 was pre-treated at 150oC to remove molecular water adsorbed on surface and transferred 

from the heat-treatment cell to the AA saturation cell in a nitrogen purged glove box. Steam-

treated Al2O3 (ST- Al2O3) was prepared by following procedure: γ- Al2O3 was sealed with water 

in water saturation cell at 80oC for 8 hours.  

 

Before the addition of TDE, all aluminum oxide samples were post-treated at 150oC to 

avoid the influence of the molecular water or AA on TDE CL. The pre-treatment and post-
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treatment of γ-Al 2O3, heat-treated Al2O3, steam-treated Al2O3 and AA-treated Al3O3 samples 

were carried out in a sealed cell connected to a nitrogen cylinder and vacuum line. The 

temperature of the cell was controlled by a cylindrical electric furnace and a temperature 

controller. The temperature was increased from room temperature to the desired temperature at a 

rate of 3oC/minutes. After reaching the desired temperature, the temperature was maintained for 

2.5 hours under nitrogen atmosphere. Next, the sample cell was purged by a vacuum line to 

evacuate the residual gas inside the cell for 0.5 hours.  

 

5.2.2 TDE Synthesis 

The synthesis of TDE was carried out by the procedure as described in our early work 

[41]. Chlorotrifluoroethylene (SynQuest Lab. Inc.) and dimethylamine (Alfa Aesar) were sealed 

in a high pressure vessel and heated at 56oC for 10 hours. The product is a bright orange liquid. 

In order to extract the impurities out in the product, the product was purified by mixing with 

distilled water. After the purification, the color of the product changed from orange to light 

yellow. 

 

5.2.3 IR Spectroscopy  

All infrared spectra were obtained in a DRIFTS cell (Thermo Nicolet) using a Thermo 

Nicolet FT-IR spectrometer (Model: Nexus 670). The spectrometer was equipped with a liquid 

nitrogen-cooled MCT (mercury-cadmium-telluride) detector, KBr beam splitter and tungsten-

iodide light source. The scan number and resolution were set as 50 times and 4 cm-1 respectively. 

A helium cylinder was connected to the cell. The flow rate of inlet helium was controlled by a 

mass flow controller.   

 

5.2.4 Emission Intensity Measurement 

The variation of emission intensity with reaction time was collected by a fiber optic 

spectrometer (StellarNet Inc. EPP2000) and recorded by the SpectraWiz operating software. An 

apparatus was constructed in which the sample could be monitored while a gas was flowing 

through the sample. This apparatus consisted of a sample holder, the fiber optic cable, and an 
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outer glass chamber to which inlet and outlet tubes were connected. The flexible fiber optic cable 

was positioned below the sample holder. A mixture of 0.15g treated Al2O3 sample with 0.3ml 

TDE was loaded into the sample vial, which was then placed in the sample holder. The chamber 

was sealed with an O-ring and purged with dry air at 150 ml/min during the reaction. In order to 

avoid the influence caused by stray light from the surroundings, the outside wall of the glass 

chamber was covered with aluminum foil. 

 

5.2.5 BET Surface Area and X-ray Powder diffraction Analyses 

The surface areas of aluminum oxide samples were determined by the BET dynamic 

method using a Quantachrome Autosorb-1. Nitrogen was used for the adsorption experiment at 

liquid nitrogen temperature. X-ray powder (XRD) traces of γ-Al 2O3 and HT- Al2O3 were carried 

out using a Bruker D8 Advance X-ray diffractometer (40 kV, 40 mA) (Karlsruhe, Germany).  

The aluminum oxide samples were scanned starting from 2θ=25-70o with increment of 0.05o and 

a scan speed of 1 degree/minute.    

  

5.3 Results 

TDE CL was studied in the presence of a number of different aluminum oxide samples, 

including dehydrated samples, samples treated at high temperatures (900oC), samples exposed to 

acetic acid, and samples treated with steam.  These treatments will change the number of types of 

surface hydroxyls present, which are believed to be important in TDE CL over metal oxides [41].  

In this way, differences in TDE CL can be correlated with the surface chemistry of alumina. 

 

5.3.1 Dehydroxylation of γ-Al2O3  

Figure 5.1 and Figure 5.2 show the IR bands of hydroxyl groups and the behavior of the 

surface hydroxyl groups as a function of temperature in a helium atmosphere on γ-Al 2O3. The IR 

spectra of γ-Al 2O3, as seen in Figure 5.1, show an extremely intense band with maxima at 3575 

cm-1 and three small bands at 3760, 3716 and 3664 cm-1 in the region from 3800-3000 cm-1. 

With increasing temperature, a decrease of the broad band with a maximum at 3575 cm-1 is 

accompanied by increases in the bands at 3760, 3716 and 3664 cm-1 (as seen in Figure 5.2). 
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Costa and Shirai et. al. [17,42] reported that the bands in the region from 3800-3600 cm-1 are 

attributed to isolated hydroxyl groups and the broad band centered at 3575 cm-1 is assigned to 

hydrogen bonded hydroxyl groups. According to early studies [12,17,19,43], the stretching 

frequencies of isolated hydroxyls are associated with the coordination number of hydroxyls and 

the modifications of aluminum cation, such as AlIV and AlVI. The bands in the interval 3790-

3750, 3750-3710, and 3700-3590 cm-1 are ascribed to type I, II and III isolated hydroxyl groups 

respectively. Therefore, the bands at 3760, 3716 and 3664 can be assigned as type I, type II and 

type III isolated hydroxyls, respectively. Out of this region, a band with a maxima at 2908 cm-1 is 

found at lower temperature and disappears at higher temperature. The small bands in the region 

from 2860-2960 cm-1 correspond to C-H stretching and are from the impurities adsorbed on the 

γ-Al 2O3 surface [17,44].  
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Figure 5.1 The IR spectra of γ-Al 2O3 at different temperatures. 
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Figure 5.2  IR spectra when γ-Al2O3 was dehydrated at 300, 400 and 500oC. 

 

The It curves of catalyzed TDE CL shown in Figure 5.3 were obtained from the mixture 

of TDE and γ-Al 2O3 pre-treated at 300oC, 400oC, and 500oC. Before the addition of TDE, the 

pre-treated γ-Al 2O3 samples were cooled in a dry nitrogen atmosphere to avoid surface re-

hydration. As seen in Figure 5.3, the emission intensity of TDE CL changes with pre-treating 

temperature. Higher emission intensity was found from the mixture of TDE with the γ-Al 2O3 that 

was pre-treated at higher temperatures, 400 and 500oC.  
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Figure 5.3 It curves of TDE CL on γ-Al 2O3 which was pre-treated at 300, 400 and 500oC.  

 

5.3.2 HT- Al2O3 

At moderate temperatures (<200oC), the bands of isolated hydroxyl groups closely 

overlap on γ-Al 2O3. In order to obtain higher resolution to distinguish the changes in the IR band 

of isolated hydroxyl following different treatments, γ-Al 2O3 was treated at high temperature to 

re-distribute isolated hydroxyl groups. HT- Al2O3 was obtained from heat-treating γ-Al 2O3 at 

900oC for 3 hours. After exposing HT- Al2O3 to the atmosphere, the decomposition of molecular 

water on unsaturated active sites, Al3+ and O2-, is accompanied by the formation of hydroxyl 

groups with different configurations. It was found on re-hydrated HT- Al2O3 that all isolated 

hydroxyl bands blue-shift from 3760, 3716 and 3664 to 3770, 3730 and 3694 cm-1, respectively 

(as seen in Figure 5.4). Early studies [12,17,19,43] assigned the bands at 3770, 3730 and 3694 

cm-1 to type I, II and III isolated hydroxyl groups, respectively. The X-ray diffraction pattern, 

seen in Figure 5.5, of HT- Al2O3 shows that a phase transformation occurred after heat-treating 

γ- Al2O3 at 900oC for 3 hours. The XRD pattern is consistent with the formation of δ-Al 2O3 

[45,46].   
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Figure 5.4 IR spectra of heat-treated (850oC) Al2O3. 
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Figure 5.5 X-ray powder diffractometer patterns for γ- Al2O3 treated at (a) 150oC for 3 

hours; γ- Al2O3. (b) 900oC for 3 hours; HT- Al 2O3 (δ- Al2O3). 

 

With increasing temperature, type II isolated hydroxyls have higher thermal stability 

(Figure 5.4) compared with type III isolated hydroxyls. The intensity of type III isolated 

hydroxyls is higher than that of type II isolated hydroxyls before 300oC. As temperature is 

increased past 300oC, the band of type II isolated hydroxyl becomes larger than the band of type 

III isolated hydroxyl. Above 500oC, type III isolated hydroxyls disappear while type II isolated 

hydroxyls are relatively constant.   

 

5.3.3 AAT- Al2O3  

TDE CL was also studied on aluminum oxide that was pre-treated by acetic acid (AAT- 

Al 2O3). After AA treatment, three new IR bands are observed in the region from 3100-2910 cm-1, 

as seen in Figure 5.6. These three new forming IR bands are ascribed to the formation of acetate 
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species in different configurations after chemisorption of acetic acid [47,48,49,50,51,52]. The 

possible configurations of acetate species adsorbed on aluminum oxide is shown in Figure 5.7.  
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Figure 5.6 IR spectra of AAT- Al2O3 AA at 100oC- 500oC. 
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Figure 5.7. The configurations of acetate species on a metal oxide surface.  

 

In the interval from 3800 to 3500 cm-1 in the IR spectrum of AAT-Al2O3, the obvious 

differences on AAT- Al2O3 are a decrease in the band of type II isolated hydroxyls (λ= 3730 cm-

1) and a dramatic increase in the band of type III isolated hydroxyls (λ= 3694 cm-1), as seen in 
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Figure 5.8. Figure 5.8 highlights these differences by contrasting the IR band of hydroxyl 

groups on AAT- Al2O3 with those on HT- Al2O3 at 150, 200 and 300oC. Comparing the IR bands 

of type III isolated hydroxyl shown in Figure 5.1, Figure 5.4 and Figure 5.6, the band of type 

III isolated hydroxyls (λ= 3694 cm-1) on AAT- Al2O3 is more intense compared with the band of 

type III isolated hydroxyls on HT- Al2O3 (λ= 3694 cm-1) and on γ- Al2O3 (λ= 3664 cm-1). The 

results shown in Figure 5.6 indicate that type III isolated hydroxyls on AAT- Al 2O3 are thermal 

unstable as the temperature is increased to 250oC. Maintaining the temperature at 250oC, type III 

isolated hydroxyls were removed gradually with time, as shown in Figure 5.9.   

26002800300032003400360038004000

Wavenumber (cm-1)

K
ub

el
ka

-M
un

k

HT- Al2O3

150oC

200oC

300oC

Type III
3694

Type II
3730 AAT- Al2O3

 

Figure 5.8 The IR spectra of HT-Al2O3 and AAT-Al 2O3 at 150oC, 200oC, and 300oC. For 

each post-treating temperature, the upper spectrum is from AAT- Al 2O3 while the lower 

spectrum is from HT- Al2O3. 
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Figure 5.9 IR spectra of AAT- Al2O3 from 100oC-250oC. The temperature was maintained 

at 250oC for 120 minutes after the temperature reached to 250oC.   

 

The It curves shown in Figure 5.10 were obtained from a mixture of TDE and AAT- 

Al 2O3 for different post-treatment temperatures. As seen in Figure 5.10, the maximum emission 

intensity on the It curves decreased about 52% after HT- Al2O3 was treated by AA. A further 

decrease in the maximum emission intensity of the It curve (about 28%) was found when the 

post-treating temperature was increased to 250oC.  
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Figure 5.10 The It curves of TDE CL on HT- Al2O3 and AAT- Al 2O3 post-treated at 180, 

200, and 250oC. 

 

5.3.4 ST- Al2O3 

ST- Al2O3 was obtained by treating γ- Al2O3 with steam at 80oC for 8 hours. The IR 

spectrum of ST-Al2O3 showed essentially no difference when compared to that of γ- Al2O3 (see 

Figure 5.11). TDE CL on ST- Al2O3 gave a similar It curve as that obtained from TDE CL on γ-
Al 2O3. This is shown in Figure 5.12.  
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Figure 5.11 IR spectra of γ- Al2O3 and ST- Al2O3 at 150 and 300oC. 
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Figure 5.12 The It curves of TDE CL on ST-Al2O3 and γ-Al 2O3. 
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5.4 Discussion 

In our prior work [41], it was found that hydroxyl groups on MgO strongly influenced 

TDE CL. In particular, it was found that the emission intensity of TDE CL was significantly 

enhanced by the presence of isolated hydroxyls with lower coordination. Quenching species and 

surface hydroxyls both impact the It curves. In this work, our intention was to gain a clearer 

insight into the connection between the configuration and the catalytic reactivity of surface 

hydroxyls for TDE CL on aluminum oxide.  

 

5.4.1 Dehydration of γ-Al2O3 

Heat-treatment was initially used to manipulate the distribution of surface hydroxyl 

groups. Interestingly, it was found from Figure 5.2 that isolated hydroxyl groups of all types 

increased with increasing the pre-treating temperature from 300-500oC. The increase in the 

number of isolated hydroxyls is thought to be due to the dissociation of hydrogen bonds between 

neighboring hydroxyl groups (hydrogen bonded hydroxyl), as shown in Figure 5.13. This 

hypothesis agrees with Ballinger et. al. [53].  Ballinger et. al. noted that thermal dehydration 

leads to decomposition of the associated hydroxyl (hydrogen bonded hydroxyl) to evolve water 

and is accompanied by the formation of isolated hydroxyls and unsaturated active sites (Al3+ and 

O2-).  
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Figure 5.13 The dissociation of the hydrogen bond between neighboring hydroxyls to form  

isolated hydroxyl groups.  

 

The emission intensity of catalyzed TDE CL appears to be associated with the content of 

isolated hydroxyls on the aluminum oxide surface, but is not related to amount of hydrogen 

bonded hydroxyls. The It curves, seen in Figure 5.3, show a large difference in intensity as the 
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treatment temperature is increased from 300 to 400oC.  This temperature increase results in an 

increase in isolated hydroxyls and a decrease in hydrogen bonded hydroxyls, as shown in Figure 

5.2, indicating that the reaction of TDE CL is mainly catalyzed by isolated hydroxyl groups. 

These results correspond very closely to the results we reported previously [41]. Indeed, isolated 

hydroxyl groups act in a similar role as hydroxylic additives (such as water and alcohols) in the 

reaction of TDE CL. The role of hydroxylic additives in TDE CL was reported by Fletcher et. 

al.. Fletcher et. al. [54,55,56] indicated that hydroxylic additives act as activators to catalyze the 

autoxidation reaction between TDE and oxygen. In the environment without protonic activator, 

pure TDE can not react with oxygen [57,58,59]. The intermediate, tetrakis-dimethylamino-1,2-

dioxetane (TDMD), obtained from the autoxidation reaction is the energy source for donation of 

the required energy for photon emission [54,55,58,59,60,61]. The possible catalytic mechanism 

is shown in Figure 5.14. The production rate of TDMD is likely associated with the emission 

intensity. Therefore, the emission intensity of TDE CL corresponds to the catalytic ability of the 

surface.  

 

N

N

N

N

N

N

N

N

H OR O2

O O
N

N

N

N

O O
N

N

N

N

-ROH

TDMDTDE

TDE
+ TDE*

TDE + Photon

ROH

Products

TDMD

(excited TDE)(inter-molecular
energy transfer)

 

 

Figure 5.14 The catalytic mechanism of a protonic material (ROH) for the autoxidation 

reaction of TDE CL.  

 

The IR spectra of dehydrated γ-Al 2O3, shown in Figure 5.2, were taken for γ-Al 2O3 after 

different pretreatment temperatures. All types of isolated hydroxyls increased after the 

temperature was increased from 300 to 400 or 500oC. However, the IR spectra shown in Figure 
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5.4 and Figure 5.8 indicate that type III isolated hydroxyls have lower thermal stability 

compared with type I and II isolated hydroxyls. [62]  Type III isolated hydroxyls became 

thermally unstable at 250oC, and were removed from the surface gradually with time. Therefore, 

the contribution of type III isolated hydroxyls on the enhancement in the catalytic reactivity of 

dehydrated γ-Al 2O3 is likely small. It can be assumed that the enhancement in the emission 

intensity of TDE CL mainly is due to the increase of type I and type II isolated hydroxyls 

produced from the dissociation of hydrogen bonded hydroxyl.       

 

5.4.2 HT- Al2O3 

Something interesting was observed in the IR spectrum of HT- Al2O3: after heat-treating 

γ- Al2O3 at 900oC and subsequently re-hydrating the sample in atmosphere, all isolated hydroxyl 

bands blue-shift from 3760, 3716 and 3664 on γ- Al2O3 to 3770, 3730 and 3694 cm-1 on HT- 

Al 2O3 respectively, as seen in Figure 5.15. Additionally, the XRD patterns, shown in Figure 5.5, 

offer evidence for the phase transformation of  γ- Al2O3 after heat-treatment at 900oC. In 

agreement with Wilson et. al. [45,46,63], the XRD pattern given from HT- Al2O3 was identified 

as δ- Al2O3. Hence, the blue-shifts of isolated hydroxyl bands are likely caused by the phase 

transformation.  
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Figure 5.15 Wavenumbers associated with different types of hydroxyl groups and 

wavenumbers noted in this study for γ- Al2O3 and Heat-treated γ- Al2O3.  

 

It is well known that tetrahedrally and octahedrally coordinated cations exist 

simultaneously in transition aluminum oxides (γ-, η-, θ- and δ- Al2O3). [23,46] The cation 

ordering increases with the treatment temperature. γ and η forms are considered low-temperature 

Al 2O3 phases, whereas θ and δ forms are regarded as high-temperature Al2O3 phases.[12,45] α-

Al 2O3 is derived from the final conversion of transition aluminum oxide. All aluminum cations 

in α-Al 2O3 have an octahedral coordination. [63] Morterra et. al. [7,12,23] suggested that the 

isolated hydroxyls on tetrahedral coordinated Al cations, such as Type Ia isolated OH, have 

lower stretching frequency than that on octahedral coordinated Al cations, such as Type Ib 

isolated OH. Therefore, the blue-shifts of isolated hydroxyl bands occurring simultaneously with 

phase transformation from γ to δ can be interpreted to mean that more isolated hydroxyl groups 

bind to octahedrally coordinated Al cations (AlVI) rather than tetrahedrally coordinated Al 

cations (AlIV).  
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The correlation between adjacent cation coordination and the surface catalytic reactivity 

of isolated hydroxyl was identified on HT- Al2O3 by TDE CL. Exposing aluminum oxide to the 

atmosphere, the surface is covered by a monolayer of hydroxyl with a density of about 1.25×1019 

OH/m2 [2,64] HT- Al2O3 was derived from heat-treating γ- Al2O3 at 900oC. After the treatment, 

the surface area, measured by BET dynamic method, decreased from 70 m2/g (γ- Al2O3) to 48 

m2/g (HT- Al2O3). The decrease in the surface area results in fewer surface hydroxyls 

participating in the reaction of TDE CL. However, a significant increase in the emission intensity 

was given from catalyzed TDE CL on HT- Al2O3, as seen in Figure 5.16. Because the emission 

intensity responds to the catalytic reactivity of Al2O3 surface, it can be proposed that isolated 

hydroxyl groups on HT- Al2O3 have higher catalytic reactivity for TDE CL compared with that 

on γ- Al2O3. These results emphasize again that the catalytic reactivity for TDE CL is 

independent from the hydrogen bonded hydroxyl, but dependent on the nature of the aluminum 

cation on which an isolated hydroxyl is located. An isolated hydroxyl with an adjacent AlVI 

cation appears to have higher catalytic reactivity for TDE CL in contrast with the isolated 

hydroxyl with an adjacent AlIV cation.  
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Figure 5.16 The It curves of catalyzed TDE CL on HT- Al2O3 and γ- Al2O3.  

 

 



 121 

5.4.3 AAT- Al2O3 

Hasan et. al. [65] suggested that the isolated hydroxyl groups on aluminum oxide are 

involved in the reaction with acetic acid. To support this hypothesis, they pointed to the 

observation of negative adsorption in IR bands with frequencies in the region from 3800-3680 

cm-1 after treating aluminum oxide by AA for 10 minutes. The results in this work (as shown in 

Figure 5.9) do not perfectly agree with the result reported by Hasan et. al., however. We found 

that the decrease in the IR band of type II isolated hydroxyls (λ=3730 cm-1) on AAT- Al2O3 were 

accompanied by the significant increase in the IR band of type III isolated hydroxyls (λ=3694 

cm-1) when the treatment time was extended from 10 minutes to 8 hours, as seen in Figure 5.6 

and Figure 5.8. These differences between this paper and Hansan et. al. [65] are likely due to 

two factors: surface erosion and discrepancies in the reactivity of isolated hydroxyls for AA. 

 

5.4.3.1 Surface Erosion  

A wide array of studies have been carried out that investigate the phenomenon of surface 

erosion caused by small molecules on metal oxides. Zecchina et. al. [26,28,66,67] found that an 

increase in the sites with lower coordination (edge and corner sites) resulted from surface 

erosion. This agrees with the observation of Foster et. al.. Foster et. al. [50] inspected the 

interaction between MgO and a series of small molecules, such as water and AA, by atomic force 

microscopy (AFM) and subsequently observed that severe topographical change occurred when 

treating MgO surface by steam and AA. It also was found in our prior work [41] that treating 

MgO with steam is accompanied by a significant increase in the IR band of isolated hydroxyls 

with 4 coordination. Because isolated hydroxyls are more concentrated on edge and corner sites 

[39], the increase in the IR band of isolated hydroxyl groups can be ascribed to formation of sites 

with lower coordination, such as on edges and corners. As seen in Figure 5.6 and Figure 5.9, a 

significant increase in the IR band of type III isolated hydroxyls (λ=3730 cm-1) was found on 

AAT- Al 2O3. This intense band (λ=3730 cm-1) in the IR spectrum of AAT- Al2O3 has similar 

thermal stability with the IR band at 3730 cm-1 on HT- Al2O3. Both of these two IR bands 

become thermally unstable at temperatures higher than 200oC. Therefore, it is reasonable to 

assume that AA erodes the surface of HT- Al2O3 to give more edge and corner sites. 
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5.4.3.2 Reactivity of Isolated Hydroxyls for AA 

In agreement with the studies of Hasan et. al. [68], the involvement of isolated hydroxyls 

in the reaction of AA also was found in this work, but an obvious decrease was only found for 

the band of type II isolated hydroxyls (λ=3730 cm-1) after HT- Al2O3 was treated by AA (shown 

in Figure 5.9). The band of type I isolated hydroxyls (λ=3770 cm-1) is too small to judge 

whether type I isolated hydroxyls are involved in the reaction with AA. The consumption of type 

II isolated hydroxyls by the substitution of acetate species was confirmed by the decrease in the 

IR band at 3730 cm-1 and the formation of the band in the region from 3100-2910 cm-1 

(attributed to -CH3 of adsorbed acetate species). In theory, if all isolated hydroxyls are not 

involved in the reaction of AA, the band of the isolated hydroxyls has to be increased after 

surface erosion. Instead, only the band of type III isolated hydroxyls was increased after AA 

treatment. This result suggests that isolated hydroxyls with lower coordination possess higher 

activity for reaction with AA. Both type I and II isolated hydroxyls are substituted by acetate 

species on AAT- Al2O3.    

 

Hydroxyl groups on Al2O3 had been assumed in previous studies to supply protons in 

certain reactions. [69,70,71,72] Type I isolated hydroxyls are considered the most active group 

since the restriction from adjacent surface sites is less compared with type II and III isolated 

hydroxyls. [7,12,19,43] Otherwise, isolated hydroxyls act as Brønsted acid sites and the acid 

strength follows the order: Type I < Type II < Type III. [7,71] The difference between the acid 

strength of type Ia and type III isolated hydroxyls is of the order of 108. [73] Vigué et. al. [19] 

suggested that type I isolated hydroxyls are the most basic sites. Therefore, it can be assumed 

that the difference in the reactivity of isolated hydroxyls in the reaction of AA is associated with 

the acid-base properties of the isolated hydroxyls. 

 

5.4.3.3 Catalytic Reactivity of Isolated Hydroxyls for TDE CL 

The systematic change in the post-treatment temperature provides a series of AAT- Al2O3 

with different catalytic reactivity for TDE CL, as seen in Figure 5.10. As seen in Figure 5.8 and 

Figure 5.9, treating HT- Al2O3 by AA was accompanied by the dramatic increase of type III 

isolated hydroxyls and a loss of type II isolated hydroxyls. Type III isolated hydroxyls have the 

lowest thermal stability by comparison with type II and I isolated hydroxyls [62]. Type III 
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isolated hydroxyls were removed gradually with time at 250oC. These changes in the content of 

isolated hydroxyls corresponded to the change in the intensity of the It curves shown in Figure 

5.10. In Figure 5.10, the lowest catalytic activity for TDE CL was found on the AAT- Al2O3 

which was post-treated at 250oC. Before 250oC, the catalytic ability is independent from post-

treating temperature. Figure 5.17 shows the connection between the maximum emission 

intensity given from the It curves of catalyzed TDE CL and the IR band intensities of type III 

isolated hydroxyls on AAT- Al2O3 which were post-treated at different temperature. An obvious 

decrease both in maximum emission intensity and IR band intensity occurred when post-treating 

temperature was increased to 250oC. These results give a good indication that catalytic ability is 

mainly associated with the content of isolated hydroxyls on aluminum oxide.  
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Figure 5.17 The relationship between the IR band intensity of type III isolated hydroxyl (λ= 

3694 cm-1) and the maximum emission intensity of TDE CL on AAT- Al 2O3 when the post-

treating temperature was increased from 150oC to 250oC.  

 

A significant difference in the catalytic ability was found between AAT- Al2O3 and HT- 

Al 2O3. On AAT- Al2O3 surface, although more type III isolated hydroxyls are created via surface 

erosion, the loss of type II isolate hydroxyls by the substitution of acetate species leads to a 

significant decrease (about 52%) in the catalytic activity of AAT- Al 2O3 (shown in Figure 5.10). 

Further decrease (about 28%) in the catalytic activity of AAT- Al 2O3 for TDE CL was found 

when type III isolated hydroxyl groups were removed at 250oC. This suggests that that the 
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catalytic ability of type II isolated hydroxyls with respect to TDE CL is much higher than that of 

type III isolated hydroxyls. It is likely that the catalytic ability of isolated hydroxyls increases 

with decreasing coordination of the isolated hydroxyls. As can be seen by the data reported 

above, the emission intensity of TDE CL is associated with the catalytic ability of surface 

hydroxyl groups. 

 

5.4.4 ST- Al2O3 

The results shown in Figure 5.11 indicate that there are no distinct differences in the 

band of isolated hydroxyls upon treating aluminum oxide by steam. The only difference found 

on ST- Al2O3 is the slight increase in the surface area from 70 (γ- Al2O3) to 78 (ST- Al2O3) m
2/g. 

The It curve of catalyzed TDE CL on ST- Al2O3, shown in Figure 5.12 has a similar trend as that 

on γ-Al 2O3 because the distribution of isolated hydroxyl groups is not changed after steam 

treatment. The slight difference in the maximum intensity of the It curves is likely due to the 

increase in the surface area.  

 

5.5 Conclusions          

The breakage of the hydrogen bond between neighboring hydroxyl groups is 

accompanied by the creation of isolated hydroxyl groups when dehydrating γ-Al 2O3 at 400 and 

500oC. The catalytic ability of dehydrated γ-Al 2O3 for TDE CL is enhanced after more isolated 

hydroxyl groups are formed from the decomposition of hydrogen bonded hydroxyls. This result 

suggests that isolated hydroxyl groups are the catalysts for the emission of TDE CL. 

 

Upon treating alumina with acetic acid, type II isolated hydroxyl groups were consumed 

by the substitution of acetate species. The content of type III isolated hydroxyl groups are 

increased due to surface erosion and lower reaction activity of type III isolated hydroxyls for the 

reaction with AA. The great decrease (about 52%) in the catalytic reactivity on AAT- Al2O3 was 

found as TDE CL was used to characterize the surface catalytic reactivity. The further decrease 

(about 28%) in the catalytic reactivity occurred when type III isolated hydroxyls were removed 

by post-treatment. Because steam did not cause a change in the distribution of isolated hydroxyl, 

ST- Al2O3 had similar catalytic reactivity as γ-Al 2O3. All of this evidence suggests that the 
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catalytic ability for TDE CL is associated with the content and the coordination of surface 

isolated hydroxyls on aluminum oxide. The isolated hydroxyls with lower coordination likely 

have higher catalytic reactivity for TDE CL. 

 

Heat-treating γ- Al2O3 at 900oC (HT- Al2O3) led to a blue-shift in the IR bands of isolated 

hydroxyls and a phase transformation from the γ to the δ phase.  The blue shift of the isolated 

hydroxyl bands indicates that more isolated hydroxyls are located on octehedrally coordinated Al 

cations (to AlVI). A great enhancement in the catalytic reactivity was subsequently found on HT- 

Al 2O3 for TDE CL. The enhancement in the surface catalytic reactivity is ascribed to the increase 

in the number of isolated hydroxyls with adjacent AlVI cations. The isolated hydroxyls bound to 

AlVI cations are thought to have higher catalytic reactivity for TDE CL compared with those on 

Al IV cations.    
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CHAPTER 6 - Characterization of Chemically Grafted Al 2O3 

Surface by Tetrakis(dimethylamino)ethylene Chemiluminescence 

 

6.1 Introduction 

Surface modification can be achieved via physical (polishing, mixing and adsorption), 

chemical (covalent and electrostatic attachment), physicochemical (glow discharge plasma 

polymerization) or electrochemical (electrochemical activation) methods [1]. For surface 

modifications on nanoparticles, chemically grafting a functional group on the surface is an 

efficient manner to alter the surface properties. The early investigations in this area involve the 

use of grafted ligands for stabilization of nanoparticles in various solutions.[2,3,4,5]  Recently, 

studies have focused on changing the surface behavior of nanoparticles in different reactions by 

grafting functional ligands on nanoparticles. [6,7]  

 

It is well known that the outmost layer of a metal oxide is substantially covered by 

hydroxyl groups. [8,9] To bind a functional group on to a metal oxide, surface hydroxyl groups 

have been widely used as the sites for grafting of organic compounds. [2,10,11]  For instance, 

Matsuno et. al. [2] noted that the grafting of nitroxide-mediated initiators on a magnetite surface 

for following polymerization reactions was due to the interaction between a surface hydroxyl and 

the phosphoric acid moiety of the initiator. Subsequently, the polymerization of styrene on the 

surface of magnetite was carried out by heating the mixture of modified magnetite and styrene at 

398 K. The inherently hydrophilic magnetite surface was made hydrophobic after the growth of 

polymer on the surface. A similar reaction mechanism is also applied in grafting functional 

ligands on magnesium oxide [5] and aluminum oxide [12,13]. 

 

To characterize the grafted compounds on nanoparticles,  FT-IR [14,15] , XPS [15], 

NMR [4] usually are used to identify the grafted compound on the surface while the thermal 

stability and loading of grafted ligands are analyzed by TGA [16,17]. A chemical method also 

was employed to characterize the loading of a grafted compound. Jeevanandam et. al. [5] 
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checked the effect of grafted compound on the reactivity of surface modified MgO by destructive 

adsorption of (2-chloroethyl) ethyl sulfide (2-CEES). Research investigating the relationship 

between the surface properties of the nanoparticle and the loading of the grafted compound is 

rare.      

 

Our previous studies found that surface hydroxyl groups on MgO and Al2O3 significantly 

impacted TDE CL. [18,19] These surface hydroxyl groups acts as catalysts for TDE CL, 

substantially increasing the emission intensity. Higher emission intensity was observed when the 

surface of metal oxide was rich in isolated hydroxyl groups with lower coordination. Klabunde 

et. al. [20,21] suggested that hydroxyl groups concentrated on edge and corner sites are more 

isolated. The coordination of isolated hydroxyl groups is associated with the topography of metal 

oxide surfaces. Therefore, it was supposed that TDE CL can be a tool to characterize the acid-

base properties, configuration and distribution of surface hydroxyl groups on metal oxides.  

 

For aluminum oxide, it was found in our previous work [18] that the catalytic activity of 

isolated hydroxyl groups for the emission of TDE CL is related to the coordination of hydroxyl 

groups and adjacent cations. Isolated hydroxyls with lower coordination and with adjacent 

aluminum cations with octahedral coordination were the most active sites for the catalysis of 

TDE CL. Knözinger et. al. [22,23] suggested that the acid-base property of an isolated hydroxyl 

group is related to the coordination of the adjacent Al cations. Because the attachment of an 

organic ligand to a metal oxide surface results from an acid-base reaction between a surface 

hydroxyl and the binding terminal end of the grafting ligand, the acid-base property of a 

hydroxyl group is assumed to play an important role in the loading of a grafted ligand. [2,4,7] 

TDE CL is considered as a tool for characterizing the reactivity of an aluminum oxide surface for 

functional ligands since the residual isolated hydroxyl after surface modification can be detected 

by TDE CL and subsequently reflected in the emission intensity. This study was undertaken in 

order to understand the potential of using TDE CL for studying the coverage of grafted ligands 

on aluminum oxide. 2-CEES and hexamethyldisilazane (HMDS) were used as grafting ligands 

on γ- and δ- Al2O3 respectively.     
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6.2 Experimental  

6.2.1 Preparation of Aluminum Oxide Samples 

γ- Al2O3 with a specific surface area 70 m2/g was purchased from Alfa Aesar. δ- Al2O3 

was obtained by heat-treating γ-Al 2O3 at 900oC for 3 hours in a channel-type furnace [18]. The 

surface area, measured by BET method, decreased from 70 m2/g (on γ- Al2O3) to 48 m2/g (on δ- 

Al 2O3) after the heat-treatment. Before the use of γ- and δ- Al2O3, aluminum oxide samples were 

dehydrated at 150oC.  

 

2-chloroethyl ethyl sulfide (2-CEES, 98%) and hexamethyldisilazane (HMDS, 99+%) 

were obtained from Sigma-Aldrich and Alfa Aesar, respectively, and used without further 

purification. To graft 2-CEES and HMDS on the surfaces of  γ- and δ- Al2O3, a saturation cell 

was employed. Dehydrated γ- or δ- Al2O3 was transferred from the cylindrical cell to the 

saturation cell with 1.0 ml grafting agent (surface modification agent) in a nitrogen purged glove 

box. Subsequently, the saturation cell was heated in an oven at 80oC for 8 hours to allow the 

evaporation of the grafting agent and chemical deposition of the grafting reagent on dehydrated 

Al 2O3. Following grafting, aluminum oxide was treated at 150oC to remove weakly adsorbed 

grafting agent.    

 

Both the dehydration of γ-/δ- Al2O3 and the post-treatment of the grafted Al2O3 were 

carried out in a cylindrical cell connected to a nitrogen cylinder and vacuum line. After an 

aluminum oxide sample was loaded in the cell, the cell was heated by an electric furnace to 

150oC at a rate 3oC/minute and subsequently maintained at 150oC for 2.5 hours. Next, the cell 

was purged by a vacuum line at 150oC for 0.5 hours. TDE was added as the dehydrated or 

grafted Al2O3 sample was cooled down to room temperature in the nitrogen purged glove box. 

 

6.2.2 TDE Synthesis  

The synthesis procedure of TDE followed the procedure we reported in earlier work [19]. 

First, the mixture of chlorotrifluoroethylene (SynQuest Lab. Inc.) and dimethylamine (Alfa 

Aesar) was sealed in a high pressure vessel. Subsequently, the vessel was heated to 56oC for 10 

hours. Water was further used to remove the impurities in the product.  
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6.2.3 IR Study 

All infrared spectra were obtained in a DRIFT cell ( Thermo Nicolet) with a Thermo 

Nicolet FT-IR spectrometer (Model: Nexus 670) equipped with a liquid nitrogen-cooled MCT 

detector, KBr beam splitter and tungsten-iodide source. Helium was used as a purging gas to 

carry compounds eliminated from the aluminum oxide surface out of the cell as the temperature 

was increased.  

 

6.2.4 Emission Intensity Measurement  

The light emission coming out from the TDE CL with and without the presence of 

aluminum oxide sample was collected by a fiber optic spectrometer (StellarNet Inc. EPP 2000). 

The reaction was undertaken in a sealed glass chamber. In order to avoid the influence of stray 

light coming from the environment, the outer wall of the glass chamber was covered by 

aluminum foil. An air pump and rotameter were connected to the chamber to purge the chamber 

with dry air. The flow rate of purging gas was regulated by a rotameter at 150 ml/minute. 

 

6.3 Results and Discussion  

6.3.1 2-CEES Grafted Al2O3  

6.3.1.1 IR Studies of 2-CEES Grafted Al2O3 

It had been reported in our previous work that the IR bands of isolated hydroxyls blue-

shifted to higher frequencies as the phase transfer occurred. [18] On γ- Al2O3, as seen in Figure 

6.1, the band 3760, 3710 and 3664 cm-1 are ascribed to type I, II and III isolated hydroxyl 

groups, respectively. [24,25,26,27]  These isolated hydroxyl bands were shifted to 3770, 3730 

and 3694 cm-1 as γ- Al2O3 was transferred to δ- Al2O3 after heat-treating γ- Al2O3 at 900oC [18], 

as the IR spectrum shows in Figure 6.2. The small band around 2902 cm-1 shown in the IR 

spectra of γ- Al2O3 and δ- Al2O3 corresponds to C-H stretching of surface impurities. [27,28] 2-

CEES was grafted on γ- and δ- Al2O3. It can be seen in Figure 6.1 and Figure 6.2 that the 

decrease in the bands of isolated hydroxyls was accompanied with an increase in the band of 
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hydrogen bonded hydroxyls in the region from 3550-3000 cm-1. Two bands were observed in the 

region from 3000-2930 cm-1. Kim et. al. [29,30,31,32]  reported that the bands in this region are 

due to the symmetrical stretching models of CH2 and CH3 moieties of grafted 2-CEES.  
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Figure 6.1 The IR spectra of γ- Al2O3 and 2-CEES treated γ- Al2O3 at 100, 150 and 200oC.  

The IR spectra of γ- Al2O3 is shown by the band with gray color and the spectra of 2-CEES 

treated of γ- Al2O3 is shown by the band with black color. 
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Figure 6.2 The IR spectra of δ- Al2O3 and 2-CEES treated δ- Al2O3 at 100, 150 and 200oC. 

The IR spectra of δ- Al2O3 is shown by the band with gray color and the spectra of 2-CEES 

treated of δ- Al2O3 is shown by the band with black color. 

 

The grafting of 2-CEES on aluminum oxide involves two sequential processes, as the 

sketch shows in Figure 6.3. [32] At lower temperature, the chlorine terminal of 2-CEES 

selectively interacts with isolated hydroxyl through hydrogen bonding. The diminution of 

isolated hydroxyl band is due to the formation of a hydrogen bond between 2-CEES and the 

isolated hydroxyls. [31,32,33] Isolated hydroxyl groups are eliminated from the surface of 

aluminum oxide after the 2-CEES bonded to isolated hydroxyl via hydrogen bond is converted to 

C2H5SC2H4-OAl at higher temperature. This reaction is termed hydrolysis. HCl was liberated 

from the reaction after the conversion of 2-CEES.  Mawhinney et. al. suggested that the 

hydrolysis reaction of adsorbed 2-CEES with isolated hydroxyl group is temperature-dependent. 

[32,34]  
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Figure 6.3 Mechanism of the hydrolysis reaction of 2-CEES on the surface of aluminum 

oxide. In the reaction, 2-CEES specifically bonds to isolated hydroxyl groups. HCl was 

released in the next step. (from ref.  [44])  

 

The same phenomenon was observed in this work. Figure 6.1 shows the IR bands of 

surface hydroxyl on 2-CEES grafted γ- Al2O3 and γ- Al2O3 sample, respectively, at 100, 150 and 

200oC. It was found that the band intensity of hydrogen bonded hydroxyl was increased after the 

adsorption of 2-CEES on γ- Al2O3 and δ- Al2O3. The increase in the band of hydrogen bonded 

hydroxyl was accompanied by a decrease in the bands of isolated hydroxyls in the region from 

3800-3650 cm-1. Increasing temperature up to 200oC led to a decrease in the band of hydrogen 

bonded hydroxyls. These results agree with the results reported by Mawhinney et. al.. [32] 

Mawhinney et. al. found that the 2-CEES was bonded to surface isolated hydroxyls through a 

hydrogen bond at 303 K. Further increasing the temperature from 303 K led to hydrolysis of 2-

CEES, releasing HCl into the gas phase. Therefore, the decrease in the band of hydrogen bonded 

hydroxyls can be interpreted as the conversion of bonded 2-CEES over isolated hydroxyls to 

C2H5SC2H4-OAl.  

 

The change in the bands of the isolated hydroxyl groups was more clear on δ- Al2O3 after 

2-CEES was grafted on the surface, as seen in Figure 6.2. The bands of type II (λ= 3730 cm-1) 

and III (λ= 3694 cm-1) isolated hydroxyls decrease after δ- Al2O3 was treated by 2-CEES. 

Increasing temperature to 150oC or 200oC causes a decrease in the band intensity of hydrogen 

bonded hydroxyl groups (λ= 3650-3000 cm-1) but not in the band intensity of isolated hydroxyls. 

These results reveal the elimination of isolated hydroxyl groups during the transformation from 

hydrogen bonded 2-CEES over isolated hydroxyls to C2H5SC2H4-OAl species. Otherwise, both 
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Figure 6.1 and Figure 6.2 show that the intensity of the bands at 2974 and 2936 cm-1 (which are 

attributed to adsorbed 2-CEES) decrease with increasing temperature. This indicates the removal 

of residual 2-CEES, weakly-bonded 2-CEES, at the higher temperature before 2-CEES 

underwent hydrolysis.  

 

6.3.1.2 It Curve of Catalyzed TDE CL on 2-CEES Grafted Al2O3 

TDE was added to characterize the residual isolated hydroxyl groups after 2-CEES was 

grafted onto γ- and δ- Al2O3 surface. The emission intensity vs. reaction time curves (It curve) 

given from TDE CL without catalyst and catalyzed TDE CL in the presence of Al2O3 samples 

are shown in  Figure 6.4 and Figure 6.5. As seen in Figure 6.4, the emission intensity of TDE 

CL was enhanced as γ- Al2O3 or 2-CEES grafted γ- Al2O3 was added. Lower emission intensity 

was observed after 2-CEES was grafted onto γ- Al2O3. The same results also were found in the 

case of catalyzed TDE CL on 2-CEES grafted δ- Al2O3, as shown in Figure 6.5. According to 

the variation of Imax (the maximum intensity) in each It curve, the grafting of 2-CEES caused 

about a 75% decrease for grafted γ- and a 39% decrease for δ- Al2O3.    
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Figure 6.4 Emission intensity as a function of time for TDE CL without catalyst, TDE CL 

with γ-Al2O3 and TDE CL with 2-CEES treated γ- Al2O3. 
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Figure 6.5 Emission intensity as a function of time forTDE CL without catalyst, TDE CL 

with δ-Al2O3 and TDE CL with 2-CEES treated δ- Al2O3. 

 

These results can provide information on the types of hydroxyls that are important in 

catalyzing TDE CL on Al2O3, on differences in the surface hydroxyls between δ- Al2O3 and γ- 
Al 2O3, and differences in how 2-CEES interacts with the two forms of alumina.  To interpret 

these results in terms of the different types of surface hydroxyls present on δ- Al2O3 and γ- 
Al 2O3, the literature and our prior results [18,19] can provide guidance. Knözinger et. al. [35,36] 

suggested that there are five possible configurations for isolated hydroxyl groups, as shown in 

Figure 6.6. The stretching frequency, net charge, acid-base property, and reaction behavior of 

each type of isolated hydroxyls are related to the coordination of isolated hydroxyls (1, 2 and 3-

coordination) and adjacent cation (octahedral (AlVI) and tetrahedral (AlIV) coordination). Surface 

hydroxyl groups are Brøsted acid sites. [37] The acidic strength of isolated hydroxyl decreases 

with increasing net charge of the isolated hydroxyl. [22] Hence, type III isolated hydroxyl are the 

most acidic isolated hydroxyl. [23] The catalytic reactivity for TDE CL decreases with 

increasing acidic strength of hydroxyl groups. [18]  
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Figure 6.6 Possible configurations of isolated hydroxyl groups on aluminum oxide surface 

and their corresponding stretching frequencies and net charges (σ).  

 

The IR bands of isolated hydroxyls blue-shift to higher stretching frequencies as the 

phase of Al2O3 was transferred from γ- to δ- phase (see Figure 6.1 and Figure 6.2). The blue-

shift of the IR bands of isolated hydroxyls can be interpreted as an indication that more isolated 

hydroxyls are bonded to AlVI rather than AlIV. [22,24,38]  As seen in Figure 6.4 and Figure 6.5, 

the highest emission intensity is given from catalyzed TDE CL on δ- Al2O3. The isolated 

hydroxyls on δ- Al2O3 were proposed to possess higher catalytic reactivity for TDE CL 

compared with that on γ- Al2O3, even though the number of hydroxyl groups participating in the 

reaction of TDE CL was likely reduced because of the decrease in the surface area from 70 m2/g 

on γ- Al2O3 to 48 m2/g on δ- Al2O3 [18]. Otherwise, the isolated hydroxyl groups with adjacent 

cation with octahedral coordination is more basic compared with the isolated hydroxyls with 

adjacent cation with tetrahedral coordination. [18,22] Therefore, it can be assumed that the 

isolated hydroxyls on δ- Al2O3 are more basic compared with those on γ- Al2O3.  

 

The loading of the grafting agent and the binding ability of different isolated hydroxyls 

for 2-CEES can also be understood from the It curves shown in Figure 6.4 and Figure 6.5.  The 

most significant decrease, about 75%, in Imax  was found after grafting 2-CEES on γ- Al2O3. 

However, the decrease in  Imax became slight, about 39%, in the case of grafting 2-CEES on δ- 
Al 2O3. This result suggests that the isolated hydroxyls on γ- Al2O3 have a higher binding ability 

for 2-CEES: fewer  isolated hydroxyls were left after 2-CEES was grafted on γ- Al2O3, as 

evidenced by the lower TDE CL emission intensity. It can be hypothesized that the binding 

ability of aluminum oxide for 2-CEES is associated with the acidic strength of isolated hydroxyl 
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groups: the surface with more acidic isolated hydroxyls has higher reactivity for binding 2-

CEES. More isolated hydroxyls were eliminated on γ- Al2O3 and converted to C2H5SC2H4-OAl 

after 2-CEES grafting. The threshold for undergoing the hydrolysis reaction of 2-CEES with 

isolated hydroxyls is lower on γ- Al2O3 compared with that on δ- Al2O3. 

 

2-CEES grafted δ-Al 2O3 still maintains relatively higher catalytic reactivity for the 

emission intensity of TDE CL compared with 2-CEES grafted γ- Al2O3. This result indicates that 

more isolated hydroxyls were left on δ- Al2O3 after the 2-CEES grafting. As described in our 

earlier work [18], catalytic reactivity of the isolated hydroxyls for the emission of TDE CL is 

associated with the coordination of the isolated hydroxyls. Isolated hydroxyls with lower 

coordination have higher catalytic reactivity. The elimination of the isolated hydroxyls with 

lower coordination, such as type I and II isolated hydroxyls, led to a great decrease in the Imax 

(>50%). However, the decrease in Imax due to the removal of type III isolated hydroxyls was less 

than 28%. Figure 6.5 indicates that the difference in the Imax appearing in the It curves of 

catalyzed TDE CL on δ- and grafted δ- Al2O3 was about 39%. It can be assumed that 2-CEES 

mostly are bound to the type III isolated hydroxyls on δ- Al2O3. Type I and II isolated hydroxyls 

on δ- Al2O3 likely have lower reactivity for the hydrolysis reaction of 2-CEES. Therefore, 2-

CEES grafted δ- Al2O3 has higher catalytic activity for the emission of TDE CL. In contrast, the 

type I and II isolated hydroxyls on γ- Al2O3 possess higher reactivity for 2-CEES binding. This is 

seen in the It curve of TDE CL on 2-CEES grafted γ- Al2O3 showing lower Imax than that on 2-

CEES grafted δ- Al2O3 because more 2-CEES is bound to the surface and subsequently leads to 

the elimination of surface isolated hydroxyl groups. Therefore, the It curve of TDE CL on 2-

CEES grafted γ- Al2O3 is close to the It curve of TDE CL without Al2O3.         

 

6.3.2 HMDS Grafted δ- Al2O3 

HMDS grafted δ- Al2O3 was derived from chemically depositing HMDS on δ- Al2O3 at 

80oC and subsequently post-treating the sample at 150oC to remove un-reacted HMDS remaining 

on the surface. The IR spectra shown in Figure 6.7 was obtained from HMDS grafted δ- Al2O3.  
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Figure 6.7 IR spectrum given δ- Al2O3 (bottom one) and HMDS grafted δ- Al2O3 (upper 

one) at 150oC. 

 

In previous studies, HMDS had been used as a silating agent for investigating the 

poisoning of catalysts [39] and improving the dispersion ability of metal oxides in non-polar 

solvents. [12,40,41] The reaction mechanism has been reported, and is sketched in Figure 6.8. 

HMDS selectively reacts with isolated hydroxyl groups and chemically replaces isolated 

hydroxyls with a silyl ether group, -O-Si(CH3)3. [39,42,43] Ammonia is liberated after the 

grafting of HMDS. As seen in Figure 6.7, the band with frequency 2902 cm-1 is due to the 

surface impurities, as previously described. The chemical adsorption of HMDS on aluminum 

oxide was identified by the new formation of bands in the region from 3000-2900 cm-1. These IR 

bands are ascribed to the stretching modes of the CH3 moiety, νas(CH3) and νs(CH3), in the 

adsorbed silyl ether group. [12] In the region of hydroxyl groups, both bands of type II (λ=3730 

cm-1) and III isolated hydroxyls (λ=3694 cm-1) decreased dramatically after HMDS was grafted 
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onto δ- Al2O3. The decrease in the band intensity of type II and III isolated hydroxyl groups can 

be assumed to be caused by the replacement of isolated hydroxyls by –O-Si(CH3)3.  
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Figure 6.8 HMDS grafting on Al2O3 surface.  

 

The It curves of catalyzed TDE CL on δ- Al2O3 and HMDS grafted δ- Al2O3 are shown in 

Figure 6.9. After the grafting of HMDS onto δ- Al2O3, the Imax decreases by about 68%. The 

large decrease in the catalytic ability of Al2O3 for TDE CL signifies that more isolated hydroxyl 

groups, especially type I and II isolated hydroxyls, were replaced by –O-Si(CH3)3. The result 

emerges that the substitution reaction of silyl ether groups not only occurs over type III isolated 

hydroxyls, but also occurs over type II and I isolated hydroxyls on δ- Al2O3. 
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Figure 6.9. The It curves of TDE CL without catalyst and catalyzed TDE CL in the 

presence of δ- Al2O3 and HMDS grafted δ- Al2O3.    

6.4 Conclusions 

Surface isolated hydroxyl groups on Al2O3 are the active sites for grafting of 2-CEES and 

HMDS. The reactivity of isolated hydroxyl groups for 2-CEES grafting is associated with the 

acid-base property of the isolated hydroxyls. Through the difference in the catalytic reactivity of 

residual isolated hydroxyls after chemical grafting for TDE CL, it was found that more acidic 

isolated hydroxyl groups have higher reactivity for 2-CEES hydrolysis reaction. Because the 

isolated hydroxyl groups on γ- Al2O3 are more acidic compared with those on δ- Al2O3, more 

isolated hydroxyls were eliminated on γ- Al2O3 by the substitution of C2H5SC2H4-OAl after 2-

CEES grafting. On γ- Al2O3, the isolated hydroxyls with lower acid strengths, such as type I and 

II isolated hydroxyls, were expected to also participate in the hydrolysis reaction of 2-CEES. The 

binding of 2-CEES on δ- Al2O3 mostly occurred on the sites of type III isolated hydroxyls. In 

contrast with 2-CEES, the grafting of HMDS is less sensitive to the acid-base properties of 

isolated hydroxyls. A high percentage of isolated hydroxyl groups on δ- Al2O3 were replaced by 

–O-Si(CH3)3 after HMDS grafting. Type I and II isolated hydroxyls were assumed to also be 

active sites for HMDS grafting.   
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CHAPTER 7 - Characterization in the Properties of Surface 

Hydroxyls on Metal Oxides by Tetrakis(dimethylamino)ethylene 

Chemiluminescence 

7.1 Introduction 

Metal oxides (Mn+O2-) have been used frequently as catalysts [1,2,3,4]  and supports for 

functional groups or metals [3,5,6,7,8]. It is well known that the reactivity of metal oxides is 

strongly associated with surface properties, including surface area, morphology, electronic and 

acid-base properties. To characterize the surface properties of metal oxides, several 

spectroscopic techniques have been developed, such as FT-IR [9,10], UV-Visible [11,12], 

photoluminescent spectroscopy [13,14], NMR [15]. Of these, FT-IR undoubtedly is the most 

important tool for studying surface properties by identifying the stretching modes of 

chemisorbed species or the metal oxide itself. However, it is difficult for FT-IR to analyze 

surface properties quantitatively since the IR adsorption coefficients at each relaxation for the 

adsorbed groups have to be independently determined. [16]    

 

Surface hydroxyl and molecular water are the most abundant species covering the surface 

of metal oxides. [17,18] With increasing temperature, most molecular water is removed at 

temperatures < 200oC [19] while surface hydroxyl groups are eliminated at higher temperatures 

(from 200 to 1000oC) [20]. The thermal stabilities of surface hydroxyl groups are believed to be 

related to the interaction between hydroxyl groups and adjacent ions. [21,22,23,24,25] The 

correlations between the stretching frequencies of surface hydroxyls and their locations have 

been described by several experimental and theoretically models [13,26,27,28,29].  

 

There are two different categories of surface hydroxyls on metal oxides: hydrogen 

bonded hydroxyls and isolated hydroxyls. In the IR spectrum, the bands of hydrogen bonded 

hydroxyls with different coordination overlap each other and appear as a broad band at lower 

frequency. The individually sharp bands at higher frequencies are ascribed to isolated hydroxyls. 

Because the stretching frequencies of isolated hydroxyl groups vary with the number and  
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coordination of adjacent surface ions, [22,30,31] isolated hydroxyls are considered as spectral 

fingerprints of the surface. [28] The surface reactivity of a metal oxide comes mainly from the 

unsaturated surface ions (Mn+ and O2-) and the surface reactivity is developed upon removal of 

surface species. [17] Therefore, understanding the distribution of surface hydroxyl groups helps 

to determine and evaluate surface reactivity, acid-base properties, and morphology of a metal 

oxide.   

 

In our previous studies, it was found that surface hydroxyls on metal oxides act as 

catalysts for tetrakis(dimethylamino)ethylene (TDE) chemiluminescence (CL). [32,33] The 

emission of TDE CL was extremely sensitive to the presence of isolated hydroxyl groups. The 

emission intensity of catalyzed TDE CL was regulated by changing the composition of isolated 

hydroxyl groups in different configurations via chemical [33,34] or physical [32,33] surface 

modification. Isolated hydroxyls with lower coordination (with higher stretching frequency) have 

higher catalytic reactivity for the emission of catalyzed TDE CL.  

 

It has been shown that the nature of surface hydroxyls (i.e. isolated versus hydrogen 

bonded) depends on the morphology of the metal oxide.  For example, Klabunde et. al. [24,35] 

suggested that the hydroxyl groups concentrated on edge and corner sites are more isolated. 

Since hydroxyls groups cover the active sites of metal oxides, surface reactivity and acid-base 

property can be interpreted by the types of surface hydroxyls. Ahmed et. al. reported that the 

surface reactivity was associated with intrinsic sites with lower coordination (Mn+
LC and O2-

LC). 

[15,36,37] The metal oxide with rough surface was thought to feature higher surface reactivity. 

For the surface acid-base properties, surface hydroxyls and unsaturated ions act as Brønsted and 

Lewis acid-base sites respectively. The acid- and base- character of metal oxides has been found 

to play an important role in several acid or base- catalyzed reactions [23,38,39] and the binding 

capability for grafted functional groups [34]. Consequently, the surface morphology and 

reactivity of metal oxides can be probed through the emission intensity vs. reaction time (It) 

curve of catalyzed TDE CL because this technique is sensitive to the types and locations of 

hydroxyl groups.  
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In this study, the properties of surface hydroxyls on two different forms of MgO (referred 

to as MgO and MgOplus), two different forms of CaO (referred to as CaO and CaOplus), γ-Al 2O3, 

ZnO and TiO2 were investigated by measuring the It curve of catalyzed TDE CL. The catalytic 

reactivity of surface hydroxyl groups for TDE CL was studied in the context of understanding 

the types of hydroxyl groups present and their quantities.  

 

7.2 Experimental  

7.2.1 BET Surface Area Measurement 

MgOplus, MgO, CaO, CaOplus, and TiO2 were purchased from NanoScale, Inc. 

(Manhattan, KS.). The differences between MgOplus and MgO, and between CaO and CaOplus 

were in their particle sizes and surface areas: MgOplus and CaOplus feature smaller particle sizes 

and higher surface areas compared with MgO and CaO. γ-Al 2O3  (Al2O3) and ZnO were obtained 

from Alfa Aesar, Inc.. The surface areas of metal oxides were determined by the BET dynamic 

method using a Quantachrome Autosorb-1. The samples were first outgassed at 150oC. Nitrogen 

was used for the adsorption experiments at liquid nitrogen temperature. 

7.2.2 IR Studies 

The surface hydroxyl groups on the metal oxide surfaces were identified by FT-IR 

(Model: Nexus 670) by using a DRIFTS cell. The FT-IR is equipped with a liquid nitrogen-

cooled MCT detector, KBr beam splitter and tungsten-iodide light source. Helium was used as a 

carrier gas to remove species emitted from the surface when increasing the temperature. The 

resolution of FT-IR was set at 4 cm-1.  

7.2.3 Quantification of Surface Hydroxyl Groups 

The method used for measuring the numbers of isolated and hydrogen bonded hydroxyl 

groups was previously reported. [32] Briefly, this method makes use of a substitution reaction 

between AlEt3 and the protons of surface hydroxyls. When AlEt3 is added to a metal oxide 

sample, a substitution reaction between the proton of surface hydroxyls and AlEt3 leads to the 

production of ethane.  In a second step, 1-pentanol was added to react with any un-reacted ethyl 

groups on metal oxides to produce additional ethane.  The ideal gas equation was used to 
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calculate the number of ethane molecules released in the two steps, from which the number of 

isolated and hydrogen bonded hydroxyls were obtained. The solubility of ethane in decalin [40] 

and 1-pentanol [41] was considered in the calculation. 

7.2.4 TDE Synthesis 

The synthesis processes of TDE has been detailed in our prior work. [32] Dimethylamine 

(40% in water, Alfa Aesar), first, was purified twice by distillation through a Vigreux column. 

Then, purified dimethylamine and chlorotrifluoroethylene (SynQuest Laboratories Inc.) were 

sealed in a high pressure reaction vessel and heated to 56oC for 10 hours. The content of TDE in 

the product was about 30-40%. After removal of impurities in the product, the remaining light 

yellow liquid was TDE.  

7.2.5 Light Emission Measurement 

All metal oxide samples were pre-treated at 150oC for 3 hours to remove molecular water 

on the metal oxide surface before use. After mixing 0.15 g metal oxide and 0.3 ml TDE in a 

sample vial, the vial was placed on the sample holder of a sealed chamber. Inlet and outlet tubes 

allowed the chamber to be purged with dry air. The emission signals were transferred via a 

flexible fiber optic cable and recorded by a fiber optic spectrometer (StelarNet Inc. EPP2000).      

 

7.3 Results  

7.3.1 Surface Hydroxyl Content and Surface Area  

The total quantity of hydroxyls and the surface areas for each metal oxide surface were 

given from AlEt3 titration and BET method, respectively. The results are shown in Table 7-1. 

AlEt3 titration failed to analyze the content of surface hydroxyl groups on TiO2. This may be due 

to the high reactivity of surface radicals, ·OH and ·O2, given from the decomposition of water 

and oxygen on the TiO2 surface. [42,43] A distinct difference in the content of surface hydroxyls 

was found between MgOplus and other metal oxides. The content of surface hydroxyl on MgOplus 

was 414.76x10-5 mole/g while the contents of surface hydroxyl on other metal oxides varied 

from 210.74 x10-5 to 160.95x10-5 mole/g. 
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Sample 
Surface area 

(m2/g) 

Hydroxyl content 

(x10-5 mole/g) 

Hydroxyl content 

(OH number/nm2) 

Average particle size 

(nm) 
Source 

MgOplus 614 414.76 4.07 4 NanoScale 

MgO 202 192.63 5.74 8 NanoScale 

CaOplus 52 210.74 24.41 20 NanoScale 

CaO 35 194.62 33.49 40 NanoScale 

ZnO 14 160.95 69.24 48 Alfa Aesar 

Al 2O3 70 201.92 17.37 3000 Alfa Aesar 

TiO2 192 - - - NanoScale 

 

Table 7-1 Surface areas and the contents of surface hydroxyl groups on seven metal oxides.  

 

Surface hydroxyls on metal oxide include two types: hydrogen bonded hydroxyls (H-OH) 

and isolated hydroxyls (iso-OH). The quantity of the two types of surface hydroxyls on each 

metal oxide was found by AlEt3 and 1-pentanol titration and is shown in Figure 7.1 A and 

Figure 7.1 B. Figure 7.2 shows the percentages of isolated hydroxyl to total hydroxyls on the 

different metal oxides.  
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Figure 7.1 The quantities of hydrogen bonded hydroxyls (A) and isolated hydroxyls (B) on 

metal oxides 
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Figure 7.2 The percentages of isolated hydroxyls to total hydroxyls on metal oxides. 

 

As seen in Figure 7.1, MgOplus and Al2O3 had high contents of isolated hydroxyl groups 

per unit weight. However, because the content of H-OH on MgOplus was about double of that on 

other metal oxides, MgOplus had lowest percentage of iso-OH to total OH. The highest 

percentage of iso-OH to total OH was found on Al2O3 surface. About 42 percent of the total 

hydroxyls were iso-OH. This percentage varied with metal oxide in the following order: Al2O3 

(42%) > ZnO (34%) > CaOplus (26%) > MgO (24%) > CaO (20%) > MgOplus (19%).   

 

7.3.2 IR Studies of Surface Hydroxyls   

The surface hydroxyl groups also were studied by FT-IR. The IR spectra for 

MgO/MgOplus and CaO/CaOplus are shown in Figure 7.3 A and Figure 7.3 B respectively. 

Figure 7.3 A reveals two different bands for surface hydroxyls on the MgO surface. The broad 

band with lower frequency, 3660-3000 cm-1, is attributed to H-OH due to the bonding of 

hydrogen bond between neighboring hydroxyls. Two bands with higher frequencies (λ=3741 and 

3695 cm-1) are assigned to iso-OH. [32]  For CaO (see Figure 7.3 B), the sharp band at 3639 cm-

1 is ascribed to iso-OH while the other bands at lower frequencies are due to H-OH. [44] As seen 

in Figure 7.3 A and Figure 7.3 B, the hydroxyl bands in the IR spectra for MgO and CaO are 

also observed in the IR spectra of MgOplus and CaOplus. These results indicate that the type of 
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surface hydroxyls present is independent from the variations of particle size and surface area: 

MgO and CaO have the same types of surface hydroxyls as MgOplus and CaOplus. However, the 

relative amounts of the different types differ for MgO/CaO and MgOplus/CaOplus, as shown in 

Table 7-1, Figure 7.1 and Figure 7.2.  
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Figure 7.3 IR spectra of surface hydroxyls on (A). MgO/MgO plus and (B) CaO/CaOplus at 

150oC. 
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The IR spectra shown in Figure 7.4 were obtained for TiO2, ZnO and Al2O3 surfaces. 

Only one iso-OH band is found in the IR spectrum of TiO2 and ZnO. The stretching frequency of 

the iso-OH is 3670 cm-1 on TiO2 and 3673 cm-1 on ZnO. [44,45]  In contrast, there are three iso-

OH bands on Al2O3. Their frequencies vary from 3660 to 3760 cm-1. According to Tsyganenko 

et. al. [44], the stretching frequency of iso-OH is associated with the coordination of adjacent 

ions. The increase in the coordination of adjacent ions causes a downward frequency shift. In the 

IR spectrum of Al2O3, the bands of iso-OH at 3760, 3716 and 3664 cm-1 are assigned as the iso-

OH bonded to 1, 2 and 3 aluminum ions. [33] As seen in Figure 7.4, the iso-OH with higher 

frequencies (ω=3760 and 3716 cm-1) on Al2O3 are more visible at these higher frequencies 

compared with those on TiO2 (ω=3670 cm-1) and ZnO (ω= 3673 cm-1).   
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Figure 7.4 IR spectra of surface hydroxyls on Al2O3, TiO2 and ZnO at 150oC. 

 



 153 

7.3.3 It Curves of Catalyzed TDE CL on Metal Oxide 

The emission intensity vs. reaction time (It) curves shown in Figure 7.5 and Figure 7.6 

were obtained for TDE CL on MgO/MgOplus and CaO/CaOplus. As discussed in section 7.3.1, the 

amount of hydroxyl groups increased as the surface area increased from MgO or CaO to MgOplus 

or CaOplus. Figure 7.5 and Figure 7.6 reveal different trends in the It curve when the content of 

hydroxyl groups was increased for calcium oxide and magnesium oxide. In the case of calcium 

oxide, the emission was enhanced when the content of hydroxyl groups increased. However, in 

the case of magnesium oxide, increasing the amount of hydroxyls led to lower emission intensity 

in the beginning of TDE CL.  
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Figure 7.5 It curves of catalyzed TDE CL on MgO and MgOplus. MgOplus features higher 

surface area and lower particle size compared with MgO. 
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Figure 7.6 It curves of catalyzed TDE CL on CaO and CaOplus. CaOplus features higher 

surface area and lower particle size compared with CaO.  

 

An It curve with extremely high emission at the beginning of the reaction was found in 

the case of catalyzed TDE CL on Al2O3, as seen in Figure 7.7. The maximum intensity shown in 

the It curve of catalyzed TDE CL on Al2O3 was about 4 times of that on MgO and CaO.  The 

lowest emission intensities were obtained in the case of catalyzed TDE CL on TiO2 and ZnO.   
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Figure 7.7 It curves of catalyzed TDE CL on Al2O3, MgO, CaO, ZnO and TiO2.  

 

7.4 Discussion  

7.4.1 Influence of Surface Hydroxyls on It Curves 

In this study we found that use of a higher surface area form of CaO with more total 

hydroxyls led to higher emission intensities, while the opposite trend was noted for MgO.  This 

difference can be understood only if the separate roles of isolated and hydrogen-bonded 

hydroxyls is considered.   

 

As shown in our prior studies [32,33,34] both iso-OH and H-OH increase the production 

of oxidation products, but only iso-OH enhances the emission intensity of TDE CL. The major 

product, tetramethylurea, TMU, acts as quenching species for emission of TDE CL, and 

influences the shape of the It curve. [32]  
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Although the MgOplus surface possesses a higher content of iso-OH groups, MgOplus also 

features a higher content of H-OH compared with MgO. The lower emission intensity occurring 

at early reaction times for catalyzed TDE CL on MgOplus is likely due to the high H-OH content. 

High H-OH content increases the production of quenching species and subsequently leads to 

diminution in the emission intensity of TDE CL.  These ideas agree with prior results that 

showed that increasing the amount of MgOplus led to decreased emission intensity [32].  

Increasing the amount of MgOplus increased the amount of isolated hydroxyls which should 

catalyze TDE CL, but also increased the amount of H-OH, which ultimately led to lower 

emission intensity.  

 

For CaO, the opposite trend was noted: the higher amounts of hydroxyls present on 

CaOplus produced higher emission intensity. This result is due to the lower H-OH content and 

higher iso-OH to total OH percentage on CaOplus compared with that on MgOplus.  There is little 

H-OH to catalyze reactions that do not emit light or produce quenchers that quench light-

emitting reactions. 

 

To explore this idea further, TDE CL was measured when different amounts of Al2O3 

were used.  Al2O3 is notable because it has the highest ratio of isolated to total hydroxyls.  As 

seen in Figure 7.8, as more Al2O3 is used, the emission intensity increases.  The increase in iso-

OH causes an increase in the rate of TDE oxidation, and therefore increases the emission 

intensity.  The amount of H-OH on Al2O3 is, apparently, not sufficient to counteract the effect of 

iso-OH. 
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Figure 7.8 The It curves of catalyzed TDE CL on Al2O3. (ps. Al2O3 was purified by heat-

treating at 850oC for 2 hours before use) 

 

These results indicate that TDE CL is not a simple function of the total hydroxyls present 

on a metal oxide surface.  Instead, the type of hydroxyl is important.  More iso-OH leads to 

stronger emissions, while increased H-OH can diminish emission intensity.       

 

7.4.2 Isolated Hydroxyls 

The properties of iso-OH are associated with the coordination of the oxygen atoms of 

hydroxyl, and the types of adjacent cations. These differences lead to changes in the stretching 

frequency of iso-OH. With a decreasing number of adjacent metal ions, the interaction between 

isolated hydroxyls and metal ions is assumed to be decreased and, subsequently, leads to an 

increase the binding strength between the proton and oxygen atoms. Therefore, an isolated 

hydroxyl group with fewer adjacent cations has a higher stretching frequency. [44] This can be 

seen by looking at the examples of 3, 4 and 5 coordinated (3C, 4C and 5C) iso-OH located on 

corner, edge and extended plane sites, respectively, on MgO. The binding strength between the 

proton and oxygen atoms of iso-OH is related to the coordination of the oxygen atom. Thus, 

stretching frequency of the isolated hydroxyl follows the order: 3C > 4C > 5C iso-OH. [23]  
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Our prior studies showed that the increase in the stretching frequency of isolated 

hydroxyls caused an enhancement in the catalytic reactivity of aluminum oxide for the emission 

intensity of catalyzed TDE CL. [33] A similar result was found on MgO [32] and on chemically 

modified aluminum oxide [34]. It is natural to propose that the interaction between hydroxyl 

groups and adjacent cations is associated with the catalytic reactivity of isolated hydroxyls for 

TDE CL: the lower interaction, the higher catalytic reactivity for the emission of TDE CL. The 

produce of high energy intermediate, tetrakis-dimethylamino-1,2-dioxetane (TDMD), is 

dramatically enhanced to support more energy for photon emission when TDE CL is catalyzed 

by the isolated hydroxyl with higher catalytic reactivity, as seen in Figure 7.9. [32]  
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Figure 7.9 Sketch of the catalysis mechanism of isolated hydroxyls in the catalyzed TDE 

CL.  TDMD (tetrakis-dimethylamino-1,2-dioxetane) is the intermediate created from the 

additional reaction between TDE and oxygen. TDMD also is the necessary energy 

supporter to excite TDE to an excited state. [47]  

 

As seen in Figure 7.7, a great difference in the emission intensity in the It curve of 

catalyzed TDE CL was found in the case of Al2O3 and other metal oxides. The maximum 

emission intensity in the It curve of catalyzed TDE CL on Al2O3 is about 5 times of that on CaO, 

and more than 50 times of that on ZnO and TiO2. The CaO, TiO2 and ZnO, the surfaces lack iso-

OH with adjacent cations with low coordination (high stretching frequency) , as seen in Figure 

7.3 and Figure 7.4. Therefore, it can be assumed that the iso-OH with higher stretching 

frequencies (λ= 3760 and 3716 cm-1) on Al2O3 plays a crucially important role to promote the 

emission intensity of TDE CL.  
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7.4.3 TDE CL on Metal Oxides with Lower Band Gap Energies 

Extremely low emission intensities were found in the case of TDE CL on TiO2 and ZnO. 

Comparing with the data reported in our early work [32], the maximum emission intensity 

derived from the TDE CL on TiO2 and ZnO were lower than that derived from the TDE CL 

without the addition of catalyst. Indeed, our prior results showed that even when the surface of a 

metal oxide lacked iso-OH, the It curve had similar emission intensity and trend with the It curve 

of TDE CL without catalyst. [32] The low emission intensity of TDE CL on metal oxides may be 

due to the lack of the iso-OH with lower interaction with adjacent surface ions, lower content of 

iso-OH or lower iso-OH to total OH percentage. However, although ZnO had a higher content of 

iso-OH and higher iso-OH to total OH percentage compared with CaO (shown in Figure 7.1 and 

Figure 7.2), much higher emission intensity was observed in the It curve of catalyzed TDE CL 

on CaO, as seen in Figure 7.7.  Therefore, an alternate explanation is needed.  

 

It is known that both ZnO and TiO2 feature low energy band gaps, about 3.2 eV. [46]  

This feature enables the creation of two active radicals, ·OH and ·O2, on the surface. The 

oxidative ability of the hydroxyl radical was reported to be much higher than those of O3, H2O2 

and ClO2. [42,43] Therefore, the extreme low emission intensity given from TDE CL on TiO2 

and ZnO likely is due to the non-fluorescent decomposition of TDE on the surface of TiO2 and 

ZnO via the oxidation reaction of active radicals on the TiO2 and ZnO surface.  

 

7.5 Conclusions 

The emission intensity in the It curve of catalyzed TDE CL on metal oxides depends on 

the hydroxyl groups. Higher emission intensity was derived from the catalyzed TDE CL on 

metal oxides rich in isolated hydroxyls. Hydrogen bonded hydroxyls also influence the emission 

intensity but the influence is negative. Because of this, metal oxides with high amounts of 

hydrogen bonded hydroxyls decrease emission intensity when surface area (and total hydroxyl 

concentration) is increased, while metal oxides with lower amounts of hydrogen bonded 

hydroxyls exhibit increased emission intensity when their amount or surface area is increased.  

The interaction between isolated hydroxyls and adjacent ions plays a crucially important role in 
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the emission of TDE CL. Isolated hydroxyls with lower interaction with surface ions likely have 

higher catalytic reactivity for TDE CL. TDE CL was not catalyzed by some metal oxides, such 

as TiO2 and ZnO. This result is assumed to be due to the lower band gap energy of these metal 

oxides and the active oxidant species that can be created on these metal oxides.   
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CHAPTER 8 - Tetrakis(dimethylamino)ethylene 

Chemiluminescence (TDE CL) Characterization of the CMC and 

the Viscosity of Reversed Microemulsions 

8.1 Introduction  

Reverse microemulsions are constructed by the aggregation of amphipathic (surfactant) 

molecules with the polar heads attracted to interior of micelles while the non-polar tails extend 

into the bulk non-polar solvent. There are many published articles addressing the main features 

of normal micelles or oil-in-water microemulsions (O/W) during the past fifty years. 

[1,2,3,4,5,6,7] However, the properties of reversed microemulsion systems (RMS) have been less 

frequently analyzed. Due to the nature of surfactants, surfactant molecules can arrange 

themselves into organized molecular assemblies known as micelles to form a 

microheterogeneous media (or microemulsion) in solution with oil and aqueous phases. Reversed 

micelles, or water-in-oil microemulsions (W/O), have attracted much attention recently since 

they can be used as nano-reactors to synthesize ultra small nanoparticles [8,9,10], or as reaction 

media for polymerization. [11,12] A few examples include the development of water-in-

supercritical carbon dioxide (scCO2) microemulsion systems for synthesizing novel nanosized 

catalysts and organic compounds and applications in biochemical separation and the food 

industry. [13,14,15,16,17,18,19] In those studies, scCO2 microemulsions aided in waste 

minimization and also controlled the reaction environment.    

 

The properties of RMS mainly depend on the type of surfactant used to stabilize the 

system, the nature of bulk solvent, and the ratio of water-to-surfactant (W0). The aggregation 

number, the CMC (critical micellar concentration) and the thermal properties of RMS are 

typically used to characterize RMS. The CMC is the most important parameter because it 

identifies when the system starts to possess the full function of a RMS. Before the CMC, the 

surfactants exist mainly as solvated monomers, while above the CMC, the monomers and 

micelles exist in dynamic equilibrium. [20] Further increasing the concentration of surfactant in 

the system will result in aggregation of the surfactants while the concentration of the free 
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surfactant monomers remains virtually constant in the bulk phase [21]. Otherwise, the 

thermodynamic properties (free energy , enthalpy, entropy and heat capacity) of a RMS can be 

obtained if the CMC of a RMS is known. [22,23,24,25,26] The CMC of a RMS is the most 

important property when the surfactant’s architecture is going to be designed for various 

applications in RMS (especially for application in a water-in-scCO2 microemulsion). [4,24,27]  

 

The physical properties (such as surface tension, specific heat, conductivity, osmotic 

pressure, light scattering et. al.) of microemulsions will undergo a change when the 

concentration of surfactant in the bulk phase approaches the CMC.  This change could be abrupt 

or slight. For most normal microemulsion (oil-in-water microemulsion) systems, the 

determination of the CMC is based on the abrupt change of some physical properties in 

proximity to the CMC of surfactants. In contrast, the physical properties of water-in-oil 

microemulsions typically change only slightly in the transition region. Moreover the aggregation 

number (the number of surfactant monomers involved in the unit aggregation) of reverse 

micelles typically is small compared to that of normal micelles due to the difference in area 

occupied by surfactant head and tail. This not only leads to the low CMC of RMS, but also 

causes difficulties in determining the CMC of RMS by traditional measurements (ex. NMR, UV-

Vis, light scattering, surface tension, conductivity et. al.) usually used in the characterization of 

normal microemulsions. [28] A couple of techniques have been developed and employed in the 

characterization and measuring the CMC of RMS during the past two decades. They include low 

angle neutron scattering [29], vapor pressure osmometry [30], TCNQ (7,7,8,8-

tetracyanoquinodimethane) adsorption [31], calorimetric study [32], positron annihilation 

techniques [28], fluorescent probe [26,33,34,35,36,37] and 1H NMR [38,39,40]. However these 

techniques either are limited to a specific RMS, or lead to contradictory conclusions as the RMS 

is detected by two techniques. A widely applicable and accurate method, thus, is desired to 

enhance our knowledge of the CMC in RMS.  

 

Methods for characterizing microemulsions involving fluorescent probes have been 

frequently studied in recent years, and Behera et. al. [37,41,42] have published several 

systematic studies on these methods.  There are no published reports of using 

chemiluminescence, where the release of chemical energy causes the emission of photons rather 
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than the use of an external light source, for characterization of RMS.  Chemiluminescence (CL) 

has been investigated as a probe in many applications. [43,44,45] The distinct advantage of CL 

analysis over the method of fluorescent probe is the absence of an external light source, which 

means that the analytically relevant emission can be measured against a completely dark 

background. Therefore, the potential interference of light from light scattering can be ignored 

when CL is used as the detection method. This advantage may allow CL analysis to be used to 

detect RMS’s properties under extreme conditions, such as biochemical systems, when the 

system is sensitive to irradiation by an externally excited light source, or when the amount of 

sample is less than the required amount for the analysis using fluorescent probes.  

 

Tetrakis(dimethylamino)ethylene chemiluminescence (TDE CL) has a number of features 

that make it attractive for study of micelle systems, especially TDE’s non-polar molecular 

structure and autoxidation reaction mechanism. [46,47] In the reaction mechanism of TDE CL, 

TDE serves as both the excited energy acceptor/emitter during the reaction [48] and reacts with 

oxygen spontaneously, so addition of fluorescent components (excited energy acceptor and 

emitter) and reaction inducers are not required. This removes the issues typically associated with 

fluorescence methods, where the solubility of the emitter and initiators must be considered. In 

addition, TDE is non-polar while the products of TDE CL are polar. The products, mainly 

tetramethylurea (TMU) and tetramethyloxamide (TMO), act as quenchers for TDE CL due to 

their high electron affinities and lower potential energies. [47,49,50,51] TDE CL may provide 

insights into the properties of RMS because the presence of micelles will effectively isolate the 

polar quenching species from non-polar TDE, thereby enhancing CL intensity.  

 

Another potential application of TDE CL is as a means for finding the viscosity of a 

system. Viscometers typically used in the measurement of the viscosity of liquids (ex. capillary, 

rotation or cone-plate viscometer), have trouble in probing the viscosity of the RMS when 

contained in a sealed system or the system with small volume, such as bio-RMS used in protein 

separation or water-in-scCO2 RMS. [52,53] However the viscosity of RMS is an important 

parameter. For example, the transport of dissolved components between the continuous non-

polar phase and the disperse aqueous phase or the exchange of the contents between reversed 

micelles is affected by the viscosity of RMS. When RMS is applied in the synthesis of a 
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nanoparticle with two or more components, the particle size and the coalescence rate of the 

synthesized nanoparticles are dependent on the interfacial viscosity of the RMS. [54]   

 

The intensity of emission from an excited fluorescent compound depends on whether the 

excited energy is lost through vibrations and/or collisions.  The vibrational dissipation energy of 

a fluorescent reaction can be limited if the magnitude and the modes of intra-molecular vibration 

and rotation are limited. Haidekker et al. [55,56,57] investigated fluorescent molecular rotors 

which are constructed of julolidine nitrogen and nitrile groups joined by a vinyl bond. They 

found that the rotation of groups near the C=C double bond of the fluorescent dyes led to de-

excitation and a decrease in emission intensity. However this energy dissipation could be limited 

in viscous media because of the steric hindrance of intra-molecular rotation.  The work of 

Haidekker et al. suggests that TDE CL may aid in identifying the viscosity of RMS because a 

more viscous media may inhibit the intra-molecular rotation and vibration of di-methyl amino 

groups bonded to the vinyl center of the TDE molecule. In addition, the migration of quenching 

species will be affected by solvent viscosity, and could also affect the emission intensity of TDE 

CL.       

 

This research uses TDE CL to characterize RMS. The CMC was found for three 

surfactants in multiple solvents.  In addition, the use of TDE CL to evaluate the viscosity of a 

RMS was explored. 

 

8.2 Experimental Section 

8.2.1 Tetrakis(dimethylamino)ethylene (TDE) 

The probing reagent, TDE, was synthesized by a modification of the method developed 

by Pruett et. al.. [58] The details of the synthesis procedure are described in Chapter 3.  

 

8.2.2 Samples 

Eight non-polar organic solvents including cyclohexane (Fisher Scientific), benzene 

(Fisher Scientific), n-heptane (Alfa Aesar), n-octane (Alfa Aesar), iso-octane(Alfa Aesar), n-
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decane (Sigma), n-dodecane (Alfa Aesar), and mineral oil (Aqua Solutions, Inc.) were used as 

received without additional purification. Two anionic surfactants, Dioctyl sulfosuccinatesodium 

salt (AOT) (Alfa Aesar) and sodium dodecylbenzenesulfonate (NaDDBS) (Sigma), and one 

nonionic surfactant, Triton X-100 (X-100) (Alfa Aesar), were used as received. The stock 

solutions were prepared, in advance, by mixing the surfactant and the solvent to give a 

concentration around 0.45M. The sample solutions were prepared by dilution of the stock 

solution to give the desired concentration.    

 

8.2.3 Measurement of TDE CL 

The It (emission intensity vs. reaction time) curves of TDE CL in non-polar organic 

solvents were collected and recorded with an optic fiber spectrometer (StellarNet Inc. EPP2000) 

at 25oC. The sample solution (the mixture of non-polar solvent with surfactant in the desired 

concentration and 1.287M TDE), 0.4ml, was loaded into a sample cuvette that was then placed 

on the sample holder of the sample chamber. The sample chamber was sealed with an O-ring and 

purged with dry air at 150 ml/min using a rotameter during the reaction.  

 

8.2.4 Viscosity Measurements 

The kinematic viscosity (υ) of the solution was determined by the transit time of the 

solution (t) flowing through the capillary of the cross-arm type viscometers (universal size no. 2 

and 4) at 25oC using the equation below (Equation 8- 1): 

θυ ×= tcSt)(       (8- 1) 

where t is the efflux time and θ is the constant of the viscometer. 

 

The sample solutions were prepared by mixing cyclohexane and mineral oil in various 

ratios while the concentrations of AOT in each sample solutions were fixed at 0.43mM. The It 

curve was measured, and the intensity of the local maximum was noted and used to construct a 

plot of emission intensity as a function of solvent viscosity. 
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8.3 Results and Discussion 

8.3.1 Effect of Quenchers on the It Curve of TDE CL  

As describing in Figure 1.1, the high energy intermediate, Tetrakis-dimethylamino-1,2-

dioxetane (TDMD), is produced from TDE autoxidation reaction, and is the excited energy 

source for TDE CL. [46,51] Because TDMD is unstable at room temperature, TDMD will 

further decompose immediately into the products of TDE CL, mainly tetramethylurea (TMU, 65 

mole %) and tetramethyloxamide (TMO, 18 mole%) [49], and release energy to convert TDE to 

its excited state, TDE*. TMU and TMO feature higher electron affinity than TDE [49]. On the 

other hand, TDE is a good electron donor. The high electron donor strength of TDE had been 

identified by Hammond et. al. via the inter-molecular charge-transfer between TDE and π 

electron acceptors. [50,59] Therefore, the electronically excited energy not only is transferred to 

un-oxidized TDE but also is transferred to TMO and TMU by molecular collision during the 

reaction. Winberg et. al. found that the emission intensity of TDE CL decreases with increasing 

the concentration of TMO and TMU [48,60,61]. Fletcher et. al. further indicated that TMU and 

TMO are quenchers for TDE CL. [46,48] 

 

Because TMO is not commercially available, only TMU was studied to understand the 

effect of quenching species on the emission of TDE CL. Figure 8.1 shows the effect of TMU on 

TDE CL.  Adding TMU into solution does decrease the intensity of TDE CL; however the trend 

is not linear. The intensity decreases with increasing TMU concentration, but the slope of this 

decrease changes at [TMU]=0.383 M.  It is hypothesized that the change in the slope is due to 

the formation of microdroplets of TMU in the bulk phase when TMU reaches its saturation point 

because droplets become visible when [TMU] is further increased from 0.383 M. After 

[TMU]=0.383 M, the increase of [TMU] only leads to the increase in the concentration or the 

size of microdroplet consisting of TMU. In Figure 8.1, the difference in the slopes of the lines 

before and after [TMU]=0.383 M also indicates that the quenching efficiency of dissolved TMU 

is higher than that of TMU microdroplets. 
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Figure 8.1 The quenching effect caused by TMU in TDE/cyclohexane bulk phase. The dots 

shown on the figure are the initial emission intensity of TDE CL with TMU concentration. 

The intersection of two straight lines going through the dots at higher TMU (>0.383M) and 

lower TMU (<0.383M) concentration indicates the saturation point of TMU in cyclohexane. 

 

TDE CL was considered as a means to measure the CMC of a reversed microemulsion 

system due to the opposite polarity of TDE and its products, quenchers. Clearly, quenchers affect 

the emission intensity of TDE CL.  However, they can be removed from solution and their 

effects are minimized because of the differences in the quenchers’ polarity compared to TDE.  It 

is well known that the mutual solubility between aqueous phase and oil phase can be enhanced 

by the addition of surfactant. In this study, it was expected that adding surfactant into the oil 

phase with TDE can influence the emission intensity since the quenching species are removed 

from oil phase right after the formation of reversed micelles, as depicted in Figure 8.2. 
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Figure 8.2 Representation of TDE CL in non-polar solvents with AOT micelles when the 

concentration of [AOT] > CMC. 

 

8.3.2 It Curve of TDE CL in RMS 

The impact of surfactants on TDE CL was studied by measuring TDE CL in two 

situations: when a surfactant (AOT) was present in a concentration below the CMC, and when it 

was present in a concentration above the CMC.  Figure 8.3 shows the results of these 

experiments. Curve a is the It curve of TDE CL with lower AOT concentration ([AOT]<CMC) 

[4,66] while the curve b is the It curve of TDE CL with higher AOT concentration 

([AOT]>CMC) in the AOT/Cyclohexane RMS. For both curves a and b, the emission intensity 

decreases with reaction time; however, curve b shows a exponentially decreasing trend while 

curve a initially decreases until around 18 minutes, then increases until around 42 minutes before 

finally decreasing monotonically. The differences seen in Figure 8.3 are likely due to the 

formation of reversed micelles that help separate TDE from the quenching species and enhance 

the emission of TDE CL in the first 20 minutes of the reaction.  
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Figure 8.3 It curves of TDE CL in AOT/cyclohexane RMS: a. [AOT] = 0.192 mM (< CMC); 

b. [AOT] = 3.848 mM (>CMC). 

 

The influence of TMU for the It curve of TDE CL was studied when the concentration of 

AOT in the system was adjusted at 3.75 ([AOT]> CMC) [4,66], 0.625 ([AOT]< CMC) and 0 

mM respectively, see Figure 8.4. In this study, the concentration of additional TMU was fixed at 

0.42 mM. Because of quenching phenomenon, the TDE CL gave low emission intensity and 

shorter life time as AOT was free in the system. Both the emission intensity and life time were 

enhanced after AOT in moderate amount was added into the solution. This result agrees with the 

hypothesis shown in Figure 8.2. The presence of reversed micellar phase extracts out quenching 

species from the non-polar bulk phase. This result also reveals pre-micellar phenomena. 

Although the concentration of AOT was lower than its CMC, a few micelles were present in the 

solution. Some TMU, subsequently, was enclosed by reversed micelles and higher emission 

intensity and longer life time was obtained from TDE CL since the collision between excited 

TDE and quenching species was diminished. This is seen for the It curve with [AOT]=0.625 mM 

in Figure 8.4. The effect of pre-micellar phenomenon is further discussed in section 8.3.5. 
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Figure 8.4 It curves of TDE CL in AOT/cyclohexane/TMU RMS. The concentration of 

TMU was fixed at 0.42mM for each curve. The concentration of AOT was adjusted to 

[AOT]=3.750 mM (> CMC), [AOT]=0.625 mM (< CMC) and [AOT]=0 mM. 

 

8.3.3 Model for TDE CL in a RMS 

To understand how the RMS affects the emission intensity of TDE CL, a simple model 

was constructed to represent the major steps of light emission, while considering the impact of 

quenchers. This model considers the reaction of TDE and oxygen to produce light and quenching 

species. To develop this model, we first needed to relate emission intensity with the 

concentrations of TDE and oxygen.  Because the system is continuously purged with air, it can 

be assumed that the concentration of oxygen is constant with time, and can be lumped into the 

rate constant.  We further assumed that the emission intensity when the concentration of 

surfactant was high was related only to the concentration of TDE.  This essentially assumes that 

the quenching species are immediately removed from solution, and don’t impact the emission 

intensity. With these assumptions, we can determine the functional relationship between 

emission intensity and TDE concentration.  Figure 8.5 plots both emission intensity (I) and 

ln(I0/I) vs. reaction time (t).  This plot gives a linear relationship, with an R2 value of 0.99 for the 
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linear fit of the experimental data, ln(I0/I).  This indicates that the reaction was first order for 

TDE concentration and the relationship between emission intensity and TDE concentration could 

be represented by Equation 8- 2. 

kt
I

I

TDE

TDE
== )ln()

][

][
ln( 00       (8- 2)   

where: [TDE]0 and I0 are the initial TDE concentration and emission intensity, k is a rate constant 

for the first-order reaction, and t is reaction time. 

R2 = 0.9942
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Figure 8.5 Variation of emission intensity of TDE CL in an AOT/cyclohexane reversed 

microemulsion when [AOT]=3.848 mM (>CMC). The straight line is the result when the 

curve of emission intensity is fitted by ln(I/I0). 

 

The next important consideration in the model is the treatment of quenching species.  

Quenching species are produced once TDMD is decomposed (as depicted in Figure 1.1). It is 

assumed that two quenching species were formed due to symmetric decomposition of TDMD, so 

that reaction of one TDE molecule yields two quenching species.  Quenching species can, then, 

be transferred out of bulk solution into a second phase.  This second phase could either be a 

second liquid phase made up of polar products, or could be a micellar phase, depending on how 
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much surfactant is present.  The differential equations giving the concentration of TDE and 

quenchers over reaction time can, therefore, be written as:  

TDE
TDE Ck

dt

dC
1−=       (8- 3) 

qmtTDE
q ACkCk

dt

dC
−= 12       (8- 4) 

where: CTDE and Cq are the concentration of TDE and suspending quenching species in 

the bulk phase and kmt is the mass transfer coefficient of the quenching species from the bulk 

phase to the second polar or micellar phase, and A is the area of the interface between the two 

phases per unit volume of solution. 

 

With the presence of quenching species in the bulk phase, the excited TDE molecules can 

be de-excited by the collision with quenching species. Therefore, the emission intensity is a 

function of the concentrations of TDE and quenching species.  A second-order reaction is 

assumed for the quenching reaction.  The following equations model TDE concentration, 

quencher concentration and light emission: 
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q −−−
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)( 31 qTDETDEe CCkCkkI −=    (8- 7) 

 

where: ke is the proportionality constant between the rate of TDE reaction and the photon 

creation, k1 and k3 represent the rate constants for TDE oxidation reaction and bimolecular 

collisions, respectively, and  CTDE0 is the initial concentration of TDE in bulk phase.  

 

During the reaction, the collisional quenching and the mass transfer area, A, of quenching 

species vary with reaction time. Mass transfer area is associated with the interface between the 

bulk phase and the second polar phase, which can either be a phase made up entirely of 

quenching species or can be a micellar phase. This area changes with the accumulation of 

quenching species over time and with the concentration and size of reversed micelles. To 

adequately model the TDE chemiluminescence process, accurate estimates for the different rate 
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and proportionality constants must be obtained. In this simple model, we only considered the 

effect of mass transfer coefficient times area (kmt·A) for the deformation of the It curve and 

assumed that the variation of kmt·A is mainly related to the amount of reversed micelles.  

 

The parameters in the model were adjusted to fit the It curve of TDE CL in 

AOT/cyclohexane with AOT at 3.85 mM (> CMC).  This fit is shown in Figure 8.6 as the mass 

transfer coefficient times area (kmt·A) is set at 5. Increasing kmt·A from 5 causes only a slight 

change in the emission intensity of the fitting curve but not in the curve shape since the mass 

transfer rate of quenching species is higher than the formation rate of quenching species. This 

result agrees with our assumption that most quenching species are isolated by the surfactant and 

the effect of quenching species for the emission intensity is minimized when the concentration of 

surfactant is greater than its CMC.   Decreasing the value of kmt·A from 5, the fitting curve shifts 

to lower emission intensity and, further, a local maxima appears, as seen in Figure 8.6. 

Therefore, it can be assumed that kmt·A≥ 5 when the concentration of surfactant is higher or 

equals to its CMC. The fitting curves with kmt·A= 0.3 and kmt·A= 0.15 represent respectively, that 

the concentration of surfactant is inside the pre-micellar and out of pre-micellar region.     
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Figure 8.6 Simulated results showing the influence of mass transfer of the quenching 

species for the emission intensity of TDE CL. The solid dots represent the experiment data 

collected from the emission intensity of TDE CL in an AOT/cyclohexane reversed 

microemulsion when [AOT]=3.848 mM (>CMC). The lines from tope to bottom are the 

simulated results when kmt·A was set to 5, 0.3 and 0.15 respectively. 
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The presence of a local maxima in Figure 8.3 is due to the balance between the rate that 

TDE is oxidized to produce light and the rate at which quenching occurs.  Initially, the light 

emission decreases dramatically both because TDE is consumed and also because the quencher 

concentration increases, thereby increasing the quenching rate.  However, as the quencher 

concentration increases, the rate of transfer of the quenching species out of the bulk phase is 

increased. The magnitude of kmt·A drives whether a maximum is seen, and where that maximum 

is. 

 

Reversed micelles provide a similar function to the microdroplet of quenching species in 

the bulk phase, but the influence is more significant in the beginning of the reaction. Reversed 

micelles enhance the mass transfer of quenching species out of bulk phase since the mass 

transfer area is increased dramatically with the increase of the amount of reversed micelle in the 

bulk phase. The polar quenching species likely act as glue agents to assemble surfactant 

monomers. At high kmt·A value, the local maximum is no longer seen because most quenching 

species are captured by reversed micelles right after the quenching species are produced from the 

oxidation reaction of TDE. Increased emission intensity is noted at early times due to the capture 

of quenching species by reversed micelles.  Because of the removal of quenching species out of 

the bulk phase, the decay rate of emission intensity with reaction time is closer to an exponential 

trend. Under this situation, the decay of emission intensity mainly is related to the concentration 

of TDE.  

 

8.3.4 Determination of CMC from TDE CL 

As depicted in Figure 8.5, the oxidation reaction of TDE is first-order in TDE 

concentration. This assumption agrees with previous studies. [47,70] In this study, a numerical 

method based on this assumption has been developed to analyze the CMC from TDE CL data. It 

is proposed that the emission intensity is proportional to the residual TDE in bulk phase (as given 

in Equation 8- 2) when quenching species are isolated by reversed micelles and are free in bulk 

phase. This situation happens when the concentration of surfactant is higher than its CMC. 

Therefore, the plot of -ln(I0/I(t)) vs. reaction time (t) is a linear relationship and the slope equals 
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the reaction rate constant (k) (Figure 8.5). However, when the amount of reversed micelle is too 

low to capture most free quenching species in bulk phase the relationship between ln(I0/I(t)) and 

reaction time (t) is not equal to the rate constant. In this situation, the decay of emission intensity 

not only is influenced by the concentration of TDE in bulk phase (CTDE) but also is associated 

with the concentration of quenching species in bulk phase (Cq), as seen in Equation 8- 7. 

Subsequently, the value of the apparent rate constant changes with Cq.  In this method, and 

apparent rate constant, k, is derived from the fitting curve of Equation 8- 8 for the emission data 

of TDE CL.  If a local maximum is noted, only the data before that maximum are fit.   

tk
tI

I
⋅=)

)(
ln( 0      (8- 8) 

k is the slope of the fitting curve and represents the decaying rate of emission intensity. 

When quenching species are present in the bulk phase, they cause the radiationless consumption 

of excited TDE. This radiationless consumption not only reduces the emission intensity, but also 

leads to a variation in the value of k. The evaluation of the CMC of a reversed microemulsion in 

this study is based on the variation of k.  

 

8.3.4.1 The CMC of AOT/Cyclohexane Reversed Microemulsion 

For the reversed microemulsion system consisting of AOT and cyclohexane, the emission 

intensities over reaction time were collected by fiber optic spectrometer.  Figure 8.7 shows the 

results of these experiments when the concentration of AOT, [AOT], was changed from 

269.36mM to 1.154 mM (Figure 8.7A) and from 1.154mM to 0.192 mM (Figure 8.7B).  When 

[AOT] is in the high concentration region (Figure 8.7A), the curve shifts up to higher emission 

intensity with decreasing [AOT]. Oppositely, the curve shifts down to lower emission intensity 

with decreasing [AOT] in bulk phase when [AOT] is in the range 1.154-0.192 mM (Figure 

8.7B). A local maximum is noted as [AOT] is as low as 0.770 mM (point a) and is shifted to 

longer reaction time as the [AOT] is further decreased from 0.770 to 0.384 mM and 0.192 mM 

(point b). 
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Figure 8.7 The It curves of AOT/cyclohexane RMS when (A). [AOT]>CMC; (B). [AOT] is 

close to the CMC. Point a and b indicate the aggregation of the quenchers in oil bulk phase 

(cyclohexane) in the region of the pre-micellar concentration (PMC) of AOT (point a) and 

out of the region of the PMC of AOT (point b) respectively. 

 

Each curve shown in Figure 8.7A and Figure 8.7B was fit by Equation 8- 8 to give k for 

each corresponding [AOT].  The different k were plotted against the corresponding [AOT] for 



 178 

determination of the CMC (shown in Figure 8.8). As seen in Figure 8.8, k undergoes two abrupt 

changes with the increase of [AOT]. The first turning point occurs around [AOT] = 1.80 mM 

while the second turning point appears around [AOT] = 76.96mM. In high [AOT] region ([AOT] 

= 230.88-76.96 mM), the value of k slightly decreases with increasing [AOT]. Oppositely, the 

vale of k increases with increasing [AOT] when [AOT] is in the region 0-76.96 mM. The 

increase in the value of k is much more significant in the lower [AOT] region, [AOT] = 0-1.80 

mM.  
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Figure 8.8 The variation of k with [AOT] in AOT/cyclohexane reversed microemulsion 

system. 

 

Figure 8.7B shows that the increase of [AOT] in the lower [AOT] region, 0-1.80 mM, 

leads to a shift up in the emission intensity of the It curve in the first 31 minutes of the reaction. 

It had been noted previously that the emission intensity of TDE CL is related to the concentration 

of quenching species. Therefore, it can be assumed that the increase in the emission intensity is 

due to the removal of quenching species by enclosure in reversed micelles.  This assumption 

agrees with the result showed in Figure 8.8. A dramatic increase in the value of k is found when 

[AOT] increases from 0 to 1.8 mM. Because the concentration of quenching species is associated 

with the enclosing capacity of reversed micelle under low [AOT], [AOT]<CMC, the dramatic 

increase in the k value indicates the increase in the decay rate of emission intensity with reaction 

time and indicates that the influence of quenching species is reduced.  
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The increasing magnitude of k becomes much slighter when [AOT] is further increased 

from 1.80 mM to 76.96 mM. (as seen in Figure 8.8) These results agree with the modeling 

results. After the CMC (kmt·A= 5), the increase in the value of kmt·A causes only a very slight 

change in the emission intensity of modeled It curve. This suggests that collisions between 

excited TDE and quenching species were minimized when the concentration of surfactant is 

higher than its CMC. The slight increase in the k value may be due to the increase in the trapping 

rate of reversed micelle for quenching species with the increase in the concentration of reversed 

micelle. The frequency of radiationless collision between excited TDE and the quenching species 

is decreased if the trapping rate of reversed micelle for the quenching species is increased. In this 

study, the CMC is determined by the abrupt change in the k value. Therefore, the CMC of 

AOT/cyclohexane reversed microemulsion is determined to be 1.80 mM.       

    

Figure 8.8 shows that k decreases with the increase of [AOT] in very high [AOT] region, 

[AOT]=76.96-230.88 mM. This suggests that the reversed micelles become the major quenching 

species when their concentration is large. The decrease in the k value is assumed to be due to the 

collision quenching between excited TDE and reversed micelles and the quenching phenomenon 

is dominated by the concentration of reversed micelle. The emission intensity is no longer 

affected by the major products, TMU and TMO, of the TDE oxidation reaction. 

 

8.3.4.2 CMC of AOT/n-decane RMS 

Following the procedure described previously, the plot of k against [AOT] in AOT/n-

decane RMS is shown in Figure 8.9. Again, a dramatic increase in the value of k with increasing 

[AOT] is found when [AOT]<1.70 mM. After [AOT]>1.70 mM, the trend of k becomes more 

flat. Thus, the CMC of AOT/n-decane RMS is determined at 1.70 mM.  
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Figure 8.9 The variation of k with AOT concentration in the AOT/n-decane reversed 

microemulsion system. 

 

8.3.4.3 CMC of AOT/Short Carbon Chain Alkane RMS 

The It curves of TDE CL in AOT/n-dodecane, AOT/iso-octane, AOT/n-octane and 

AOT/n-heptane reversed microemulsions also had been collected by fiber optic spectrometer. 

These data were analyzed by variation of k with [AOT] to give the CMC value for each reversed 

microemulsion system. From these analyses, the CMC of AOT/n-dodecane, AOT/iso-octane, 

AOT/n-octane and AOT/n-heptane RMS were determined to be at 2.10, 0.79, 0.83 and 0.61mM 

respectively. Both the CMC data given from the measurement of TDE CL and the CMC data 

reported in the literature are listed in Table 8-1. Table 8-1 shows that the CMC values vary with 

the detecting methods. The difference is up to 85% in some cases. The CMC values determined 

using our method are similar to those detected using other methods. 

 

It is well known that the CMC [32], the solubilization of the water pool [9], the enthalpy 

of micellization [62] and solvent penetration in the tail region of micelle [63] are influenced by 

the alkane chain length of the bulk solvent. Table 8-1 shows that the CMCs of AOT/alkanes 

RMS vary with the carbon chain length of the solvent: the longer the chain length, the lower the 

CMC of the AOT/alkane RMS. The polarity of the solvent doesn’t appear to make much of a 
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difference in the CMC. For example, even though iso-octane is more polar than n-octane, the 

CMC of AOT/n-octane RMS (0.83mM) is close to the CMC of AOT/iso-octane RMS (0.79mM).  

 

Previously reported CMCs 

Bulk media 

CMC 

determined by 

TDE CL (mM) 
Method CMC (mM) Ref. 

n-dodecane 2.10 - - - 

n-decane 1.70 

X-ray scattering 

Small angle neutron 

scattering 

0.73 

 

0.24-1.60 

[64] 

 

[65] 

n-octane 0.83 Calorimeter 1.0 [32] 

iso-octane 0.79 

Fluorescent probe 

Positron annihilation 

Spectrophotometer 

Calorimeter 

Microcalorimeter 30oC 

1.7 

0.6-0.9 

1.1 

0.84 

0.85 

[26] 

[28] 

[32] 

[32] 

[62] 

n-heptane 0.61 
Spectrophotometer 

Calorimeter 

1.0 

1.1 

[32] 

[32] 

cyclohexane 1.80 

UV spectrum 25oC 

Light scattering 

Dye adsorption (iodine) 

0.95-1.1 

1.35 

0.2 

[4] 

[66] 

[31] 

Table 8-1 The CMC reported in early studies and the CMC given from the detection of 

TDE CL in the reversed microemulsion systems consisting of AOT and non-polar 

hydrocarbon solvents. (the CMC shown in this table is measured by TDE CL at 25oC) 

 

8.3.4.4 CMC of NaDDBs/Cyclohexane RMS 

NaDDBs (sodium dodecylbenzene sulfonate) is an anionic surfactant often utilized to 

stabilize reversed microemulsion systems. Although NaDDBs has a similar molecular structure 

as SDS (sodium dodecyl sulfate), we found that NaDDBs can be dissolved into most non-polar 

solvents and appears to have a higher solubility than SDS. A stable colloid solution forms as 

NaDDBs is dissolved into a non-polar solvents. The It curves of TDE CL in 

NaDDBs/cyclohexane system also were collected by fiber optic spectrometer when the 

concentration of NaDDBs was varied. The local maximum appears when the concentration of 
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NaDDBs is decreased to 0.980mM. An increase in emission intensity was found when the 

concentration of NaDDBs is increased from 1.226mM to 2.451mM. By the analysis of the k 

values, the CMC of NaDDBs/cyclohexane RMS was found to be 1.90 mM.  

 

8.3.5 Pre-Micellar Concentration Region (RMC region)  

RMS are known to have a pre-micellar region prior to the CMC.  Manoj et al. identified 

the existence of a pre-micellar concentration region in 1996. [26] In the PMC region, although 

the concentration of surfactant is lower than the CMC, the surfactant monomers tend to 

aggregate together. Because of this, the properties of RMS do not change as sharply as normal 

microemulsions as the CMC is approached. 

 

Figure 8.10 depicts the distribution of AOT monomers when the concentration of AOT 

approaches the CMC. In the pre-micellar region (shown as b in Figure 8.10), both the density of 

AOT reverse micelles and the solubility of the system for polar species are promoted with 

increase AOT concentration. This was seen in Figure 8.8 and Figure 8.9 as a sharp increase of k 

with increasing AOT concentration.  
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Figure 8.10 Depiction of the pre-micellar concentration (PMC) of AOT (amphipathic 

molecule with two feet). The concentration of AOT in the oil bulk phase increases from left 

(a) to right (c). (a) [AOT] is lower than the CMC and out of the PMC region; (b) [AOT] is 

in PMC region; (c) [AOT] is higher than the CMC. 

 

The location of the local maximum that is observed in Figure 8.7B is thought to be 

related to existence of a pre-micellar region.  As seen in Figure 8.7B, the local maximum 

appears for [AOT] between 0.19 and 0.770 mM.  As described previously, this local maximum 

appears because the quenching species begins to be removed from the bulk solution rapidly 

enough to temporarily increase the emission intensity.  Between the concentration of 0.385 and 

1.15 mM, the location of the local maximum is shifted to shorter times as the surfactant 

concentration increases (from point b to point a).  At lower surfactant concentrations, fewer 

micelles are present, so the rate that the quenchers are removed from solution is lower.  The two 

curves for 0.385 and 0.192 mM are nearly identical in the location of the local maxima.  It is 

thought that this is because 0.385 mM is near the lower limit of the pre-micellar region.  Below 

that concentration, the surfactant molecules are not arranged as micelles, so their concentration 
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has no effect on TDE CL and the accumulation rate of quenching species in the bulk phase tends 

to a constant. 

 

8.3.6 Viscosity Determination in Micro-systems 

Förster and Hoffman [67] indicated the mathematical relationship between solvent 

viscosity (υ) and the quantum yield of fluorescence (Φ) as: 

                                                    C+⋅=Φ υχ loglog       (8- 9) 

Because the emission intensity is proportional to the quantum yield, the governing 

equation could be reworked from Equation 8- 9 to give equation [68] Equation 8- 10: 

                                                              nI )( ⋅= ξυ       (8- 10) 

where C, ξ and n are constants. χ is the slope given from plotting logΦ vs. logυ. 

 

Experiments were run to determine whether the intensity of TDE CL would be fit with 

Equation 8- 10. If so, TDE CL may provide a means to measure solvent viscosity. In this study, 

the [AOT] was set in its PMC region (0.43 mM). Figure 8.11 shows the relationship between 

viscosity and emission intensity. As seen in Figure 8.11, there is a linear relationship between 

ln(υ) and ln(I), as predicted by Equation 8- 10. The constants ξ and n were found from the linear 

fit of the data and were calculated to be 0.02627 and 1.70. From this analysis, it emerges that the 

viscosity can be predicted using TDE CL by using Equation 8- 11.  

70.1)02627.0()( IcSt ⋅=υ       (8- 11) 

where υ is the viscosity of RMS in the unit of cSt while I is the emission intensity of TDE CL in 

the RMS in a arbitrary unit. 
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Figure 8.11 The relationship between emission intensity emitted from TDE CL and solvent 

viscosity. 

 

This equation is only applicable to the specific conditions used in this study (type of 

surfactant, TDE concentration). However, these results do suggest that TDE CL could be used to 

estimate the viscosity and overcome the disadvantage of mechanical fluid viscosity measurement 

methods, such as the limitation in the sample volume and the type of fluid (Newtonian or non-

Newtonian fluid). 

 

8.3.7 Limitations of Using TDE CL in Determination of the CMC of RMS  

TDE CL fails in detecting the CMC and viscosity of RMS when the surfactant used to 

stabilize RMS contains hydroxyl group or the organic solvent in continuous phase is an aromatic 

compound or alcohol. This is because hydroxyl groups can act as catalysts to enhance the 

reaction rate of TDE CL while aromatic compounds disrupt the transfer of electronically excited 

energy and leads to the extinction of TDE CL. Both the reaction rate enhancement and the 

disruption of electronically excited energy will cause inaccuracies in the identifications of the 

CMC and viscosity of RMS when TDE CL is employed in the characterization of RMS.   
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8.3.7.1 Surfactant with Hydroxyl Group 

Triton X-100 can demonstrate the influence of a surfactant with hydroxyl group on TDE 

CL. The molecular structure of Triton X-100 is similar to that of NaDDBs. The hydrophilic 

terminal of X-100 contains a hydroxyl group while the hydrophilic terminal of NaDDBs is a 

sodium sulfate group. Based on the procedure described previous, the CMC of X-

100/cyclohexane RMS is identified around 60mM through the determination of k values. 

Obviously 60mM deviates far from the published values, 0.22-0.24mM. [69] The over-

estimation of the CMC value detected by TDE CL also occurred when a co-surfactant, alcohols 

with short carbon chains, was added into the system. These over-estimations in the CMC are due 

to the disturbance for TDE CL caused by the hydroxyl group of X-100 since it had been 

identified that the compound containing a hydroxyl group, such as water and alcohols, acts as 

catalyst for TDE CL. [47,70,71,72]     

 

8.3.7.2 Solvent Effects 

Aromatic compounds usually are the backbone of fluorescent dyes due to their 

conjugated and rigid molecular structure. For instance, benzene has six delocalized π electrons 

over all six C-C bonds and an unsaturated electron structure. Thus, benzene acts as an electron 

pool to donate or accept electrons when an electron donor or acceptor substituent is bonded to 

benzene. The enlargement of conjugated system (addition of an adjacent benzene ring or bonding 

an extra substituent) will lead to lower T (triple state) to S0 (ground single state) and S1
* (first 

excited single state) to S0 transitions and increase the quantum yield. For instance, the quantum 

yield increases from benzene, 0.007, to anthracene, 0.36, in cyclohexane solution. [73] 

  

When benzene is used as the non-polar solvent in the bulk phase of RMS, the emission of 

TDE CL becomes dim. The extinction of the emission of TDE CL is due to the termination of 

excited energy transfer from TDMD to TDE while benzene is the bulk solvent. Because of the 

big energy gap between the S0 state and S1* state of benzene, both the adsorption and emission 

maxima of benzene are in the UV region. However, the adsorption maximum , λex=436nm, and 

the emission maximum, λem=494nm, of TDE are in visible region. It is hypothesized that the 
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energy released from the decomposition of TDMD is less than the excited energy for benzene. 

The excited energy transfer from TDMD to benzene, thus, leads to the extinction of TDE CL.  

 

8.4 Conclusion 

The results reported in this chapter show that TDE CL is a powerful technique in 

characterizing the properties of RMS, including the CMC, pre-micelle concentration (PMC) and 

viscosity. TDE CL allows the CMC and PMC to be probed due to the mass transfer of quenching 

species from the TDE bulk solution to micelles.  This process gets more efficient when micelles 

form, so TDE CL emission intensity is markedly different when there are micelles.   The CMC 

of two different RMS systems with various solvents were estimated using TDE CL, and the 

values were similar to reported literature values.  It was also found that the intensity of TDE CL 

varied with the viscosity of the solvent, providing a potential new way to find viscosity for RMS. 
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CHAPTER 9 - Conclusions and Future Work 

9.1 Conclusions 

The potential to use TDE CL in characterizing the surface properties of metal oxides and 

identifying the critical micellar concentrations (CMC) of surfactants in reversed microemulsion 

systems has been studied. Both the surface properties of metal oxides and the formation of 

reversed micelle were determined through the trend of the emission intensity vs. reaction time 

(It) curve of TDE CL. The CMCs were evaluated by TDE CL in different non-polar solvents 

(alkanes, cyclohexane and mineral oil) with non-ionic and ionic surfactants. For surface 

characterization, several surface modifying methods, including steam-treatment, grafting agent 

and heat-treatment, were employed to regulate the distribution of surface hydroxyl. The 

influence of surface hydroxyls in different configurations on the emission intensity of TDE CL 

was studied.   

 

 The results elucidated that isolated hydroxyls speed up the oxidation reaction of TDE. 

Obvious enhancement in the emission intensity was found when the surface of metal oxide 

abounds in isolated hydroxyl groups. Metal oxide surfaces lose their catalytic ability for 

enhancing the emission intensity of TDE CL when most isolated hydroxyl groups were removed 

at high temperature.  

 

The catalytic reactivity for the emission of TDE CL is associated with the local 

environment of the isolated hydroxyl groups on metal oxides. Treating γ- Al2O3 at high 

temperature, 900oC, led to a transformation of the crystalline phase. It was found that the 

stretching frequencies of isolated hydroxyl shifts upward after phase transformation occurred. 

Subsequently, higher emission intensity was detected as TDE CL was catalyzed by the treated 

Al 2O3. In contrast, a dramatic decrease in the emission intensity of TDE CL was observed as the 

isolated hydroxyl groups at higher frequencies were substituted by grafting agents. Moreover, 

treating the surface oxide surface by steam or acetic acid created more defects on the surface. 

More isolated hydroxyl groups with lower coordination are created after steam treatment, since 

the hydroxyl groups with lower coordination are isolated hydroxyls adsorbed on edge and corner 
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sites. The steam treated metal oxide was proven to have higher catalytic reactivity for TDE CL. 

Lower catalytic reactivity for the emission of TDE CL was found on acetic acid treated metal 

oxide since acetic acid also participates in the substitution reaction of the isolated hydroxyls with 

higher stretching frequencies.    

 

The influence of quenching species formed during TDE oxidation was used to investigate 

reversed micelle systems. It was proposed in this study that the quenching magnitude is 

diminished after the formation of reversed micelle because the quenching species were extracted 

out from the bulk phase and isolated in the water pool of reversed micelles. Therefore, the 

decaying rate of emission intensity varied with the concentration of micelles in bulk phase. It 

was found that the decay rate increased linearly with increasing surfactant concentration, but 

there was a point where the slope of the trend changed dramatically. The concentration of 

surfactant at this transition point was determined as the CMC. All CMC values for different 

reversed microemulsion systems given by TDE CL characterization are close to the CMC values 

evaluated by spectrometric methods reported in prior studies. It was found that the CMC value 

decreases with decreasing carbon number of the alkane. Otherwise, it also was demonstrated that 

the emission intensity of TDE CL was proportional to the viscosity of the bulk phase. This 

feature enables TDE CL to be a molecular rotor for detecting the viscosity of reversed 

microemulsion systems.  

 

In previous studies, tetrakis(dimethylamino)ethylene (TDE) was mostly used as a 

reducing agent in different reactions. For the determination of metal oxides’ surface properties 

and the characterization of reversed microemulsion systems, a lot of techniques have been 

developed and employed in laboratories and industrials, but the potential of TDE 

Chemiluminescence (CL) as a tool for such characterizations is presented for the first time in this 

work. The method of TDE CL is different from other techniques applied in characterizing 

surface properties of metal oxides in that TDE CL analyzes surface chemistries via the catalytic 

reactivity of surface hydroxyl groups (which are the most abundant species adsorbed on metal 

oxide surfaces). This important feature enables the analysis to proceed at room temperature with 

no need for the extreme high temperatures required to remove surface adsorbents before other 

analysis techniques can be implemented. It is well known that metal oxide surface properties 
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change at high temperatures because of the migration of surface ions, so the ability to analyze the 

surfaces at room temperature is a significant advantage over other techniques. 

 

The excited energy for TDE CL is supplied by the reaction intermediate, “tetrakis-

dimethylamino-1,2-dioxetane” (TDMD). This allows TDE CL to be used to characterize 

reversed microemulsion systems without the need for irradiation by an excited laser beam. Even 

for systems which tolerate excitation by laser beam, TDE CL has the advantages of eliminating 

the light source device’s installation, warm-up, and the potential for interference from light 

scattering. As for the disadvantages of using TDE CL in characterizing the properties of reversed 

microemulsion systems and metal oxide surfaces, this work showed that unusual results were 

obtained when the probing target is a metal oxide with very low potential, or a reversed 

microemulsion system containing aromatic or alcoholic compounds. 

9.2 Future work 

Reversed microemulsions have been widely applied in synthesizing nano-catalysts or 

nano-metal particles. [1,2] In the synthesis procedure of nanoparticles, the exchange of ions 

contained inside reversed micelles via diffusion and re-dispersion processes is a crucial step. [3] 

Prior studies indicated that the change in temperature and composition of reversed 

microemulsion systems (RMS) facilitate the interaction between reversed micelles by mass 

transfer. [4,5,6,7,8,9] The aggregation and clustering of particles are ascribed to the increase in 

the transportation of the ions between reversed micelles. Temperature- or water-induced 

percolation regulate the diffusion and re-dispersion of the precursors of metal particles in 

reversed microemulsion systems. The occurrence of temperature- or water-induced percolation is 

due to changes in the packing parameter and the curvature of surfactant aggregation (described in 

section 2.3). In early studies, percolation phenomenon mostly were monitored by various 

spectroscopes, such as NMR. Research applying CL reactions in detecting the phenomenon of 

temperature- or water-percolation has not been reported. TDE CL is considered as a probe in 

detecting the occurrence of percolation at a specific temperature and W0 (surfactant-to-water 

ratio) since the occurrence of percolation is hypothesized to increase the quenching collision 

between excited TDE and quenching species and subsequently cause a decrease in the emission 

of TDE CL. 
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Otherwise, it can be envisioned that TDE CL can be applied as a characterization method 

under some specific conditions because the method of TDE CL features the absence of an 

external excited source and no limitation in sample amount compared with present fluorescent 

method. For example, the irradiation by a laser beam is necessary for the probing of a fluorescer. 

However, bio-systems usually are sensitive to this irradiation.  
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