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Abstract

To characterize surface properties by current tegci®s, metal oxides typically have to
be pre-treated at high temperature to remove surfaosorbents. Therefore, a new low
temperature method which can provide informatiortton surface chemistry is desired. In this
work, the surface properties of metal oxide samplesere studied by
tetrakis(dimethylamino)ethylene (TDE) chemilumirasce (CL). This chemiluminescent

method was also employed in probing the propedi@sversed microemulsions.

It was found that the emission intensity vs. reactime curve ¢) of catalyzed TDE CL
on MgO was affected by the distributions and typéssurface hydroxyl groups. Isolated
hydroxyls with lower coordination were found to kavigher catalytic reactivity for the emission
of TDE CL. Although hydrogen bonded hydroxyls atsdalyze the TDE oxidation reaction, the
influence on the light emission was negative. Beeatlhe properties of surface hydroxyls are
associated with specific orientations of adjacemtsj information on surface hydroxyls can
provide information about some general surfaceatharistics of a metal oxide.

When characterizing surface hydroxyls on,@J by TDE CL, it was found that the
catalytic reactivity of isolated hydroxyl groups grongly associated with the stretching
frequency of isolated hydroxyl. The stretching fregcy () of an isolated hydroxyl group is
related to the modification of the adjacent iond #re coordination of the isolated hydroxyl. The
results showed that the blue-shifts in the streggHrequencies of isolated hydroxyls led to

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

TDE CL was further applied in characterizing thefactes of other metal oxides and
chemically grafted AlOs;. The results indicated that the isolated hydrayyups with fewer
adjacent ions likely have higher affinity for thendbng of grafting agents. Higher emission
intensities were obtained from catalyzed TDE CLnogtal oxides featuring higher percentages

of isolated hydroxyls.



The determination of a surfactant’s critical miaelconcentration was accomplished by
measuring the decay rate of the emission of TDEMCA reversed microemulsion system. In this
study, the CMC values of non-ionic and ionic suidats were measured in different non-polar

solvents.
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CHAPTER 1 - Introduction

1.1 TDE chemiluminescence (TDE CL)

Tetrakis(dimethylamino)ethylene (TDE) chemilumiresce (CL) was observed in 1950
by Pruettet. al[l] Several reports related to this chemiluminesceompound have been
published that detail the reaction mechanism anglicgtion of this chemiluminescent
compound in semiconductors as a reducing agens anauxiliary light source for emergency
situations. However, studies on applying TDE asr@b@ either in chemical or biochemical

reactions have not been done.

The oxidation reaction of TDE under aerobic comaitis spontaneous, producing light
emission. It was shown in early studies that theited energy for light emission is liberated
from the proportional or disproportional decompiositof the intermediate produced from the
oxidation reaction of TDE, tetrakis-dimethylamin@Xtioxetane (TDMD), as seen in Figure
1.1. Rewicket. al. analyzed the composition of the products of TDEnstuminescence (TDE
CL) [2] and suggested that tetramethylurea (TMUW wiramethyloxamide (TMO) were the two
primary products, about 83 mole%. Rewiek al. found that TMO and TMU were highly
electron-affinity species. These two species aciuenchers for the emission of TDE CL. [3, 4,
5, 6]

TDE CL is considered as a chemical probe in thiglystbecause it features two unique
properties. First of all, the polarity of TDE isfférent than its products. TDE is composed of
four di-methyl amino groups symmetrically bondedatginyl center, so TDE is non-polar. The
primary products of TDE oxidation, TMU and TMO, dreth polar. This difference in polarity
offers the potential for separating out the oxlatproducts and increasing emission intensity.
We propose that this feature could be used to ptiobgroperties of reversed micelles. When
TDE is introduced into a system with a non-poldvent and surfactant, because of the opposite
polarity of TDE and it products, the products vii# separated from the bulk phase, forming a
secondary micellar phase. Second, it is well kntlvat the reaction of TDE CL is enhanced if a

protonic material, such as a hydroxyl group, isspre. [7, 8, 9] The surfaces of metal oxides

1



abound in hydroxyl groups and the catalytic redistiof surface hydroxyls with different
configurations may affect TDE CL differently. Theoperties of surface hydroxyls depend on
the adjacent surface ions fMand G") and interaction between neighboring hydroxyl gu
Therefore, TDE CL is expected to be a tool for ditg the surface properties of metal oxides

via the catalysis of the surface hydroxyl groupsTDE CL.
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Figure 1.1 The molecular structures of the productproduced from TDE oxidation
reaction where TDMD, TMU, TMO, TMH BMAM and DMA rep resent tetrakis-
dimethylamino-1,2-dioxetane, tetramethylurea, tetranethyloxamide,

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

1.2 The Characterization of reversed microemulsiosystem by TDE CL

A reversed microemulsion micelle is constructedthg aggregation of amphipathic
(surfactant) molecules with the polar heads atdo interior of the micelles while the non-
polar tails extend into the bulk non-polar solvéfdr a microemulsion system, the CMC (critical
micellar concentration) is the most important pagtensince the system starts to feature the full
functions when the concentration of surfactantvsrahe surfactant's CMC. Above the CMC,
the surfactant monomers and micelles exist in aadya equilibrium. Further increasing the
concentration in the system will result in the agmtion of the surfactants while the
concentration of the free surfactant monomers rasnairtually constant in the bulk phase.[10,
11]



The present technologies employed in measuringQREC value of an oil-in-water
(O/W) microemulsion typically are obtained from talerupt change in the physical properties,
such as surface tension, specific heat, condugtisemotic pressure, light scatterieg al, as
the concentration of surfactant is increased. imtrest, the change in the physical properties of
reversed (water-in-oil, W/O) microemulsion typigails too slight to detect the abrupt change by
present technologies. This leads the difficultlytie determination of the CMC of reversed
microemulsions. Many early studies focused on tke of fluorescent probes along with
spectroscopy, such as UV/Visible and fluorescemicspscopy, to detect the CMC of W/O
microemulsion. [12, 13, 14] TDE CL is different fnothe use of fluorescent probes in CMC
determination. The most important difference isahsence of an external exciting source, such

as a laser beam. This is a significant advantagsyktems that are sensitive to laser irradiation.

The fundamental basis for using TDE to probe theQCbf reversed microemulsion
systems is due to the different polarities of TDHE ¢éhe quenching species, TMO and TMU. The
collision between excited TDE and quenching spelgads to the diminution in the emission
intensity. It is hypothesized that the formation & inter-layer assembled by surfactant
molecules can extract the polar quenching speciesfdhe non-polar TDE bulk phase when the
concentration of surfactant is higher than its CM®ulk solvent. Subsequently, the quenching
species will be enclosed inside the water-poohefreversed micelles. Therefore, the emission
intensity of TDE CL can reflect the formation ofveesed micelles. The decay of the emission
intensity not only is related to the concentratdnTDE, but also is associated with the number
of micelles in the solution. In this study, the esion intensity vs. reaction timeg)(€urve were
collected by fiber optic spectroscopy and usedtdyae the CMC of few surfactants in alkanes,

cyclohexane and mineral oil.

This research also demonstrated the potential & TR to determine the viscosity of a
system with a micro-volume. The emission intengify TDE CL results from the kinetic
competition between mechanical excitation and edeat excitation. Thereby, limiting the
number of vibrational modes of excited TDE will linthe dissipation of the excited energy in

intra-molecular vibration and rotation. This ideashbeen discussed by Haidekledr al.



Haidekkeret. al illustrated that the emission can be enhanceldeifintra-molecular rotation of
the fluorescent molecules with unique structuresegricted via steric hindrance in a viscous
media. [15, 16, 17] These specific fluorescers ten employed as molecular rotors in
determining the viscosity of a system. TDE is canged by four dimethylamino groups bound
to a vinyl center. Therefore, it is proposed thatission will be enhanced by restricting the
rotation of dimethylamino groups in a viscous mediae results show that the emission
intensity of TDE CL is proportional to the viscgsaf media, suggestings that TDE CL can be a
tool to evaluate the viscosity of a system. Thishuoé is attractive for determing viscosity
because it has no limitation in sample volume amdp@e type (non-Newtonian vs. Newtonian

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

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

The surface chemistry of metal oxides has alwayacieéd much attention because metal
oxides are used as catalysts for different reastiand as a carrier for additional materials.
However, quantitative studies of surface chemidstyy present spectroscopic techniques are
difficult due to the intrinsic complexity of the wbe surface and the limitations of the present

techniques.

The outermost surface of metal oxide is covereadsorbed species, such as hydroxyl
groups and molecular water. Hydroxyl groups aré def the surface after molecular water is
removed by outgassing at a0 Because of the difference in the interactiooween surface
hydroxyl groups and the adjacent surface iof™* (Bt %), the properties of hydroxyl groups,
including reactivity, acid-base property and pdsation (stretching frequency), vary with the
surface structure of the metal oxide. Thereforefase hydroxyl groups can act as finger prints

that reflect the surface morphology and propedigbe metal oxide.

It had been proven in earlier studies that protonaterials, such as water and alcohols,
act as catalysts for the reaction of TDE CL. [18, 20] This study attempts to use TDE CL to
characterize the surface properties of metal osidee the surface hydroxyl group on metal
oxide may play the same role as protonic mateaalttie reaction of TDE CL. The catalytic
reactivity of surface hydroxyls for the emissionT@E CL varies with the liberation magnitude



of surface hydroxyl groups. Through the variation the emission intensity, the surface
properties of metal oxide can be probed. Indeeslgthission intensity of TDE CL is associated
with the production of TDMD. TDMD is the product tife oxidation reaction of TDE. With the

presence of specific surface hydroxyl groups, tteglpct of TDMD is thought to be enhanced
and subsequently more photons will be released thigedecomposition of TDMD, as the sketch

shows inFigure 1.2.

Understanding the distribution of surface hydroxwislifferent configurations is crucial
and important before employing TDE CL in characieg surface properties of metal oxide.
The perturbation of hydroxyl group is decreasetivasneighboring hydroxyl groups are bridged
by hydrogen bonding. Surface hydroxyl groups candbaded into two major categories:
hydrogen bonded hydroxyls and isolated hydroxyllbkindeet. al. suggested that isolated
hydroxyl groups are adsorbed on edge and corres sather than on extend planes. [21] As will
be shown, TDE CL is influenced by the amount amuksyof surface hydroxyls present on a
metal oxide surface, so measuring th@mission intensity vs. reaction time) curve caovjie

information on the surface properties of metal exid

1.4 Characterizing surface grafting by TDE CL

Surface grafting enables the metal oxide to featlifferent functions by changing its
surface properties. For example, grafting hexaneéigiloxane (HMDS) on the surface of a
metal oxide causes the surface to become more plydbac. This grafting reaction is termed as
silation. [22] The grafted HMDS helps the metaldexio be dispersed in non-polar media easily.
It was found in earlier studies that surface hygit@xoups on metal oxide were the binding sites
for grafted organic compounds. Therefore, the gdieactivity and binding position of a
grafted compound on the metal oxide can be expltheasligh TDE CL. In this study, three
grafting agents, (2-chloroethyl)ethyl sulfide (2%, HMDS and acetic acid (AA), were
studied with A}JO3z and TDE CL to understand the effect of surfacacstire for the binding
ability of metal oxide.
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Figure 1.2 Sketch of the catalysis of surface hydrgl group for the oxidation reaction of
TDE and the emission of TDE CL.

1.5 References

1 Pruett, R. L.; Barr, J. T.; Rapp, K. E.; BahnerTG.Gibson, J. D. and Lafferty, R. H., Am. Chem. So¢1950
72, 3646.

2 Rewick, R. T.; Schumacher, M. L.; Shapiro, S. Lel®r, T. B.; and Cavalli-Sforza, MApal. Chem.1988 60,

2095.

Winberg. H. E.; Downing, J. R. and Coffman, D. D.Am. Chem. Sqd 965 87, 2054.

Winberg, H. E.; Carnahan, J. E.; Coffman, D. D. Bnown, M.,J. Am. Chem. Sqd 965 87, 2054.

Winberg, W. E.US. Paten 3,264,221960.

Heller, C. A. and Fletcher, AJ, Phys. Chem1965 69, 3313.

Fletcher, A. N.J. Phys. Chem1969 73, 3686

Fletcher, A. N. and Heller, C. AJ, Catal, 1966 6, 263.

Fletcher, A. N. and Heller, C. AJ, Photochem. Photobioll965 4, 1051.

10 Dominguez, A.; Fernandez, A.; Gonzalez, N.; Iglesia and Montenegro, Llpurnal of Chemical Education
1997, 74, 1227.

11 Fendler, J. H.Accounts of Chemical Reseayd®76 9, 153.

12 Behera G. B.; Mishra, B. K.; Behera, P. K. and Ramd.,Advances in Colloid and Interface Scient299 82,
1.

13 Olesik, S. V., and Miller, C. JLangmuir, 1990 6, 183.

14 Rodenas, E., and Perez-Benito,E Phys. Chem1991, 95, 4552.

© 00 N oo o b~ W



15
16
17
18
19
20
21

22

Law, K. Y.,Chem. Phys. Lett198Q 75, 545.

Haidekker, M. A. and Theodorakis, E. Rrg. Biomol. Chem2007, 5 1669.

Haidekker, M. A.; Akers, W.; Lichlyter, D.; Brady, P. and Theodorakis, E. ASgnsor Lett.2005 3, 42.
Fletcher, A. N.Journal of Physical Chemistr#969 73, 3686

Fletcher, A. N. and Heller, C. Alpurnal of Catalysis1966 6, 263

Toby, S. T.; Astheimer, P. A. and Toby, F. 5.Photochem. Photobiol. A: Cherh992 67, 1.

Klabunde, K. J.; Stark, J.; Koper, O.; Mohs, Crk®. G.; Decker, S.; Jiang, Y.; Lagadic, |. arfiadg, D.J.
Phys. Chem1996 100, 12142.

Slavov, S. V.; Sanger, A. R. and Chung, K.JI.Phys. Chem.,B998 102, 5475.



CHAPTER 2 - Literature Review

2.1 Principles of Chemiluminescence

Light emission can result from incandescence oridestence. Incandescence is an
energy conversion procedure from vibrational enetgyradiant energy. Luminescence, in
contrast, is an energy transition from thermal bemical energy to electronically excited
energy. Chemiluminescence (CL) is a sub-categodeuiuminescence. The energy source for
the light emission in chemiluminescence is spedlificliberated from a chemical reaction.
Highly exothermic reactions are more like to resalthe formation of an excited state in a CL

procedure.

In the past half century, CL has been frequentestigated and used as an analytical
tool in the fields of chemistry [1, 2] and biochetny [3, 4, 5, 6, 7]. For example, 1,2-dioxetante
and a-peroxylactones are two labile intermediates predudrom the autoxidation of-
bromohydroperoxides [8, 9] and ketene [10, 11] alsd are the energy source in CL processes.
The breakdown of these two energy-rich compoundsatalyzed by acid/base-catalization and
nucleophilic/electrophilic attack. These two chaminescent molecules are typically utilized to
detect transition-metal ions in solution. [12] Tthstinct advantage using CL as an analytical
tool is due to the absence of externally excitedre®s, which means that the analytically
relevant emission can be measured against a cathpletark background. Therefore,

interference from light scattering can be ignored.

Numerous chemical reactions have been found timaéat a photon. The best known of
those involve luminol, luciginen, and oxalate estdihe reactions can be broken down into three
stages: preliminary reaction, excitation, and fasmence emission. [13] The intermediate
produced from the preliminary reaction is the sewtthe necessary excited energy that is then
transferred to an emissive product or a fluoresaeneptor. The conversion of chemical energy
liberated from the key intermediate to electronicigtion energy is the excitation step. Finally,

the photon is released from excited reaction prodadhe excited reaction product falls back to
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ground state in the step of fluorescence emissitwerefore, if a chemical reaction is to be

chemiluminescence, the reaction has to have tlasengal features.

1. The reaction should be an exothermic reactiahtha excited energy liberated from the key
intermediate is sufficient to excite an energy atoeto its excited state.

2. The structure of excited energy acceptor i$ ttiprevent the consumption of excited energy
in intra-molecular torsional vibrations. [14]

3. The loss of excited energy is via a radiativecpss.

2.1.1 Chemiluminescence: Preliminary Reaction

Two general mechanisms possessing the ability tergee photons have been found:
peroxyoxalate chemiluminescence and electrogermecitemiluminescence (ECL). [15, 16] For
peroxyoxalate CL, the high-energy molecules, 1gkeliane and its carbonyl derivatives, are
converted through a thermal reaction to an electatly excited state. In contrast, the
electronically excited energy liberated from chaageihilation results in ECL.

2.1.1.1 Unimolecular Fragmentation (Peroxide Chdomminescence)

The unimolecular fragmentation of peroxides andddrivatives, 1,2-dioxetants-
peroxylactones and 1,2-dioxetandiones (as seefigare 2.1), are extremely exothermic
reactions. They also are commonly found in orgahiemiluminescence and bioluminescence.
[17] Peroxides are synthesized normally via twocpdures: hydroperoxide cyclization and
singlet oxygen cycloaddition. The starting reagdatsproducing peroxyoxalates can be oxalic
reagents, such as aryl oxalates [18, 19], oxalldrade [20] and oxalic anhydrides [27], ketenes
[21], allylic hydroperoxide [22]p-hydroperoxy acids [23], flavins [24], olefins [286] et. al.
Because these four-membered ring peroxides invbigh strain energy, the electronically
excited energy is produced from bond energy. Bot® @nd C-C bonds cleave simultaneously
and liberate much energywo carbonyl fragments, both containing a C=0 baré, produced
from the decomposition of the peroxide moleculethi photon is emitted from the excited
products of the reaction directly, the CL reactim termed direct chemiluminescence.
Alternatively, the excited energy can be transfén® a fluorescent molecule; the subsequent

emission from this excited fluorescent moleculeabed indirect chemiluminescence.
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Figure 2.1 Energy-rich molecules for chemiluminescee (referenced from [17, 28]).

2.1.1.2 Charge Annihilation

The second general mechanism of luminescence isggehannihilation, also called
electrogenerated chemiluminescence (ECL). ECL wesla bimolecular reaction with two
radical ions with opposite charge. The photon Iwalied by an electrochemical reaction.
Undergoing the electron transfer from radical anibi) to a radical cation (&), the donor is
excited to an excited state [29]. ECL occurs uguay suitable aromatic hydrocarbons [30, 31],
polyaromatic hydrocarbons [32] and some inorganiommglexes, such as tri(2,2-
bipyridyl)ruthenium(ll) [33, 34]. A systematic reficon ECL was published by Schustdr al.
[35, 36]

2.1.1.3 Chemically Initiated Electron Exchange Lumescence (CIEEL)

Chemically initiated electron exchange luminesce@&EL) features the characteristics
of peroxyoxalate chemiluminescence and ECL. A figoer acts as the activator and the electron
donor in CIEEL reaction. Initially, an electron timnsferred from a fluorescer to a peroxide
molecule which contains high energy and acts aslectron acceptor in CIEEL. The electron
transfer is concomitant with the formation of aicattion pair and O-O bond cleavage. An
electronically excited fluorescer is formed whenedectron is transferred backward (backward

electron transfer, BET). The early studies relatmghe reaction mechanisms of CIEEL and the
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correlation between peroxyoxalates and fluoresadrldeen 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 hamgnetic and electrical components
and is an electromagnetic wave. Thus, the veloaityight (C) equals the product of wave
frequency ¢) and wavelengthj.

C=vx4 (2-1)

Until the 19" century, Planck and Einstein illustrated the cphcef photon and
combined two theories of light, electromagnetic gndntum theories. [44] Therefore, energy of
photon (E, ergs/molecule) is calculatedHguation 2- 2

E=hv=hC/A=hCv (2-2)

whereh is the Planck constant (6.63%¥0J s),C is the velocity of light (3x1%ms?) and

v is wave number (c). Figure 2.2 shows the relationships between energy and waytlef

light emission.

By Planck’s equation, exciting a visible fluorescar theory, requires 177 KJ/mole
(Aer=700 nm) to 309 KJ/molew{,=400nm). However, this critical energy can be ksiong the
vibrational modes of the produced molecules inetk@tation process in radiationless transitions
that are accompanied by heat release and photochleraactions. The chemical energy is not
completely transferred to electronically excitedemgy. For this reason, the adsorption
wavelength usually is lower then the emission wawgth when a fluorescer is excited by
external light source. The excited energy liberattedm an exothermic reaction in
chemiluminescence has to be higher than the tHigoeacited energy for the fluorescer in the

reaction.
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Figure 2.2 The relationship between emission energgolor, wavelength and wavenumber.

2.1.2.2 Characteristics of Excitation Stage

For most fluorescers, the absorption spectra apaealiffuse structureless bands with
several primary maxima and secondary maxima irbsand UV regions. The primary bands
are representative of the energy transition froougd state to excited states while the secondary
maxima represent the vibrational and rotationaliomst of the whole molecule or its parts. [48]
Since molecular rotation and vibration will caudee tdissipation of excited energy, the
wavelength of light emission spectra always is shkifted from that of excited radiation. The
emission spectrum is mirror-symmetric to the adsonpspectrum adsorption, and, usually,
overlaps with adsorption spectrum in the range f&@v0 nm (Stockes’ law). The range will be
extended to 150-250 nm according to the molecularctsire of fluorescer if the fluorescer
molecule has a more planar and rigid configurabonntramolecular hydrogen bonds. These

features minimize the loss of energy from the extgtate by intramolecular thermal motions.

12



2.1.2.3 Transition of Electronically Excited Energy

A singlet state (S) has electrons with antiparafehs (1) while the triplet state (T) has
electrons with a parallel arrangemetit)( The energy transition in CL involves not onlgglet-
singlet and triplet-triplet energy transitions falgo inter-system crossing (singlet-triplet). When
the fluorecer molecule is in the ground statg),(81e electrons occupy the same orbital with
antiparallel spins. After the adsorption of excitkergy, the electrons are excited to a higher
electronic state (Sn=1, 2, 3....). Subsequently, both singlet-singled singlet-triplet transitions
may occur. The light emission due to the singlegit transition (§—S) is termed
fluorescence. On the other hand, phosphorescera@&soavhen light emission is due to the
transition of triplet-singlet (F=Sg) (as seen irigure 2.3). Inter-system crossing is carried out
by spin orbital coupling which is induced by int@-inter-molecular heavy atom, [7, 45, 46, 47]
and will extend the lifetime of the excited stak@r example, the lifetime of a singlet state
typically is 1 to 100 ns. However, it will be extled to 100 ns- 10 s for a triplet-excited state.
[48, 49]

Deactivation is carried out by a non-radiative gsxcincluding inter- and intra-molecular
deactivation. Intra-molecular deactivation invohaghermal relaxation by molecular rotation
and vibration and inter-system crossing from sir{@gto triple (T) state (displayed Figure
2.3). Due to the long lifetime of the triplet-excitethte, inter-system crossing has to be inhibited
if high emission intensity is desired. The magnétwd thermal relaxation is dependent on the
molecular structure of fluorescer. Higher quantutates result from more rigid molecular
structures. This will be further discussed in smctti2-1-3-1. Inter-molecular deactivation
typically is caused by a quenching effect. Manycpsses can result in quenching deactivation.
They include molecular collision, static quenchiegcited state reactions, electron transfer and
energy transfer. [50, 51, 52, 53, 54, 55, 56]

Currently 9,10-diphenylanthracene (DPA) and 9,l1fr@inoanthracene (DBA) are
widely used to evaluate the excited state (singldriple state) occurring in a CL reaction
through an indirect chemiluminescence. Becausackd heavy atoms, DPA is a singlet-singlet

energy transformation. [46, 57] In practice, thegket-singlet energy transfer efficiency from an
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excited carbonyl product created from a CL to DBAet as one. Therefore, the singlet quantum
yield (®° can be calculated easily [7, 46, 58]. In confr&BBA is a triplet-singlet energy

transformation. [59, 60] The spin-orbital couplisgcaused by the bromine atoms of DBA.

adsorption
S—>S
‘ A
Electronic states \L\ adsorption
T,—
( inter-system 1 T,
crossing
A~~~ hv \\
vibrational fluorescence g
. . ) 4
Vibrational state{ relaxation s — % T,
heat
hv
{ phosphorescence
k T1—> SO
Electronic stateS, Z

Figure 2.3 Diagram of energy levels and excited ergy transitions occurring in organic

molecule. Please note that vibrational relaxationsi non-radiating transitions.

2.1.3 Chemiluminescence: Emission
The efficiency of a luminescent reaction is defisdhe number photons generated from
the reaction per reactant molecule. [13] The quantield (@c,) is given byEquation 2- 3
D =D x D x Dy, (2- 3)
where @g1, energy transfer efficiency, is an additional terfor indirect
chemiluminescence reaction. The factdrse and @gm present the efficiencies of chemical

reaction and emission, respectively.

@ce is related to the productive efficiency of the myyerich intermediate or complex
produced from a chemical reaction and, furtherp@ased with the equilibrium and control of
chemical reaction. The factors which aff@gty and &gy are fairly well understood and can be

roughly separated into two categories: interior axtrior.
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2-1-3-1 Internal-Factor : Molecular Structure of Riorescer

Two basic criteria are available for fluoresceriges conjugated and rigid molecular
structure. The fluorescent molecules typically arended conjugated system, containing a
number of fused aromatic rings or unsaturated daobbhds to pool electronically excited energy
together. By Huckel's rule, the total numbermoélectrons in a conjugated ring system equal to
4n+2, where n=1, 2, 3..... The increase of aromatg mumber (n) will enhance the activity of
or n electron and, therefore, cause a decreasetoft@on energy and a shift the emission
spectrum to longer wavelengths. [44] For instatioe emission of benzene and naphthalene is in
the UV region. Bathochromic shift (red-shift) ocewvhen the conjugated system become larger,
such as anthracene (in the visible region) andaatbione(in the IR region). [61, 62figure
2.4

The quantum vyield of a fluorecer is influenced bgny factors. However, a rigid plane
structure is the most important feature for ancedfit fluorescent emitter. The example shown in
Figure 2.5is classic and is used frequently. Fluoresceinhgghly fluorescent emitter. Although
phenolphthalein has similar structure to fluorescgiis a non-fluorescent molecule because too
much excited energy is lost by vibrational and tioteal motions after phenolphthalein is

excited.

The last factor to cause the batho- and hypercloaimit of flurescer is the substitution
effect. It is assumed that the addition of an atxeme (electron donor, such as -NRNHR, -
OH and -NHAr) and an antiaucochrome (electron aoceguch as -S€LHF, and —NQ) to a
chromophore (conjugated system) will cause thenside of the numbers of resonance structure
and, therefore, lead to an easier excitabilityle€ton in the molecular orbital of fluorescer. [14
48, 69]
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Figure 2.5 Because the rotational and vibrational mving of the substitution groups of
phenolphthalein leads the radiationless consumptioaf excited energy, phenolphthalein is

not a fluorescer. [14]

2.1.3.2 External-Factor: Solvent Effect
Besides the molecular structure of the fluoresiter,emission intensity and wavelength

are associated with the properties of external esdlvalso. Typically hyperchromic
(enhancement) or hypochromic (diminution) shiftsutefrom the change of viscosity, hydrogen
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bond formation and the solubility of fluorescer lghbathochromic (red) and hypsochromic

(blue) shifts are usually due to the various foohsolvent polarity.

It is well known that the non-radiative consumptiainexcited energy via vibrational or
rotational motions or dynamic collision quenchingncbe inhibited when the fluorescer is
dissolved in the solvent with high viscosity [48, B3, 64]. Therefore, fluorescers with specific
molecular structures possess the potential to beaular rotors in measuring the viscosity of
solution. [65, 66, 67, 68] In practical applicatiaghose fluorescent probes mainly were used in
situations when common mechanical manners failedisoosity measurement, such as the

system with very small volumes or with non-Newtenfluids.

2.2 Tetrakis(dimethylamino)ethylene (TDE) chemilumnescence
Tetrakis(dimethylamino)ethylene (TDE) is constractef four dialkylamino groups

bonding to a vinyl center. [70] It is well knownathdialkylamino groups have strong electron
donating properties. Because of these groups, T&Eam extremely low ionization potential,
about 6.13 eV, leading to the spontaneous chemilesaence of TDE upon exposure to oxygen
or air. Furthermore, TDE had been noted as an argaducing agent. [71, 72] The oxidation
potential of TDE is almost comparable to that ofczi[73, 74] These unique properties of TDE
have led to patent applications for use as a markemilitary and road services, in

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

Since TDE was observed by Pruett al.[80] in 1950, a large number of papers dealing
with TDE have appeared that detail the reaction hmeism, characterize the reaction by
spectroscopy, and identify the reaction produckse Structure of TDE is shown Figure 2.6
The structure of TDE is expected to be quasi plantr a deviation by Z8from planarity due to
the repulsion of the bulky adjacent €groups. TDE has twm electrons in the central part of
the molecule. [81, 82, 83[herefore, TDE has two of the required featuresafdluorescer: a
planar molecular structure and a conjugated cordigan. TDE chemiluminescence is achieved
by inter-molecular energy transfer. It had beervenothat the emitting species in TDE CL is
electronically excited TDE (TDE*) because the knoswidation products do not fluoresce under
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these conditions. [84, 96] The emission spectrurf@E chemiluminescence is a structureless

band with a maximum at 500 nm.

During TDE CL in solution, energy transfer can acby collisions between the energy
donor and accepter. Therefore, the hyperchromichgppdochromic shifts of the emission from
TDE CL are associated with the solvent propertghsas viscosity and polarity. [85, 86, 87, 89]
Fletcheret. al. indicated that the photoluminescence peaks of TibE-decane, neat TDE,
dioxetane, 75% TDE/25% TMU mixture are at 487 nrp5 5hm, 550 nm and 565 nm
respectively. [89]

R R
A
R-N  N—R
= R,
R—N N—R
\ /
R R

Figure 2.6 Molecular structure of TDE.

2.2.1 Reaction Mechanism of TDE Chemiluminescence

The reaction mechanism of TDE chemiluminescendeind phase and gas phase were
studied by Urryet. al.[85, 88, 89, 90, 91] and Tolgt. al.[92]. Both indicated that the energy-
rich peroxide, tetrakis-dimethylamino-1,2-dioxetafifdOMD), is the energy source to create
electronically excited state. [93] TDMD is convertdom the autoxidation reaction between
TDE and oxygen. Fletchet. al.indicated that the autoxidation reaction is catedl/by protonic
material, such as alcohols or water (ROH). [90,%4], Hydroxylic additives act as an activator
for the autoxidation reaction. Indeed, pure TDEhe absence of protonic activators will not
react with oxygen. [85, 88, 96] The published dgttaw that the autoxidation reaction is first
order in TDE and oxygen while the chemiluminesceisceecond order with respect to TDE.

[85, 88] The reaction mechanism of TDE chemilumaeese is shown iRigure 2.7.
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Figure 2.7 The reaction mechanism of TDE chemilumi@scence

Looking at the reaction mechanism of TDE chemilussoence (shown in Figure 2.7),
TDE" is produced from the autoxidation reaction of TDRhe solvents containing non-polar
solvent with little water or protonic material (RQH95] TDE" subsequently is converted to the
energy-rich compound, TDMD. A TDE molecule is egditto an excited state by the energy
transfer from cleaved TDMD to TDE in the groundtstailternatively, the hydrolysis of TDE
occurs to give TDE di-cation (TDB [72, 95] if excess protonic material is addedbitie
solution. For example, if the solvent contains mbisn 67% water, the reaction mixture is bright
red. This color is predicted due to the formatidnT®E cation radical (TDE) which is
converted from TDE. As excess hydroxylic compound is added, the ftionaof TDMD

competes with the formation of TBEand decreases the emission intensity. [85]

2-2-2 The Products of TDE Chemiluminescence

The composition of the products generated from T@Emiluminescence has been
analyzed by gas chromatography, mass and nuclegretia resonance spectrometry techniques.
[85, 97] Urryet. al.and Schumacheat. al. [85, 97] stated that the composition of the prasluc
produced from TDE CL is constant in various solgerietramethylurea (TMU, 65 mole%),
tetramethyloxamide (TMO, 18 mole%), tetramethyllamine (TMH, 12 mole%),
bis(dimethylamino)methane (BMAM, 2 mole%), and dilngamine (DMA, trace amounts).

The structures of these products are showkigare 2.8
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TMO and TMU are the major oxidation products. Shapet. al. investigated the
oxidation products by electron capture detectoddtermine the relative electron affinity. [97]
Electron capture analysis of the major TDE CL paidwsuggested that TMO and TMU have
relatively high electron capture cross section carag@ with oxygen. On the other hand, TDE is
a good electron donor. The high electron donorngtte of TDE had been identified by
Hammondet. al.via the inter-molecular charge-transfer betweercTdddn electron acceptors.
[98, 99] Therefore, the electronically excited gyenot only is transferred to unoxidized TDE
but also is transferred to TMO and TMU by molecudallision. It was concluded from earlier
studies that the emission intensity decreasesingtieasing the concentration of TMO and TMU
[96, 100, 101] and high emission intensity from T@E can be expected if the oxidation

products are removed continuously.

R
R !
.- R—N
- o
o Lo = R
R—N R—N NN
I | R R
R R
TMU, 65%  TMO, 18% TMH, 12%
R R R
rRIR 4
R
BMAM, 2% DMA, rare

where R=methyl group

Figure 2.8 The molecular structures of the product®f TDE chemiluminescence.

2-2-3 TDE Characterization

Raman and infrared spectra proved that the TDE cntdein the ground state is a
centrosymmetric structure. The central C=C bonetating frequency was identified by Raman
at 1630 crit. [96, 102] The electron donor properties of TDEe associated with the
stabilization by dimethylamino groups. When TDEinsa mono-cation (TDB or di-cation
(TDE?") state, the positive charge is stabilized by stiathe weakly bonded electron pairs of
dimethylamino with the central carbon. [103] Theude-states of TDE were recognized by Hori
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et. al.using electronic absorption spectroscopy. [99] Vibeational frequency of C-N stretching
is an indicator for analysis of TDE by IR spectiagsg. Pokhodniaet. al. indicated that the
stretching and bending of C-N bonds in the centt&=CN, fragment are in the region 1450-
1050 cm'. The broad band in the region 1420-1490"dm assigned to the approximately 20
bending modes of CHragments. The ionization will cause a blue-shiftl intensity gain since
the N\C=CN, fragment in TDE or TDE** is no longer planar. [103] In particular the angle
between two N-C-N planes increase with the chatges 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 attraote@ and more attention because
they increase the mutual solubility between aquephiase and oil phase by amphiphile,
surfactant. Therefore, RMS has been used extegsa®lextraction and reaction selection
medias. In the application of RMS, the water padrapped in the reversed micelle acts as a
micro-reactor for chemical or biochemical reactiamsl as a cage for nano-particle production.
[104] For instance, using RMS as the media in pelyeation and metal catalyst synthesis, RMS
enables one to control the yield of reaction andhkr, to adjust the crystal structure and size of
synthesized particle. [105, 106, 107, 108, 109, 1M1, 112, 113, 114] The interaction of
amphiphile molecules with oil and aqueous phases leen extensively investigated and
published in several articles and books that addies properties, characterization methods, and
application of RMS. [115, 117, 118, 119, 123, 1721, 122]

Fluorescent probes have extensively been usedoas @r investigating the properties of
reversed microemulsions; however, there have been published studies using
chemiluminescence to characterize RMS. Fluorespesites in conjunction with UV-Visible
and fluorescent spectrometers are the most commeimoais to characterize the micellar
structure (shape and size), aggregation numbeggg(Nohase equilibrium, critical micelle
concentration (CMC) and water-to-surfactant rathpy) of RMS. [50, 124, 125, 126, 127, 128]
Otherwise, FT-IR [129, 130], NMR [130, 131], lightattering, small angle neutron scattering
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[132, 133], calorimeter [134], small angle X-raygering [135], and X-ray diffraction [136] are
also employed in the study of RMS.

2.3.1 Amphiphiles (Surfactants)

Amphiphiles are organic molecules that consistsa dfydrophilic head group and an
oleophilic tail group. Amphiphiles can, thus, dissointo both aqueous and oil substances and
offer an interface between two immiscible composeBurfactants can be classified into ionic
surfactants (including cation, anion ionic and mvibnic) and non-ionic surfactants. Examples

of non-ionic and ionic surfactants are listedrigure 2.9

lonic surfactants, e.g. DTAB and NaDDBS, stabil&enicroemulsion by electrostatic
repulsion while non-ionic surfactants, e.g. Trit®A100, mainly stabilize a microemulsion
through steric stabilization. Zwitterionic surfaets, such as AIPS and EDAB (as seefigure
2.9), [137, 138] feature cationic behavior near oohethe isoelectric point and anionic behavior
at higher pH. Some studies found that the stabidftyRMS can be further enhanced when an
alcohol, such as 1-butanol, is added into the sysf&39, 140, 141, 142, 143] The alcohol acts
as co-surfactant. The schematically molecular siracof RMS with co-surfactant is shown in
Figure 2.10Q
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lonic Surfactant: Zwitterionic Surfactant:

T er 0,SCHCH,CH, —N" " N-CH,(CH,).CH,OCOCH=C
H.C— (CHz)lo_CHz_’lV:CHg ;SCHCH,CH, \__/ 2 2/9~ 1o =CH,
. ‘CH,, AIPS
DTAB (cationic surfactant) CH3
T CH,(CH,),CH=CH(CH,),,— C— NH(CH rle\n/d
H,C— (CH,),;5-CH S—ONa ST 2 73
3 2)10 2_©_” ) CH, o
(0]
NaDDBS (anionic surfactant) EDAB

Non-ionic Surfactant:
C8H17—©—(OCHZCH2) OH
n=9-10
Triton ®X-100
Figure 2.9 The molecular structures of ionic and no-ionic surfactants. DTAB, NaDDBS,
AIPS and EDAB represent n-dodecyl trimethylammoniumbromide, sodium
dodecylbenzenesulfonate, 3-((11-acryloyloxyundecyhidazolyl) propyl sulfonate, and

erucyl dimethyl amidopropyl betaine, respectively.

oil é.Q___,—_' O__:Q.\:/; wm
_/-, - == O‘\‘_\_\‘Q surfactant

O O/\/\/\/
- ?-q .

Figure 2.10 The molecular structure of reversed mimemulsion with alcohols as co-

surfactant.



2.3.1.1 Surfactant Aggregate

At low surfactant concentration, surfactant molesukexist in the interface of two
immiscible compounds. Over a narrow concentratemge, surfactant molecules dynamically
associate to form a big molecular aggregation. T44s narrow concentration range is termed
the critical micelle concentration (CMC). For O/\il(in water) microemulsion, it is well known
that the aggregation of the amphiphile in the fats strongly decreases the surface tension of
the solution and dramatically changes some phys&wmdcal properties, such as surface tension,
conductivity, light scattering, and osmotic pregsurhe determination of the CMC value in an
O/W microemulsion is due to the abrupt changeshekés physicochemical properties with

increasing concentration of surfactant (as seéngare 2.11).

For O/W microemulsion, several techniques have loeseloped and some of them have
become standard methods for determining the CM& fBchniques include conductometry
[145], fluorescent probe [146, 147], cyclic voltaminy [148], UV-VIS, fluorescence
spectrometer [149], capillary electrophoresis [1598], 152], and surface tension [153]. The
influences of temperature and pressure on the CM€liidactants in agueous media have been
systemtically investigated and reported. [122] Heeve there is much less information on the
CMC of RMS. This is due to the difference in the@llar structures between O/W (oil in water
or normal) and W/O (water in oil or reversed) mieelThe methods typically employed in
determining the CMC value of O/W microemulsion ac¢ suitable to be used in that of RMS.
Only few methods have been reported. The methogdoged to measure the CMC of RMS are
further described i®ection 2.3.3
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Figure 2.11 Determination of CMC value by surfacednsion and conductivity

2.3.1.2 Aggregation Number (o)

Reversed micelles have the opposite structure Asm@itelles. For reversed micelle, the
hydrophilic head of surfactant bonds to the intesigueous component of the microemulsion via
hydrogen bonds and the hydrophobic tail extendstim bulk oil phase in order to escape from
aqueous core of micelle. [154] Bcause of the diifiees in the micellar structure, the number of
surfactant monomers involved in a reversed micelleslatively small compared to that in a
normal micelle. [155, 156, 157] According to pubksl data, RMS’s micelles typically consists
about 10-100 surfactant monomers (aggregation nuniygy depending on the surrounding
organic media, type of surfactant, temperatureveaier-to-surfactant ratio (¥ [115, 116]

RMS features a sponge-like structure. A large arh@minaqueous materials can be
dissolved into the water pool of reversed micdhereasing the value Y\of RMS increases both
the water pool radii and Jy, For a W/O micelle system, a few models basedhennature of
surfactant and CMC value had been developed taleddtl the expecteda)y value. [50, 146,
158, 159, 160, 161, 121, 122] However, a modek&imating the b4 of reversed micelles is
absent. The Ngvalue of a RMS can be derived experimentally @aesal techniques, such as
steady-state fluorescence quenching [163], fluemsgrobe [50], and FT-IR [162].

2.3.1.3 Packing Parameter of Surfactant (S)
The surfactant can be characterized by a packingnpgter (S). This concept was first

elucidated by Israelachvilet. al. [164]. In a solution, the parcking parameter offactant
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determines that the surfactant monomers tend to oreversed or normal micelle. The packing
parameter is derived fromquation 2- 4 Vii, Aneas andLi represent the effective tail length,
tail volume and head surface, respectively. A depicof the effective tail length, tail volume
and head surface of a surfactant is showfkigure 2.12 For a spherical micelle with a core
radius r, the volumeMV.e) and surface aread{e of the core are equal tatd/3 and 4r?
respectively, and, therefore, rV&3idAcore=3Viai/Aneas BECause r can not exceed the length of
the tail, L, in an aqueous media, tevalue for the micelle with spherical structure @llobe

in the range from 0-1/3. [165] Depending on thieadtty, the correlation between the type of
micelle (O/W or revered micelle) and S can be dedu@able 2 -1 relates the connection
between the type and the shape of micelle an& ttadue. [122, 165, 166]

S= A (2- 4)
Ahead I-tail
Ahead
Veai — L tai

Figure 2.12 Schematic representation of effectivail length (L), tail volume (Vi) and
head surface Aneag 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 hpacking parameter (S), and the type

and structure of micelles.
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2.3.1.4 Surfactants for RMS and Water-in-scG®licroemulsion

When selecting a suitable surfactant for an O/Wewersed microemulsion system, the
surfactant’'s packing parameter, electronic propsrtand solubility are the most important
parameters to considdfigure 2.13 shows a few surfactants usually employed in RMigeyT
include AOT, DDAB [179, 172], CTAB [140, 180], SD&41, 175] and X-100 [181]. Super
critical CQ, (sc-CQ) reversed micelle is a special case in the cayegbRMS. The surfactant
which can be used in W/sc-CO2 RMS usually featfitewinated tails, such as ammonium or
phosphate carboxylate perfluoropolyether (PFPE-BIR PFPE-P£) [183, 197, 198, 199, 200,
201, 202, 203, 204, 207, 205] (molecular structstesved inFigure 2.13.

Sodium bis(2-ethylhexyl) sulphosuccinate (Aerosol,@r AOT) is a commercial
surfactant that is used in RMS most frequently. Ai@dtures a high packing parameter (about 7
[177]) and a high solubility for aqueous phase imstmon-polar solvents. Peét. al. indicated
that the water-to-surfactant ratio (\6f AOT micelle can reach 60 at moderate tempegatnd
in suitable oil media. [178] AOT consists of doubldrophobic tails with a tail length about 8
A, and a hydrophilic head with an effective area-61 A2 [167] The diameter of the micelle
constructed by AOT monomers in alkanes is abou0 5. [175] Numerous articles have
addressed the physical properties, applicationd,th@ phase equilibrium of AOT-oil-aqueous
material reversed microemulsion in the past twoades. [106, 142, 143, 167, 168, 169, 170,
171,172,173, 174, 175, 176, 191]
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Sodium bis(2-ethylhexyl) sulphosuccinate (AOT) Cl:Hs Br
CHS(CHZ)lS—I?I—CH3
CHB(CHZ)loCHZ\P /\/]/OH hexadecyltrimethyl o bromide (CTAB
0 < exadecyltrimethylammonium bromide ( )
pentaethylene glycol monododecy! ether,Eg)
CH,5 (OCH,CH,)nOH
C7F15CH(OSQ'Na+)C7H15 Triton X-100
hybrid fluorocarbon hydrocarbon surfactant
Il
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O

sodium dodecyl sulfate (SDS)

CF;~(0—CF;~CF(CF,)) 5 (O—CF,)-COOR*
ammonium carboxylate perfluoropolyether (PFPE;NHR= NH,

phosphate carboxylate perfluoropolyether (PFPE;POR= PO,

Figure 2.13 The molecular structures usually usehiRMS or W/sc-CO, RMS.

2.3.2 Important Factors for Surfactant Aggregation

The aggregation of surfactant monomers is infludnog W, temperature [120, 201],
surfactant concentration [196], the presence ofddlitional salt and co-surfactant [139, 140,
141, 142, 143, 206]. These influences are mairflgated in the curvature of the micelle [104,
186, 206] (as shown iRigure 2.14 and the phase transition [185, 187, 188 189, 19Q] (as
shown inFigure 2.15. They also determine the type of microemulsionmied: O/W or
reversed microemulsion. Eastee al. found that the type of microemulsion can be tubgd
changing temperature. [192, 193, 194, 195] A syatmal study in the phase transition of
surfactant-oil-water system (SOW) under variousgeratures and compositions has been done
by Kahlweitet. al.[196] and Winsokt. al. [208]
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Figure 2.14 The influences of temperature, additioal chemicals and the composition for

the curvature of surfactant aggregation and micellestructure.
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Figure 2.15 A fish-like phase diagram is observedven water and oil are mixed at a 1:1
ratio. After CMC, the phase transition is dominatedby temperature and surfactant
concentration effects. [196] Region A: Winsor IV sgtem; there is no excess oil and water
present. Region B and B’: Winsor | and Il systemstwo phases exist in the system. O/W or
reversed micelles exist in water-rich (B) and oilich (B’) phase, respectively. Region C:
Winsor Ill system; the system includes three phasedhe ternary phase containing a water-

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

2.3.3 Determination of the CMC of a RMS

The CMC value of RMS mainly varies with the typeswoirfactant, the properties of the
hydrocarbon media, and temperature. The CMC valtiasnhormal microemulsion is determined
based on the abrupt change of some physicocheiprogkerties, such as surface tension or
conductivity. However, those determination methosigally fail in measuring the CMC value of
a RMS since the change of the physicochemical ptiegetypically is slight when the
concentration of surfactant approaches the CMC.elehr, reverse micelles usually are much
smaller than normal micelles. This also increases difficulty in CMC determination for a
RMS. In earlier studies, several techniques hawn lbeund for determining the CMC value of
RMS.
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Spectroscopic methods are the most widely emplayetie CMC determination for a
RMS. The techniques includél and**C NRM [211, 212, 213], IR spectroscopy [213, 214],
Raman Scatter fluorescence [213], microcalorimg0g, 215, 216], fluorometry [209] use of a
fluorescent probe in conjunction with a UV-VIS spephotometer [213, 214, 216, 218, 220,
221], small angle neutron scattering [219, 222,]288ht scattering [224], controlled partial
pressure-vapor pressure osmometry [225], photoreletion spectroscopy [226], and positron
annihilation techniques [227]. Reviewing the préserethods which had been utilized in the
CMC determination of RMS, fluorescent probe plays@st important role not only in probing
the CMC value of RMS, but also in studying the iaestructure and aggregation number and
the surfactant’s behavior in non-polar media. Bale¢ml. published a systemic study on the use
of fluorescent probes in RMS and O/W microemulsi¢s8, 115, 228]

2.4. Physicochemical Properties of Metal Oxide Suates (MgO and AJO,)

Metal oxide nano-particles attract attention beeametal oxides have been widely used
as catalysts [229, 230, 231, 232], support foreotbatalysts [231, 233, 234] and organic
functional groups [235, 236, 237, 238, 239], ansbadents for waste chemicals [248, 263, 269].
The characteristics of metal oxide nano-particldsctv include the crystal structure, surface
morphology, electric, and acid-base properties Haeen investigated qualitatively by several
methods. The methods include FT-IR [239, 240, 2242], UV-visible [245, 246, 247],
photoluminescent spectroscopy [249, 251, 252],telacparamagnetic resonance (EPR) [253],
XRD [240], scanning electron microscopy (SEM) [248tanning photoelectron microscopy
(SPEM) [250], X-ray photoelectron spectroscopy (X239, 243, 244], electron spin resonance
[262], chemical probes [242, 254, 255, 256, 258, Z%0, 261], BET [256], mass spectroscopy
[258, 295], ERS [259] and NMR [291, 29However, quantitative studies relating to metal
oxide nano-particles are relatively rare due tartkemplex surface structure. For example,
infrared spectroscopy has been widely employedualitgtively characterizing surface structure
for metal oxides through the identification of swd chemisorbed species. The difficulty of
using IR spectroscopy in quantitatively analyzingface chemisorbed species is due to the
difficulty of determining the IR adsorption coefBats at each relaxation for the adsorbed

species. [296]
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The surface properties of metal oxides play thetrmoportant role as metal oxides are
used industrially in various reactions. [231] Mdneoretical and fundamental studies have been
done on MgO and AD; than on other metal oxides. Reviewing previouslisgion MgO and
Al,Og, it is well known that the surface structure isosgly associated with the acid-base,
electronic, and reactive properties of these mexades. In the case of MgO and. 8%, the
outmost layer anions €Q and cations (N, n= 2 for Mg and 3 for Al) are coordinatively
unsaturated. Therefore, the outmost layer of th&ahoxide is covered by various species when
exposed to the atmosphere. Water is the most ahtmdanponent adsorbed on the surface.
When there is adsorption of water on MgO os@| water may be present in its undissociated
form (H,O), existing in multiple adsorption layers, or dismted forms (hydroxyl (OH and
proton (H)), adsorbing on lattically unsaturated sites!" ¥nd G". Goodmaret. al. indicated
that the IR band near 1645 ¢nis associated with molecular water on the surfaue the IR
bands in the range from 3000 to 38007care contributed by dissociated water (hydroxyl
groups) with different coordination on MgO and:@4. [264, 265]

In the IR spectra of MgO and ADs, the IR bands in the range from 3000 to 3800'cm
are due to two hydroxyl groups with different cgpiiations. The sharp bands at higher
frequency are assigned to isolated hydroxyl grollpge to the formation of hydrogen bonds
between two hydroxyl groups, the IR band of hydrogended hydroxyl group is a broad band
at a lower frequency (H-OH). [266, 267, 268, 2701]20n the other hand, the perturbation of
the isolated hydroxyl group is related to the camation of adsorbed lattice ion. Consequentially
the stretching frequency of isolated OH reflects furface structure of metal oxide and is a
spectral fingerprint of the surface structure. [2Ifi2other words, surface hydroxyl groups are the

markers presenting the surface morphology and siriactivity on MgO and ADs.

2.4.1 Magnesium Oxide (MgO)

2.4.1.1 The Present Models of Surface Hydroxyl Gpsuon MgO
The correlation between O-H stretching frequenaies the their locations on MgO have

been determined by several experimental [249, 270, 273, 275, 276] and theoretical models
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[279, 280, 281, 283, 282]. Andersen al.first elucidated that there are two proposed tygfes
surface hydroxyls formed on MgO surface when wdeomposes, as shown kigure 2.16
[268, 271] KnoOzingeret. al. refined previous models by introducing the consitien of the
hydrogen bond between hydroxyl groups and the @oatidn of surface cation and anion for the
stretching frequencies of O-H groups. [276, 273kdding to the coordination number of
surface cations and anions, the categories of @itigdroxyl groups can be classified into 1-
coordinated OH (type A) as well as 3-, 4- and 5rdomted OH (type B), as seen kiigure
2.17. Hydrogen bonds form between neighbouring typend type B hydroxyl groups under
certain conditions. The formation of a hydrogen daenill lead type A and type B hydroxyls to
become hydrogen bond acceptors (type C) and hydrbged donors (type D), respectively. In
the IR spectrum, the sharp bands in a narrow frecueange from 3690 to 3750 Crrare
assigned to isolated hydroxyl groups (type A amEkti). The broad band in the interval from
3200 to 3650 ciis assigned to hydrogen bonded hydroxyls.

Bronsted acid-base sites

2+ _2-
Mg—O + H,0 — >~ Mg
Lewis acid-base sites

Figure 2.16 Two types of surface hydroxyls form ometal oxide after the decomposition of

molecular water.

Investigating the stretching frequencies of isalateydroxyls adsorbed on different
locations, both electronic properties of the iomsl ahe distance between lattice cations and
anions have to be considered. Type A OH has thieebigstretching frequency (appearing at
3750 cnt) because the cooridination of the cation weakdms ®H bond. The stretching
frequency will be reduced with increasing the camation of the cation bonded with type A
hydroxyl. [268, 273, 276] Type B hydroxyls, appegriat 3730-3450 cth are composed of a
lattice oxygen ion and a proton. [270, 276, 27@fdasing the coordination number of the lattice
ion shortens the distance between ion§ é@d Md"). Therefore, the type B OH with higher
coordination number have a lower stretching fregyewlue to the positive charge of
neighbouring M§" and the Coulomb interaction between the cations @m. [276, 279]
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According to previous studies, the stretching festny of type B hydroxyls can be concluded to
be in the order shown iRquation 2- 5 and the stretching frequencies of different hygtox
groups are shown iRigure 2.18 [86, 268, 273, 275, 276, 277, 279, 285]

H H H
| | |
Moo 0% > Mg? 0% > Mg?e— 0% (2- 5)
.
\
o) type A H typeB
|
Oy Mg#yc Oy Oy Mg#ye 0%y
x=3,4,0r5
1-coordinated OH Multi-coordinated OH
"
type C  \
H bond acceptor O — type D

H H bond donor
I
0% Moo 0%y ¢

Figure 2.17 Types of surface hydroxyl groups. Typ€ and type D hydroxyl groups result
from the formation of a hydrogen bond between typé\ and type B hydroxyl groups. The 3,
4 and 5 coordinated ions are due to the location @bns on corner, edge, and extended

planes, respectively.
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Figure 2.18 The proposed wavenumbers of hydroxyl gups in the IR spectrum. Type A
and B isolated OH are indicated by empty bars andype C and D hydrogen bonded OH are
shown by a solid bar. The values shown above thetbare the coordination number of

hydroxyls.

2.4.1.2 The Location and Thermal Stability of Hydg Groups

2.4.1.2.1 Location of Surface Hydroxyls on MgO

On an MgO surface, 3-, 4-, and 5-coordinated hygleoare located on corners, edges
and, extended planes, respectively. It was propbgdtiabundect. al.[277] that the OH groups
concentrated on edge and corner sites are moadaslolConsequently the ratio of isolated OH to
total OH decreases when the surface of MgO is nflate [278] On a nearly perfect MgO
surface, the hydroxyls with lower coordination nwerbare much less abundant [284], and their
concentration increases with increasing surfaceatefoncentration. Zecchired. al. indicated
that treating MgO surface by water vapor causemsairerosion and considerably increases the
concentration of the hydroxyl groups with lower mtination numbers. [245, 249, 274, 275,
284] The increase of surface hydroxyl groups Jatver coordination is associated with the
creation of edge and corner sites (lower coordimagites). This also enhances the surface
reactivity of a dehydrated surface. The relatiopdietween surface morphology and the surface
reactivity of MgO was studied by Ahmed. al. [291, 293, 301] Ahmedt. al. suggested that the
surface reactivity is related to the surface rowgisnor the number of intrinsic sites with lower
coordination (e.g. Kf.c and Gc). The more rough MgO surfaces containing morgnisic

sites with lower coordination numbers have higleeictivity. [274, 294]
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2.4.1.2.2 Quantitative Determination of Surface Hycyl Group
Although surface hydroxyls can be studied by sdwdramical and physical techniques,

only a few of them can be used to quantify theaxgthydroxyls. Bermudez first pointed out the
use of NMR in the analysis of surface hydroxyl emiton hydrated silica gel in 1970. [295].
Furthermore, Morimotcet. al. used weight loss upon ignition to measure surfageroxyl
concentration on ZnO. [297] Hoet. al. approached the surface hydroxyl content by D
exchange reaction over thermally activated MgO antisequently, determined the ratio of ' HD
to D," by mass spectrometry. [298] McCaffegy: al. determined the concentration of surface
hydroxyl group on MgO films by XPS. [244] Even tlgbuthe total hydroxyl adsorbed on metal
oxide can be evaluated accurately, to quantitativééntify the different types of hydroxyl
groups (i.e. isolated vs. hydrogen bonded) isdiffi To measure surface isolated and hydrogen
bonded hydroxyl, respectively, Satt al.reported a chemical characterizion method. By’Sato
method, the amount of isolated and hydrogen bordgttoxyl groups are determined by
Equation 2-6, 2-7 and 2-8 based on the exchange reaction between the etioylp gof
triethylaluminum (AIE$) and the proton of hydroxyl groups. [299] An exdiam of this method
was reported recently by Griekeh al.[300] for determining surface hydroxyl groups dlica
and Itohet. al.[277, 278] in measuring hydroxyl groups on MgO.

3N=E,+E, (2-6)

E =n_+2n; (2-7)

E,=2n_+n; (2-8)
whereN is the moles of Aligtchemisorbed on metal oxide; andE; are the moles of evolved
ethane during Alitand 1-pentanol additiom, andn; represent the moles of AEadsorbed on
metal oxide in linear and bridged form, respectivel

2.4.1.2.3 Thermal Stability of Hydroxyl Groups ond®d

It is well known that increasing temperature ledolsdesorption of surface hydroxyl
groups. The desorption temperature of the hydraxgups are associated with the locations
(coordination number) of the hydroxyl groups. Expemtal data showed that the lower

coordination hydroxyl groups (QH, L=3, or 4) have stronger interaction with MgQOrfaae.
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[276, 277, 278] This result is in agreement wité theoretical calculations reported by Chizallet
et. al.[280, 285, 286, 287, 288, 289] In the IR spectnfrivigO, the broad band (3650-3000°cm
1 is contributed by the hydrogen bonded hydroxyigpé C and D hydroxyl groups).
Experimentally, this band starts to decrease aetaemperature than the sharp band between
3750-3650 crit and almost disappears at 773K. [285] Becausehigesof this band changes as
temperature increases, this broad band is a muolpooent band. [285] The thermal stabilities of
the hydroxyl groups contained in with this broaddbare difficult to distinguish by simply
raising the temperature and measuring the IR spectr

From early studies, it was found that 1-coordinaf@dd has a lower thermal stability
compared with 3-coordinated OH. Chizalkdt al. [279] stated that the sharp band shift from
3750 to 3725 ci occurs above 573K and can be proposed as thepdiesoof 1-coordination
OH. The thermal stability of lower coordinated l&ged hydroxyl had been investigated by
Bailly et. al. [302] Bailly et. al. found that the &,c and G'5c sites start to be released at 673
and 1073 K, respectively. Klabundg. al. [277] reported that 4- and 3-coordinated isolated
hydroxyl groups are thermal unstable at 673 an@ X #espectively. The thermal stability of 5-
coordinated isolated hydroxyl group is much lowsart 3- and 4-coordinated isolated hydroxyl
groups. This assumption was reported by Chizatidtlduanget. al. [86, 285] They found that
the right shift (from high to low frequency) of tH@oad band occurs at low temperature
(~473C). In contrast with the relative stretching fregeye of hydroxyl groups shown iRigure
2.18 the band of 5-coordinated isolated hydroxyl graverlaps with the band of hydrogen
bonded hydroxyl, and, therefore, the band shifheseasing temperature can be explained by the
removal of 5-coordination isolated hydroxyl groupbe removal temperature of 5-coordinated
isolated hydroxyl groups can be assumed to be 4 B dn these studies, the relative desorption

temperature of surface hydroxyl groups can be suiapthas shown ifigure 2.19
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Figure 2.19 The desorption temperature of surfaceydroxyl groups on MgO. The solid and
hollow bars indicate the desorption temperatures ohydrogen bonded hydroxyls H-OH)

and isolated hydroxyls OicH, OscH, OscH, and GscH) respectively.

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

The characterization of surface acid-base propedie catalyst surface is crucial since
acid-base properties are key for the potentiallyataproperties of metal oxides. On a metal
oxide surface, the adsorption of external compoomay be in molecular form or dissociated
form depending on it acid-base properties. [303ré&fore, the acid-base properties of an acid or
base catalyst is associated with its reactivity ememisorption 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 widlysa activity and selectivity are
typically characterized by the topography on metdaties. It had been mentioned $ections
2.4.1.1and2.4.1.2that the stretching frequencies of isolated hygrgxoups in IR spectrum are
unique on the specific sites. Indeed, isolated dwylrgroups are outstanding marker reflecting
the acid or basic sites on metal oxide surface. é¥@n it also is well known that the
guantitative determination of surface isolated bygl groups is difficult. Only very few

techniques can be employed.
Recently the characterization of surface acid-lpaseerties in most studies is based on

the adsorption of a probing molecule and the ahiititreact along a basic reagent complemented
by NMR, FT-IR, XPS, XRD, UV-Visible, TPD (tempera&u programmed desorption-mass
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spectroscopes). Otherwise, luminescent emissianadkected by photoluminescence also have
been used to analyze the surface acid-base prepertiseveral metal oxide surfaces. [242, 254,
256, 258, 260, 285, 304, 305, 306, 307, 308, 300, 312, 311] Reviewing at those methods,
the step of high temperature treatment is requicedet clean surface before the addition of
probe molecule or the detection (~1073 K). [256]c8i high temperature treatment will lead to
the change of surface morphology and, subsequerdlyse the variation of surface acid-base
properties, a deviation existing in experimentaduie from actual situation usually occurs.

Therefore, a low-temperature examination methatesred.

2.4.1.3.2 Acid and Base Sites on MgO

The strong base character of MgO is well knownséweral base-catalyzed reactions,
[230, 231, 314, 315] the strong base character gDNdlays an important role. On clean MgO
surface, the electron rich lattice oxygen anionc{Q acts as a strong Brensted base (electron
donating site) and the electron deficient latticgmesium (Mg-*") act as a weak Brgnsted acid
(electron accepting site). [282, 316] On a hydraigD surface, @H and QcH (L=3,4 or 5)
form on Mgc®" and Qc? after the decomposition of water. The surface bydr group is
thought of as a weak Brgnsted base and is moneeatian & ion (evaluated by the conversion
of 2-methyl-but-3-yn-2-ol, MBOH). [260, 282, 2839, 313]

The interaction between a hydroxyl group and serfam reflects the acid or base
strength of surface ions. The basic strength ofeéahoxide surface is defined as the ability to
donate an electron pair to an acid molecule (sc&@) (Lewis base) or to accept a proton
(Brgnsted base). [260, 312, 317, 318] As discusdme, it was found that the dehydration
temperature increases with decreasing coordinationber. Therefore, the basicity of lattice
oxygen ions can be assumed as the following of@gf > Qx> > Osc>. This proposition is in
agreement with the studies on the surface acid-peggerties on MgO. Chizalledt. al. [285]
studied the surface acid-base property by the depaton ability for methanol and propyne and
conversion ability for MBOH on MgO. They found ththe deprotonation or conversion ability
is associated with the concentration of surfacéchasion sites with lower coordination, &
Aramendiaet. al.[260, 317] used Cfas a probe molecule and classified the basic bitdbe
interaction strength between & and probe molecule. Aramendit al.found five peaks in the

39



temperature-programmed desorption (TPD) spectrui®2t 535, 732, 863, and 1017 K. Lower
desorption temperature corresponds to site wittetdvasic strength. It is stated by Stateal.
that lower coordination anion sites exhibit stranigasicity and can react with weaker acid. [247,
256, 260]

2.4.2 Aluminum Oxide

Aluminum oxide is frequently used as a catalystpsupbecause of its high surface area,
superior chemical and thermal stability. [319, 32Q]1, 322, 323, 324] The dispersion of a
supported metal on aluminum oxide is related to tbecentration of surface hydroxyls.
Heemeieret. al. [325] stated that the metal dispersion on a supipereases with increasing
concentration of surface hydroxyl since surfacerbygls act as nucleation sites for initiation of
metal particle growth. For the application of alaomn oxide in the automobile industiyAl O3
is typically used as support for BaO ogin traditional automotive exhaust control cattdy®
treat NQ. [323] In the chemical industry, aluminum oxideakan be used as adsorbent [269]
and catalyst [326, 327, 328, 329] in several reasti Due to its widespread use in different
fields, the properties of aluminum oxide, includisgrface acid-base properties, reactivity,
structure, hydroxyl configurations and crystal gs$ave been well studied and reported in the
past few decades. [321, 326, 330, 331, 346, 348, 35l |

2.4.2.1 The Crystal Phases of 8l;

Various precursors of aluminum oxide, aluminum loyailes (including gibbsite
(AI(OH)3), bayerite (AI(OH})), nordstrandite (Al(OH), diaspore (AIOOH) and boehmite
(AIOOH)), have been discussed in the literatur80[837, 338] Aluminum oxides with different
lattice phases are produced from the thermal delipdr of aluminum hydroxides under
evacuation. The crystal phase of aluminum oxidéemperature-dependent. [330] It changes
with dehydration temperature, which further causesiations in the configuration of
chemisorptional species, particularly for hydrogybups. [341] The characteristic of aluminum
oxide is dependent on the crystal structure. Irvipts research, the change in the surface

properties caused by the variation of crystal phaseally is monitored by FT-IR since the
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stretching frequencies of surface hydroxyls shithwhe change of surface structure. The details
have been addressed by Knozingeral. [326, 326, 330, 331]

Kndzinger suggested that the change in the Igttiese is due to the migration of surface
ions under high temperatuf@26, 326, 330, 331h-Al,0; is a thermodynamically stable phase
and is the final result upon thermally dehydratithgminum hydroxide under evacuation. Before
the formation ofa-Al,O3, a series of meta-stable oxide phases (termeditian phases) with
highly porous surfaces are formed. Depending ordiffierence in the precursors, the formation
temperatures for each transition aluminum oxidey & different. Typically, the creation of
each transition aluminum oxides follows the ordeoven in Equation 2- 9 with increased
dehydration temperature. [332]

AIOOH 2 y- 246- 2 60- 2 a-Al,0s  (2-9)

a-Al,O3 is generally considered to be the most inert lofh&l aluminum oxides. [330] In
contrast to thermally stabte Al,O3;, meta-stable aluminum oxides have higher actiaitg are
studied more frequently. Based on the dehydratomperature, transition aluminum oxide can
be classified into two families:

1. Low temperature transition phases: such-a$,0; andn-Al,0;

Dehydration temperature < 61D

2. High temperature transition phases: suct-A$,03; and6-Al,0;
Dehydration temperature > 600 - 1360

The structural difference in each transitional ghas ascribed to the arrangement of
cations in an approximately cubic close-packed eryarray. [332] The dehydration temperature
affects how many close-packed oxygen lattice wittminum ions in the octahedral () and
tetrahedral (Al) interactions are formed during dehydration. [380jas been found that more
aluminum ions in the octahedral interaction aremied if dehydrating the precursor at higher
temperature. The surface activity is influencedtbg number of cations in tetrahedral and
octahedral positions. Previous research has shbamntétrahedrally coordinated %Al (cation
vacancy) possesses higher activity than octahgdcalbrdinated Al". [321, 327, 349, 349]
Moreover, Morterraet. al. [331] indicated that the high-temperature traositiphases are

definitely less active than the low-temperature gghaWilsonet. al. reported that the cation
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vacancies oi-Al,O; are essentially located in octahedral sites. [3BB] reasonable to assume
that there is a smaller fraction of tetrahedrabipriinated Al* ions existing in high-temperature

transition alumina than in low-temperature traositalumina.

2.4.2.2 Surface Activity

An Al,O3 surface has a high population of surface impwrifiecluding hydroxyls, water,
carbonates and organics with alkyl groups) as wslisurface defect sites. Under moderate
temperature, the defect sites (active sites) aractieated by the covering of impurities. [333]
Thermally treating aluminum oxide typically is aogganied by weight loss. The weight loss
implies the removal of chemisorbed or physisorbagurities on aluminum surface. The IR
bands of surface impurities on aluminu oxide haghbeportedy Costeaet. al. [340, 342, 352,
355] The bands with higher frequency, 3800-3000'cire attributed to surface hydroxyl
groups. Two small bands between 1600-1400 ane due to carboxylate species, including,CO
CO, CQ? or HCQ;. The band between 2960-2860 teprresponds to H-C stretching. Weight
loss during thermal treatment is mostly associatgtt the removal of water and hydroxyl
groups. [333, 335]

Knozingeret. al. studied the dehydration temperature of surfacedxyd groups and
found that 90.4% of surface hydroxyl content isnatiated at 674C. [321, 326] For the removal
of the hydroxyl with multi-coordination, the remaéwa surface hydroxyl creates an oxygen ion
in the outermost layer and an aluminum ion in newier layer. The exposed cation is thought of
as a “hole” (vacancy, or surface defect) and ast@ d.ewis acid site. It was suggested by
Cauwelaeret. al.[333] that the surface reactivity is developedtigfter the removal of surface
species and is associated with the population yoel of coordinately unsaturated ions on the
aluminum oxide surface. Further dehydration at @iglemperature leads to the migration of
ions. The high temperature transition aluminum exithase is formed slowly. In contrast with
low temperature transition phase, eygAl,Os, the aluminum oxide with high temperature
transition phase, e.§-Al,0s, has less activity due its higher order latticacure. [331]

Concluding from previous studies, it was found tlia¢ stretching frequencies of

hydroxyl groups vary with the adjacent surfacessiéhe variation in the stretching frequency of
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surface hydroxyl is due to the interactional sttbnigetween hydroxyl and adjacent sites and
reflects the perturbation of the hydroxyl group.p@yl hydroxyl is considered as the most
perturbation group since the restriction from nbming cations is less in contrast with type Il
and Il hydroxyls. Therefore, it is reasonable tpgose that type | isolated hydroxyl possesses
higher catalytic reactivity and the catalytic reaty of surface hydroxyl is in the order: type | >
type Il > type lll. This hypothesis is in agreemeanth the study of Rinaldi and his co-workers.
[327]

2.4.2.3 Surface Hydroxyl Groups

The surface of aluminum oxide abounds in hydroxglugs and water. Peri and Cantrell
indicated respectively that the densities of watedl surface hydroxyl groups and on aluminum
oxide are 1.25x18 OH/n? and 13 HO/A? [334, 335, 336] Surface hydroxyls result from the
dissociation of water on coordinatively unsaturagedface sites (Af and &). In the IR
spectrum, surface hydroxyl and molecular water apge high (3800-3000 ¢t and low
(~1630 cn1) frequencies. Costa supposed that the band at &680in the IR spectrum of
aluminum oxide is due to the bending of moleculates. [340] This band disappears after
dehydrating at 20C. [344] Further thermal dehydration from 2G0under vacuum leads to the
decomposition of the associated OH to evolve watet is accompanied by the formation of
isolated OH and unsaturated active sites*(ahd G). [354] The bands appearing in the interval
from 3800-3000 cr are due to surface hydroxyl groups. Busta al. elucidated that the
stretching frequencies of surface hydroxyl groupss associated with the surface structure and
the modifications of alumina. [337] Indeed, thefsoe acid-base properties, reactivity and
topography can be assumed after the surface hydracg identified. A few models have
described a correlation between hydroxyl configaret and the surface structure of alumina.
[321, 346, 348, 349, 351] Kndzinger's model is usedre frequently, because Kndzinger's
model completes the previous models by adding dnesiderations of the coordination of surface
hydroxyl, the number of nearest neighbor catiomg] the coordination of the surface cation
(including AIY and AM). [321]
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2.4.2.3.1 Knozinger's Model

In the IR spectrum of alumina, the IR bands inititerval from 3800 to 3000 cmare
ascribed to hydroxyl groups. The interaction betwaeighbor hydroxyls is increased with the
formation of hydrogen bonds and causes the difterdyoth in band shape and band location
(frequency). [339] The broad band whose stretchieguency is in the interval 3600-3000 tm
and centered at 3580 &nis assigned to hydrogen bonded hydroxyls. [348] 3#e sharp bands
at 3800-3600 crh are attributed to isolated hydroxyl groups. [3350] Knézingeret. al.
proposed that the (100), (110) and (111) facescaxered by hydroxyl and there are five
different types of hydroxyl groups (type lln,!la 1lp @and Ill) on alumina. [321, 326] The
difference between each type is associated witmétecharged) and the configuration of the
hydroxyl group. (as seen iRigure 2.20 Net charge is calculated from the strength of the
electrostatic bond between cation and anion, asvisha Equation 2-1Q0 For example, the
charge and the coordination number of the Al catitnch bonds to type, lhydroxyl group are
+3 and 4, respectively. Subsequently, the net ehafdy hydroxyl groups is 1-2+3/4=-0.25.

+C_ ot Ceaton (2- 10)
n

hydrogen oxygen

CNet =C

where Get is the net charge of a hydroxyl group. For therbygl group on aluminum
oxides surface, fgrogen Coxygen Ceation @re the charges of hydrogen, oxygen and aluminuan a
equal +1, -2 and +3 respectivelyniph represents the number of adjacent anions for dtierc
(coordination number). [321, 331]

On well crystallized sample surfaces, the band7z63m’ has a relatively high intensity
and is sensitive to various probe molecules. It waggested by Nortiegt. al. [347] that the
hydroxyl group with a stretching frequency of 378" is a type | isolated hydroxyl, possibly
formed on edges or on (100) faces. Cestal. used FT-IR to study nanocrystallipeil ,O3; and
demonstrated that type I, Il and Il isolated hydids give IR features at 3790-3770, 3730-3720,
and 3680-3590 cih [331, 340, 352, 353] The large band between MHD-cm' is a
characteristic adsorption band of transition alamimAl¥ and Al are two general
transformationsThe terminal hydroxyl group over one tetrahedralbprdinated aluminum ion
(type L) is assumed to have a lower frequency than that ome octahedrally coordinated
aluminum ion (typeJ. [331] The difference in their frequencies is ab60 [321] — 20 [331,
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349] cni'. Therefore, it can be assumed that the stretchieguency of type } isolated
hydroxyl group is higher than that of typg isolated hydroxyl groups. The relative stretching

frequencies of the surface hydroxyl groups in waioonfigurations are shownkigure 2.21
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Figure 2.20 The configurations and net charges otisface hydroxyl groups on aluminum

oxide.
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Figure 2.21 The stretching frequencies and acid-bagroperties of surface hydroxyl groups

on 'Y-AI 503.

2.4.2.3.2 Thermal Stability of Surface Hydroxyls di\ctivities of the Corresponding lons

It was demonstrated by Gadzhiesta al. that thermally treating AD; at T=973 K under
vacuum (P=10 Pa) for 8 hours can remove most impurities, susthydroxyls, water and
carbonates, from the surface. [355] In contrashwgblated hydroxyl groups, hydrogen bonded

hydroxyls are less thermally stable. Boredib al. found the interaction between neighboring
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hydroxyl groups (hydrogen bond) decreases wheringe@aluminum oxide samples at 420
under evacuation. [344, 345] When thermally trepin,O3, the hydrogen bonded hydroxyls are
initially removed or converted to isolated hydroxympanied by the breakdown of hydrogen
bond. For the thermal stability of isolated hydrsxytype Il isolated hydroxyl has lowest
thermal stability by comparison with type Il angbéyl isolated hydroxyl. The thermal stability of
isolated hydroxyl groups in different configuratsofollows the order shown iBquation 2-11
[344] Upon heating to 800 K, all hydrogen bondedlroxyls are removed; isolated hydroxyls
are removed at 1200 K. [354]
Type lll < Type | < Type Il (2-11)

Surface hydroxyl groups can be acidic, basic otmaédepending on their location on the
surface of aluminum oxide. The comparison betwden dcid-base character and stretching

frequency of hydroxyl groups in different typesiwwn inFigure 2.21

2.4.2.3 Acid-Base Properties

It is well known that the acid-base and catalytiogerties on aluminum oxide surface
can be modified by the presence of unsaturated @ and G) and impurities, e.g.
hydroxyls. In earlier research, the surface acisebaroperties of aluminum oxide usually were
detected by using probe molecules cooperating wifitared spectroscopy. For example, the
acid-base properties of surface OH and active dited been detected by using organic

compounds, such as benzene, toluene, acetonpyii@zine and pyridine, and CO. [354, 358]

Hydroxyl groups on aluminum oxide have been assumeedupply protons, either
directly or indirectly in certain reactions. [35827, 328, 329] Surface hydroxyl groups on
aluminum oxide are considered to be a Bgnstedsatmd[327] According to Knézinger's study
[321], the acidic strength of surface hydroxyl s$saciated with the net chargg.(The hydroxyl
with type Il configuration &ype 11=+0.5) is the most acidic group and hydroxyls wehminal
configurations (typealand b, dype 5=-0.5 anddype 1=-0.25) are less acidic and more labile
groups. (as seen Higure 2.21). Hiemstraet. al. reported that the difference between the acid
strength of typealand Il is of the order of £0[359]
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On the other hand, the exposed aluminum cation®aygen anions act as Lewis-acidic
and Lewis-basic centers. At low temperature, theig@cid and -base sites are blocked by
hydroxyl groups. The active sites are created dute thermal dehydration procedure. Hiemstra
et. al. found that the Lewis-acid sites double as tempegais increased from 150 to 500
[360] For the acid-base strength of the activessitéguéet. al.[321, 331, 352, 353] suggested
that the aluminum ion monocoordinated to typleyidroxyl group (AY, tetrahedral aluminum) is
the most basic sites and active site with respechtorination reaction. The acidity strength of
surface ions is associated with their coordinattba;higher coordination, the more acidity.

2.5 Chemical Surface Modifications

Surface modification is an efficient means to imy@rahe dispersion [361, 362], surface
behavior [363] as well as to modify surface acidéd@roperties for metal oxide particles. In
early studies, chemical grafting has been widebdu® change the surface properties of metal
oxides [364, 365] and has been utilized to evaltlaesurface reactivity of metal oxides [296].
(2-chloroethyl)ethyl sulfide (2-CEES), hexamethgltixane (HMDS) and acetic acid (AA) have
been found to selectively react with hydroxyl greugn metal oxide surfaces. During reaction,
the grafting species substitute for the adsorbebtdxyl groups, adsorb on the surface, and block
the active sites (M and G).

2.5.1 (2-chloroethyl)ethyl sulfide (2-CEES)

2-CEES contains a sulfur and a chlorine functiagalup. Both functional groups are
capable of interacting with the active sites onahekides. The hydrolysis reaction of 2-CEES
first had been reported by Yamg. al. [366, 367] Mawhinneyet. al. investigated the reaction
mechanisms of 2-CEES on aluminum oxide [368, 36@]iadicated that the hydrolysis reaction

of 2-CEES on aluminum oxide is temperature-dependen

At moderate temperatures (303-473 K), the chlommmeety of 2-CEES selectively binds
to isolated hydroxyl groups on aluminum oxide arahwerts isolated hydroxyl groups to
associated hydroxyl group (hydrogen bonded hyddoxj@68] The conversion of isolated

hydroxyl group has been shown through infrared spscopy. Narskeet. al. reported a
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diminution of the band at 3750-3700 ¢ri870] on MgO, at 3800-3678 ¢h{369, 371, 372] on
Al,O; and at 3720-3640 chon TiO, [373, 374] upon interaction with 2-CEES. Theserdases
in bands associated with isolated hydroxyls wermenepanied by an increase in intensity of
bands associated with hydrogen bonded hydroxylL][37

The hydrolysis reaction of 2-CEES on aluminum oxabeurs above 473 K. At high
temperature, adsorbed 2-CEES is converted intorbedalkoxy species, liberating HCI. This is
shown inFigure 2.22 A Mawhinneryet. al. stated that the hydrolysis of 2-CEES can be
characterized by a carbon-oxygen stretching modgenR spectrum with a peak at 1100tm
or by the released HCI which appears as severak weaks in the range of 2880-2700tm
[369] The hydrolysis reaction of 2-CEES can alsocharacterized by the variation of the
intensity ratio ofu(CHy) tov(CHs) in the IR spectrum. Thompsen. al.investigated the reaction
of 2-CEES on Ti®@ and pointed out that the bands at 2978 and 2943 @ra due to the
asymmetrico(CH,) and v(CHs) modes respectively. [373] The band at 2887"dm due to
overtones of thé(CH,) andd(CHs) modes which are intensified by Fermi resonar®&3] They
found that the increases in the peak intensitieasgmmetrico(CHs) and two overtone8(CHy,)
and 6(CHs) modes is accompanied by the decrease of asynemé¢@H,) as temperature was
increased from 255-514 K. The change in adsorpttio in this case is due to structural and

configurational changes of 2-CEES and is irrespedbr the increase of 2-CEES coverage.

Besides isolated hydroxyl groups, Lewis acid ansebsites (Al" and G pair) also are
involved in the conversion reaction of 2-CEES. Esgey for highly dehydrated aluminum
oxide, the conversion reaction of 2-CEES is dongiddty nucleophilic attack ,as seerfFigure
2.22 B. Both GHsSCH,CH,-O* and CI-AP* remain on the aluminum oxide surface after the
reaction. [369, 375] Mawhinnermst. al. reported that this nucleophilic attack is inhidites the
Lewis acid-base sites are blocked by other adsorbhetécules, such as pyrindine. [369]
Therefore, the adsorption of 2-CEES on aluminunmdeaccurs mainly through the hydrolysis
reaction when the surface abounds in hydroxyl gsoup
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A. Hydrolysis Reactio
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Figure 2.22 Hydrolysis and nucleophilic attack patlways for 2-CEES on A}Os.

2.5.2 Hexamethyldisiloxane (HMDS)

Chemically replacing surface Brgnsted (hydroxyl up®) sites [376, 377, 378] or
removing Lewis (coordinativelly unsaturated catiansl anions) sites [364] by silyl ether groups
(-O-SiMey) is termed as silation. Silation is frequently dise modify the surface of oxides in
analytical, separations and catalytic processesekample, since the outmost layer of an oxide
is covered by silyl ether groups after siliatiome tmetal oxide surface becomes less hydrophilic.
[379, 380, 381] This helps the dispersion abilitymeetal oxide particles in non-polar solvents.
Paulet. al.reported that the degradation of catalyst is preagwhen the isolated Al-OH groups
on Rh/ALO; are replaced by silyl ether groups under the ¢amrd where CO adsorption occurs.
[380] Rosenthakt. al. reported that the Brgnsted sites (hydroxyl gro@ws)the active sites on
silica-alumina catalyst for the conversion of cueehhe poisoning of the catalyst for cumene
cracking occurred with the elimination of Brgnsttks by attachment of silyl ether fragments
after the treatment of HMDS. [296] Matsumigh 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 moreftirynyears. HMDS attacks Brgnsted
sites (hydroxyl groups) on a metal oxide, leavirgily ether group (-O-SiMg after the reaction
(seeEquation 2-12). [364, 376, 377, 378] Herdt. al. [376, 377, 379] indicated that HMDS
selectively reacts with isolated hydroxyl groups moatal oxides. Hydrogen bonded hydroxyls
are essentially nonreactive toward HMDS. On a dedtgd metal oxide surface, Slaveu al.
[364] proposed that the reaction of HMDS with aloom oxide is initially a dissociative process
from reaction with coordinatively unsaturated sitas’*and &). This is shown ifEquation 2-

13. Ammonia is liberated from the further dissociatreaction after the transfer of two hydrogen

atoms to the nitrogen center of the —NMSiM\eoup.

2 M—OH + (CH,),Si—N—Si(CH,), — = 2 M—0—Si(CH,); + NH,
Bronested sites HMDS Silyl ether (2-12)

_ (CH,),Si Si(CH),
) '\ /' H)

NH (@]
((CH,) Si),NH —> A|\|+ A|\I+
o~ \o/ \O/ (2_13)

(e}

Al Al +
o N~ \O/

The dissociative chemisorption of HMDS either omtayed or dehydrated metal oxides
typically is characterized by FT-IR. Paetl. al. found that the attachment of —O-Si(Meyoup
on ALO; leads to the disappearance of isolated OH mode3746 and 3670 crh with
concomitant formation of the characterisi@CHz) and 6(CHs) vibrational modes at 2958
(vadCH3)), 2907 {s(CHs)), 1446 6.{CHs)), 1414 $.{CHs)) and 1261 &(CHs)) cm™. [380]
Slavov et. al. reported that the dissociation chemisorption of B1on dehydrated AD; is
temperature-dependent. They noted an increaselativee intensity of the Si-O band in the

region of 1100 cm as temperature increased. [364]

2.5.3 Acetic Acid (AA)
Similar to the dissociated chemisorption of 2-CE&®l HMDS on metal oxides, the

chemisorption of acetic acid is irreversible. [385lanset. al. noted that acetate species in
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different configurations are formed after the chsorption of acetic acid on metal oxide
surfaces, as seenhigure 2.23 [383, 384]

Characterizing the chemisorption of acetic acidMgO and AbOs, FT-IR spectroscopy
is frequently employed. Hasaat. al. indicated that the isolated hydroxyl groups onrahum
oxide are involved in the reaction of acetic aditiey observed a negative adsorption in the
region 3800-3680 cth after aluminum oxide was treated with acetic a¢&R5] Symmetric
carboxylate (C@) in the region from 1480-1390 ch{two bands) and asymmetric carboxylate
at 1608 crit appear following the bonding of acetate on oxidizéumina. [386, 387] The
symmetric and asymmetric GHtretching vibrations were observed at 2937 @nd 1337 ci.
[386]

The IR spectrum of the chemisorption of acetic asdMgO have been reported by Xu
et. al. [384, 388, 389, 390] The peaks in the region 18530 cm' and 1360-1300 cihare
correlated with symmetric and asymmetric carboxyldabration respectively. The peaks in the
region 2975-2920 cthand the peaks at 1416 and 1432*cane due to the C-H stretching of
acetate group. [384, 388, 389, 390]

Fosteret. al. observed severe topographical change accompanyetation between
MgO (100) and water or acetic acid through atorarcé microscopy (AFM). [388Figure 2.24
shows these changes. Zecchataal. indicated that surface erosion occurs upon vagating
the MgO surface. [245, 249, 274, 275, 284] Thersftne change in the topography on MgO

caused by the surface treatment of acetic aciklal/ldue to surface erosion.

@) O @)

o O
I I I \ /

—M— —M—M— . |/ E—
Monodentate Bidentate Bridging  Bindentate Chelating

Figure 2.23 The possible binding configurations cdicetate species on metal oxides.
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Figure 2.24 AFM images taken from (A) clean MgO (10). (B) MgO (100) exposed to 19
Torr of H >0 for 100 hours. (C) MgO (100) exposed to 12 Torrf@cetic acid for 1 hour.

[388]
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CHAPTER 3 - Experimental and Characterization Methads

3.1 TDE Synthesis

TDE was synthesized using a modification of thehmétpublished by Prueét. al.[1]
Chlorotrifluoroethylene (from SynQuest Laboratoribe.) was employed directly without
further purification. Dimethylamine (40% in watdrom Alfa Aesar) was purified twice by
distillation through a Vigreux column before usefteh the dimethylamine was purified, 3.72
moles were sealed in a high pressure reaction vess# cooled in liquid nitrogen as
chlorotrifluoroethylene (0.52 moles) was introdudetb the vessel from a gas cylinder. After
loading the reagents, the reaction vessel was théatB6C and kept at this temperature for 10
hours. Because this reaction is extremely exotherihe excess reaction heat had to be removed
by cooling water which flowed through a coil insitte reaction vessel. The product is a bright
yellow solid at room temperature. Heating the splidduct in a sealed flask placed in a water
bath at 58C caused the solid product to melt and form twaitidayers. The upper layer (an oil
phase containing TDE and byproducts) was furtreshed with deionized water to remove the
polar impurities. A light yellow liquid (TDE) remaed after the impurities were removed.
Depending on the quality of the temperature controhe beginning of the reaction, the yield of
TDE varies from 30 to 40%. The emission spectrumi@E CL had been reported previously by
Winberget. al.[2] A similar emission spectrum with a peak at amd%10 nm was given when
TDE was exposed to atmosphere. The purity of TDE wleecked by NMR spectroscopy. An
NMR spectrum, as seen iRigure 3.1, showed a single sharp band at 2.519 ppm (with
tetramethylsilane as a chemical shift referenceulting from the protons of the methyl

functional groups of TDE, proving that the prodwets TDE.
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Figure 3.1 NMR spectrum of TDE with cyclohexane. Th peaks at 7.256, 2.519, 1.426 and 0
ppm are assigned to CDGl TDE, cyclohexane and TMS (Internal Std.) respectily.

3.2 Experimental Apparatus

The emission intensity vs. reaction timg ¢urve of TDE CL was detected by a
fiber optic spectrometer (StelarNet Inc. EPP2000Y aecorded by SpectraWiz operating
software at room temperature (<2§. An apparatus was constructed in which the saroplld
be monitored while a gas was flowing into the sanflhis apparatus consisted of a sample
holder, the fiber optic cable, and an outer glassner to which inlet and outlet tubes were
connected, as sketched kigure 3.2 The flexible fiber optic cable was positioned dvelthe
sample holder. The mixture of metal oxide samplé WDE or reversed microemulsion solution
with TDE was loaded into the sample vial, which viasn placed in the sample holder. The
chamber was sealed with an O-ring and purged wighad at 300 ml/min using a rotameter
during the reaction. In order to avoid the influercaused by stray light from the surroundings,

the outside wall of the glass chamber was coveyedllayer of aluminum foil.
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Figure 3.2 Sketch of the apparatus used to measuf®E chemiluminescence.

3.3 Characterization Methods

3.3.1 AIEg Titration for Measuring the Content of Surface Hydxyl Groups

The apparatus for measuring the number of surfgdeokyl groups on metal oxides was
modified from the apparatus described by Sato amddworkers [3]. This apparatus is shown in
Figure 3.3 The whole system was contained inside a glovethatkwas pre-purged by nitrogen.
The metal oxide sample size was approximately OFgure 3.4 shows the measuring
procedure. The titrating agents, triethylaluminumd 4-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 stiace hydroxyl groups on metal

oxides.
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Figure 3.4 Process for measuring hydrogen bonded dnsolated hydroxyls by AlEt;

titration.

Triethylaluminum titration used in the measuremehtsurface hydroxyl groups on
magnesium oxide is a substitution and reductiorcti@@a The determination of the hydroxyl
group concentrations on the metal oxide sampleshaasd on the amount of ethane released
during the reaction between AjENd the hydroxyl groups. Monodetate (OA)Ednd bidentate
(O.AlEL,) species were formed via reactions between thd gtbups of AIE§ and the protons
of adsorbed hydroxyl groups on metal oxides whdgtAleacts with isolated OH and hydrogen-
bonded OH, respectivelyrigure 3.4 [4]. The remaining ethyl groups on OAJENnd QAIEt;
were further reduced by 1-pentanol and releaséderiinal step. Because the density of surface
isolated OH and hydrogen bonded OH varies withptieetreating processes, excess Alidd to
be added to make sure that the protons of the caurfeydroxyl groups were completely
substituted by AlEt However, the ethane would be released either f©&EL, / GAIEL; or
excess AlEf when 1-pentanol was added into the reaction. Timesamount of Algtadded had
to be adjusted depending on the densities of adddnlgdroxyl groups on metal oxide surface.
The first step was used to estimate the appropaiateunt of AIEf which would be added into

the solution in the second step.

69



In the first step, an excess (4ml) of a 0.5M Al&tcalin solution was added into the
reactor and mixed with the metal oxide sample wittmagnetic stir bar for 8-12 hours until no
more ethane was evolved from the reaction. Theneth@&leased from the reactiong{
Equation 3- 1) was simply calculated by the ideal gas law. Basedthe calculation of released
ethane g, Equation 3- 2) in the first step and the supposition that aBatled hydroxyls are
isolated OH, a stoichiometric amount of AJBtas added. This procedure overestimated the
amount of AIE$ required Equation 3- 3), so AlIEg at a low concentration was left in solution
after the reaction. The residual AlEthus, had to be removed before 1-pentanol wasdadtiml
decalin was added into the reactor to extract loaitrésidual AlEL In the third step, 4 ml of 1-

pentanol was added into the reactor.

I:)E VE
n. =—= ‘e 3-1
Fo RT (3-1)

Ne, =Ngo o + 2nH -OH (3-2)

1
N, = E Ny _on + Niso-on (3-3)

wherePg; andVg; are the ethane pressure and volume of the megsnsttumentng; is
the number of moles of ethane which is releaseth ftbe reaction between the proton of
hydroxyl on metal oxide surface and AdEt.. o isthe number of moles of isolated OH on metal
oxide, ni.o4 is the number of moles of hydrogen bonded OH on mmtale, andn,g; is the
required additional amount of Alfin step 2.

As AlEt; reacted with an isolated hydroxyl on the metadexsurface, only one ethane
molecule was released from the reaction, leavingadentate OAIEton metal oxide surface. In
contrast, two ethane molecules were released whHEly Aeacted with hydrogen bonded OH
groups, leaving bidentate,8IEt; on metal oxide surface [5,6Figure 3.4). 1-pentanol (Alfa
Aesar) was added to replace residual ethyl grompsionodentate or bidentate and reduce the
ethyl group to ethane. The volume-pressure dataceaserted to a mole number through the
ideal gas law. The number of moles of ethane retkdsom step 2 was namégf] while the

number of moles of ethane released from step 3naagedE,. The amount of isolated O,
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on) and the amount of hydrogen bonded ®k.() was, then, calculated viaquations 3- 4and
3-5

Nisoon = % (2E2 - E1) (3' 4)

Ny _on :%(2E1 - Ez) (3-5)

3.3.2 Surface IR Study

The apparatus employed for studying the surfacedxyts and grafted groups on metal
oxides, and the interaction between TDE and metaleosurfaces is shown figure 3.5 All
infrared spectra were obtained in a high tempeeaRRIFTS cell (SpectraTech). Metal oxide
sample, about 30 mg, was loaded into the ceranmpkeacup in the cell without dilution. The
desired temperature for treating the metal oxidepta in the DRIFTS cell was controlled by a
temperature controller (Thermo Electron Corpgz)add inert gas cylinders were connected to the

DRIFT cell by plastic tubing.

The flow rate of inlet gasses was controlled by grfésv controllers. A sealed flask with
20m| TDE was pre-purged by dry nitrogen and coretet¢d the DRIFT cell with %" stainless
tubes. The inert gas and oxygen were further dettgdrby a water trap before being introduced
into the DRIFTS cell. To introduce TDE into the RIS 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 meas the IR spectra of metal oxide and
catalyzed TDE CL reaction on metal oxide surface. ie amount of TDE in sealed flask is
20 ml.

3.3.3 Measurement of Surface Area
The surface areas of metal oxides were determiggtdebBET dynamic method using a
Quantachrome Autosorb-1. Nitrogen was used foratf@orption experiment at liquid nitrogen

temperature.

3.3.4 X-ray Powder Diffraction Analyses
X-ray powder (XRD) traces of metal oxides were iearout using a Bruker D8 Advance
X-ray diffractometer (40 kV, 40 mA) (Karlsruhe, Geainy). The aluminum oxide samples were

scanned starting fromp225-70F with increment of 0.05and a scan speed of 1 degree/minute.
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CHAPTER 4 - The Influence of Surface Hydroxyls on Gtalyzed

Tetrakis(dimethylamino)ethylene Chemiluminescence

4.1 Introduction

The surface morphology of alkaline earth metal egids associated with the acidity,
basicity, adsorptive properties, and reactivityttid metal oxide.[1,2,3,4,5] Magnesium oxide
(MgO) has been widely used as a solid base catafys$ a catalyst support.[6,7,8] The electron
transfer from magnesium to oxygen atoms in MgO detadelectron rich oxygen anions that act
as strong base sites. In addition to oxide iondgydwyl groups also act as basic sites on MgO.
[9,10]

The basicity of MgO is expected to greatly dependhe distribution of the oxide ions
and the location of surface hydroxyl groups. On l@aam MgO surface, there are lower
coordinated (LC) oxide sites {Q:) including 5, 4 and 3-coordinated oxides’ (@ O”.c and
O%3¢) at extending planes, edges and corners, respbctiBransted basicity of Qc ions
increases in the order:*g: < O74c < %3¢ [11,12] Hydroxyl groups can be divided into two
categories depending on the atom (metal or oxygmn)aon which the hydroxyl groups adsorbs.
Hydroxylated magnesium cations and protonated oaidens are usually referred to as mono-
coordinated (-@H) and multi-coordinated (-@H, where L=3,4 and 5) hydroxyl groups
(Figure 4.1).[13] Since the reactivity of surface hydroxyl gps varies with the specific surface
species, the analysis of surface hydroxyl groups avdy characterizes surface acid-base

properties but also can provide information onghgace morphology of MgO.
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mono-coordinated OH

multi-coordinated Ol
where L=3,4 or 5

Figure 4.1 Mono-coordinated and multi-coordinated lydroxyl groups on MgO. Mono-
coordinated OH is the OH on hydroxylated magnesiuneation while multi-coordinated OH

is a protonated oxide anion. [13]

Although solid bases have been applied industrfaliynore than forty years, the surface
properties associated with solid base catalyste lheen less well studied compared with solid
acid catalysts. [6] Previously solid basic metaldes have been characterized mainly with
spectroscopic tools (such as UV-visible [14] andtpluminescence [9]) and a variety of
adsorption experiments.[15,16,17] Determination safrface hydroxyl groups usually is
accomplished via FT-IR spectroscopy [18,19,20,21¢2%21 by titration with molecular probes.
[11,23] Few quantitative methods relating to meiaguthe content of surface hydroxyl groups
on metal oxides had been published previously.2226,27] To detect basic sites on metal
oxide surfaces either by spectroscopy or the atisafdesorption of probe molecules (ex. £O
and phenol), thermal pre-treatment at high tempegat required to remove adsorbed species.
For example, to remove hydroxyls and carbonates tygO, the pre-treatment temperature has
to exceed at least 8%D. At this temperature, the distribution of surfacéde sites is expected to
change significantly due to the change in the maigiy. Another disadvantage of current
techniques is that each provides a limited pictafesurface hydroxyl chemistry; multiple
techniques need to be used to fully charactericase hydroxyls in terms of their quantity and
type. Thus, characterization methods for metal exithat can proceed at modest temperatures

and simultaneously interpret the type and quanfityydroxyl groups are desired.
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This work proposes that a chemiluminescent reactioay provide a means to
characterize active sites on metal oxides. Siete@kis(dimethylamino)ethylene (TDE) was
observed in 1950 by Pruedt al [28], the reaction mechanism of TDE chemilumimese (CL)
and properties of TDE have been well studied; [@838,32,33,34] However, research applying
TDE as a probe in chemical and biochemical reastismrare. As the reaction shownHigure
4.2, TDE reacts spontaneously with oxygen to from kigh energy intermediate, tetrakis-
dimethylamino-1,2-dioxetane, TDMD. [34,35] Thealage of the C-C and O-O bonds of the
1,2-dioxetane moiety provides the energy for ermarssif a photon. [36,37,38,39] In TDE CL,
TDE itself is the emitter. [40]

TDE TDMD
Figure 4.2 The molecular structures of tetrakis(dinethylamino)ethylene (TDE) and
tetrakis-dimethylamino-1,2-dioxetane (TDMD).

TDE CL is unigue from other chemiluminescent reatdi because TDE is non-polar,
while the products of TDE oxidation are polar. Fpelar products are produced when TDE
reacts with oxygen spontaneously: tetramethylufdal, 65 mole%) and tetramethyloxamide
(TMO, 18 mole%), tetramethylhydrazine (TMH, 12 nfble bis(dimethylamino)methane
(BMAM, 2mole%), and dimethylamine (DMA, trace amasin [41] TMU and TMO are known
to quench TDE CL. [34,40] These molecules collidéhvexcited TDE, leading to reduced
emission intensity and a red shift in emission V@wgth. In addition, the transfer of the polar
high energy intermediate of TDE CL, TDMD, from tA®E non-polar bulk phase into the
products’ polar disperse phase leads to a decrimasbe emission intensity of TDE CL.
[32,42,43]

TDE CL is enhanced by the addition of compoundshwiydroxyl groups, such as
alcohols. [44,45,46] For this reason, this workuiees on whether TDE CL could be used to

analyze the distribution and density of adsorbedrdwyl groups on metal oxide. MgO was
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chosen in this study because more theoretical andaimental studies have been done on MgO
than other metal oxides. [21,54] A lot of paperktieg to the surface properties have been
published. Therefore, it is convenient for us teelep a new characterization method used in
detecting surface properties of a metal oxide. Sasnpesulting from different pretreatment
conditions were analyzed using established charaaten techniques and subsequently were
tested in TDE CL to examine how the variation imslgy 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 (Mgf@s’) were purchased from NanoScale, Inc. (Manhattan,
KS.). They feature an extremely high surface a2&81tf/g), small crystal size (4nm) and rough
surface morphology. The MgO was heat treated bjingeghe MgO sample in a glass cell
connected to a Ncylinder and vacuum line. A cylindrical electriarface heated the MgO
sample to the desired temperature while the cedl pjurged by dry nitrogen. The temperature
was maintained at the desired temperature for @sh In order to inhibit surface reconstruction
during preparation, the temperature was increasech froom temperature to the desired
temperature at°€/min. After that, the sample cell was purged byaauum line to evacuate the
residual gas inside the cell at the desired tentypexdor 0.5 hours. The heat treated MgO sample
was sealed inside the cell, cooled down in air, thiett moved into a glove box for further study.
Moisture-treated MgO was prepared by treating tlggOMn an electric furnace at 7@ for 3
hours to remove adsorbed species and then re-imginaith steam at 8& for 2 hours. Before
the use of the moist treated MgO, the sample westdd at 15 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 ¢8lpectraTech) using a Mattson FT-
IR spectrometer (Model: Cygnus 25). The spectromstequipped with liquid nitrogen-cooled

MCT detector, KBr beam splitter, and ceramic ligbtirce. The DRIFTS cell was connected to
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both mass flow controller and a sealed flask widhn® TDE, as the sketch showed in Figure 3.
4. The flow rates of Nand Q going through the flask and DRIFTS cell were colfdd by a

mass flow controller.

4.2.3 Surface Hydroxyl and Surface Area Measurement

The surface area of pre-treated MgO samples weeerdimed by BET dynamic method
using Quantachrome Autosorb-1. Nitrogen was usethiBbadsorption experiment at liquid
nitrogen temperature. The content of surface hygsosn each MgO sample were measured by
the AlE titration. [44,47,48,49] The detail procedure oEA titration was described in Chapter
3.

4.3 Results

4.3.1 Measurement of Surface Hydroxyls

In order to eliminate physisorbed water, the Mg@gies were pretreated at £80 The
surface hydroxyl groups on heat-treated MgO or moéstreated MgO were measured and the
results are shown irigure 4.3 Figure 4.3 shows the concentrations of total hydroxyls,
hydrogen-bonded hydroxyls, and isolated hydroxylspoetreated MgO. The concentration of
hydroxyl groups on MgO heat-treated at 4B0is 1.72x16" OH/g (2.87 OH / nf) and
decreases with increasing pretreatment temperdotb.the densities of isolated and hydrogen-
bonded hydroxyl groups decrease linearly with iasheg pretreatment temperature for MgO.
However, the decrease is much more significanthigirogen-bonded hydroxyl groups. The
decrease in hydroxyl density is due to the desampdf the hydroxyl groups with lower thermal
stability and the loss of surface area when MgO a#gassed at high temperature. The loss of
surface area was particularly significant when Mgf@s pre-treated using the moisture-
treatment. For example, the surface area of heated MgO at 15 was 270 rfig, but
decreased to 78 and 82/gy respectively, when MgO was treated by heatitreat at 708C
and moisture-treatment. In moisture-treatment, Mgg3 heated at 700 for 3 hours to remove

adsorbed hydroxyl groups. Although the surface @OMwas re-hydrated by steam, the total
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hydroxyl group density on moist-treated MgO (55.84% mole/g) was less than that on heat-
treated MgO (at 150, 200, 300 and Z0p

The heat-treated MgO samples have nearly the satioeof isolated hydroxyl group to
total hydroxyl group at all conditions, with a r&n6.6-18.8%. However, this ratio jumps to
26.4% for moisture-treated MgO. Treating the saspith water vapor clearly changed the
composition of surface hydroxyl groups and incrdatbes ratio of isolated hydroxyl groups to
total hydroxyl groups.

350

300 1
250 1 A
200 1 "« »
150 -

100 -

50 Fi\.\._\.

0 200 400 600 * 800
700°C
M oist-treatment

Pre-treating temperature (°C)

Surface hydroxyl conc.
(OH mole X105 /g MgO)

Figure 4.3 Densities of total OH4), 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 frigure 4.4, has two intense bands in the regions
3000-3800cnt and 1300-1700cth The bands in these two regions are attributelytiroxyl
groups and carbonates, respectively. The shouldet to the band of carbonate at around
1645cm* is adsorbed water. This water could be removedptetely by heating to 16C or
higher,[22,50] as seen ikigure 4.4 The OH stretching region typically is employed in
identifying two types of hydroxyl groups. The broddmain in the region of 3100 to 3660°tm
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is assigned to the stretching modes of the hydrbgerled OH groups, whereas the narrow
bands at higher frequency in the region from 366@750 crit are assigned to isolated OH
stretching vibrations. The band intensity of hyamogoonded OH decreases in intensity with
increasing pre-treatment temperature betweefAQ@0700C, as seen ifrigure 4.5 In contrast,
the band intensities of isolated OH at 3695 andL3d4" did not noticeably change before the
pretreatment temperature reached808nd 606C, respectively. A peak shift occurs with the
increase of pretreatment temperature, both in tieepsband at 3741 c¢hand the broad band
between 3100 and 3660 ¢m

The band at 3741 chmappears as a shoulder on the band at 369% amlower
temperatures (25-200). The band of isolated OH splits into two equéatitense bands at 3695
and 3741 cnl when the temperature increases t0°800The band at 3695 ¢hdisappears
following heating to 40%C. The thermal stability of adsorbed OH was indhder of (from most
to least stable): the shoulder at 3741'cthe sharp band at 3695 ¢nihe broad band from 3100
to 3660 cr (seen irFigure 4.5).

Kubelka Munk

3700 3200 2700 2200 1700 1200

wavenumber / cm™

Figure 4.4 IR spectra of heat-treated MgO at elevad temperature: a. room temperature
(25°C); b. 100°C; c. 200°C; d. 300°C; e. 400°C; f. 500°C; g. 600°C; h. 70C°C.
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Figure 4.5 The IR bands of 3C, 4C isolated OH andydrogen-bonded OH on the surface of
MgO which was heat-treated at temperatures from 25C to 700°C.

4.3.3 Decomposition of TDE on MgO

The interaction between TDE and pre-treated Mg@l(aoting heat- and moisture-treated
MgO) were studied both with and without oxygen tigb IR spectroscopy. The results for the
trials when no oxygen was fed are showrrigure 4.6 andFigure 4.7. The IR bands of TDE
are noted in the region of 1000-1400tnm420-1490, and near 1650 ¢m The bands from
1000-1400 crit can be assigned to C-N bond stretching or bendittgn the central NIC=CN,
or N-CH; fragments. The IR bands in the region 1420-1490" e assigned to the
approximately 20 bending modes of £htoups. [51] The feature at 1650 tris consistent
with a C=0 bond stretch, which could come from the/gen-containing products of TDE
oxidation, likely TMU or TMO. It was also notedaththe peak at 1650 ¢happeared after the
moisture-treated MgO upon which TDE was pre-adsbras exposed to oxygen. It was found
that this peak grew with time, consistent with &ssignment of this peak to oxidation products.
As seen irFigure 4.6 andFigure 4.7, the band at 1650 chwas observed on heat-treated MgO
(at 700C) but not on moisture-treated MgO. On heat-treddD, the band at 1650 ¢m
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increases with time after TDE was introduced irite DRIFT cell from 0 to 40 minutes and
stops increasing at 40 minutes, while the intessitf other bands (1049, 1095 and 1388cm

still increase with time from 40 to 80 minutes.
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Figure 4.6 IR spectra of TDE on moisture-treated M@. 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 activétses (Mg?* or O* ions) of MgO which
was pre-treated at 700C. TDE was introduced into the DRIFT cell from 0 to80 minutes.
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4.3.4 The | (emission intensity vs. reaction time) curves atalyzed TDE CL

The | curves for TDE mixed with MgO which was heat-tezhiat 150, 200, 300 and
400°C and also a moisture-treated sample are showigime 4.8 It is clear that the turve of
TDE CL on moisture-treated MgO differs from the ety not only in the maximum emission
intensity but also in the shape. The maximum intgref the | curve of TDE CL on moisture-
treated MgO was about four times that of theurve of TDE CL on heat-treated (£f&8) MgO.
The shape of the turves of the TDE CL catalyzed by moisture-tredilyD, heat-treated MgO
at 400C, and TDE CL without MgO have a similar expondntiacay Figure 4.8 curvesd, e
andf). The | curves of TDE CL on heat-treated MgO at 150, 20® 200C (Figure 4.8 curves
a, b andc) are quite different. After an initial decreaseamission intensity, there is a brief
increase, followed by an exponentially decreasiegd. The maximum in the emission intensity

occurs at longer reaction times with increasindgrpegment temperature.
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Figure 4.8 The | curves of catalyzed TDE CL on heat-treated MgO (awe a-curve d) and
moisture-treated MgO (curve e). For the { curves of TDE on heat-treated MgO, MgO was
pre-treated at a. 156C; b. 200°C; c. 300°C; d. 400°C before mixing with TDE. Curve fis
the I; 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 BCand 5C) active sites (uncovered
Mg** and G ions) are provided by (111), (110) and (100) aiysgraphic planes, respectively,
usually denoted as M&cO?sc, Mg>*4cO%sc and Md'scO%sc. [53] Knodzingeret al [21]
indicated that the stretching frequency of OH wasetated with the degree of coordination of
oxygen ions in OH. Increasing the number of metatiadjacent to the oxygen ion of OH would
cause an additional downward frequency shift. [2]L,9-or instance, when isolated OH was

adsorbed on a lower coordination ion, the stretgfiieaquency of this isolated OH would appear

84



at higher frequency in the IR spectra since OH a@ges or corners (4C or 3C) are necessarily
less perturbed by the reduced number of neareghlneis compared with the hydroxyl groups
on an extend plane (5C). [22] Chizaktal. and Kndzingeet al. summarize the surface isolated
OH into two categories from the dissociation ofevain MgO Figure 4.9):
A. l-coordinated OH groups (proton acceptor) - produty the hydroxylation of
magnesium ions
B. Multi-coordinated (3-, 4-, 5-coodinated) OH groufmoton donor) — created by the

protonation of oxide ions.

H
/

Tlc T+

0%, Mg¥,.—0%, Mg?*, . — O%yc Mg?*,c

1-coordinated OH multi-coordinated OH

Figure 4.9 Types of surface hydroxyl groups on MgOwhere X = 3, 4 and 5 when the ions
locate on corner, edge and planes, respectively.

The stretching frequency of these two type OH gsoupthe IR spectrum is still in
dispute. Some researchers argued that the shagper & higher frequency (3740 Cnis
contributed by type A (1-coordinated OH) hydroxyldathe broad band at lower frequency
(3650-3450 cnl) is assigned to B type hydroxyl (multi-coordinat®t) [53,54] while other
researchers stated that type A OH appears at higaguency (>3700 cif) and type B OH
appears both at a higher frequency (>3700" ¢ar defect and lower coordinated OH) and the
lower frequency (<3700ct for higher coordinated OH). [10,21,22] However, can be
concluded from the former studies [9] that the riedr stability of isolated hydroxyl groups are
inversely proportional to the coordination number the oxide ion. The deprotonation
temperatures for oxide ions are in the order of ¢Mg”scH (deprotonated at 860) > Mg ¢-O*
acH (deprotonated at 460) > Mg c-O?scH (deprotonated < 46@). Such results also infer that
the basicity of oxide ions on MgO increases with tiecrease in the coordination number of the

oxide ion.
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From our IR results and those described in thealitees, the following conclusions can
be reached about the types and relative amountsffefent types of hydroxyl groups on the
surface of MgO following different pretreatment pedures. First of all, hydrogen-bonded
hydroxyls are located in the region from 3100 t&é®@&ni*, making it difficult to observe any
contribution of 5-coordinated (5C) isolated OH (&kled [9,17] A shift in the peak of the broad
band at 3660-3100 cfrwas noted as temperature was increabaglife 4.5): above 408C, the
peak of the broad band shifts from 3556 to 3525.cifhis may be explained by the

disappearance of 5C isolated OH.

The features noted between 3660 and 3750 eme assigned to 3 and 4-coordinated
isolated OH and 1-coordinated isolated OH. Theeesagnificant changes in this band as treating
temperature increases, as noted above. The p&ildatcnt is more thermally stable than the
peak at 3695 cih For this reason, and because of the known giabili3 and 4-coordinated
isolated OH, the peak at 3741 ¢man be assigned to the 3-coordinated isolated @H3695
cm? as 4-coordinated isolated OH. There also may dmeescontribution of 1-coordinated
isolated OH in the peak at 3741 ¢nf55] The presence of this peak may explain why the featu
at 3741 crit decreases in intensity at moderate temperatu@®dp and shifts to 3718 cm
characteristic of the 3-coordinated isolated OHugtaat 700C. Previous research suggests that
3-coordinated isolated OH is stable up to tempegatof 806C. [9] The assignments associated

with each hydroxyl group are presentedrigure 4.1Q

Isolated OH Hydrogen-bonded OH

=

oo [o.n] (o] |
@ | O,-H, L=5,4,3and 1 |

- ] 1 ] | o

-~ | 1 >
3795 3718 3660 3100 cm?

Figure 4.10 The stretching frequencies of differenhydroxyl groups on MgO.
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As seen irnFigure 4.11, the moisture-treated MgO surface exhibits mormdrdination
isolated OH. The results of Bailbt al [56], Colucciaet al. [57] and Zecchinat al [58] noted
that the cubic MgO particle was eroded by waterovapeading to an increase in the lower
coordinated sites @ and G4c) on the surfacerigure 4.11shows a relatively intense peak at
3695 cnt' after MgO was re-hydrated by steam at@%moisture-treatment). The enhancement
in the intensity of the peak at 3695 timdicates that more 4-coordinated isolated hydfgyr
surface defects) were formed on the surface aftastore- treatment. The thermal stability of
this intense band was studiedriigure 4.12 The intensity of the band at 3695 tmas constant
from 25 to 206C. However, it started to decrease at temperatwess300C and disappeared by
400PC. Thus, it is clear that the surface of moistueated MgO was dominated by 4-
coordinated isolated OH groups, which disappeamupeatment at moderate temperatures (<

400°C).

§ 3695

Kubelka Munk

4000 3750 3500 3250 3000 2750

Wavenumber /cm™

Figure 4.11 IR spectra of hydroxyl groups on MgO siface: a. the hydroxyl groups on heat-
treated MgO at 150C; b. the residual hydroxyl groups on heat-treatedvigO at 40°C; c.
the hydroxyl groups (4-coordinated isolated OH) ommoisture-treated MgO.
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Figure 4.12 The thermal stability of isolated OH ommoisture-treated MgO when moisture-
treated MgO was treated by an elevated temperaturfom 25 to 300°C. The band at

3695cm’ disappeared when the temperature was increased up 400°C.

4.4.2 | curve of TDE CL
As seen irFigure 4.8 the | curve for catalyzed TDE CL on MgO varies dramakyctor

different pretreatments. For this reason, it imfarformation on the nature (surface area,
morphology, and types of hydroxyl groups) of the@gurface from the turve. To do this, a
number of trends in thg turves must be explained. First, the shape ofltloairves varies
dramatically for samples that have undergone diffepretreatments. In some cases, tloarve
displays a maximum in the emission intensity whgh function of the pre-treating temperature
of the MgO Figure 4.8 curvea, b andc). In addition, this maximum disappears, assunaing
exponentially decreasing trend with moisture-treathor heat-treatment at 440 These trends
are hypothesized to be due to multiple factorduiog the presence of quenching species, the

types and surface concentrations of hydroxyl ioesgnt 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 Chyjisothesized to be responsible for
the deformation of theg turves (thelcurve with a local maximum). It is well known ththe
products (primarily TMU and TMO) which are producédm the TDE chemiluminescence
reaction can act to quench the emission of lightnftthe reaction of TDE with oxygen. [34,40]
Prior results in our laboratory have shown thatiegld MU into solution does, indeed, decrease
the intensity of TDE CL [56]; however, the trendnset linear. |Initially, intensity decreases
linearly with TMU concentration. After a concentoat of 0.383M, the intensity continues to
decrease, but the slope is much smaller than arl@WMU concentrations. These results were
interpreted based on the solubility of TMU in TDEMU is polar, while TDE is not. For this
reason, TMU will form a second liquid phase witliDE once its concentration exceeds its
modest solubility in TDE. Experimentally, a secdmguid phase was observed at high TMU
concentration. The point where the slope changethgimy corresponded to the solubility of
TMU in TDE. At concentrations beyond that poinfU formed a second liquid phase, so
additional TMU beyond that concentration had ligféect on emission intensity.

The unusual shape of thecurves can be explained by the presence of quendiecies,
the relative rates of their formation, and theibseguent removal into a second liquid phase.
This hypothesis was tested by using a surfacta@T(Adioctyl sulfosuccinatesodium salt) to
introduce a micellar phaserigure 4.13 shows thelcurves of TDE CL in solutions with and
without AOT reversed micelles. When AOT is addedaatoncentration less than its critical
micelle concentration (CMC}gure 4.13curvea) [60,61,62,63], a maximum is observed in the
emission intensity similar to that observed withmauious MgO-catalyzed TDE CL trials. These
results suggest that the local maximum in TDE Ctulve is a consequence of the presence of
guenching species in the TDE bulk phase. In tlesgce of AOT reversed micelldsigure
4.13curveb, [AOT]=1.782 mM in iso-octane), thedurve progressively decreases with reaction
time. When reversed micelles are present, thednieg species will be removed continuously
by the migration from the non-polar TDE bulk phasdahe hydrophilic water pools within the
AOT reversed micelles. [59] In this way, the cortcation of the quenching species is kept
much lower than the saturation points of quenclipgcies. The monotonically decreasing |

curve is a consequence of the consumption of TDEeMfeversed micelles are not present, the
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guenchers accumulate in the bulk phase over tindeaggregate together to form micro-drops
when the concentration of quenchers reaches thairagion points in the solution. Thus, the
local maximum on the kcurve indicates the competition between the guegcteactions and

TDE chemiluminescence.
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Figure 4.13 | curves of TDE CL in iso-octane with addition of AO™: a. below the critical
micelle concentration of AOT ([AOT]=0.430 mM); b. @ove the critical micelle
concentration of AOT ([AOT]=1.782 mM). The concentation of TDE in cyclohexane was
fixed at 2.54M.

In the system of interest, the local maximum inti#sathe presence of TDE reaction
products (as quenching species) in the non-polaE TiQuid phaseFigure 4.14 depicts the
proposed aggregation mechanism of TDE productsamon-polar TDE bulk phase. In regian
the emission intensity of TDE CL decreases graguaith increasing concentration of the
dissolved TDE products until the concentration &ET products reach the saturation points
(point 1). At the saturation point, the TDE products sefmmut from the bulk phase and
coalesce together to form micro-drops suspendeleiTDE bulk phase. After poidt because
the aggregation rate of polar TDE products in tiEThon-polar bulk phase is higher than the
production rate of the products, the curve goewitip reaction time (regiob). The aggregation
rate of TDE products is balanced by the productaie of TDE products at poi@t After point
2, a further increase in the concentration of TDRdpicts leads to the formation of the second

polar liquid layer that separates from the TDE phaShis second phase has been seen
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experimentally as tiny drops sticking on the wallbmttom of the sample cuvette when the
reaction time is in regios have been observed. The drops further combinehlegéd form a

second layer at the end of the reaction.
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Figure 4.14 Aggregation mechanism of the polar TDBroducts in the TDE non-polar bulk

would also affect the time at which the local manxmappeared. To investigate this, TMU was
added in different amounts while TDE CL was momtb(seeFigure 4.15. As seen in this
figure, the local maximum in the durves are observed for all concentrations of TNAU, the

time at which the local maximum occurs shifts tolieareaction times with increasing TMU




concentration. This observation is consistent withmechanism proposedkigure 4.15 The
presence of more quenchers at the start of reaotieans that the saturation concentration is

reached at earlier times, causing the local maxirtauappear earlier.
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Figure 4.15 | curves when the addition of TMU in cyclohexane saotion (with 2.8654 M
TDE) was adjusted from 0 M to 0.1389 M.

With these ideas in mind, the results observedrigure 4.8 can be explained. The
reaction time at which the local maximum appear$ighly dependent on the pretreatment
conditions. Higher pretreatment temperatures gh#t local maxima to later reaction times;
these pretreatment conditions also correspond tahmiower surface hydroxyl group
concentrations. Thus, it is hypothesized thatem@rfhydroxyls catalyze the reaction of TDE with
oxygen. Lower pretreatment temperatures resulmaterials with more hydroxyls, which
enhance TDE oxidation. This results in faster tieacates and faster production of quenching
species. As noted above, the increasing concamtraf quenching species causes the local
maximum to occur at shorter times. For this reasiowas observed that samples with more
hydroxyl groups (lower pretreatment temperatures)ilet the local maximum at shorter times
than samples with fewer hydroxyl groups. This higgsis is further supported by experiments
when different amounts of MgO were used to enhai@e CL, shown inFigure 4.16 The
additional MgO reduced the time at which the lazglximum in emission intensity appeared,
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again consistent with a larger number of hydroxgugps increasing the reaction rate for TDE
CL.
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Figure 4.16 The shift of the local maxima on the; lcurves when a. 0.2g, b. 0.15g and c. 0.10g
heat-treated MgO at 150C was added into the solution of 40@l TDE and 200l
cyclohexane. The dash line points out the peak pbsn of the local maximum on the |

curve.

4.4.2.2 Surface Hydroxyl effect

Although samples with more hydroxyl groups speedT@iE oxidation, this does not
necessarily imply that those samples produce tbkest chemiluminescence. Several different
types of hydroxyl groups are present on all samfflas may have very different roles in TDE
CL.

4.4.2.2.1 Isolated hydroxyls

Isolated hydroxyls are believed to be the causeefdranced chemiluminescence for
some MgO samples. In particular, lower coordinasetated OH, &3cH (3C OH) and @,cH
(4C OH), are thought to significantly enhance TDE. These conclusions are based on the
results shown irFigure 4.8 and Figure 4.11 Moisture-treated MgO gave the most intense
emissions of any of the MgO samples tested, asisdéigure 4.8 If all hydroxyl groups were

94



equally active for catalyzing TDE CL, we would egp¢hat moisture-treated MgO would have
the highest concentration of hydroxyl groups. lctféhe opposite is the case: the total hydroxyl
concentration is less than the other samples (33@2mol/g compared to a range of 196.10-
276.04x10 mol/g for other samples). An alternate interpietais that only isolated hydroxyl
groups are active in catalyzing TDE CL. This iptetation would suggest that moisture-treated
MgO should have more isolated hydroxyl groups; mg#iis is not the case (moisture-treated
MgO has an isolated hydroxyl concentration of 14I0f mol/g compared to a range from
32.50-49.17x1® mol/g for other MgO samples). Instead, the daggsst that 4C isolated OH
are most active in TDE CL. As shownHhingure 4.1, the isolated hydroxyls on moisture-treated
MgO are mostly 4C isolated OH.

Further support for the role of 4C isolated OH atatyzed TDE CL can be seen in the

trends for heat-treated MgO samples as the pratedttemperature is increased. As seen in
Figure 4.8, the emission intensity of TDE CL slighiecreases as pretreatment temperature is
increased from 150 to 380. Increasing pretreatment temperature up té@pthe MgO surface
loses the ability to enhance the emission inter#ityDE CL. The | curve of TDE CL on heat-
treated MgO at 40T (curved) almost overlaps with the durve of TDE without MgO (curvB.
As the pretreatment temperature is increased front@ 400C, both the total concentration of
isolated hydroxyls and the amount of 4C isolated @ildure 4.12 decrease, again suggesting
that isolated OH groups (particularly 4C isolateld)@re the active species for catalyzing TDE
CL. It is particularly interesting to note that Rgreated at 40C has essentially no impact on
TDE CL, since this sample is virtually free of 4€blated OH. This interpretation is further
supported by the chemiluminescence datéigure 4.8

The prior discussion ignored the possible role ©fiblated OH for TDE CL. However,
3C isolated OH persists on the surface even at gty pretreatment temperatures as evidenced
by the presence of the absorption band at 3744 (seeFigure 4.4). The reason that 3C isolated
OH are not given a primary role in TDE CL is th&t dites (edge sites) would be expected to be
much more numerous than 3C sites (corner sitesgilmy a cubic particle constructed by Mg
and O ions (dg-o = 2.107) with the same number of ions on each dtigeratio of corner ions to

edge ions would decrease rapidly with increasingigh@ size. For instance, the distance
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between M§" and G ions is 2.107 A. [18For a MgO cubic with 0.6 nm on each edge, it can be
calculated that the ratio of corner ions to edgesis 33.33%. However this ratio decreases to
1.39% when the particle size of MgO cubic is insezhto ~10.3 nm. The average crystallite size
of the MgO that was used in this research was aouh. Assuming an MgO particle forms a
perfect cubic structure, the ratio of corner (3+clmation) ions to edge (4-coordination) ions is
3.7%. Obviously the MgO particles observed arepeotect cubes, thus the ratio should be lower
than 3.7%. The possibility that 3C isolated OHabasted TDE CL cannot be excluded,
particularly at high temperatures when these ageotily hydroxyl species present; their impact,

however, is expected to be much less than 4C ebl@H because of their lower concentration.

4.4.2.2.2 Hydrogen-Bonded Hydroxyls

As discussed above, emission intensity appeare twolrelated with isolated hydroxyls,
not total hydroxyls. Instead, hydrogen-bonded byglis are believed to play a negative role in
TDE CL. Like water and alcohols, [32] the partidipa of hydrogen-bonded hydroxyls in TDE
CL could cause the transformation from a TDE moaten, TDE, to the TDE di-cation
(TDE?") and TDE cation radical (TDE), leading to the consumption of TDE through a nion
fluorescent pathway. The color of TDHs deep orange [32], thus, a color change fraghtli
yellow (the original color of TDE) to deep orangewd be seen if a surface caused the
transformation of TDEto TDE". Such a color change was observed at the ingtanfTDE
was added to MgO surfaces that were rich in hydrdgended hydroxyl groups. The color

became lighter and lighter with reaction time asTDE"~ underwent further decomposition.

FL pathvv}{ TDMD ——— Products + photons

o, isolated OH
TDE — TDE*

Y\oH
non-FL pam

O~ + TDE2* ——— Products

\—>TDE+*

TDE  (deep orange color)
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4.4.3 Interaction of TDE with MgO

Based upon the IR results shown Rigure 4.7, oxygen-containing products (TMU
and/or TMO) are formed on heat-treated MgO eveihénabsence of oxygen in the feed. When
a similar experiment was repeated on moisturedate®gO, no evidence of TMU or TMO was
found (no peak at 1650 ¢hmppeared for the 90 minutes of the experimBigure 4.6). This
suggests that the heat-treated MgO surface couidizex TDE, while the moisture-treated
surface could not. We explain these results bytparto the differences in the surfaces of these
two materials. The moisture-treated sample hasrgode surface reconstruction and adsorption
of water. The adsorbed water is further decompasedhydroxyl groups. The surface is likely
saturated with hydroxyl groups, and few uncovergdssexist. For the heat-treated MgO,
however, heating has removed many of the carboaatke hydroxyl groups adsorbed to the
surface, so uncovered sites (Mgnd G ions) are present at the surface. We hypothebie t
these uncovered sites can react with TDE, produéidy and TMO. Eventually, these sites
become covered with products, explaining why therisity of the peak at 1650 €nteases to

increase after 40 minutes.

Decomposition of TDE on bare MgO sites may play saoie in catalyzed TDE CL, but
it is not expected to be a dominant role. Blockafdare sites by products or adsorbed species
will limit the influence of these sites. An exceptimay occur at the beginning of reaction. For
example, the differences in the emission intensitthe beginning of the reaction for non-
catalyzed TDE CL and TDE CL catalyzed by MgO pratied at 408 noted inFigure 4.8 The
decreased emission intensity noted for catalyze® TID. on pretreated MgO 400 may be
caused by reaction of TDE with the bare sites enlMigO sample.

4.5 Conclusion

The potential for using TDE CL to probe surface toxyl distribution and, therefore,
surface morphology and acid-base properties of M@® studied. It was found that the TDE CL
is extremely sensitive to the types of hydroxylups present on the surface of MgO. TDE CL

intensity was enhanced by the presence of lowerdouated isolated hydroxyl groups,
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particularly 4-coordinated isolated OH. Quenchspgecies produced from TDE oxidation
played a significant role in TDE CL and their protan rate was affected by the amount of
surface hydroxyls present. As quenching specisafhethyl oxamide and tetramethyl urea)
were formed, they began to aggregate and eventisaittyed a second liquid phase because they
are polar while TDE is not. The aggregation causeemporary increase in emission intensity
after some time, as the quenching species werevesnioom the TDE bulk phase. The time at
which this increase occurs is related to the nundfenydroxyls on the MgO surface: more
hydroxyls leads to a great production rate of ghers and an earlier appearance of the slight
increase in TDE CL intensity. Because of its d@nsi to surface hydroxyl groups, TDE CL

can provide qualitative information on the surfabemistry of metal oxides like MgO.
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CHAPTER 5 - Catalytic Reactivity of Surface Isolatel Hydroxyls on
Aluminum Oxide for Tetrakis(dimethylamino)ethylene

Chemiluminescence

5.1 Introduction

Aluminum oxides have been used industrially as lgst® [1,2,3,4]catalyst supports
[5,6,7,8] and adsorbents [9]. Due to the widespread use eDsAIn different fields, the
properties, including acid-base properties, redgticrystal phases and surface hydroxyls, of
Al,O3; have been systematically studied [7,10,11,12,1B5126]. Therefore, AD; is often

chosen when developing a new surface charactenzatethod.

It is well known that the outmost layer of /85 is covered by various exterior
absorbents, such as molecular water, hydroxyl grocgrbonates and organics with alkyl groups
[17,18,19,20]. Hydroxyls and molecular water are two most abundant species [21,22]. With
increasing temperature, the weight loss mostly ity the removal of molecular water and
hydroxyl groups. Since the interaction between sheace sites (Af and &) and hydroxyl
groups affects the chemical properties (such astivéigt and stretching frequency) of surface
hydroxyl groups, an understanding of the surfacp@rties can be derived from the distribution
of surface hydroxyl groups. This idea was discudsgdBuscaet. al. [23] who noted that the
stretching frequencies of surface hydroxyl grougsenassociated with the surface structure and

the modifications of alumina.

Surface properties of metal oxides have been stugilitatively by many methods,
including FT-IR [24,25], UV-Visible [26,27], photominescent spectroscopy [28,29], XRD
[25], X-ray photoelectron spectroscopy (XPS) [Z4emical probes [30,31,32] and NMR [33].
However, just a few techniques are suitable foestigating surface properties quantitatively,
such as NMR [34], weight loss [35], mass spectroyn@6] and XPS [37]. For example, FT-IR
spectroscopy is a powerful methodology widely emetbin characterizing surface structure and
acid-base properties on metal oxides through thatification of chemisorbed species [13,18].
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But to use FT-IR in quantitative analysis, the aggon coefficients of all adsorbed species have
to be determined. [38]

On aluminum oxide, IR bands attributed to hydroggdups had been identified in the
region from 3800-3000 ch A broad band with lower stretching frequencieshia region from
3600-3000 cri is assigned to hydrogen bonded hydroxyls. A fedividually sharp bands
distributed in the region from 3800-3600 tnare ascribed to isolated hydroxyl groups
[17,18,19,20]. Klabundet. al.[39] elucidated that the hydroxyl groups conceettaon edge
and corner sites are more isolated. Indeed, the aditisolated hydroxyl to hydrogen bonded

hydroxyl decreases on surfaces with smooth morginesd39].

The vibrational frequency of an isolated hydroxg/laffected by the coordination of the
hydroxyl group and the adjacent aluminum catiortsalwedral or tetrahedral) [7,40]. Therefore,
the spectral pattern of isolated hydroxyl groupa gpectral fingerprint of the surface and crystal
structure of aluminum oxide. A few models have beeweloped on the configuration of surface
hydroxyl groups on alumina [7,13,14,16,23]. Kno&arig model [7] is adopted most frequently.
Kndzinger noted that there are five possible camfigons for isolated hydroxyls and the
difference in each configuration is related to tie¢ charged). The difference in the net charge
for each configuration is related to the numbeadjacent surface sites and the coordination of
the cation (AY' or Al'Y). The net charge of isolated hydroxyls in différeanfigurations can be
calculated by using=quation 5- 1 [7,12]. Kn6zingeret. al. also noted that the vibration
frequencies and acid-base properties of isolateliaxyls are functions of the net charge of an
isolated hydroxyl. For example, because a Typéstlated hydroxyl bonds to three octahedral
aluminum cations, Type lll isolated hydroxyls passéhe highest net charge (+0.5) and lowest
stretching frequency (3680-3590 ¢jrof all isolated hydroxyls. Thus, type Il isoldtéydroxyls

are the most acidic hydroxyl of all isolated hydrisxon aluminum oxide.

Cpye =C +C +% (5- 1)

hydrogen oxygen
anion

where Gg is the net charge of a hydroxyl group. For therbygl group on an aluminum oxide

surface, Gydrogen Coxygen Ceation @re the charge of hydrogen, oxygen and aluminutnegial +1,
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-2 and +3 respectively. akon represents the number of adjacent anions for thorc

(coordination number).

It was shown in our prior studies [41] that the sson of
tetrakis(dimethyamino)ethylene chemiluminescend2HTCL) is catalyzed by isolated hydroxyl
groups on MgO. Isolated hydroxyls with lower cooation had higher catalytic reactivity for
TDE CL, and 4 coordinated isolated hydroxyls (hygte adsorbed on edges) were concluded to
play the largest role in enhancing TDE CL on andetb MgO surface. This study was
undertaken in order to demonstrate the utility DEETCL as a valuable tool for characterizing the
hydroxyl groups on aluminum oxide. Specifically,ethsurface hydroxyl groups were
characterized by TDE CL as the aluminum oxide wastyeated by several methods, including
heat-, acetic acid- and steam-treatment. The impadt surface hydroxyl in different
configurations on TDE CL was evaluated through thierpretation of i curve (emission
intensity vs. reaction time curve) obtained frome tatalyzed TDE CL on aluminum oxide and

from infrared spectroscopy data.

5.2 Experimental

5.2.1 Sample Preparation

y-Alumina oxide ¢- Al,Os;, Alfa Aesar, 99.97%) with a specific surface ané&0 nf/g
was used without further purification. Heat-trea®dOs; (HT- Al,O3) was obtained by heat-
treatingy-Al Oz in a channel-type furnace at 9@0for 3 hours. AA (acetic acid)-treated.8k
(AAT- Al ,03) was derived from the HT- ADs;. To make AAT-AbO3, HT-Al,O3 was treated by
acetic acid at 8 for 8 hour in an AA saturation cell. Before theatment of acetic acid, HT-
Al,O3 was pre-treated at 1%D to remove molecular water adsorbed on surfacetrandferred
from the heat-treatment cell to the AA saturati@l @ a nitrogen purged glove box. Steam-
treated AJO; (ST- AlbO3) was prepared by following procedufe:Al,O3; was sealed with water
in water saturation cell at 80 for 8 hours.

Before the addition of TDE, all aluminum oxide sdespwere post-treated at P&0to

avoid the influence of the molecular water or AA ®BE CL. The pre-treatment and post-
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treatment ofy-Al,Os, heat-treated AD;, steam-treated AD; and AA-treated AO; samples
were carried out in a sealed cell connected toteogen cylinder and vacuum line. The
temperature of the cell was controlled by a cylicalr electric furnace and a temperature
controller. The temperature was increased from reamperature to the desired temperature at a
rate of 3C/minutes. After reaching the desired temperatile temperature was maintained for
2.5 hours under nitrogen atmosphere. Next, the Eacgll was purged by a vacuum line to

evacuate the residual gas inside the cell for 6l

5.2.2 TDE Synthesis

The synthesis of TDE was carried out by the prooe@ds described in our early work
[41]. Chlorotrifluoroethylene (SynQuest Lab. Inand dimethylamine (Alfa Aesar) were sealed
in a high pressure vessel and heated & 56r 10 hours. The product is a bright orangeitiqu
In order to extract the impurities out in the proguhe product was purified by mixing with
distilled water. After the purification, the colaf the product changed from orange to light

yellow.

5.2.3 IR Spectroscopy

All infrared spectra were obtained in a DRIFTS d¢&lhermo Nicolet) using a Thermo
Nicolet FT-IR spectrometer (Model: Nexus 670). Hpectrometer was equipped with a liquid
nitrogen-cooled MCT (mercury-cadmium-telluride) etgtbr, KBr beam splitter and tungsten-
iodide light source. The scan number and resolutiere set as 50 times and 4 tnespectively.
A helium cylinder was connected to the cell. Thanlrate of inlet helium was controlled by a

mass flow controller.

5.2.4 Emission Intensity Measurement

The variation of emission intensity with reactiamé was collected by a fiber optic
spectrometer (StellarNet Inc. EPP2000) and recobyeithe SpectraWiz operating software. An
apparatus was constructed in which the sample coeldnonitored while a gas was flowing

through the sample. This apparatus consisted afmgke holder, the fiber optic cable, and an
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outer glass chamber to which inlet and outlet twbere connected. The flexible fiber optic cable
was positioned below the sample holder. A mixtur®.45g treated AD3; sample with 0.3ml
TDE was loaded into the sample vial, which was thiaged in the sample holder. The chamber
was sealed with an O-ring and purged with dry at50 ml/min during the reaction. In order to
avoid the influence caused by stray light from sweroundings, the outside wall of the glass

chamber was covered with aluminum foil.

5.2.5 BET Surface Area and X-ray Powder diffractidknalyses

The surface areas of aluminum oxide samples weterrdmed by the BET dynamic
method using a Quantachrome Autosorb-1. Nitroges wged for the adsorption experiment at
liquid nitrogen temperature. X-ray powder (XRD)cea ofy-Al,O3 and HT- ALO3 were carried
out using a Bruker D8 Advance X-ray diffractomefé0 kV, 40 mA) (Karlsruhe, Germany).
The aluminum oxide samples were scanned startorg 89=25-70 with increment of 0.05and
a scan speed of 1 degree/minute.

5.3 Results

TDE CL was studied in the presence of a numberifedrdnt aluminum oxide samples,
including dehydrated samples, samples treatechatteimperatures (960), samples exposed to
acetic acid, and samples treated with steam. Tinesenents will change the number of types of
surface hydroxyls present, which are believed toriportant in TDE CL over metal oxides [41].

In this way, differences in TDE CL can be corretigth the surface chemistry of alumina.

5.3.1 Dehydroxylation of-Al,Os

Figure 5.1 andFigure 5.2 show the IR bands of hydroxyl groups and the biemaf the
surface hydroxyl groups as a function of tempegminra helium atmosphere @fAl,Os. The IR
spectra ofy-Al,0s, as seen ifrigure 5.1, show an extremely intense band with maxima ab6357
cm? and three small bands at 3760, 3716 and 3664 ionthe region from 3800-3000 ¢m
With increasing temperature, a decrease of thedbb@md with a maximum at 3575 ¢nis

accompanied by increases in the bands at 3760, 8@d63664 ci (as seen irFigure 5.2).
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Costa and Shiraét. al. [17,42] reported that the bands in the region fi@800-3600 cril are
attributed to isolated hydroxyl groups and the Hrband centered at 3575 ¢nis assigned to
hydrogen bonded hydroxyl groups. According to eatydies [12,17,19,43], the stretching
frequencies of isolated hydroxyls are associatet thie coordination number of hydroxyls and
the modifications of aluminum cation, such as’Adnd Al". The bands in the interval 3790-
3750, 3750-3710, and 3700-3590 tare ascribed to type I, Il and Il isolated hydybgroups
respectively. Therefore, the bands at 3760, 37H63&%4 can be assigned as type |, type Il and
type Ill isolated hydroxyls, respectively. Out bfd region, a band with a maxima at 2908"dm
found at lower temperature and disappears at higmeperature. The small bands in the region
from 2860-2960 cim correspond to C-H stretching and are from the iities adsorbed on the
v-Al,O3 surface [17,44].

Kubelka-Munk

100°c

150°c

200°c

1 300°c

400°c
500°c

600°c

4000 3800 3600 3400 3200 3000 2800 2600

Wavenumber (cm™)

Figure 5.1 The IR spectra ofy-Al,O3 at different temperatures.
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Figure 5.2 IR spectra wheny-Al,O3 was dehydrated at 300, 400 and 500.

The | curves of catalyzed TDE CL shownhigure 5.3 were obtained from the mixture
of TDE andy-Al,Os pre-treated at 30Q, 400C, and 508C. Before the addition of TDE, the
pre-treatedy-Al,O3 samples were cooled in a dry nitrogen atmospheravbid surface re-
hydration. As seen ifigure 5.3 the emission intensity of TDE CL changes with-peating
temperature. Higher emission intensity was foundhfthe mixture of TDE with the-Al O3 that
was pre-treated at higher temperatures, 400 anC500
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Figure 5.3 | curves of TDE CL ony-Al,Os which was pre-treated at 300, 400 and 560.

5.3.2 HT- AbO;

At moderate temperatures (<2Q0), the bands of isolated hydroxyl groups closely
overlap ony-Al,0s. In order to obtain higher resolution to distirgfjuthe changes in the IR band
of isolated hydroxyl following different treatmentsAl,O; was treated at high temperature to
re-distribute isolated hydroxyl groups. HT-.8 was obtained from heat-treatingAl,O3 at
90CPC for 3 hours. After exposing HT- ADs to the atmosphere, the decomposition of molecular
water on unsaturated active sites>*Adnd G, is accompanied by the formation of hydroxyl
groups with different configurations. It was found re-hydrated HT- AD; that all isolated
hydroxyl bands blue-shift from 3760, 3716 and 3668770, 3730 and 3694 Emrespectively
(as seen irrigure 5.4). Early studies [12,17,19,43] assigned the ban@& a0, 3730 and 3694
cm® to type |, Il and Il isolated hydroxyl groups,spectively. The X-ray diffraction pattern,
seen inFigure 5.5 of HT- Al,O3; shows that a phase transformation occurred aétat-tneating
v- Al,O3 at 900C for 3 hours. The XRD pattern is consistent wile formation of3-Al,Os
[45,46].
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Figure 5.4 IR spectra of heat
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Figure 5.5 X-ray powder diffractometer patterns fory- Al,O3 treated at (a) 150C for 3
hours; y- Al,Os. (b) 90FC for 3 hours; HT- Al,03 (8- Al,O3).

With increasing temperature, type Il isolated hygte have higher thermal stability
(Figure 5.4 compared with type lll isolated hydroxyls. Theteinsity of type Il isolated
hydroxyls is higher than that of type Il isolategdioxyls before 300C. As temperature is
increased past 300, the band of type Il isolated hydroxyl becomegéa than the band of type
Il isolated hydroxyl. Above 50, type Il isolated hydroxyls disappear while tyipésolated

hydroxyls are relatively constant.

5.3.3 AAT- A}Os

TDE CL was also studied on aluminum oxide that wastreated by acetic acid (AAT-
Al,Os). After AA treatment, three new IR bands are obseiin the region from 3100-2910 &m
as seen ifrigure 5.6. These three new forming IR bands are ascribéldetdormation of acetate
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species in different configurations after chemisiorp of acetic acid [47,48,49,50,51,52]. The

possible configurations of acetate species adsaheduminum oxide is shown Figure 5.7.
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Figure 5.6 IR spectra of AAT- ALOs; AA at 100°C- 500°C.
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Figure 5.7. The configurations of acetate species @ metal oxide surface.

In the interval from 3800 to 3500 ¢hin the IR spectrum of AAT-ADs, the obvious
differences on AAT- AlO; are a decrease in the band of type Il isolateddxyds (.= 3730 cm
1y and a dramatic increase in the band of typesblated hydroxylsic 3694 cni'), as seen in
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Figure 5.8 Figure 5.8 highlights these differences by contrasting thebihd of hydroxyl
groups on AAT- AJOs with those on HT- AlOs at 150, 200 and 360. Comparing the IR bands
of type lll isolated hydroxyl shown iRigure 5.1, Figure 5.4 andFigure 5.6 the band of type

Il isolated hydroxyls = 3694 crit) on AAT- Al,Os is more intense compared with the band of
type Il isolated hydroxyls on HT- AD; (\= 3694 cni) and ony- Al,Oz (\= 3664 cnit). The
results shown ifrigure 5.6 indicate that type Il isolated hydroxyls on AAA,O5; are thermal
unstable as the temperature is increased t&23@aintaining the temperature at 26Qtype Il

isolated hydroxyls were removed gradually with tjirag shown irrigure 5.9

_--Type lll
3694

AAT- ALLO,

150°C

Kubelka-Munk

200°C

300°C

4000 3800 3600 3400 3200 3000 2800 2600

Wavenumber (cm™)

Figure 5.8 The IR spectra of HT-AbOs and AAT-Al ;O3 at 150C, 20°C, and 300C. For
each post-treating temperature, the upper spectruns from AAT- Al ;O3 while the lower

spectrum is from HT- Al,Os.
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Figure 5.9 IR spectra of AAT- ALOs from 100°C-250°C. The temperature was maintained
at 250°C for 120 minutes after the temperature reached t@50°C.

The | curves shown irFigure 5.10 were obtained from a mixture of TDE and AAT-
Al,O;3 for different post-treatment temperatures. As sadfigure 5.1Q the maximum emission
intensity on thelcurves decreased about 52% after HT-QAlwas treated by AA. A further
decrease in the maximum emission intensity of thmuive (about 28%) was found when the

post-treating temperature was increased t6@50
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Figure 5.10 The | curves of TDE CL on HT- Al,O3 and AAT- Al,O3 post-treated at 180,
200, and 256C.

5.3.4 ST- AJO;

ST- AlLOs; was obtained by treating Al,Os with steam at S8t for 8 hours. The IR
spectrum of ST-AlO; showed essentially no difference when comparetiabofy- Al,O3; (see
Figure 5.11). TDE CL on ST- AlO; gave a similar¢lcurve as that obtained from TDE CL pn
Al,0s. This is shown irfFigure 5.12
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Figure 5.11 IR spectra ofy- Al,Oz and ST- ALOs at 150 and 308€cC.
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Figure 5.12 The | curves of TDE CL on ST-AbO3; and y-Al,0s.
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5.4 Discussion

In our prior work [41], it was found that hydroxgltoups on MgO strongly influenced
TDE CL. In particular, it was found that the emassiintensity of TDE CL was significantly
enhanced by the presence of isolated hydroxyls Mtler coordination. Quenching species and
surface hydroxyls both impact thecurves. In this work, our intention was to gairclaarer
insight into the connection between the configoratand the catalytic reactivity of surface

hydroxyls for TDE CL on aluminum oxide.

5.4.1 Dehydration of-Al,0Os

Heat-treatment was initially used to manipulate thstribution of surface hydroxyl
groups. Interestingly, it was found froRigure 5.2 that isolated hydroxyl groups of all types
increased with increasing the pre-treating tempeeafrom 300-508C. The increase in the
number of isolated hydroxyls is thought to be duéhe dissociation of hydrogen bonds between
neighboring hydroxyl groups (hydrogen bonded hygioxas shown inFigure 5.13 This
hypothesis agrees with Ballinget. al. [53]. Ballingeret. al. noted that thermal dehydration
leads to decomposition of the associated hydraxytifogen bonded hydroxyl) to evolve water
and is accompanied by the formation of isolatedrtnygs and unsaturated active sites>(Aind
0?).

H H H H
H H H |
~ N ~ H ! |
C|)/ (I)/ ol Qs 7 |-\ /Cl’\l
o -~ |
AN —AlI— WAL, —Al— —AI—
Al A a7 a Al/l\AI \ 7] W 2 | —n& | A
Al I —,?|— I

H,0
Hydrogen bonded hydroyxl 2 Isolated hydroyxls

Figure 5.13 The dissociation of the hydrogen bonddiween neighboring hydroxyls to form
isolated hydroxyl groups.

The emission intensity of catalyzed TDE CL appéarse associated with the content of

isolated hydroxyls on the aluminum oxide surfacet Is not related to amount of hydrogen
bonded hydroxyls. The turves, seen ifigure 5.3 show a large difference in intensity as the
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treatment temperature is increased from 300 td@00This temperature increase results in an
increase in isolated hydroxyls and a decreasedndgen bonded hydroxyls, as showrigure

5.2, indicating that the reaction of TDE CL is mairdgitalyzed by isolated hydroxyl groups.
These results correspond very closely to the reswdtreported previously [41]. Indeed, isolated
hydroxyl groups act in a similar role as hydroxydidditives (such as water and alcohols) in the
reaction of TDE CL. The role of hydroxylic additsvén TDE CL was reported by Fletchet.

al.. Fletcheret. al.[54,55,56] indicated that hydroxylic additives astactivators to catalyze the
autoxidation reaction between TDE and oxygen. &nehvironment without protonic activator,
pure TDE can not react with oxygen [57,58,59]. Titermediate, tetrakis-dimethylamino-1,2-
dioxetane (TDMD), obtained from the autoxidatioaa®on is the energy source for donation of
the required energy for photon emission [54,55%8®,61]. The possible catalytic mechanism
is shown inFigure 5.14 The production rate of TDMD is likely associateth the emission

intensity. Therefore, the emission intensity of TDE corresponds to the catalytic ability of the

surface.
N S ey
o ROH o @)
> —( 'H-OR _~2_ ~
[ A S N
TDE TDMD
Oo—0
>N N e .
—  —— > Products + TDE

—N N—  (inter-molecular (excited TDE)

| | energy transfer)

TDMD

TDE + Photon

Figure 5.14 The catalytic mechanism of a protonic aterial (ROH) for the autoxidation
reaction of TDE CL.

The IR spectra of dehydratgédAl ,O3, shown inFigure 5.2, were taken foy-Al,O3 after
different pretreatment temperatures. All types eblated hydroxyls increased after the

temperature was increased from 300 to 400 ofGOHowever, the IR spectra shownHigure
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5.4 and Figure 5.8 indicate that type Il isolated hydroxyls have Bwthermal stability
compared with type | and Il isolated hydroxyls. J[6Rype Il isolated hydroxyls became
thermally unstable at 280, and were removed from the surface gradually viitie. Therefore,
the contribution of type Il isolated hydroxyls dme enhancement in the catalytic reactivity of
dehydratedy-Al,Os3 is likely small. It can be assumed that the enbarent in the emission
intensity of TDE CL mainly is due to the increasetype | and type Il isolated hydroxyls
produced from the dissociation of hydrogen bondgtidxyl.

5.4.2 HT- AbO;

Something interesting was observed in the IR spetwof HT- ALOs: after heat-treating
v- Al,Oz at 900C and subsequently re-hydrating the sample in gthrere, all isolated hydroxyl
bands blue-shift from 3760, 3716 and 3664yerl,03 to 3770, 3730 and 3694 Enon HT-
Al,O3 respectively, as seenfiigure 5.15 Additionally, the XRD patterns, shown kigure 5.5
offer evidence for the phase transformation @f Al,Os after heat-treatment at ST In
agreement with Wilsost. al.[45,46,63], the XRD pattern given from HT-,8; was identified
as 6- Al,Os. Hence, the blue-shifts of isolated hydroxyl baads likely caused by the phase

transformation.
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Figure 5.15 Wavenumbers associated with differentpes of hydroxyl groups and

wavenumbers noted in this study fory- Al,O3 and Heat-treatedy- Al,Os.

It is well known that tetrahedrally and octahedraltoordinated cations exist
simultaneously in transition aluminum oxideg, (n-, 6- and - Al,O3). [23,46] The cation
ordering increases with the treatment temperafuaedrn forms are considered low-temperature
Al,O3 phases, wheredsandé forms are regarded as high-temperaturgDAphases.[12,45}-
Al,Os is derived from the final conversion of transitialuminum oxide. All aluminum cations
in a-Al,O3 have an octahedral coordination. [63] Morteetaal. [7,12,23] suggested that the
isolated hydroxyls on tetrahedral coordinated Aliczes, such as Type, isolated OH, have
lower stretching frequency than that on octahedwrdinated Al cations, such as Typge |
isolated OH. Therefore, the blue-shifts of isolatgdroxyl bands occurring simultaneously with
phase transformation fromto & can be interpreted to mean that more isolateddxytligroups

bind to octahedrally coordinated Al cations {Alrather than tetrahedrally coordinated Al
cations (Al").
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The correlation between adjacent cation coordinasind the surface catalytic reactivity
of isolated hydroxyl was identified on HT- A); by TDE CL. Exposing aluminum oxide to the
atmosphere, the surface is covered by a monoldyeydroxyl with a density of about 1.25xf0
OH/n? [2,64] HT- ALO; was derived from heat-treating Al,O3 at 906C. After the treatment,
the surface area, measured by BET dynamic mettextedsed from 70 Tty (y- Al,Os) to 48
m?lg (HT- Al,Os). The decrease in the surface area results in rfesueface hydroxyls
participating in the reaction of TDE CL. Howeversignificant increase in the emission intensity
was given from catalyzed TDE CL on HT-,8k, as seen ifrigure 5.16 Because the emission
intensity responds to the catalytic reactivity d@g surface, it can be proposed that isolated
hydroxyl groups on HT- AD3; have higher catalytic reactivity for TDE CL comedrwith that
on y- Al;Os. These results emphasize again that the cataltgtctivity for TDE CL is
independent from the hydrogen bonded hydroxyl,dagendent on the nature of the aluminum
cation on which an isolated hydroxyl is located. inlated hydroxyl with an adjacent ‘Al
cation appears to have higher catalytic reactifity TDE CL in contrast with the isolated

hydroxyl with an adjacent Al cation.
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Figure 5.16 The | curves of catalyzed TDE CL on HT- A}O3 and y- Al,Os.
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5.4.3 AAT- A}O3

Hasanet. al. [65] suggested that the isolated hydroxyl groupsatuminum oxide are
involved in the reaction with acetic acid. To sugipthis hypothesis, they pointed to the
observation of negative adsorption in IR bands iigguencies in the region from 3800-3680
cm* after treating aluminum oxide by AA for 10 minut@he results in this work (as shown in
Figure 5.9 do not perfectly agree with the result reportgdHasanet. al, however. We found
that the decrease in the IR band of type Il isoldtgdroxyls £=3730 cnt) on AAT- Al,O3 were
accompanied by the significant increase in the #Rdoof type Il isolated hydroxyls.£3694
cm') when the treatment time was extended from 10 teito 8 hours, as seenfigure 5.6
and Figure 5.8 These differences between this paper and Haesaal. [65] are likely due to
two factors: surface erosion and discrepancieBarreactivity of isolated hydroxyls for AA.

5.4.3.1 Surface Erosion

A wide array of studies have been carried out itihagstigate the phenomenon of surface
erosion caused by small molecules on metal oxideschinaet. al.[26,28,66,67] found that an
increase in the sites with lower coordination (edgel corner sites) resulted from surface
erosion. This agrees with the observation of Fosteral. Fosteret. al. [50] inspected the
interaction between MgO and a series of small miés; such as water and AA, by atomic force
microscopy (AFM) and subsequently observed tha¢rgetopographical change occurred when
treating MgO surface by steam and AA. It also wafl in our prior work [41] that treating
MgO with steam is accompanied by a significantease in the IR band of isolated hydroxyls
with 4 coordination. Because isolated hydroxylsramre concentrated on edge and corner sites
[39], the increase in the IR band of isolated hygt@roups can be ascribed to formation of sites
with lower coordination, such as on edges and cermes seen irrigure 5.6 andFigure 5.9, a
significant increase in the IR band of type Illlated hydroxyls X=3730 cni) was found on
AAT- Al,Os. This intense band.£3730 cnt) in the IR spectrum of AAT- ADs; has similar
thermal stability with the IR band at 3730 ¢ron HT- ALOs. Both of these two IR bands
become thermally unstable at temperatures highem #00C. Therefore, it is reasonable to

assume that AA erodes the surface of HT(QAlto 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 Hagdinal. [68], the involvement of isolated hydroxyls
in the reaction of AA also was found in this wobt an obvious decrease was only found for
the band of type Il isolated hydroxyls=3730 cn) after HT- ALOs; was treated by AA (shown
in Figure 5.9. The band of type | isolated hydroxyls=8770 cnt) is too small to judge
whether type | isolated hydroxyls are involvedhe teaction with AA. The consumption of type
Il isolated hydroxyls by the substitution of acetapecies was confirmed by the decrease in the
IR band at 3730 cth and the formation of the band in the region fr@00-2910 cri
(attributed to -CH of adsorbed acetate speciel).theory, if all isolated hydroxyls are not
involved in the reaction of AA, the band of thela&ded hydroxyls has to be increased after
surface erosion. Instead, only the band of typasblated hydroxyls was increased after AA
treatment. This result suggests that isolated hgydisowith lower coordination possess higher
activity for reaction with AA. Both type | and Isolated hydroxyls are substituted by acetate
species on AAT- AlOs.

Hydroxyl groups on AlO; had been assumed in previous studies to suppbprsan
certain reactiong69,70,71,72] Type | isolated hydroxyls are consedethe most active group
since the restriction from adjacent surface sitebess compared with type Il and Il isolated
hydroxyls. [7,12,19,43] Otherwise, isolated hydrsxgct as Brgnsted acid sites and the acid
strength follows the order: Type | < Type Il < Typk [7,71] The difference between the acid
strength of typealand type Il isolated hydroxyls is of the orderidf. [73] Viguéet. al.[19]
suggested that type | isolated hydroxyls are thetrhasic sites. Therefore, it can be assumed
that the difference in the reactivity of isolategifoxyls in the reaction of AA is associated with
the acid-base properties of the isolated hydroxyls.

5.4.3.3 Catalytic Reactivity of Isolated Hydroxyts TDE CL

The systematic change in the post-treatment ternperprovides a series of AAT- AD;
with different catalytic reactivity for TDE CL, aseen inFigure 5.1Q As seen irFigure 5.8 and
Figure 5.9 treating HT- A}JO; by AA was accompanied by the dramatic increaseypé Il
isolated hydroxyls and a loss of type Il isolatgdifoxyls. Type Il isolated hydroxyls have the
lowest thermal stability by comparison with typeaihd | isolated hydroxyls [62]. Type Il
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isolated hydroxyls were removed gradually with tiete256C. These changes in the content of
isolated hydroxyls corresponded to the change eniritensity of the;lcurves shown irfrigure

5.10 In Figure 5.1Q the lowest catalytic activity for TDE CL was falimn the AAT- AbO3
which was post-treated at 260 Before 256C, the catalytic ability is independent from post-
treating temperatureFigure 5.17 shows the connection between the maximum emission
intensity given from the; Icurves of catalyzed TDE CL and the IR band intesiof type Il
isolated hydroxyls on AAT- AD; which were post-treated at different temperatareobvious
decrease both in maximum emission intensity antddRd intensity occurred when post-treating
temperature was increased to Z50These results give a good indication that ctitaBbility is

mainly associated with the content of isolated byglls on aluminum oxide.
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Figure 5.17 The relationship between the IR band iensity of type Ill isolated hydroxyl (A=
3694 cn') and the maximum emission intensity of TDE CL on AT- Al ,03 when the post-

treating temperature was increased from 15C to 250C.

A significant difference in the catalytic abilityas found between AAT- AD; and HT-
Al,O3. On AAT- Al,O3 surface, although more type lll isolated hydroxatle created via surface
erosion, the loss of type Il isolate hydroxyls I tsubstitution of acetate species leads to a
significant decrease (about 52%) in the catalytiovay of AAT- Al O3 (shown inFigure 5.10.
Further decrease (about 28%) in the catalytic agtof AAT- Al ;03 for TDE CL was found
when type Il isolated hydroxyl groups were remowad250C. This suggests that that the
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catalytic ability of type Il isolated hydroxyls witrespect to TDE CL is much higher than that of
type Il isolated hydroxyls. It is likely that theatalytic ability of isolated hydroxyls increases
with decreasing coordination of the isolated hygtexAs can be seen by the data reported
above, the emission intensity of TDE CL is assedatith the catalytic ability of surface

hydroxyl groups.

5.4.4 ST- AJO3

The results shown ifrigure 5.11 indicate that there are no distinct differencesha
band of isolated hydroxyls upon treating aluminuxide by steam. The only difference found
on ST- ALO; is the slight increase in the surface area frony781,05) to 78 (ST- AJOs) m?/g.
The | curve of catalyzed TDE CL on ST-A)s, shown inFigure 5.12has a similar trend as that
on y-Al,O3 because the distribution of isolated hydroxyl greus not changed after steam
treatment. The slight difference in the maximunemsity of the { curves is likely due to the

increase in the surface area.

5.5 Conclusions

The breakage of the hydrogen bond between neighdpohydroxyl groups is
accompanied by the creation of isolated hydroxgugs when dehydratingAl,O3 at 400 and
500°C. The catalytic ability of dehydratedAl,Oz for TDE CL is enhanced after more isolated
hydroxyl groups are formed from the decompositibimyarogen bonded hydroxyls. This result

suggests that isolated hydroxyl groups are thdysasafor the emission of TDE CL.

Upon treating alumina with acetic acid, type llladed hydroxyl groups were consumed
by the substitution of acetate species. The convértype Il isolated hydroxyl groups are
increased due to surface erosion and lower reaatitivity of type Il isolated hydroxyls for the
reaction with AA. The great decrease (about 52%héncatalytic reactivity on AAT- AD; was
found as TDE CL was used to characterize the sairdatalytic reactivity. The further decrease
(about 28%) in the catalytic reactivity occurredenttype Il isolated hydroxyls were removed
by post-treatment. Because steam did not causarggehin the distribution of isolated hydroxyl,

ST- AlL,Os; had similar catalytic reactivity agAl,Os. All of this evidence suggests that the
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catalytic ability for TDE CL is associated with tl®ntent and the coordination of surface
isolated hydroxyls on aluminum oxide. The isolatadiroxyls with lower coordination likely

have higher catalytic reactivity for TDE CL.

Heat-treating/- Al,Oz at 906C (HT- Al,Os) led to a blue-shift in the IR bands of isolated
hydroxyls and a phase transformation from the thed phase. The blue shift of the isolated
hydroxyl bands indicates that more isolated hydi®aye located on octehedrally coordinated Al
cations (to Al'). A great enhancement in the catalytic reactiviis subsequently found on HT-
Al,O3 for TDE CL. The enhancement in the surface catatgactivity is ascribed to the increase
in the number of isolated hydroxyls with adjacemt' Aations. The isolated hydroxyls bound to
Al cations are thought to have higher catalytic re#gtfor TDE CL compared with those on
Al cations.
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CHAPTER 6 - Characterization of Chemically Grafted Al ,03

Surface by Tetrakis(dimethylamino)ethylene Chemilunnmescence

6.1 Introduction
Surface modification can be achieved via physipalighing, mixing and adsorption),

chemical (covalent and electrostatic attachmenl)ysgochemical (glow discharge plasma
polymerization) or electrochemical (electrochemigadtivation) methods [1]. For surface
modifications on nanoparticles, chemically graftiagfunctional group on the surface is an
efficient manner to alter the surface propertidse €arly investigations in this area involve the
use of grafted ligands for stabilization of nanadjgées in various solutions.[2,3,4,RRecently,
studies have focused on changing the surface bmhafvhanoparticles in different reactions by

grafting functional ligands on nanoparticles. [6,7]

It is well known that the outmost layer of a metaiide is substantially covered by
hydroxyl groups. [8,9] To bind a functional group  a metal oxide, surface hydroxyl groups
have been widely used as the sites for graftingrghnic compounds. [2,10,11for instance,
Matsunoet. al.[2] noted that the grafting of nitroxide-mediaiediators on a magnetite surface
for following polymerization reactions was due e interaction between a surface hydroxyl and
the phosphoric acid moiety of the initiator. Suhsagly, the polymerization of styrene on the
surface of magnetite was carried out by heatingribeéure of modified magnetite and styrene at
398 K. The inherently hydrophilic magnetite surfacas made hydrophobic after the growth of
polymer on the surface. A similar reaction mechanis also applied in grafting functional
ligands on magnesium oxide [5] and aluminum oxii&13].

To characterize the grafted compounds on nanofesticFT-IR [14,15], XPS [15],
NMR [4] usually are used to identify the graftedrgmund on the surface while the thermal
stability and loading of grafted ligands are anatyby TGA [16,17]. A chemical method also

was employed to characterize the loading of a gdaftompound. Jeevanandash al. [5]
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checked the effect of grafted compound on the nagcof surface modified MgO by destructive
adsorption of (2-chloroethyl) ethyl sulfide (2-CEERResearch investigating the relationship
between the surface properties of the nanopardicte the loading of the grafted compound is

rare.

Our previous studies found that surface hydroxglgs on MgO and ADs significantly
impacted TDE CL. [18,19] These surface hydroxyl up® acts as catalysts for TDE CL,
substantially increasing the emission intensityghéir emission intensity was observed when the
surface of metal oxide was rich in isolated hydiaypups with lower coordination. Klabunde
et. al. [20,21] suggested that hydroxyl groups concerdrate edge and corner sites are more
isolated. The coordination of isolated hydroxylgpe is associated with the topography of metal
oxide surfaces. Therefore, it was supposed that TREan be a tool to characterize the acid-

base properties, configuration and distributioswface hydroxyl groups on metal oxides.

For aluminum oxide, it was found in our previousrk{il8] that the catalytic activity of
isolated hydroxyl groups for the emission of TDE {Slrelated to the coordination of hydroxyl
groups and adjacent cations. Isolated hydroxyld watver coordination and with adjacent
aluminum cations with octahedral coordination were most active sites for the catalysis of
TDE CL. Knozingeret. al.[22,23] suggested that the acid-base property a$@ated hydroxyl
group is related to the coordination of the adjad&incations. Because the attachment of an
organic ligand to a metal oxide surface resultsnfran acid-base reaction between a surface
hydroxyl and the binding terminal end of the graitiligand, the acid-base property of a
hydroxyl group is assumed to play an important ioléhe loading of a grafted ligand. [2,4,7]
TDE CL is considered as a tool for characterizimgreactivity of an aluminum oxide surface for
functional ligands since the residual isolated bygt after surface modification can be detected
by TDE CL and subsequently reflected in the emissnbensity. This study was undertaken in
order to understand the potential of using TDE GLdtudying the coverage of grafted ligands
on aluminum oxide. 2-CEES and hexamethyldisilazgdDS) were used as grafting ligands

ony- ands- Al,O; respectively.
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6.2 Experimental

6.2.1 Preparation of Aluminum Oxide Samples

y- Al,O3 with a specific surface area 7¢/mwas purchased from Alfa Aesakr. Al,O;
was obtained by heat-treatingAl ,O3 at 900C for 3 hours in a channel-type furnace [18]. The
surface area, measured by BET method, decreasad/®mf/g (ony- Al,Os) to 48 ni/g (ons-
Al,O3) after the heat-treatment. Before the use-@nds- Al,O3, aluminum oxide samples were
dehydrated at 15G.

2-chloroethyl ethyl sulfide (2-CEES, 98%) and her#imgldisilazane (HMDS, 99+%)
were obtained from Sigma-Aldrich and Alfa Aesarspectively, and used without further
purification. To graft 2-CEES and HMDS on the suoés of y- andé- Al,Os, a saturation cell
was employed. Dehydrateg or 6- Al,O3 was transferred from the cylindrical cell to the
saturation cell with 1.0 ml grafting agent (surfacedification agent) in a nitrogen purged glove
box. Subsequently, the saturation cell was heateshioven at 8€ for 8 hours to allow the
evaporation of the grafting agent and chemical ditjom of the grafting reagent on dehydrated
Al,0;. Following grafting, aluminum oxide was treated1&0’C to remove weakly adsorbed

grafting agent.

Both the dehydration of-/6- Al,O3; and the post-treatment of the grafted@l were
carried out in a cylindrical cell connected to @rogen cylinder and vacuum line. After an
aluminum oxide sample was loaded in the cell, tk was heated by an electric furnace to
150°C at a rate /minute and subsequently maintained at’C5fr 2.5 hours. Next, the cell
was purged by a vacuum line at ¥60for 0.5 hours. TDE was added as the dehydrated or

grafted AbO3; sample was cooled down to room temperature imithegen purged glove box.

6.2.2 TDE Synthesis

The synthesis procedure of TDE followed the procedue reported in earlier work [19].
First, the mixture of chlorotrifluoroethylene (Syn€st Lab. Inc.) and dimethylamine (Alfa
Aesar) was sealed in a high pressure vessel. Sutisty; the vessel was heated tdG6or 10

hours. Water was further used to remove the imigsrit the product.
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6.2.3 IR Study

All infrared spectra were obtained in a DRIFT dellThermo Nicolet) with a Thermo
Nicolet FT-IR spectrometer (Model: Nexus 670) egeqgh with a liquid nitrogen-cooled MCT
detector, KBr beam splitter and tungsten-iodiders®uHelium was used as a purging gas to
carry compounds eliminated from the aluminum o)ddeace out of the cell as the temperature

was increased.

6.2.4 Emission Intensity Measurement

The light emission coming out from the TDE CL wiéimd without the presence of
aluminum oxide sample was collected by a fiberaopgiectrometer (StellarNet Inc. EPP 2000).
The reaction was undertaken in a sealed glass a@raimmborder to avoid the influence of stray
light coming from the environment, the outer wafl the glass chamber was covered by
aluminum foil. An air pump and rotameter were carted to the chamber to purge the chamber

with dry air. The flow rate of purging gas was rieged by a rotameter at 150 ml/minute.

6.3 Results and Discussion

6.3.1 2-CEES Grafted AD;

6.3.1.1 IR Studies of 2-CEES Grafted 8l;

It had been reported in our previous work thatlRéands of isolated hydroxyls blue-
shifted to higher frequencies as the phase trawosf®irred. [18] Orny- Al,Os, as seen ifrigure
6.1, the band 3760, 3710 and 3664 tmre ascribed to type I, Il and Ill isolated hydybx
groups, respectively. [24,25,26,27hese isolated hydroxyl bands were shifted to 3B7A30
and 3694 cnl asy- Al,O; was transferred t& Al,Os after heat-treating- Al,O; at 906C [18],
as the IR spectrum shows Figure 6.2 The small band around 2902 ¢mshown in the IR
spectra ofy- Al,O3 andé- Al,O3 corresponds to C-H stretching of surface impwsit[@7,28] 2-
CEES was grafted op and - Al,Os. It can be seen ifigure 6.1 and Figure 6.2 that the

decrease in the bands of isolated hydroxyls wasmpanied with an increase in the band of
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hydrogen bonded hydroxyls in the region from 3580@8cm’. Two bands were observed in the
region from 3000-2930 c Kim et. al.[29,30,31,32]reported that the bands in this region are
due to the symmetrical stretching models of,@Hd CH moieties of grafted 2-CEES.

200°C

Kubelka-Munk

150°C

100°C

4000 | 3860 | 3660 | 34‘00 | 3260 | 3060 | 2860 | 2600
Wavenumber (cm™)
Figure 6.1 The IR spectra ofy- Al,O3 and 2-CEES treatedy- Al,O3 at 100, 150 and 20iC.

The IR spectra ofy- Al,O3 is shown by the band with gray color and the spe of 2-CEES
treated of y- Al,O3 is shown by the band with black color.
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\
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Figure 6.2 The IR spectra of- Al,O3; and 2-CEES treateds- Al,O3 at 100, 150 and 20iT.
The IR spectra ofd- Al,O3 is shown by the band with gray color and the spei of 2-CEES
treated of - Al,O3 is shown by the band with black color.

The grafting of 2-CEES on aluminum oxide involvestsequential processes, as the
sketch shows inFigure 6.3 [32] At lower temperature, the chlorine terminal 2fCEES
selectively interacts with isolated hydroxyl thréwdpydrogen bonding. The diminution of
isolated hydroxyl band is due to the formation ofiyalrogen bond between 2-CEES and the
isolated hydroxyls. [31,32,33polated hydroxyl groups are eliminated from thefawe of
aluminum oxide after the 2-CEES bonded to isolatgtoxyl via hydrogen bond is converted to
C,HsSGH4-OAl at higher temperature. This reaction is ternmgdrolysis. HCI was liberated
from the reaction after the conversion of 2-CEE#awhinney et. al. suggested that the
hydrolysis reaction of adsorbed 2-CEES with isaldigdroxyl group is temperature-dependent.
[32,34]
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2-CEES
I
S S/\/Cl """ H N N~ S\/\
O
3+ 3+ 3+ | 3+ 3+ 3+ 3+ 3+
2A| 2_A| 2- Al 2A| 2A| 2_A| 2_A| 2A|
O O O O O O O

Figure 6.3 Mechanism of the hydrolysis reaction o2-CEES on the surface of aluminum
oxide. In the reaction, 2-CEES specifically bondsotisolated hydroxyl groups. HCl was
released in the next step. (from ref. [44])

The same phenomenon was observed in this weadure 6.1 shows the IR bands of
surface hydroxyl on 2-CEES graftedAl O3 andy- Al,O3; sample, respectively, at 100, 150 and
200°C. It was found that the band intensity of hydrogended hydroxyl was increased after the
adsorption of 2-CEES op Al,O3 andé- Al,O3. The increase in the band of hydrogen bonded
hydroxyl was accompanied by a decrease in the bah®lated hydroxyls in the region from
3800-3650 cnl. Increasing temperature up to 200ed to a decrease in the band of hydrogen
bonded hydroxyls. These results agree with theltsesaported by Mawhinnegt. al. [32]
Mawhinneyet. al. found that the 2-CEES was bonded to surface mswlaydroxyls through a
hydrogen bond at 303 K. Further increasing the tatpre from 303 K led to hydrolysis of 2-
CEES, releasing HCI into the gas phase. Theretbeedecrease in the band of hydrogen bonded
hydroxyls can be interpreted as the conversionasfded 2-CEES over isolated hydroxyls to
CoHsSGH,4-OAlL

The change in the bands of the isolated hydroxgligs was more clear on Al,Os after
2-CEES was grafted on the surface, as seéfigare 6.2 The bands of type ILE 3730 cnl)
and Il (.= 3694 cni) isolated hydroxyls decrease afi®r Al,O; was treated by 2-CEES.
Increasing temperature to P&Dor 206C causes a decrease in the band intensity of hgdrog
bonded hydroxyl group$.£ 3650-3000 ci) but not in the band intensity of isolated hydrsxy
These results reveal the elimination of isolatedrbyyl groups during the transformation from
hydrogen bonded 2-CEES over isolated hydroxyls 468s8CH4-OAl species. Otherwise, both
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Figure 6.1andFigure 6.2 show that the intensity of the bands at 2974 &862Zn" (which are
attributed to adsorbed 2-CEES) decrease with isargaemperature. This indicates the removal
of residual 2-CEES, weakly-bonded 2-CEES, at thghdn temperature before 2-CEES
underwent hydrolysis.

6.3.1.2 | Curve of Catalyzed TDE CL on 2-CEES Grafted,®k

TDE was added to characterize the residual isolayeoxyl groups after 2-CEES was
grafted ontoy- andd- Al,O5 surface. The emission intensity vs. reaction toueves (] curve)
given from TDE CL without catalyst and catalyzedBHEZL in the presence of AD; samples
are shown inFigure 6.4 andFigure 6.5 As seen irFigure 6.4, the emission intensity of TDE
CL was enhanced as Al,O3; or 2-CEES grafteg- Al,O3; was added. Lower emission intensity
was observed after 2-CEES was grafted gntal,Os;. The same results also were found in the
case of catalyzed TDE CL on 2-CEES graféedAl, O3, as shown irFigure 6.5 According to
the variation of }ax (the maximum intensity) in each durve, the grafting of 2-CEES caused
about a 75% decrease for graffecand a 39% decrease ®rAl,Os.

800
~ 700
S5
8 600 4 TDEwith y-ALO,
> /
A TDEwith
2 400 2-CEES grafted y-AlLO,
c
c 300 |
o TDEonly
(%))
@ 200 -
S
w 100 -
0 T T T T T
0 10 20 30 40 50 60

Reaction time (minutes)

Figure 6.4 Emission intensity as a function of timéor TDE CL without catalyst, TDE CL
with y-Al,O3 and TDE CL with 2-CEES treatedy- Al,Os.
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Figure 6.5 Emission intensity as a function of timéorTDE CL without catalyst, TDE CL
with 8-Al,O3 and TDE CL with 2-CEES treated - Al,Os.

These results can provide information on the typelydroxyls that are important in
catalyzing TDE CL on AlOs, on differences in the surface hydroxyls betw&eAl,O; andy-
Al,O3, and differences in how 2-CEES interacts with tive forms of alumina. To interpret
these results in terms of the different types afame hydroxyls present o& Al,O; andy-
Al,O;3, the literature and our prior results [18,19] paavide guidance. Knézinget. al.[35,36]
suggested that there are five possible configuratior isolated hydroxyl groups, as shown in
Figure 6.6. The stretching frequency, net charge, acid-baspepty, and reaction behavior of
each type of isolated hydroxyls are related tocih@rdination of isolated hydroxyls (1, 2 and 3-
coordination) and adjacent cation (octahedral'j4dnd tetrahedral (Af) coordination). Surface
hydroxyl groups are Brgsted acid sites. [37] Theiacstrength of isolated hydroxyl decreases
with increasing net charge of the isolated hydroj32] Hence, type lll isolated hydroxyl are the
most acidic isolated hydroxyl. [23] The catalytieactivity for TDE CL decreases with
increasing acidic strength of hydroxyl groups. [18]
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Figure 6.6 Possible configurations of isolated hyaiyl groups on aluminum oxide surface
and their corresponding stretching frequencies ancdhet charges §).

The IR bands of isolated hydroxyls blue-shift tgher stretching frequencies as the
phase of AIO; was transferred from- to 6- phase (se€igure 6.1 andFigure 6.2). The blue-
shift of the IR bands of isolated hydroxyls canitterpreted as an indication that more isolated
hydroxyls are bonded to Alrather than AY. [22,24,38] As seen irFigure 6.4 andFigure 6.5
the highest emission intensity is given from cataty TDE CL ond- Al,Os. The isolated
hydroxyls ond- Al,O; were proposed to possess higher catalytic reactiar TDE CL
compared with that op Al,O3, even though the number of hydroxyl groups pgurétng in the
reaction of TDE CL was likely reduced because efdacrease in the surface area from 7@m
on y- Al,Os to 48 nf/g ond- Al,Os [18]. Otherwise, the isolated hydroxyl groups waitljacent
cation with octahedral coordination is more basampared with the isolated hydroxyls with
adjacent cation with tetrahedral coordination. 228, Therefore, it can be assumed that the

isolated hydroxyls oi- Al,O3; are more basic compared with thoseyoAl ,Os.

The loading of the grafting agent and the bindibditg of different isolated hydroxyls
for 2-CEES can also be understood from theutves shown ifrigure 6.4 andFigure 6.5 The
most significant decrease, about 75%, gy | was found after grafting 2-CEES gn Al,Os.
However, the decrease innd became slight, about 39%, in the case of grafW@EES ond-
Al,Os. This result suggests that the isolated hydrogglg- Al,O3; have a higher binding ability
for 2-CEES: fewer isolated hydroxyls were lefteaf2-CEES was grafted op Al,Os, as
evidenced by the lower TDE CL emission intensitycan be hypothesized that the binding

ability of aluminum oxide for 2-CEES is associateith the acidic strength of isolated hydroxyl
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groups: the surface with more acidic isolated hygli® has higher reactivity for binding 2-
CEES. More isolated hydroxyls were eliminatedye\l,O3; and converted to £sSGH4-OAl
after 2-CEES grafting. The threshold for undergoihg hydrolysis reaction of 2-CEES with
isolated hydroxyls is lower ont Al,O3; compared with that o+ Al,Os.

2-CEES grafteds-Al,O3 still maintains relatively higher catalytic reagty for the
emission intensity of TDE CL compared with 2-CEESftedy- Al,Os. This result indicates that
more isolated hydroxyls were left @a Al,O3 after the 2-CEES grafting. As described in our
earlier work [18], catalytic reactivity of the isded hydroxyls for the emission of TDE CL is
associated with the coordination of the isolatedirbyyls. Isolated hydroxyls with lower
coordination have higher catalytic reactivity. Takmination of the isolated hydroxyls with
lower coordination, such as type | and Il isolaksdiroxyls, led to a great decrease in thg |
(>50%). However, the decrease iydue to the removal of type Il isolated hydroxylas less
than 28%.Figure 6.5 indicates that the difference in thg.d appearing in the; lcurves of
catalyzed TDE CL om- and grafted- Al,O3; was about 39%. It can be assumed that 2-CEES
mostly are bound to the type Il isolated hydroxgiss- Al,Os. Type | and Il isolated hydroxyls
on 8- Al,Os3 likely have lower reactivity for the hydrolysisadion of 2-CEES. Therefore, 2-
CEES grafted- Al,O3 has higher catalytic activity for the emissionT@E CL. In contrast, the
type | and Il isolated hydroxyls on Al,O3 possess higher reactivity for 2-CEES binding. Téis
seen in the¢lcurve of TDE CL on 2-CEES grafted Al,O3; showing lower j}.x than that on 2-
CEES grafted- Al,O3; because more 2-CEES is bound to the surface @skguently leads to
the elimination of surface isolated hydroxyl groupferefore, the;kurve of TDE CL on 2-
CEES grafted- Al,Os is close to the kurve of TDE CL without AIOs.

6.3.2 HMDS Grafted- Al,O5

HMDS grafteds- Al,Os; was derived from chemically depositing HMDS &nAl,0; at
80°C and subsequently post-treating the sample &lCl&0remove un-reacted HMDS remaining
on the surface. The IR spectra showfkigure 6.7was obtained from HMDS graftéd Al ,Os.
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Figure 6.7 IR spectrum givend- Al,O3 (bottom one) and HMDS grafteds- Al,O3 (upper
one) at 156C.

In previous studies, HMDS had been used as amgjladigent for investigating the
poisoning of catalysts [39] and improving the dispen ability of metal oxides in non-polar
solvents. [12,40,41The reaction mechanism has been reported, ancetshgd inFigure 6.8
HMDS selectively reacts with isolated hydroxyl gosuand chemically replaces isolated
hydroxyls with a silyl ether group, -O-Si(GH. [39,42,43]Ammonia is liberated after the
grafting of HMDS. As seen iffigure 6.7, the band with frequency 2902 ¢nis due to the
surface impurities, as previously described. Thenabal adsorption of HMDS on aluminum
oxide was identified by the new formation of baird¢he region from 3000-2900 ¢émThese IR
bands are ascribed to the stretching modes of the roiety, vadCHs) and v¢(CHs), in the
adsorbed silyl ether group. [12] In the region wiltoxyl groups, both bands of type N=3730
cm™®) and Il isolated hydroxylshe3694 cn) decreased dramatically after HMDS was grafted
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onto é- Al,Os. The decrease in the band intensity of type Il Bhidolated hydroxyl groups can
be assumed to be caused by the replacement aleddigdroxyls by —O-Si(Ck)s.

(CH),Si—N=Si(CHy),
HMDS

@ NH, (9)

i ?i(CH3)3 ?i(CHg)s
- o) o)
A

AL AR AR, A AL LA AL AP
0 o o 00" o

Figure 6.8 HMDS grafting on ALO3 surface.

The | curves of catalyzed TDE CL @n Al,O3 and HMDS grafted- Al, Oz are shown in
Figure 6.9 After the grafting of HMDS onté- Al,Os, the hax decreases by about 68%. The
large decrease in the catalytic ability ob®@4 for TDE CL signifies that more isolated hydroxyl
groups, especially type | and Il isolated hydroxylere replaced by —O-Si(GH. The result
emerges that the substitution reaction of silykeetjroups not only occurs over type Il isolated

hydroxyls, but also occurs over type Il and | isethhydroxyls ord- Al,Os.
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Figure 6.9. The | curves of TDE CL without catalyst and catalyzed TIE CL in the
presence ob- Al,O3; and HMDS grafted 6- Al,Os.

6.4 Conclusions

Surface isolated hydroxyl groups on,@} are the active sites for grafting of 2-CEES and
HMDS. The reactivity of isolated hydroxyl groups -CEES grafting is associated with the
acid-base property of the isolated hydroxyls. Tgtothe difference in the catalytic reactivity of
residual isolated hydroxyls after chemical graftiog TDE CL, it was found that more acidic
isolated hydroxyl groups have higher reactivity ®3CEES hydrolysis reaction. Because the
isolated hydroxyl groups op Al,O3 are more acidic compared with those ®Ml,03;, more
isolated hydroxyls were eliminated gn Al,O3; by the substitution of ££5SGH,4-OAl after 2-
CEES grafting. Ony- Al,Og, the isolated hydroxyls with lower acid strengthisch as type | and
Il isolated hydroxyls, were expected to also pgyéte in the hydrolysis reaction of 2-CEES. The
binding of 2-CEES or- Al,O; mostly occurred on the sites of type Il isolategiroxyls. In
contrast with 2-CEES, the grafting of HMDS is lesmsitive to the acid-base properties of
isolated hydroxyls. A high percentage of isolatgdrbxyl groups oro- Al,O3; were replaced by
—0O-Si(CH); after HMDS grafting. Type | and Il isolated hydyix were assumed to also be
active sites for HMDS grafting.

141



6.5 References

© ® N o g & w0 dhPE

[N
o

11.
12.
13.

14.
15.
16.

17.
18.

19.
20.

21.
22.
23.
24.
25.
26.
27.
28.
29.
30.

Mottola, H. A. and Steinmetz, J. R.@hemically Modified SurfaceElsevier: New York;1992
Matsuno, R.; Yamamoto, K.; Otsuka, H. and Takaharaylacromolecules2004 37, 2203.
Desset, S.; Spalla, O.; Lixon, P. and Cabanel, &gmuir, 2001, 17, 6408.

Gubin, S. P. and Kataeva, N. Russ. J. Coord. Chen2006 32, 849.

Jeevanandam, P. and K. J. Klabunde, Langmuir, 208 3491.

Wight, A. P. and Davis, M. EChem. Rey2002 102, 3589.

Kera, Y.; Kamada, M.; Hanada, Y. and Kominami, Bompos. Interfac2001, 8, 109.
Cauwelaer, F. H. V. and Hall, W. Klrans. Faraday Soc197Q 66, 454.

de Boerm, J. H.; Fortuin, J. M. H.; Lippens, B.a@d Meijs, W. H.,J. Catalysis1963 2, 1.

. Yee, C.; Kataby, G.; Ulman, A.; Prozorov, T.; Whike; King, A.; Rafailovich, M.; Sokolov, J. and @Ganken,

A., Langmuir, 1999 15, 7111.

Clark, J. H. and Macquarrie, D. €hem. Commun1998 853.

Paul, D. K. and Yates, J. T, Phys. Chem1991, 95, 1699.

Jacas-Rodguez, A.; Pérez-Pariente, J.; Gonzalez-GonzaleR, Miaz-Carretero, I.; Agundez-Rodriguez, J.;
Hernandez-Vélez, MMaterials Letters2005 59, 1820.

Shen, X.-C.; Fang, X.-Z.; Zhou, Y.-H. and Liang, Bhemistry Letters2004 33, 1468.

Li, H.; Yan, Y.; Liu, B.; Chen, W. and Chen, 8gwder Technology007, 178, 203.

Mikhaylova, M.; Kim, D. K.; Berry, C. C.; Zagorodm.; Toprak, M.; Curtis, A. S. G. and Muhammed, M.
Chem. Mater.2004 16, 2344.

Binder, W. H.; Weinstabl, H. and SachsenhoferJBurnal of Nanomateria)2008 1.

Huang, C.-C. and Hohn, K. L. in Catalytic Reactiwff Surface Isolated Hydroxyl on Aluminum Oxide fo
Tetrakis(dimethyl amino)ethylene Chemiluminescemt@reparation.

Huang, C.-C.; Hohn, K. L. and Schlup, J, R Phys. Chem.,Q009 113 (25), 11050.

Klabunde, K. J.; Stark, J.; Koper, O.; Mohs, Crk®. G.; Decker, S.; Jiang, Y.; Lagadic, |. arfuiadg, D.J.
Phys. Chem1996 100, 12142,

Itoh, H.; Utamapanya, S.; Stark, J. V.; KlabundeJKand Schlup, J. RChem. Mater.1993 5, 71.
Kndzinger, H. and Ratnasamy, Batal. Rev. Sci. Eng1978 17, 31.

Hiemstra, T.; van Riemsdijk, W. H. and Bolt, G. Bl.Coll. Int. Sci.1989 133, 91.

Morterra, C. and Magnacca, @atal. Today1996 27, 497.

Vigué, H.; Quintard, P.; Merle-Méjean, T. and Lazelti, V., J. Eur. Ceram. Soc1998 18, 305.

Busca, G.; Lorenzelli, V. and Escribano, V. Ghem. Mater.1992 4, 595.

Costa, T. M. H.; Gallas, M. R.; Benvenultti, E. Vidada Jornada, J. A. Hl, Phys. Chem.,B999 103, 4278.
Morterra, C. and Magnacca, @atal. Today1996 27, 497.

Panayotov, D. and Yates, J. J.,Phys. Chem.,2003,107, 10560.

Thompson, T. L.; Panayotov, D. A. and Yates, JJTRhys. Chem.,2004,108, 16825.

142



31.
32.
33.
34.
35.
36.
37.
38.
39.
40.
41.
42.
43.
44.

Kim, S.; Byl, O.; Liu, J.-C.; Johnson, J. K. andt&g J. T.,J. Phys. Chem., 2006 110, 9204.
Mawhinney, D. B.; Rossin, J. A.; Gerhart, K. andé& J. T.Langmuir 1999 15, 4789.
Mawhinney, D. B.; Rossin, J. A.; Gerhart, K. ande& J. T.Langmuir, 200Q 16, 2237.
Mawhinney, D. B.; Rossin, J. A.; Gerhart, K. ande& J. T.Langmuir 1999 15, 4617
Kndzinger, H. and Ratnasamy, Batal. Rev. Sci. Eng1978 17, 31.

Kndzinger, H. Adv. Catal, 1976 25, 184.

Rinaldi, R.; Fujiwara, F. Y.; Holderich, W. and Scihardt, U.,J. Catalysis2006 244, 92.
Busca, G.; Lorenzelli, V.; Escribano, V. S. and @&tii, R.,J. Catalysis199], 131, 167.
Rosenthal, D. J.; White, M. G. and Parks, G.AXChE Journal 1987, 33, 336.

Armistead, C. G. and Hockey, J. Arans. Faraday Sogl1967, 63, 2549.

Angst, D. L. and Simmons, G. W.angmuir, 1991, 7, 2236.

Hertl, W. and Hair, M. L.J. Phys. Chem1971, 75, 2181.

Baraton, M.-l.; Chancel, F. and Merhari, Nanostruct. Mater.1997, 9, 319.

Martin, M. E.; Narske, R. M. and Klabunde, K.Micropor. Mesopor. Mater2005 83, 47.

143



CHAPTER 7 - Characterization in the Properties of Sirface
Hydroxyls on Metal Oxides by Tetrakis(dimethylamingethylene

Chemiluminescence

7.1 Introduction

Metal oxides (M'O*) have been used frequently as catalysts [1,2,80] supports for
functional groups or metals [3,5,6,7,8]. It is wkilown that the reactivity of metal oxides is
strongly associated with surface properties, inadgdurface area, morphology, electronic and
acid-base properties. To characterize the surfacgpepies of metal oxides, several
spectroscopic techniques have been developed, asicRT-IR [9,10], UV-Visible [11,12],
photoluminescent spectroscopy [13,14], NMR [15]. tbdése, FT-IR undoubtedly is the most
important tool for studying surface properties byentifying the stretching modes of
chemisorbed species or the metal oxide itself. Heweit is difficult for FT-IR to analyze
surface properties quantitatively since the IR gatsan coefficients at each relaxation for the

adsorbed groups have to be independently determibejd

Surface hydroxyl and molecular water are the mbahdant species covering the surface
of metal oxides. [17,18] With increasing temperaiumost molecular water is removed at
temperatures < 260G [19] while surface hydroxyl groups are eliminatchigher temperatures
(from 200 to 1008C) [20]. The thermal stabilities of surface hydrbgyoups are believed to be
related to the interaction between hydroxyl gro@psl adjacent ions. [21,22,23,24,25] The
correlations between the stretching frequenciesuoface hydroxyls and their locations have

been described by several experimental and thealgtmodels [13,26,27,28,29].

There are two different categories of surface hygds on metal oxides: hydrogen
bonded hydroxyls and isolated hydroxyls. In theslpectrum, the bands of hydrogen bonded
hydroxyls with different coordination overlap eacther and appear as a broad band at lower
frequency. The individually sharp bands at higleq@iencies are ascribed to isolated hydroxyls.
Because the stretching frequencies of isolated dxydirgroups vary with the number and
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coordination of adjacent surface ions, [22,30,;3b]ated hydroxyls are considered as spectral
fingerprints of the surface. [28]he surface reactivity of a metal oxide comes nyafrom the
unsaturated surface ions TMand &) and the surface reactivity is developed upon rexhof
surface species. [17] Therefore, understandinglisteibution of surface hydroxyl groups helps
to determine and evaluate surface reactivity, &eise properties, and morphology of a metal

oxide.

In our previous studies, it was found that surfagelroxyls on metal oxides act as
catalysts for tetrakis(dimethylamino)ethylene (TD&)emiluminescence (CL). [32,33] The
emission of TDE CL was extremely sensitive to tihespnce of isolated hydroxyl groups. The
emission intensity of catalyzed TDE CL was regudby changing the composition of isolated
hydroxyl groups in different configurations via chieal [33,34] or physical [32,33] surface
modification. Isolated hydroxyls with lower coordiion (with higher stretching frequency) have
higher catalytic reactivity for the emission ofaszed TDE CL.

It has been shown that the nature of surface hytboi.e. isolated versus hydrogen
bonded) depends on the morphology of the metaleoxigor example, Klabunds. al.[24,35]
suggested that the hydroxyl groups concentrate@dge and corner sites are more isolated.
Since hydroxyls groups cover the active sites ofainexides, surface reactivity and acid-base
property can be interpreted by the types of surfagiroxyls. Ahmedet. al. reported that the
surface reactivity was associated with intrinstesiwith lower coordination (M.c and G'c).
[15,36,37] The metal oxide with rough surface wasught to feature higher surface reactivity.
For the surface acid-base properties, surface hytir@and unsaturated ions act as Brgnsted and
Lewis acid-base sites respectively. The acid- askbcharacter of metal oxides has been found
to play an important role in several acid or basgalyzed reactions [23,38,39] and the binding
capability for grafted functional groups [34]. Censently, the surface morphology and
reactivity of metal oxides can be probed through émission intensity vs. reaction time) (I
curve of catalyzed TDE CL because this techniquseissitive to the types and locations of

hydroxyl groups.
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In this study, the properties of surface hydroxyistwo different forms of MgO (referred
to as MgO and Mgt¥s), two different forms of CaO (referred to as Ca@ £ad"9), y-Al,Os,
ZnO and TiQ were investigated by measuring theurve of catalyzed TDE CL. The catalytic
reactivity of surface hydroxyl groups for TDE CL svatudied in the context of understanding

the types of hydroxyl groups present and their ttias.

7.2 Experimental

7.2.1 BET Surface Area Measurement

MgO“s MgO, CaO, Ca®¥s and TiQ were purchased from NanoScale, Inc.
(Manhattan, KS.). The differences between M§and MgO, and between CaO and &40
were in their particle sizes and surface areas: M@nd Ca®"s feature smaller particle sizes
and higher surface areas compared with MgO and &D:0; (Al.O3) and ZnO were obtained
from Alfa Aesar, Inc.. The surface areas of metaties were determined by the BET dynamic
method using a Quantachrome Autosorb-1. The sames first outgassed at 1%D Nitrogen
was used for the adsorption experiments at liqurdgen temperature.

7.2.2 IR Studies

The surface hydroxyl groups on the metal oxide ax@$ were identified by FT-IR
(Model: Nexus 670) by using a DRIFTS cell. The R4k equipped with a liquid nitrogen-
cooled MCT detector, KBr beam splitter and tungstetide light source. Helium was used as a
carrier gas to remove species emitted from theasarfvhen increasing the temperature. The

resolution of FT-IR was set at 4 ¢m

7.2.3 Quantification of Surface Hydroxyl Groups

The method used for measuring the numbers of emlahd hydrogen bonded hydroxyl
groups was previously reported. [32] Briefly, thmethod makes use of a substitution reaction
between AIEf and the protons of surface hydroxyls. When AliSt added to a metal oxide
sample, a substitution reaction between the profosurface hydroxyls and Algteads to the
production of ethane. In a second step, 1-pentaasladded to react with any un-reacted ethyl

groups on metal oxides to produce additional ethafiée ideal gas equation was used to
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calculate the number of ethane molecules releasédei two steps, from which the number of
isolated and hydrogen bonded hydroxyls were obdaife solubility of ethane in decalin [40]

and 1-pentanol [41] was considered in the calautati

7.2.4 TDE Synthesis

The synthesis processes of TDE has been detailedriprior work. [32Dimethylamine
(40% in water, Alfa Aesar), first, was purified twei by distillation through a Vigreux column.
Then, purified dimethylamine and chlorotrifluorogtne (SynQuest Laboratories Inc.) were
sealed in a high pressure reaction vessel anddhea&SC for 10 hours. The content of TDE in
the product was about 30-40%. After removal of ints in the product, the remaining light
yellow liquid was TDE.

7.2.5 Light Emission Measurement

All metal oxide samples were pre-treated at°Csfdr 3 hours to remove molecular water
on the metal oxide surface before use. After mixints g metal oxide and 0.3 ml TDE in a
sample vial, the vial was placed on the sampledraddl a sealed chamber. Inlet and outlet tubes
allowed the chamber to be purged with dry air. Emeission signals were transferred via a

flexible fiber optic cable and recorded by a fibgtic spectrometer (StelarNet Inc. EPP2000).

7.3 Results

7.3.1 Surface Hydroxyl Content and Surface Area

The total quantity of hydroxyls and the surfaceaaréor each metal oxide surface were
given from AlEg titration and BET method, respectively. The resalte shown imable 7-1
AlEt; titration failed to analyze the content of surfagelroxyl groups on Ti@ This may be due
to the high reactivity of surface radical®H and-O,, given from the decomposition of water
and oxygen on the Tisurface. [42,43] A distinct difference in the cemit of surface hydroxyls
was found between Md®® and other metal oxides. The content of surfacedxyd on Mg
was 414.7810° mole/g while the contents of surface hydroxyl aheo metal oxides varied
from 210.74x10° to 160.9%10° mole/g.
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Surface area

Hydroxyl content

Hydroxyl content

Average particle size

Sample 5 Source
(m?/g) (x10° mole/g) | (OH number/nf) (nm)

MgOP™s 614 414.76 4.07 4 NanoScale
MgO 202 192.63 5.74 8 NanoScale

cad"® 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,O3 70 201.92 17.37 3000 Alfa Aesar
TiO, 192 - - - NanoScale

Table 7-1 Surface areas and the contents of surfabgdroxyl groups on seven metal oxides.

Surface hydroxyls on metal oxide include two tygesirogen bonded hydroxyls (H-OH)
and isolated hydroxyls (iso-OH). The quantity oé ttwo types of surface hydroxyls on each

metal oxide was found by Algtand 1-pentanol titration and is shownHigure 7.1 A and

Figure 7.1 B Figure 7.2 shows the percentages of isolated hydroxyl td togdroxyls on the
different metal oxides.
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As seen irFigure 7.1, MgO”"“® and ALO; had high contents of isolated hydroxyl groups
per unit weight. However, because the content @HtHon Mgd"° was about double of that on
other metal oxides, Mg®® had lowest percentage of iso-OH to total OH. Thghést
percentage of iso-OH to total OH was found on(3lsurface. About 42 percent of the total
hydroxyls were iso-OH. This percentage varied vmtétal oxide in the following order: ADs
(42%) > ZnO (34%) > Calh® (26%) > MgO (24%) > CaO (20%) > MGLF (19%).

7.3.2 IR Studies of Surface Hydroxyls

The surface hydroxyl groups also were studied byIFET The IR spectra for
MgO/MgOP¥s and CaO/Cab¥* are shown inFigure 7.3 A and Figure 7.3 B respectively.
Figure 7.3 Areveals two different bands for surface hydroxgmsthe MgO surface. The broad
band with lower frequency, 3660-3000 ¢mis attributed to H-OH due to the bonding of
hydrogen bond between neighboring hydroxyls. Twodsawith higher frequencies<3741 and
3695 cnt') are assigned to iso-OH. [32] For CaO (Bipire 7.3 B), the sharp band at 3639 tm
!is ascribed to iso-OH while the other bands aeloftequencies are due to H-OH. [44] As seen
in Figure 7.3 AandFigure 7.3 B the hydroxyl bands in the IR spectra for MgO &abD are
also observed in the IR spectra of M§®and Ca®". These results indicate that the type of
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surface hydroxyls present is independent from thations of particle size and surface area:
MgO and CaO have the same types of surface hydras/Mgd"s and Ca®"S However, the
relative amounts of the different types differ fdgO/CaO and Mg@&"YCad"s, as shown in
Table 7-1, Figure 7.1andFigure 7.2
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Figure 7.3 IR spectra of surface hydroxyls on (A)MgO/MgOP"* and (B) CaO/Cad"* at
15¢°C.
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The IR spectra shown iRigure 7.4 were obtained for Tig) ZnO and AJO; surfaces.

Only one iso-OH band is found in the IR spectrunTi@, and ZnO. The stretching frequency of
the iso-OH is 3670 cthon TiO, and 3673 cf on ZnO. [44,45] In contrast, there are three iso-
OH bands on AlD;. Their frequencies vary from 3660 to 3760 tmccording to Tsyganenko
et. al.[44], the stretching frequency of iso-OH is asstedawith the coordination of adjacent
ions. The increase in the coordination of adjacemé causes a downward frequency shift. In the
IR spectrum of AlO;, the bands of iso-OH at 3760, 3716 and 3664 ane assigned as the iso-
OH bonded to 1, 2 and 3 aluminum ions. [33] As seeRigure 7.4, the iso-OH with higher
frequencies ¢=3760 and 3716 cif) on ALO; are more visible at these higher frequencies

compared with those on TiQw=3670 cnt) and ZnO §= 3673 cn).

Kubelka-Munk

4000 3900 3800 3700 3600 3500 3400 3300 3200 3100 3000

Wavenumber (cm™)

Figure 7.4 IR spectra of surface hydroxyls on A3, TiO, and ZnO at 150C.
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7.3.3 | Curves of Catalyzed TDE CL on Metal Oxide

The emission intensity vs. reaction timg @urves shown irrigure 7.5 andFigure 7.6
were obtained for TDE CL on MgO/Mdt¥ and CaO/Cal¥. As discussed in section 7.3.1, the
amount of hydroxyl groups increased as the surdaea increased from MgO or CaO to My®
or Cad™s. Figure 7.5 andFigure 7.6 reveal different trends in thedurve when the content of
hydroxyl groups was increased for calcium oxide arajnesium oxide. In the case of calcium
oxide, the emission was enhanced when the confdmtdvoxyl groups increased. However, in
the case of magnesium oxide, increasing the anmafuntdroxyls led to lower emission intensity
in the beginning of TDE CL.
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Figure 7.5 I curves of catalyzed TDE CL on MgO and Mgd“s. MgOP"s features higher
surface area and lower particle size compared witMgO.
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Figure 7.6 I curves of catalyzed TDE CL on CaO and Ca®¥s. CaO™* features higher

surface area and lower particle size compared witieaO.

An I; curve with extremely high emission at the begignaf the reaction was found in
the case of catalyzed TDE CL on,®k, as seen ifrigure 7.7. The maximum intensity shown in
the | curve of catalyzed TDE CL on AD; was about 4 times of that on MgO and CaO. The

lowest emission intensities were obtained in treeaH catalyzed TDE CL on Tgand ZnO.
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Figure 7.7 I curves of catalyzed TDE CL on AlO3, MgO, CaO, ZnO and TiO..

7.4 Discussion

7.4.1 Influence of Surface Hydroxyls on Curves

In this study we found that use of a higher surfama form of CaO with more total
hydroxyls led to higher emission intensities, while opposite trend was noted for MgO. This
difference can be understood only if the separatesrof isolated and hydrogen-bonded

hydroxyls is considered.

As shown in our prior studies [32,33,34] both isd-@d H-OH increase the production
of oxidation products, but only iso-OH enhanceséhgssion intensity of TDE CL. The major
product, tetramethylurea, TMU, acts as quenchingcigs for emission of TDE CL, and

influences the shape of thecurve. [32]
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Although the Mg®"“S surface possesses a higher content of iso-OH groagd"s also
features a higher content of H-OH compared with M@e lower emission intensity occurring
at early reaction times for catalyzed TDE CL on MY0s likely due to the high H-OH content.
High H-OH content increases the production of gherg species and subsequently leads to
diminution in the emission intensity of TDE CL. d3e ideas agree with prior results that
showed that increasing the amount of MYOled to decreased emission intensity [32].
Increasing the amount of Mg increased the amount of isolated hydroxyls whihbusd
catalyze TDE CL, but also increased the amount édH{ which ultimately led to lower

emission intensity.

For CaO, the opposite trend was noted: the highsvuats of hydroxyls present on
CaC"* produced higher emission intensity. This resultli® to the lower H-OH content and
higher iso-OH to total OH percentage on G4@ompared with that on Mg®> There is little
H-OH to catalyze reactions that do not emit ligiht ppoduce quenchers that quench light-

emitting reactions.

To explore this idea further, TDE CL was measurdwnvdifferent amounts of AD;
were used. AD; is notable because it has the highest ratio datisd to total hydroxyls. As
seen inFigure 7.8 as more AlO; is used, the emission intensity increases. Toeease in iso-
OH causes an increase in the rate of TDE oxidatsond therefore increases the emission
intensity. The amount of H-OH on Ab; is, apparently, not sufficient to counteract tifeat of
iso-OH.
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Figure 7.8 The | curves of catalyzed TDE CL on AlOs. (ps. ALO3 was purified by heat-
treating at 850°C for 2 hours before use)

These results indicate that TDE CL is not a sinfiptetion of the total hydroxyls present
on a metal oxide surface. Instead, the type ofrdwyd is important. More iso-OH leads to
stronger emissions, while increased H-OH can dshigmission intensity.

7.4.2 Isolated Hydroxyls

The properties of iso-OH are associated with therdioation of the oxygen atoms of
hydroxyl, and the types of adjacent cations. Thdiferences lead to changes in the stretching
frequency of iso-OH. With a decreasing number ga@eht metal ions, the interaction between
isolated hydroxyls and metal ions is assumed tald@eased and, subsequently, leads to an
increase the binding strength between the protah atygen atoms. Therefore, an isolated
hydroxyl group with fewer adjacent cations has ghbr stretching frequency. [44] This can be
seen by looking at the examples of 3, 4 and 5 déoated (3C, 4C and 5C) iso-OH located on
corner, edge and extended plane sites, respectmeliMgO. The binding strength between the
proton and oxygen atoms of iso-OH is related todberdination of the oxygen atom. Thus,
stretching frequency of the isolated hydroxyl falthe order: 3C > 4C > 5C iso-OH. [23]
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Our prior studies showed that the increase in tinetching frequency of isolated
hydroxyls caused an enhancement in the catalyéictirety of aluminum oxide for the emission
intensity of catalyzed TDE CL. [33] A similar reswas found on MgO [32] and on chemically
modified aluminum oxide [34]. It is natural to page that the interaction between hydroxyl
groups and adjacent cations is associated witltakedytic reactivity of isolated hydroxyls for
TDE CL: the lower interaction, the higher catalyt@activity for the emission of TDE CL. The
produce of high energy intermediate, tetrakis-dinketmino-1,2-dioxetane (TDMD), is
dramatically enhanced to support more energy fatgrhemission when TDE CL is catalyzed
by the isolated hydroxyl with higher catalytic réeaity, as seen irfrigure 7.9 [32]

— N_
J— J— \ / | |
o N NN
TDE N ~ e
| "N >
N\

N TDMD
EAN

OH OH OH

Figure 7.9 Sketch of the catalysis mechanism of isted hydroxyls in the catalyzed TDE
CL. TDMD (tetrakis-dimethylamino-1,2-dioxetane) isthe intermediate created from the
additional reaction between TDE and oxygen. TDMD &lo is the necessary energy

supporter to excite TDE to an excited state. [47]

As seen inFigure 7.7, a great difference in the emission intensity he & curve of
catalyzed TDE CL was found in the case of@ and other metal oxides. The maximum
emission intensity in the turve of catalyzed TDE CL on ADs is about 5 times of that on CaO,
and more than 50 times of that on ZnO and,Tihe CaO, TiQand ZnO, the surfaces lack iso-
OH with adjacent cations with low coordination (higtretching frequency) , as seerFigure
7.3 and Figure 7.4 Therefore, it can be assumed that the iso-OH \itther stretching
frequencies = 3760 and 3716 ci) on ALOs; 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 &ngies

Extremely low emission intensities were found ia tase of TDE CL on Ti£and ZnO.
Comparing with the data reported in our early wfBR], the maximum emission intensity
derived from the TDE CL on TiDand ZnO were lower than that derived from the TOE
without the addition of catalyst. Indeed, our pmiesults showed that even when the surface of a
metal oxide lacked iso-OH, thedurve had similar emission intensity and trenchwtlite | curve
of TDE CL without catalyst. [32] The low emissiamtensity of TDE CL on metal oxides may be
due to the lack of the iso-OH with lower interaatiwith adjacent surface ions, lower content of
is0-OH or lower iso-OH to total OH percentage. Hoere although ZnO had a higher content of
iso-OH and higher iso-OH to total OH percentage parad with CaO (shown iRigure 7.1and
Figure 7.2), much higher emission intensity was observedeltcurve of catalyzed TDE CL

on CaO, as seen Figure 7.7. Therefore, an alternate explanation is needed.

It is known that both ZnO and TiJeature low energy band gaps, about 3.2 [d6]
This feature enables the creation of two activeceds, ‘OH and -O,, on the surface. The
oxidative ability of the hydroxyl radical was repedt to be much higher than those af 8,0,
and CIQ. [42,43] Therefore, the extreme low emission istgngiven from TDE CL on TiQ
and ZnO likely is due to the non-fluorescent decosiion of TDE on the surface of Ti@&nd

ZnO via the oxidation reaction of active radicatstbe TiQ and ZnO surface.

7.5 Conclusions
The emission intensity in the durve of catalyzed TDE CL on metal oxides depems

the hydroxyl groups. Higher emission intensity veisived from the catalyzed TDE CL on
metal oxides rich in isolated hydroxyls. Hydrogemted hydroxyls also influence the emission
intensity but the influence is negative. Becausethid, metal oxides with high amounts of
hydrogen bonded hydroxyls decrease emission irfengien surface area (and total hydroxyl
concentration) is increased, while metal oxideshwibwer amounts of hydrogen bonded
hydroxyls exhibit increased emission intensity wihleair amount or surface area is increased.

The interaction between isolated hydroxyls and @djaions plays a crucially important role in
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the emission of TDE CL. Isolated hydroxyls with minteraction with surface ions likely have
higher catalytic reactivity for TDE CL. TDE CL wamt catalyzed by some metal oxides, such
as TiGQ and ZnO. This result is assumed to be due toawer band gap energy of these metal

oxides and the active oxidant species that camdaar on these metal oxides.
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CHAPTER 8 - Tetrakis(dimethylamino)ethylene
Chemiluminescence (TDE CL) Characterization of theCMC and

the Viscosity of Reversed Microemulsions

8.1 Introduction

Reverse microemulsions are constructed by the ggtiom of amphipathic (surfactant)
molecules with the polar heads attracted to intesfamicelles while the non-polar tails extend
into the bulk non-polar solvent. There are manylighbd articles addressing the main features
of normal micelles or oil-in-water microemulsion®©/(V) during the past fifty years.
[1,2,3,4,5,6,7] However, the properties of revensecroemulsion systems (RMS) have been less
frequently analyzed. Due to the nature of surfastasurfactant molecules can arrange
themselves into organized molecular assemblies knoas micelles to form a
microheterogeneous media (or microemulsion) intswluwith oil and aqueous phases. Reversed
micelles, or water-in-oil microemulsions (W/O), leaattracted much attention recently since
they can be used as nano-reactors to synthesrzesuatiall nanopatrticles [8,9,10], or as reaction
media for polymerization. [11,12] A few exampleslude the development of water-in-
supercritical carbon dioxide (scGOmicroemulsion systems for synthesizing novel s&red
catalysts and organic compounds and applicationbiahemical separation and the food
industry. [13,14,15,16,17,18,19] In those studiesCQ microemulsions aided in waste

minimization and also controlled the reaction eorment.

The properties of RMS mainly depend on the typeswfactant used to stabilize the
system, the nature of bulk solvent, and the ratiovater-to-surfactant (\)y. The aggregation
number, the CMC (critical micellar concentratiomdathe thermal properties of RMS are
typically used to characterize RMS. The CMC is thest important parameter because it
identifies when the system starts to possess thdufiction of a RMS. Before the CMC, the
surfactants exist mainly as solvated monomers, evhlbove the CMC, the monomers and
micelles exist in dynamic equilibrium. [20] Furthecreasing the concentration of surfactant in
the system will result in aggregation of the sudats while the concentration of the free
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surfactant monomers remains virtually constant e tulk phase [21]. Otherwise, the
thermodynamic properties (free energy , enthalpyropy and heat capacity) of a RMS can be
obtained if the CMC of a RMS is known. [22,23,2428) The CMC of a RMS is the most
important property when the surfactant's architeetis going to be designed for various

applications in RMS (especially for applicationainvater-in-scC@microemulsion). [4,24,27]

The physical properties (such as surface tensipecific heat, conductivity, osmotic
pressure, light scatteringt. al) of microemulsions will undergo a change when the
concentration of surfactant in the bulk phase apgies the CMC. This change could be abrupt
or slight. For most normal microemulsion (oil-in4®a microemulsion) systems, the
determination of the CMC is based on the abrupthgbaof some physical properties in
proximity to the CMC of surfactants. In contrashetphysical properties of water-in-olil
microemulsions typically change only slightly irettransition region. Moreover the aggregation
number (the number of surfactant monomers involiredhe unit aggregation) of reverse
micelles typically is small compared to that of mat micelles due to the difference in area
occupied by surfactant head and tail. This not defds to the low CMC of RMS, but also
causes difficulties in determining the CMC of RMytkaditional measurements (ex. NMR, UV-
Vis, light scattering, surface tension, conducyiet. al) usually used in the characterization of
normal microemulsions. [28] A couple of technigirese been developed and employed in the
characterization and measuring the CMC of RMS dyitire past two decades. They include low
angle neutron scattering [29], vapor pressure osetiym [30], TCNQ (7,7,8,8-
tetracyanoquinodimethane) adsorption [31], calonimestudy [32], positron annihilation
techniques [28], fluorescent probe [26,33,34,338pand'H NMR [38,39,40]. However these
techniques either are limited to a specific RMSlead to contradictory conclusions as the RMS
is detected by two techniques. A widely applicabiel accurate method, thus, is desired to

enhance our knowledge of the CMC in RMS.

Methods for characterizing microemulsions involvifigorescent probes have been
frequently studied in recent years, and Beheta al. [37,41,42] have published several
systematic studies on these methods. There are published reports of using

chemiluminescence, where the release of chemi@bgrcauses the emission of photons rather
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than the use of an external light source, for attarezation of RMS. Chemiluminescence (CL)

has been investigated as a probe in many applisat[d3,44,45] The distinct advantage of CL
analysis over the method of fluorescent probe ésabsence of an external light source, which
means that the analytically relevant emission cannieasured against a completely dark
background. Therefore, the potential interferentéight from light scattering can be ignored

when CL is used as the detection method. This @adgammay allow CL analysis to be used to
detect RMS’s properties under extreme conditionghsas biochemical systems, when the
system is sensitive to irradiation by an externalkgited light source, or when the amount of

sample is less than the required amount for thiysisaising fluorescent probes.

Tetrakis(dimethylamino)ethylene chemiluminescerid@E CL) has a number of features
that make it attractive for study of micelle syssenespecially TDE’s non-polar molecular
structure and autoxidation reaction mechanism4[/46ln the reaction mechanism of TDE CL,
TDE serves as both the excited energy acceptotéanditiring the reaction [48] and reacts with
oxygen spontaneously, so addition of fluorescemhmmnents (excited energy acceptor and
emitter) and reaction inducers are not requireds Tédmoves the issues typically associated with
fluorescence methods, where the solubility of thetter and initiators must be considered. In
addition, TDE is non-polar while the products of HOCL are polar. The products, mainly
tetramethylurea (TMU) and tetramethyloxamide (TM@gt as quenchers for TDE CL due to
their high electron affinities and lower potentelergies. [47,49,50,51] TDE CL may provide
insights into the properties of RMS because thegree of micelles will effectively isolate the

polar guenching species from non-polar TDE, themaftyancing CL intensity.

Another potential application of TDE CL is as a medor finding the viscosity of a
system. Viscometers typically used in the measun¢mkithe viscosity of liquids (ex. capillary,
rotation or cone-plate viscometer), have troublepiobing the viscosity of the RMS when
contained in a sealed system or the system withl smlame, such as bio-RMS used in protein
separation or water-in-scGARMS. [52,53] However the viscosity of RMS is anpiontant
parameter. For example, the transport of dissob@uponents between the continuous non-
polar phase and the disperse aqueous phase ort¢hange of the contents between reversed

micelles is affected by the viscosity of RMS. WhBMS is applied in the synthesis of a
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nanoparticle with two or more components, the plartsize and the coalescence rate of the

synthesized nanopatrticles are dependent on theéaiait viscosity of the RMS. [54]

The intensity of emission from an excited fluoregasompound depends on whether the
excited energy is lost through vibrations and/dlisions. The vibrational dissipation energy of
a fluorescent reaction can be limited if the magigtand the modes of intra-molecular vibration
and rotation are limited. Haidekket al [55,56,57] investigated fluorescent molecular rstor
which are constructed of julolidine nitrogen andril@ groups joined by a vinyl bond. They
found that the rotation of groups near the C=C tmiliond of the fluorescent dyes led to de-
excitation and a decrease in emission intensityvéd@r this energy dissipation could be limited
in viscous media because of the steric hindrancentoh-molecular rotation. The work of
Haidekkeret al. suggests that TDE CL may aid in identifying thecasity of RMS because a
more viscous media may inhibit the intra-moleculatation and vibration of di-methyl amino
groups bonded to the vinyl center of the TDE mdikecln addition, the migration of quenching
species will be affected by solvent viscosity, aodld also affect the emission intensity of TDE
CL.

This research uses TDE CL to characterize RMS. TMC was found for three
surfactants in multiple solvents. In addition, tee 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 ficaton of the method developed
by Pruettet. al. [58] The details of the synthesis procedure ascdbed inChapter 3.

8.2.2 Samples
Eight non-polar organic solvents including cycloaes (Fisher Scientific), benzene

(Fisher Scientific), n-heptane (Alfa Aesar), n-owa(Alfa Aesar), iso-octane(Alfa Aesar), n-
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decane (Sigma), n-dodecane (Alfa Aesar), and miim@rgAqua Solutions, Inc.) were used as
received without additional purification. Two aniorsurfactants, Dioctyl sulfosuccinatesodium
salt (AOT) (Alfa Aesar) and sodium dodecylbenzetfesate (NaDDBS) (Sigma), and one
nonionic surfactant, Triton X-100 (X-100) (Alfa Am3, were used as received. The stock
solutions were prepared, in advance, by mixing shefactant and the solvent to give a
concentration around 0.45M. The sample solutionsewmepared by dilution of the stock

solution to give the desired concentration.

8.2.3 Measurement of TDE CL

The | (emission intensity vs. reaction time) curves ®ETCL in non-polar organic
solvents were collected and recorded with an djjigr spectrometer (StellarNet Inc. EPP2000)
at 25C. The sample solution (the mixture of non-polaivest with surfactant in the desired
concentration and 1.287M TDE), 0.4ml, was loaddd ansample cuvette that was then placed
on the sample holder of the sample chamber. Thelsacthamber was sealed with an O-ring and

purged with dry air at 150 ml/min using a rotamehering the reaction.

8.2.4 Viscosity Measurements
The kinematic viscosityv] of the solution was determined by the transitetiof the
solution €) flowing through the capillary of the cross-arnpéyviscometers (universal size no. 2
and 4) at 2%C using the equation beloEguation 8- 1):
v(cSh=txe  (8-1)

wheret is the efflux time and is the constant of the viscometer.

The sample solutions were prepared by mixing cyetahe and mineral oil in various
ratios while the concentrations of AOT in each skngwlutions were fixed at 0.43mM. The |
curve was measured, and the intensity of the lo@alimum was noted and used to construct a

plot of emission intensity as a function of solveiscosity.
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8.3 Results and Discussion

8.3.1 Effect of Quenchers on the Curve of TDE CL

As describing inFigure 1.1, the high energy intermediate, Tetrakis-dimethyfaoi,2-
dioxetane (TDMD), is produced from TDE autoxidaticeaction, and is the excited energy
source for TDE CL. [46,51] Because TDMD is unstabteroom temperature, TDMD will
further decompose immediately into the product$DE CL, mainly tetramethylurea (TMU, 65
mole %) and tetramethyloxamide (TMO, 18 mole%) [48]d release energy to convert TDE to
its excited state, TDE*. TMU and TMO feature higledectron affinity than TDE [49]. On the
other hand, TDE is a good electron donor. The ligictron donor strength of TDE had been
identified by Hammondet. al. via the inter-molecular charge-transfer betweenETé&nd n
electron acceptors. [50,59] Therefore, the eleatedly excited energy not only is transferred to
un-oxidized TDE but also is transferred to TMO afdU by molecular collision during the
reaction. Winberget. al. found that the emission intensity of TDE CL desesawith increasing
the concentration of TMO and TMU [48,60,61]. Fletcht. al. further indicated that TMU and
TMO are quenchers for TDE CL. [46,48]

Because TMO is not commercially available, only TMids studied to understand the
effect of quenching species on the emission of TIREFigure 8.1 shows the effect of TMU on
TDE CL. Adding TMU into solution does decrease ititensity of TDE CL; however the trend
is not linear. The intensity decreases with indrepdMU concentration, but the slope of this
decrease changes at [TMU]=0.383 M. It is hypottes$ithat the change in the slope is due to
the formation of microdroplets of TMU in the bulkgse when TMU reaches its saturation point
because droplets become visible when [TMU] is frtlincreased from 0.383 M. After
[TMU]=0.383 M, the increase of [TMU] only leads the increase in the concentration or the
size of microdroplet consisting of TMU. Figure 8.1, the difference in the slopes of the lines
before and after [TMU]=0.383 M also indicates tthe 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 TBE/cyclohexane bulk phase. The dots
shown on the figure are the initial emission intenty of TDE CL with TMU concentration.
The intersection of two straight lines going throu@ the dots at higher TMU (>0.383M) and

lower TMU (<0.383M) concentration indicates the saftration point of TMU in cyclohexane.

TDE CL was considered as a means to measure the @\Qeversed microemulsion
system due to the opposite polarity of TDE angbiteducts, quenchers. Clearly, quenchers affect
the emission intensity of TDE CL. However, theyndae removed from solution and their
effects are minimized because of the differencegbenquenchers’ polarity compared to TDE. It
is well known that the mutual solubility betweeruaqus phase and oil phase can be enhanced
by the addition of surfactant. In this study, itsmaxpected that adding surfactant into the oil
phase with TDE can influence the emission intensiiige the quenching species are removed

from oil phase right after the formation of revefseicelles, as depicted Figure 8.2
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Figure 8.2 Representation of TDE CL in non-polar stvents with AOT micelles when the
concentration of [AOT] > CMC.

8.3.2 |t Curve of TDE CL in RMS

The impact of surfactants on TDE CL was studiednbgasuring TDE CL in two
situations: when a surfactant (AOT) was preser aoncentration below the CMC, and when it
was present in a concentration above the CMEigure 8.3 shows the results of these
experiments. Curva is the | curve of TDE CL with lower AOT concentration ([AGICMC)
[4,66] while the curveb is the | curve of TDE CL with higher AOT concentration
(JAOT]>CMC) in the AOT/Cyclohexane RMS. For bothreasa andb, the emission intensity
decreases with reaction time; however, cuovehows a exponentially decreasing trend while
curvea initially decreases until around 18 minutes, themeases until around 42 minutes before
finally decreasing monotonically. The difference=ers in Figure 8.3 are likely due to the
formation of reversed micelles that help separd& Trom the quenching species and enhance

the emission of TDE CL in the first 20 minutes lo¢ reaction.
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Figure 8.3 | 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 kurve of TDE CL was studied when the concentratibn
AOT in the system was adjusted at 3.75 (JAOT]> CM&)6], 0.625 ([AOT]< CMC) and 0
mM respectively, seBigure 8.4 In this study, the concentration of additional UM/as fixed at
0.42 mM. Because of quenching phenomenon, the TDEy&e low emission intensity and
shorter life time as AOT was free in the systemthBibe emission intensity and life time were
enhanced after AOT in moderate amount was addedhetsolution. This result agrees with the
hypothesis shown iRigure 8.2 The presence of reversed micellar phase extoattquenching
species from the non-polar bulk phase. This realdb reveals pre-micellar phenomena.
Although the concentration of AOT was lower than@MC, a few micelles were present in the
solution. Some TMU, subsequently, was enclosed dwersed micelles and higher emission
intensity and longer life time was obtained fromHEICL since the collision between excited
TDE and quenching species was diminished. Thises $or thelcurve with [AOT]=0.625 mM
in Figure 8.4 The effect of pre-micellar phenomenon is furttiscussed in section 8.3.5.
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Figure 8.4 | curves of TDE CL in AOT/cyclohexane/TMU RMS. The oncentration of
TMU was fixed at 0.42mM for each curve. The concerdtion 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 emissiomsitg of TDE CL, a simple model
was constructed to represent the major steps lof égission, while considering the impact of
guenchers. This model considers the reaction of @abdEoxygen to produce light and quenching
species. To develop this model, we first neededrdiate emission intensity with the
concentrations of TDE and oxygen. Because theesyst continuously purged with air, it can
be assumed that the concentration of oxygen istaohwith time, and can be lumped into the
rate constant. We further assumed that the emisgitensity when the concentration of
surfactant was high was related only to the coma&oh of TDE. This essentially assumes that
the quenching species are immediately removed sohtion, and don’t impact the emission
intensity. With these assumptions, we can deternilme functional relationship between
emission intensity and TDE concentratioifrigure 8.5 plots both emission intensity)(and
In(lo/l) vs. reaction time (t). This plot gives a lineakationship, with an Rvalue of 0.99 for the
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linear fit of the experimental data, Ig/(). This indicates that the reaction was first orfie
TDE concentration and the relationship between sionsintensity and TDE concentration could
be represented liyquation 8- 2
[TDE], Iy
In(—=>) =In(—) =kt 8-2
( (TDE] ) =In( | ) (8-2)
where: [TDE], andlg are the initial TDE concentration and emissioemsity,k is a rate constant

for the first-order reaction, artds reaction time.
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Figure 8.5 Variation of emission intensity of TDE @ in an AOT/cyclohexane reversed
microemulsion when [AOT]=3.848 mM (>CMC). The straght line is the result when the

curve of emission intensity is fitted by In(l/b).

The next important consideration in the model is treatment of quenching species.
Quenching species are produced once TDMD is decsetp(as depicted iRigure 1.1). It is
assumed that two quenching species were formedodsygmmetric decomposition of TDMD, so
that reaction of one TDE molecule yields two quengtspecies. Quenching species can, then,
be transferred out of bulk solution into a secohdge. This second phase could either be a

second liquid phase made up of polar productspaoldcbe a micellar phase, depending on how
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much surfactant is present. The differential eguat giving the concentration of TDE and
guenchers over reaction time can, therefore, btenras:
d
% = —KiCrpe (8-3)
dC,
F = 2k1CTDE - kmtACq (8' 4)
where: Crpe and Cy are the concentration of TDE and suspending quegdpecies in
the bulk phase ankl is the mass transfer coefficient of the quenchipgcges from the bulk
phase to the second polar or micellar phase,farsdthe area of the interface between the two

phases per unit volume of solution.

With the presence of quenching species in the plidise, the excited TDE molecules can
be de-excited by the collision with quenching sesciTherefore, the emission intensity is a
function of the concentrations of TDE and quenchspgcies. A second-order reaction is
assumed for the quenching reaction. The followeuuations model TDE concentration,

guencher concentration and light emission:

Croe = CTDEo e (8-5)
2k,Cro,
Co = — [expEk) —expkyAl] - (8-6)

| = ke(klcTDE - k3CTDECq) (8-7)

where: k. is the proportionality constant between the rateTDE reaction and the photon
creation,k; and ks represent the rate constants for TDE oxidatiorctrea and bimolecular

collisions, respectively, an€pg, is the initial concentration of TDE in bulk phase.

During the reaction, the collisional quenching #mel mass transfer are, of quenching
species vary with reaction time. Mass transfer aesssociated with the interface between the
bulk phase and the second polar phase, which dherebe a phase made up entirely of
guenching species or can be a micellar phase. dil@a changes with the accumulation of
guenching species over time and with the conceotraand size of reversed micelles. To

adequately model the TDE chemiluminescence proeessirate estimates for the different rate
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and proportionality constants must be obtainedthisa simple model, we only considered the
effect of mass transfer coefficient times arka-f) for the deformation of the kturve and

assumed that the variationlgf- A is mainly related to the amount of reversed méesell

The parameters in the model were adjusted to f& thcurve of TDE CL in
AOT/cyclohexane with AOT at 3.85 mM (> CMC). THisis shown inFigure 8.6 as the mass
transfer coefficient times are&{A) is set at 5. Increasin,:A from 5 causes only a slight
change in the emission intensity of the fittingwaubut not in the curve shape since the mass
transfer rate of quenching species is higher thanformation rate of quenching species. This
result agrees with our assumption that most quegcépecies are isolated by the surfactant and
the effect of quenching species for the emissitenisity is minimized when the concentration of
surfactant is greater than its CMC. Decreasiegviilue ofkAfrom 5, the fitting curve shifts
to lower emission intensity and, further, a locahxima appears, as seen Hkigure 8.6
Therefore, it can be assumed thatA> 5 when the concentration of surfactant is higher o
equals to its CMC. The fitting curves wikh+A= 0.3 andknA= 0.15 represent respectively, that
the concentration of surfactant is inside the preettar and out of pre-micellar region.

160 1* +  [AOT]=3.848 mM
kmt-A= 5
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Local maxima
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Figure 8.6 Simulated results showing the influencef mass transfer of the quenching
species for the emission intensity of TDE CL. Theodid dots represent the experiment data
collected from the emission intensity of TDE CL iran AOT/cyclohexane reversed
microemulsion when [AOT]=3.848 mM (>CMC). The linesfrom tope to bottom are the
simulated results wherk,Awas set to 5, 0.3 and 0.15 respectively.
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The presence of a local maximaHigure 8.3is due to the balance between the rate that
TDE is oxidized to produce light and the rate aiclhquenching occurs. Initially, the light
emission decreases dramatically both because TeBnsumed and also because the quencher
concentration increases, thereby increasing thendeg rate. However, as the quencher
concentration increases, the rate of transfer efghenching species out of the bulk phase is
increased. The magnitude lof- A drives whether a maximum is seen, and where tlaaximum

is.

Reversed micelles provide a similar function to mierodroplet of quenching species in
the bulk phase, but the influence is more signifida the beginning of the reaction. Reversed
micelles enhance the mass transfer of quenchingiespp@ut of bulk phase since the mass
transfer area is increased dramatically with tfeedase of the amount of reversed micelle in the
bulk phase. The polar quenching species likely agtglue agents to assemble surfactant
monomers. At higtknA value, the local maximum is no longer seen becausst quenching
species are captured by reversed micelles rigéat #fe quenching species are produced from the
oxidation reaction of TDE. Increased emission isignis noted at early times due to the capture
of quenching species by reversed micelles. Becalifee removal of quenching species out of
the bulk phase, the decay rate of emission intemsth reaction time is closer to an exponential
trend. Under this situation, the decay of emissmensity mainly is related to the concentration
of TDE.

8.3.4 Determination of CMC from TDE CL

As depicted inFigure 8.5 the oxidation reaction of TDE is first-order inDE
concentration. This assumption agrees with prevaiudies. [47,70] In this study, a numerical
method based on this assumption has been deveiloethlyze the CMC from TDE CL data. It
is proposed that the emission intensity is propaogi to the residual TDE in bulk phase (as given
in Equation 8- 2 when quenching species are isolated by reverseelles and are free in bulk
phase. This situation happens when the conceniratiosurfactant is higher than its CMC.

Therefore, the plot of -Img/1(t)) vs. reaction timet) is a linear relationship and the slope equals
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the reaction rate constark) (Figure 8.5. However, when the amount of reversed micell®ds
low to capture most free quenching species in phlkse the relationship betweenldfi(t)) and
reaction time (t) is not equal to the rate constbmnthis situation, the decay of emission intgnsit
not only is influenced by the concentration of TPEbulk phase (&g) but also is associated
with the concentration of quenching species in bpiflase (§), as seen irEquation 8- 7.
Subsequently, the value of the apparent rate consteanges with € In this method, and
apparent rate constait,is derived from the fitting curve @&quation 8- 8for the emission data
of TDE CL. If a local maximum is noted, only thatd before that maximum are fit.
I
In(T‘;)) =k-t (8-8)

k is the slope of the fitting curve and represehesdecaying rate of emission intensity.
When quenching species are present in the bulkephiasy cause the radiationless consumption
of excited TDE. This radiationless consumption owaly reduces the emission intensity, but also
leads to a variation in the valuelofThe evaluation of the CMC of a reversed microesounl in

this study is based on the variatiorkof

8.3.4.1 The CMC of AOT/Cyclohexane Reversed Micraogsion

For the reversed microemulsion system consistilg@T and cyclohexane, the emission
intensities over reaction time were collected tefioptic spectrometert-igure 8.7 shows the
results of these experiments when the concentratioMOT, [AOT], was changed from
269.36mM to 1.154 mMHKjgure 8.7A) and from 1.154mM to 0.192 mMrigure 8.7B). When
[AOT] is in the high concentration regiofigure 8.7A), the curve shifts up to higher emission
intensity with decreasing [AOT]. Oppositely, thengei shifts down to lower emission intensity
with decreasing [AOT] in bulk phase when [AOT] is the range 1.154-0.192 mMFigure
8.7B). A local maximum is noted as [AOT] is as low a3 mM (pointa) and is shifted to
longer reaction time as the [AOT] is further desezhifrom 0.770 to 0.384 mM and 0.192 mM
(pointb).
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Figure 8.7 The | curves of AOT/cyclohexane RMS when (A). [AOT]>CMC;(B). [AOT] is
close to the CMC. Point a and b indicate the aggregion of the quenchers in oil bulk phase
(cyclohexane) in the region of the pre-micellar carentration (PMC) of AOT (point a) and

out of the region of the PMC of AOT (point b) respetively.

Each curve shown iRigure 8.7A andFigure 8.7Bwas fit byEquation 8- 8to givek for
each corresponding [AOT]. The differektwvere plotted against the corresponding [AOT] for
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determination of the CMC (shown kigure 8.8). As seen irFigure 8.8 k undergoes two abrupt
changes with the increase of [AOT]. The first tagipoint occurs around [AOT] = 1.80 mM
while the second turning point appears around [A©TH.96mM. In high [AOT] region (JAOT]
= 230.88-76.96 mM), the value &fslightly decreases with increasing [AOT]. Oppdsit¢he
vale of k increases with increasing [AOT] when [AOT] is ihetregion 0-76.96 mM. The
increase in the value &fis much more significant in the lower [AOT] regidAOT] = 0-1.80
mM.
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Figure 8.8 The variation ofk with [AOT] in AOT/cyclohexane reversed microemulson

system.

Figure 8.7B shows that the increase of [AOT] in the lower [AQ€gion, 0-1.80 mM,
leads to a shift up in the emission intensity @& khcurve in the first 31 minutes of the reaction.
It had been noted previously that the emissiomsitg of TDE CL is related to the concentration
of quenching species. Therefore, it can be assuhedhe increase in the emission intensity is
due to the removal of quenching species by enatosureversed micelles. This assumption
agrees with the result showedRigure 8.8 A dramatic increase in the valuekois found when
[AOT] increases from 0 to 1.8 mM. Because the catregion of quenching species is associated
with the enclosing capacity of reversed micelle amidw [AOT], [AOT]<CMC, the dramatic
increase in th& value indicates the increase in the decay ra$sion intensity with reaction

time and indicates that the influence of quenclsipgcies is reduced.
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The increasing magnitude &fbecomes much slighter when [AOT] is further inceth
from 1.80 mM to 76.96 mM. (as seen kigure 8.8) These results agree with the modeling
results. After the CMCKkmt-A= 5), the increase in the value loht-Acauses only a very slight
change in the emission intensity of modeledturve. This suggests that collisions between
excited TDE and quenching species were minimizeénmie concentration of surfactant is
higher than its CMC. The slight increase in khealue may be due to the increase in the trapping
rate of reversed micelle for quenching species Withincrease in the concentration of reversed
micelle. The frequency of radiationless collisia@téeen excited TDE and the quenching species
is decreased if the trapping rate of reversed heid¢et the quenching species is increased. In this
study, the CMC is determined by the abrupt chamgéhe k value. Therefore, the CMC of
AOT/cyclohexane reversed microemulsion is deterohioebe 1.80 mM.

Figure 8.8 shows thak decreases with the increase of [AOT] in very H§OT] region,
[AOT]=76.96-230.88 mM. This suggests that the regdrmicelles become the major quenching
species when their concentration is large. Theedser in thd value is assumed to be due to the
collision quenching between excited TDE and rewkrsecelles and the quenching phenomenon
is dominated by the concentration of reversed r@celhe emission intensity is no longer

affected by the major products, TMU and TMO, of TH2E oxidation reaction.

8.3.4.2 CMC of AOT/n-decane RMS

Following the procedure described previously, tha pf k against [AOT] in AOT/n-
decane RMS is shown Figure 8.9 Again, a dramatic increase in the valuk @fith increasing
[AOT] is found when [AOT]<1.70 mM. After [AOT]>1.70nM, the trend ok becomes more
flat. Thus, the CMC of AOT/n-decane RMS is deterimat 1.70 mM.
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Figure 8.9 The variation ofk with AOT concentration in the AOT/n-decane reversd

microemulsion system.

8.3.4.3 CMC of AOT/Short Carbon Chain Alkane RMS
The | curves of TDE CL in AOT/n-dodecane, AOT/iso-octa#eOT/n-octane and

AOT/n-heptane reversed microemulsions also had lsedtacted by fiber optic spectrometer.
These data were analyzed by variation of k with JA@ give the CMC value for each reversed
microemulsion system. From these analyses, the @¥IBOT/n-dodecane, AOT/iso-octane,
AOT/n-octane and AOT/n-heptane RMS were determiodok at 2.10, 0.79, 0.83 and 0.61mM
respectively. Both the CMC data given from the measent of TDE CL and the CMC data
reported in the literature are listedTiable 8-1 Table 8-1shows that the CMC values vary with
the detecting methods. The difference is up to &%ome cases. The CMC values determined

using our method are similar to those detectedgusiner methods.

It is well known that the CMC [32], the solubilizat of the water pool [9], the enthalpy
of micellization [62] and solvent penetration irettail region of micelle [63] are influenced by
the alkane chain length of the bulk solvehable 8-1 shows that the CMCs of AOT/alkanes
RMS vary with the carbon chain length of the sotvéime longer the chain length, the lower the
CMC of the AOT/alkane RMS. The polarity of the satwv doesn’'t appear to make much of a
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difference in the CMC. For example, even thoughdstane is more polar than n-octane, the
CMC of AOT/n-octane RMS (0.83mM) is close to the CMf AOT/iso-octane RMS (0.79mM).

CMC Previously reported CMCs
Bulk media determined by
TDE CL (mM) Method CMC (mM) Ref.
n-dodecane 2.10 - - -
X-ray scattering 0.73 [64]
n-decane 1.70 Small angle neutron
scattering 0.24-1.60 [65]
n-octane 0.83 Calorimeter 1.0 [32]
Fluorescent probe 1.7 [26]
Positron annihilation 0.6-0.9 [28]
iso-octane 0.79 Spectrophotometer 1.1 [32]
Calorimeter 0.84 [32]
Microcalorimeter 36C 0.85 [62]
Spectrophotometer 1.0 [32]
n-heptane 0.61 _
Calorimeter 1.1 [32]
UV spectrum 2%C 0.95-1.1 [4]
cyclohexane 1.80 Light scattering 1.35 [66]
Dye adsorption (iodine) 0.2 [31]

Table 8-1 The CMC reported in early studies and th&€MC given from the detection of
TDE CL in the reversed microemulsion systems congiag of AOT and non-polar
hydrocarbon solvents. (the CMC shown in this tablés measured by TDE CL at 25C)

8.3.4.4 CMC of NaDDBs/Cyclohexane RMS

NaDDBs (sodium dodecylbenzene sulfonate) is annamisurfactant often utilized to
stabilize reversed microemulsion systems. AlthoNgidbDBs has a similar molecular structure
as SDS (sodium dodecyl sulfate), we found that NBBDan be dissolved into most non-polar
solvents and appears to have a higher solubiléyn t8DS. A stable colloid solution forms as
NaDDBs is dissolved into a non-polar solvents. Tlhe curves of TDE CL in
NaDDBs/cyclohexane system also were collected Merfioptic spectrometer when the

concentration of NaDDBs was varied. The local maximappears when the concentration of
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NaDDBs is decreased to 0.980mM. An increase in @onsintensity was found when the
concentration of NaDDBs is increased from 1.226ndV2t451mM. By the analysis of the
values, the CMC of NaDDBs/cyclohexane RMS was fatgnide 1.90 mM.

8.3.5 Pre-Micellar Concentration Region (RMC regidn

RMS are known to have a pre-micellar region proiothite CMC. Manogt al. identified
the existence of a pre-micellar concentration negiro1996. [26] In the PMC region, although
the concentration of surfactant is lower than thRIGZ the surfactant monomers tend to
aggregate together. Because of this, the propesfi@MS do not change as sharply as normal

microemulsions as the CMC is approached.

Figure 8.10depicts the distribution of AOT monomers when to@centration of AOT
approaches the CMC. In the pre-micellar region\shas b inFigure 8.10, both the density of
AOT reverse micelles and the solubility of the systfor polar species are promoted with
increase AOT concentration. This was seeRigure 8.8 andFigure 8.9as a sharp increase lof

with increasing AOT concentration.
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Figure 8.10 Depiction of the pre-micellar concentraion (PMC) of AOT (amphipathic
molecule with two feet). The concentration of AOTn 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-igure 8.7B is thought to be
related to existence of a pre-micellar region. s&®n inFigure 8.7B, the local maximum
appears for [AOT] between 0.19 and 0.770 mM. Ascdbed previously, this local maximum
appears because the quenching species begins riemmed from the bulk solution rapidly
enough to temporarily increase the emission intgndBetween the concentration of 0.385 and
1.15 mM, the location of the local maximum is shdftto shorter times as the surfactant
concentration increases (from poimtto pointa). At lower surfactant concentrations, fewer
micelles are present, so the rate that the ques@rerremoved from solution is lower. The two
curves for 0.385 and 0.192 mM are nearly identicahe location of the local maxima. It is
thought that this is because 0.385 mM is neardhet limit of the pre-micellar region. Below

that concentration, the surfactant molecules ateanmanged as micelles, so their concentration
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has no effect on TDE CL and the accumulation ratguenching species in the bulk phase tends

to a constant.

8.3.6 Viscosity Determination in Micro-systems
Forster and Hoffman [67] indicated the mathematicahtionship between solvent
viscosity ¢) and the quantum yield of fluorescendg @s:
logd = y-logu+C (8-9)
Because the emission intensity is proportional He tuantum vyield, the governing
equation could be reworked froguation 8- 9to give equation [68Equation 8- 1Q
v=(&-1)" (8- 10)

whereC, £ andn are constantg; is the slope given from plotting Idgvs. log.

Experiments were run to determine whether the gitgrof TDE CL would be fit with
Equation 8- 1Q If so, TDE CL may provide a means to measureestlviscosity. In this study,
the [AOT] was set in its PMC region (0.43 mMBigure 8.11 shows the relationship between
viscosity and emission intensity. As seerFigure 8.11, there is a linear relationship between
In(v) andIn(l), as predicted biquation 8- 10 The constant§ andn were found from the linear
fit of the data and were calculated to be 0.0268¥ ]170. From this analysis, it emerges that the
viscosity can be predicted using TDE CL by udtggation 8- 11

v(cSh = (0.02627-1)*° (8- 11)
wherev is the viscosity of RMS in the unit aStwhile | 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 inteity emitted from TDE CL and solvent

Viscosity.

This equation is only applicable to the specifimditions used in this study (type of
surfactant, TDE concentration). However, theseltesio suggest that TDE CL could be used to
estimate the viscosity and overcome the disadvarmtéghechanical fluid viscosity measurement
methods, such as the limitation in the sample veland the type of fluid (Newtonian or non-
Newtonian fluid).

8.3.7 Limitations of Using TDE CL in Determinatioof the CMC of RMS

TDE CL fails in detecting the CMC and viscosity RMS when the surfactant used to
stabilize RMS contains hydroxyl group or the orgasolvent in continuous phase is an aromatic
compound or alcohol. This is because hydroxyl gsoopn act as catalysts to enhance the
reaction rate of TDE CL while aromatic compoundsajpt the transfer of electronically excited
energy and leads to the extinction of TDE CL. Bdik reaction rate enhancement and the
disruption of electronically excited energy willus®e inaccuracies in the identifications of the
CMC and viscosity of RMS when TDE CL is employedhe characterization of RMS.
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8.3.7.1 Surfactant with Hydroxyl Group

Triton X-100 can demonstrate the influence of dastant with hydroxyl group on TDE
CL. The molecular structure of Triton X-100 is danito that of NaDDBs. The hydrophilic
terminal of X-100 contains a hydroxyl group whileethydrophilic terminal of NaDDBs is a
sodium sulfate group. Based on the procedure destriprevious, the CMC of X-
100/cyclohexane RMS is identified around 60mM tlglouthe determination ok values.
Obviously 60mM deviates far from the published eslu 0.22-0.24mM. [69] The over-
estimation of the CMC value detected by TDE CL asourred when a co-surfactant, alcohols
with short carbon chains, was added into the sysldrase over-estimations in the CMC are due
to the disturbance for TDE CL caused by the hydraxpup of X-100 since it had been
identified that the compound containing a hydroggdup, 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 réscent dyes due to their
conjugated and rigid molecular structure. For ins¢éa benzene has six delocalizeélectrons
over all six C-C bonds and an unsaturated electtarcture. Thus, benzene acts as an electron
pool to donate or accept electrons when an eleacomor or acceptor substituent is bonded to
benzene. The enlargement of conjugated systemti@uoif an adjacent benzene ring or bonding
an extra substituent) will lead to lower T (trigate) to $ (ground single state) and first
excited single state) top$ransitions and increase the quantum yield. Fstaimce, the quantum

yield increases from benzene, 0.007, to anthraceB86, in cyclohexane solution. [73]

When benzene is used as the non-polar solventibutk phase of RMS, the emission of
TDE CL becomes dim. The extinction of the emisssdrTDE CL is due to the termination of
excited energy transfer from TDMD to TDE while bene is the bulk solvent. Because of the
big energy gap between thg Sate and 3 state of benzene, both the adsorption and enmssio
maxima of benzene are in the UV region. Howevaes,atisorption maximumie=436nm, and

the emission maximunie,=494nm, of TDE are in visible region. It is hyposized that the
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energy released from the decomposition of TDMDesslIthan the excited energy for benzene.

The excited energy transfer from TDMD to benzehest leads to the extinction of TDE CL.

8.4 Conclusion
The results reported in this chapter show that TOE is a powerful technique in

characterizing the properties of RMS, including @MdC, pre-micelle concentration (PMC) and
viscosity. TDE CL allows the CMC and PMC to be prdldue to the mass transfer of quenching
species from the TDE bulk solution to micelles.isTjprocess gets more efficient when micelles
form, so TDE CL emission intensity is markedly dréint when there are micelles. The CMC
of two different RMS systems with various solvemtsre estimated using TDE CL, and the
values were similar to reported literature valuédswas also found that the intensity of TDE CL

varied with the viscosity of the solvent, providiagpotential 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 tbhgace properties of metal oxides and
identifying the critical micellar concentrationsNIC) of surfactants in reversed microemulsion
systems has been studied. Both the surface prepenfi metal oxides and the formation of
reversed micelle were determined through the ti@nthe emission intensity vs. reaction time
(I) curve of TDE CL. The CMCs were evaluated by TDE i€ different non-polar solvents
(alkanes, cyclohexane and mineral oil) with nonigoand ionic surfactants. For surface
characterization, several surface modifying methaududing steam-treatment, grafting agent
and heat-treatment, were employed to regulate ftk&ikbdition of surface hydroxyl. The
influence of surface hydroxyls in different configtions on the emission intensity of TDE CL

was studied.

The results elucidated that isolated hydroxylsedpep the oxidation reaction of TDE.
Obvious enhancement in the emission intensity veasid when the surface of metal oxide
abounds in isolated hydroxyl groups. Metal oxidefaies lose their catalytic ability for
enhancing the emission intensity of TDE CL when niealated hydroxyl groups were removed

at high temperature.

The catalytic reactivity for the emission of TDE Ok associated with the local
environment of the isolated hydroxyl groups on rheteides. Treatingy- Al,Os; at high
temperature, 90C, led to a transformation of the crystalline phakkewas found that the
stretching frequencies of isolated hydroxyl shiffsvard after phase transformation occurred.
Subsequently, higher emission intensity was dedeate TDE CL was catalyzed by the treated
Al,Os. In contrast, a dramatic decrease in the emigstensity of TDE CL was observed as the
isolated hydroxyl groups at higher frequencies warbstituted by grafting agents. Moreover,
treating the surface oxide surface by steam ori@eetd created more defects on the surface.
More isolated hydroxyl groups with lower coordimetiare created after steam treatment, since

the hydroxyl groups with lower coordination arel&ed hydroxyls adsorbed on edge and corner
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sites. The steam treated metal oxide was provémave higher catalytic reactivity for TDE CL.
Lower catalytic reactivity for the emission of TOE. was found on acetic acid treated metal
oxide since acetic acid also participates in thesstution reaction of the isolated hydroxyls with
higher stretching frequencies.

The influence of quenching species formed during=Tdidation was used to investigate
reversed micelle systems. It was proposed in thislysthat the quenching magnitude is
diminished after the formation of reversed micéézause the quenching species were extracted
out from the bulk phase and isolated in the wateol pf reversed micelles. Therefore, the
decaying rate of emission intensity varied with ttmacentration of micelles in bulk phase. It
was found that the decay rate increased linearthh wicreasing surfactant concentration, but
there was a point where the slope of the trend gédirdramatically. The concentration of
surfactant at this transition point was determimsdthe CMC. All CMC values for different
reversed microemulsion systems given by TDE CL attarization are close to the CMC values
evaluated by spectrometric methods reported inr gtiadies. It was found that the CMC value
decreases with decreasing carbon number of thealkatherwise, it also was demonstrated that
the emission intensity of TDE CL was proportional the viscosity of the bulk phase. This
feature enables TDE CL to be a molecular rotor detecting the viscosity of reversed

microemulsion systems.

In previous studies, tetrakis(dimethylamino)ethgle(TDE) was mostly used as a
reducing agent in different reactions. For the wheteation of metal oxides’ surface properties
and the characterization of reversed microemulsgstems, a lot of techniques have been
developed and employed in laboratories and indlstribut the potential of TDE
Chemiluminescence (CL) as a tool for such charaetiégons is presented for the first time in this
work. The method of TDE CL is different from othtgchniques applied in characterizing
surface properties of metal oxides in that TDE @klgzes surface chemistries via the catalytic
reactivity of surface hydroxyl groups (which are timost abundant species adsorbed on metal
oxide surfaces). This important feature enablesati@ysis to proceed at room temperature with
no need for the extreme high temperatures requoeegmove surface adsorbents before other

analysis techniques can be implemented. It is Wwedwn that metal oxide surface properties
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change at high temperatures because of the migratisurface ions, so the ability to analyze the

surfaces at room temperature is a significant aidggnover other techniques.

The excited energy for TDE CL is supplied by thacten intermediate, “tetrakis-
dimethylamino-1,2-dioxetane” (TDMD). This allows EDCL to be used to characterize
reversed microemulsion systems without the needrfadiation by an excited laser beam. Even
for systems which tolerate excitation by laser be@®E CL has the advantages of eliminating
the light source device’s installation, warm-updahe potential for interference from light
scattering. As for the disadvantages of using TRErCcharacterizing the properties of reversed
microemulsion systems and metal oxide surfaces, wlirk showed that unusual results were
obtained when the probing target is a metal oxidth wery low potential, or a reversed

microemulsion system containing aromatic or alcahocdmpounds.

9.2 Future work

Reversed microemulsions have been widely appliedyimhesizing nano-catalysts or
nano-metal particles. [1,2] In the synthesis procedof nanoparticles, the exchange of ions
contained inside reversed micelles via diffusiod esrdispersion processes is a crucial step. [3]
Prior studies indicated that the change in tempesatand composition of reversed
microemulsion systems (RMS) facilitate the inte@ctbetween reversed micelles by mass
transfer. [4,5,6,7,8,9] The aggregation and cliursgeof particles are ascribed to the increase in
the transportation of the ions between reversedelle&z Temperature- or water-induced
percolation regulate the diffusion and re-dispersaf the precursors of metal particles in
reversed microemulsion systems. The occurrencengberature- or water-induced percolation is
due to changes in the packing parameter and tivatcuwe of surfactant aggregation (described in
section 2.3). In early studies, percolation phenmwne mostly were monitored by various
spectroscopes, such as NMR. Research applying &dtioas in detecting the phenomenon of
temperature- or water-percolation has not beenrte¢poTDE CL is considered as a probe in
detecting the occurrence of percolation at a sjgetéimperature and Y\(surfactant-to-water
ratio) since the occurrence of percolation is higpsized to increase the quenching collision
between excited TDE and quenching species and gubsty cause a decrease in the emission
of TDE CL.
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Otherwise, it can be envisioned that TDE CL cambglied as a characterization method
under some specific conditions because the metlicdD& CL features the absence of an
external excited source and no limitation in sanmgitegount compared with present fluorescent
method. For example, the irradiation by a lasenbe&anecessary for the probing of a fluorescer.

However, bio-systems usually are sensitive toithesliation.
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