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Abstract 

UV-Raman Spectroscopy, X-ray Photoelectron Spectroscopy, and 

Temperature Programmed Desorption Studies of Model and Bulk 

Heterogeneous Catalysts 

by 

Craig Richmond Tewell 

Doctor of Philosophy in Chemistry 

University of California, Berkeley 

Professor Gabor A. Som01jai, Chair 

X-ray photoelectron spectroscopy (XPS) and Temperature Programmed 

Desorption (TPD) have been used to investigate the surface structure of model 

heterogeneous catalysts in ultra-high vacuum (UHV). UV-Raman spectroscopy has 

been used to probe the structure of bulk model catalysts in ambient and reaction 

conditions. The structural information obtained through UV-Raman spectroscopy has 

been correlated with both the UlN surface analysis and reaction results. 

The present day propylene and ethylene polymerization catalysts (Ziegler-Natta 

catalysts) are prepared by deposition ofTiC4 and a Al(Et)J co-catalyst on a 

rnicroporous Mg-ethoxide support that is prepared from MgCh and ethanol. A model 

thin film catalyst is prepared by depositing metallic Mg on a Au foil in a UlN chamber 

in a background ofTiC4 in the gas phase. XPS results indicate that the Mg is 

completely oxidized to MgCh by TiC4 resulting in a thin film ofMgChffiCix, where x 
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= 2, 3, and 4. To prepare an active catalyst, the thin film ofMgChffiCl on Au foil is 

enclosed in a high pressure cell contained within the UHV chamber and exposed to -1 

Torr of Al(Et)J. 

TPD of physisorbed mesitylene molecules has been used as a nondestructive 

surface probe to distinguish the surface adsorption sites of this model Ziegler-Natta 

polymerization catalyst. The mesitylene TPD probe revealed two types of surface 

adsorption sites. The dominant site was attributed to the basal plane of these halide 

crystallites. Other sites present in lower concentration could be attributed to a defect 

structure at the basal plane boundaries with other crystal planes. Due to the chlorine 

termination of the catalyst swface, the metal ions under the chlorine layer could not be 

differentiated directly with the physisorbed mesitylene molecules. However, the 

mesitylene TPD profile was able to monitor compositional changes in the outermost 

chlorine layer accompanying a) the reaction of the catalyst film with the 

triethylaluminum cocatalysts, b) electron beam irradiation of the film surface, and c) 

diffusion of bulk chlorine to the surface to minimize the number of defect sites. 

Microporous samples of Mg-ethoxide Ziegler-Natta catalyst supports were made 

from MgCh and ethanol. Samples with an ethanol-to-MgCh molar ratio (x) from 0.47 

to 6 were studied by UV -Raman spectroscopy. These studies indicate the breaking of 

Mg-Cl bonds at molar ratios ~ 2. At x = 6, the octahedral coordination of the Mg2
+ ion 

has been completely replaced by octahedral coordination of the oxygen atoms from the 

ethanol molecules. It is suggested that the presence of the peak at 683 cm·1 may be 

attributed to the totally symmetric breathing mode of Mg-0 octahedra, reinforcing the 

structure analysis of MgCh(C2HsOH)6. The Raman shift of the 0-H stretch shifts in the 
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3230-3480 cm- 1 range as the C2HsOH to MgCh molar ratio is altered and thus, it can be 

used to monitor the MgCh(C2HsOH)x composition. This correlation is used to follow 

the dealcoholation of an industrial sample of a Ziegler-Natta support. 

The structure of Co-Mo catalysts supported on commercial silica, doped with 

various amount of sodium ions, was investigated by means of X-ray diffraction (XRD), 

UV -Raman spectroscopy and XPS. Samples prepared by two different methods were 

investigated. One set of samples was prepared by classic incipient wet impregnation 

(WI) and the other by co-impregnation in the presence of nitrilotriacetic acid (NT A). 

UV -Raman spectroscopic results indicated that sodium effected these two series of 

catalysts differently. In the case of the WI prepared catalysts, sodium promoted a 

transformation of polymolybdate species into monomolybdate N<QMo04. In the case of 

the NT A prepared samples, sodium did not form the N<QMo04 compound, but still 

induced transformation from heptamolybdates, Mo20 7 
2- and mixed CoMo oxides into 

Mool- units with distorted tetrahedral symmetry. As indicated by Mo 3d and Co 2p 

XPS binding energy shifts, in addition to purely structural modifications, sodium 

induced an electronic effect in the WI samples. The hydrodesulfurization (HDS) 

catalytic behavior of the samples was explained in terms of the observed structural and 

electronic changes. 

With the success of applying UV-Raman spectroscopy to studying the structure 

of two different heterogeneous catalysts, an attempt was made to extend the use of this 

technique to study surface adsorbates on industrial catalyst in situ. Two reactions were 

studied: Cyclohexene hydrogenation I dehydrogenation on a 0.9 wt% Pt I y-Ah03 

catalyst and ethylene hydrogenation on a 5 wt% Pt I y-Ah03 catalyst. No Raman 
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features where observed due to either the amorphous alumina support or hydrocarbon 

fragments on the surface during the cyclohexene reaction experiments. One very broad 

peak from 2750 to 3250 em-' was observed during one ethylene hydrogenation 

experiment. The broadness of the peak indicates a wide distribution of ethylene 

fragments on the SIJrface and no correlation between this peak and the reaction kinetics 

could be drawn. UV-Raman spectroscopy results for mesoporous silica (MCM-41) 

supported nanoparticle catalysts indicate the need for a crystalline support to detect 

Raman features for the catalyst. A crystalline support may induce better ordering of 

surface reaction species and may facilitate interpretation of UV -Raman spectroscopic 

observations. 
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Chapter 1 

Introduction 

The present scientific frontier in the field of heterogeneous catalysis is 

understanding and controlling reaction selectivity. To achieve this goal, knowledge 

must be gained about the structure of the catalyst and the nature of the surface species in 

situ, that is, under reaction conditions. Surface science has provided a great deal of 

insight into catalysis through ex situ studies of model catalysts. Even today on the 

cutting edge of catalysis research, traditional surface science studies permit an essential 

starting point of scientific investigation. However, new techniques and approaches are 

necessary to complement traditional surface science studies with in situ information. 

Photon in I photon out techniques have the capability of probing both model and 

indlistrial catalysts in situ and ex situ. Vibrational spectroscopies are perhaps the most 

important of these techniques due to the highly specific molecular-level information 

obtained The choice of which particular vibrational technique to use is dictated by 

careful consideration of the catalytic system. The interaction ofthe probe and collected 

photons with both the catalyst and the reaction media must be well understood. 

The vibrational spectroscopic technique to probe heterogeneous catalysts 

important to the petrochemical industrial must meet several important criteria. The 

reactions are generally conducted in a dense gas phase of organic molecules with a bed 

of catalyst at temperatures ranging from 25 to 500°C. The catalyst is usually an active 

metal (e.g., Pt, Pd, Rh, Mo, Co, Ni, Cu, Ag) dispersed on a metal oxide support (e.g., 



Ah03, Ce02, Ti02). These conditions almost immediately preclude using infrared (IR) 

photons as an in situ probe for several reasons: (1) attenuation of the incident photon by 

the gas phase organic molecules, (2) detection interference from blackbody radiation 

emitted by the high temperature catalyst bed, and (3) the attenuation of the incident 

photons below 1200 cm·1 from the strong absorption due to the highly ionic metal

oxygen bonds of the support To overcome these difficulties the photon in and photon 

out must be in a different part of the electromagnetic spectrum. Since Raman 

spectroscopy is an energy loss rather than absorption technique, the photon in (and 

therefore photon out) can be chosen to be compatible with a particular catalytic system. 

As with all techniques, Raman spectroscopy is not without its challenges. The 

Raman scattering process is notably weak. This weakness not only requires an intense 

source of incident photons, but the detection of the photon out often competes with 

other photophysical processes such as Rayleigh scattering, fluorescence, and 

phosphorescence. Early application of Raman spectroscopy to heterogeneous catalysis 

was hampered by the lack of highly intense, monochromatic incident photon sources. 

With the advent of continuous-wave noble gas ion lasers, this problem was overcome. 

However, these lasers provide photons in the visible region only. Surface hydroxyl 

groups commonly found on the metal oxide supports and trace organic contaminants 

fluoresce quite strongly in the visible.1 The fluorescence spectrum overlaps with and 

overwhelms the much weaker Raman spectrum. 

With newer generation of laser instruments2, Asher and Johnson report a new 

approach to measuring the unenhanced Raman spectrum of samples known to fluoresce 

strongly in the visible.3 Using a laser wavelength in the ultraviolet, the Raman 
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spectrum can be collected without interference from the fluorescence that is still 

occurring in the visible. 

This approach to Raman spectroscopy is emulated and extended in the work 

presented in this dissertation. A detailed description of Raman spectroscopy and the 

other experimental techniques used is given in Chapter 2. A portion of recent extensive 

ex situ studies of model propylene and ethylene polymerization catalysts (Ziegler-Natta 

catalysts) is discussed in Chapter 3.4•
5 A UV-Rarnan spectroscopic investigation of the 

structure of a bulk Ziegler-Natta catalyst support material6 and an in situ study is 

presented in Chapter 4. Results of a UV-Raman and X-ray photoelectron spectroscopic 

study of the structural differences between two preparation methods for 

hydrodesulfurization catalysts are given in Chapter 5.7 Finally, in Chapter 6 results of 

an attempt to monitor surface hydrocarbon fragments on an industrial reforming 

catalysts (Pt supported on y-~03) during reaction are presented. 
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Chapter 2 

Experimental Techniques 

Section 2.1 UV-Raman Spectroscopy and Experimental Setup 

Section 2.1.1 Introduction to Normal Raman Spectroscopy Raman 

spectroscopy is a technique that provides molecular-level information by analyzing the 

light scattered from molecules subjected to illumination by a monochromatic source of 

photons. Upon collision with a molecule, a photon, hv 0 , can be scattered elastically or 

inelastically. The elastically scattered photons are referred to as Rayleigh or classical 

scattering. The inelastically scattered photons (hvr) have either lost (Stokes) or gained 

(anti-Stokes) energy. The magnitude of the energy lost or gained is reported, not in 

energy units, but as a frequency shift, ~ v, where ~ v = ( v 0 - v r )/ c and the units are in 

wave numbers, cni 1. This frequency shift is referred to as the Raman frequency or the 

Raman shift. 

A Raman shift corresponds to a vibrational or rotational transition of the 

molecule. In the case of vibrational modes of organic molecules, the frequency of these 

transitions are in the infra-red (IR) region of the electromagnetic (E-M) spectrum. In IR 

spectroscopy, these transitions are measured by direct absorption of infra-red photons. 

The region of the E-M spectrum where these transitions are observed in Raman 



spectroscopy is dictated by the wavelength of the illwninating photon. For example, the 

wavelength of a Raman photon for a given shift is calculated as follows: 

RamanShift,cm = =10 - ---. ~I Vo-Vr 7nm(1 1) 
c em A

0 
A, 

(2.1) 

where v o and v r are the frequency of the incident and Raman scattered photon, 

respectively, and A0 and Ar are the wavelength of the incident and Raman scattered 

photon in run, respectively. Solving for A.r in (2.1 ): 

107 

A=--------
' 107 T- RamanShift,cm -I 

0 

(2.2) 

Table 2.1 shows the calculated wavelengths for 10 and 4000 cm- 1 Raman shifted 

photons with three different wavelengths of incident photons. In absorption 

experiments, 10 to 4000 crri 1 always corresponds to 1,000,000 to 2,500 nm. 

Raman spectroscopy is not merely a molecular vibration technique that can be 

conducted in different spectral regions, although this capability will be shown to be 

quite useful in a later seetion. Scattering and absorption vibrational spectroscopies 

differ in mechanism and do not provide identical information. The frequencies of a 

Raman spectrum are not necessarily identical to those in an infrared absorption 

spectrum. As will be demonstrated in Chapter 4, the molecular vibrational information 

provided by the two techniques are different, but complementary. 

Section 2.1.2 Theoretical Origin of Light Scattering by Molecules There are 

generally three approaches to account for observed light scattering phenomena: (1) a 

classical explanation in terms ofE-M radiation produced by electric and magnetic 

multipoles oscillating with a given frequency induced in the scattering molecule by the 
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electric and magnetic fields of the incident photon; (2) a time-independent quantum 

mechanical treatment to calculate transition moment amplitudes or the electric moment 

matrix; and (3) a general quantum mechanical treatment using time-dependent 

perturbation theory. 

( 1) The classical approach will not be discussed in this dissertation but can 

be found elsewhere. 1 
•
2 The mathematics used in developing this treatment are more 

straightforward, but the results cannot account for many aspects of light scattering 

phenomena. 

(2) The induced electric moment matrix, Pnm, for transitions between the 

initial state, n, and the final state, rn, is defined by the following: 

(2.3a) 

or using Dirac notation, (2.3a) becomes; 

(2.3b) 

where P is the induced dipole moment, \jl n and \jl m are the time- independent wave 

functions of the initial and final states, respectively. In the linear induced dipole 

approximation, P, in (2.3a) and (2.3b) be approximated (in first order) by: 

(2.4) 

where a is the polarizability matrix and Eo is the electric field vector of the incident 

photon, hv 0 • A Taylor series expansion of one element of the polarizability matrix in 

terms of the normal coordinates is given by: 

(2.5) 
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where a.u is the ijth element of the polarizability tensor, a., and Q is the normal 

coordinate of the molecular vibration denoted by the subscripts k and I. To obtain an 

expression that qualitatively describes the selection rules for light scattering from 

molecules, the first two terms of(2.5) are substituted into (2.4). Then (2.4) is inserted 

in (2.3b) to yield: 

b 

Term a of (2.6) accounts for Rayleigh scattering since it is only non-zero when n = m. 

The selection rules of Raman scattering are determined term b of(2.6). By assuming 

that the electronic, vibrational, and rotational wavefunctions are separable and that the 

vibrational wavefunctions can be approximated by harmonic oscillator wave functions, 

the Raman selection rule is m = n ± 1. In addition, at least one normal mode vibration 

must have a non-zero polarizability derivative. 

(3) By applying time-dependent perturbation theory, the following is 

obtained for the induced electric moment matrix: 

(2.7) 

where his Planck's constant, r is any level of a complete set of the unperturbed 

molecule, v rm and v rn are the frequencies corresponding to the difference between states 

denoted in the subscripts, v 0 is the frequency of the incident photon, Mnr and Mrm are 

the corresponding transition moments using time-independent wavefunctions as 

calculated by (2.6) with the appropriate change of subscripts, and Eo is the electric 

vector of the incident light. In this expression, the selection rules for Rayleigh and 
, __ 
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Raman scattering, as discussed previously, are also valid This expression accounts for 

the so-called Resonance Raman effect When the frequency ofthe incident photon, V 0 , 

matches the transition frequency, v rn, the first term of (2. 7) becomes, in principle, 

infinitely large. In practice, a large increase in scattering intensity can be observed, 

although only those vibrations that couple to the r ? n transition are enhanced. 

Now that (2. 7) has been introduced it is possible to briefly discuss the theoretical 

intensity of a Raman transition. A simplified expression for the intensity of a Raman 

transition, I, is given by: 

(2.8) 

where Io is the intensity of the incident laser, N is the number of scatters inside the focal 

volume of the laser, the Vr is the frequency of the Raman scattered photon (not the 

Raman shift), and Pnm is the transition matrix given by (2.7). A more detailed 

description can be found elsewhere. 1 

Section 2.1.3 Motivation for UV-Raman The Raman spectra reported in this 

dissertation have been acquired with a UV laser excitation source. The motivation for 

using a UV photon source arises from the experimental difficulties from competing 

photoluminescent processes frequently encountered when using a visible photon 

source.3
•
4 Visible photons are sufficiently energetic to induce electronic transitions in 

many of the inorganic and organic compounds of interest in heterogeneous catalysis. 

Once the sample has absorbed a photon, the energy will dissipate through 

photoluminescent or photophysical processes. In photophysical processes, the sample's 

vibrational modes are excited and the energy is dissipated through heat. In 
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photoluminescent processes, all or part of the absorbed energy is released as a photon 

through fluorescence or phosphorescence. To understand the motivation for choosing a 

UV excitation source for Raman scattering experiments, a brief explanation of 

photoluminescent processes is necessary. In principle, both fluorescence and 

phosphorescence can create the same experimental difficulty and it is not generally 

possible to know which of the two processes is occurring during acquisition of a Raman 

. spectrum. As such, only fluorescence will be discussed. A more rigorous explanation 

of fluorescence and phosphorescence can be found elsewhere.4•
5 

Figure 2.1 depicts ground and first excited singlet states of a hypothetical 

molecule. The horizontal lines in each singlet state represent the vibrational quantum 

levels for a single nonnal mode of the hypothetical molecule. The arrow pointing to the 

top of the page represents the energy, hv incident. of a photon incident on the sample. In 

the diagram the energy of that photon exactly matches the difference in energy between 

the ground vibrational level of the ground singlet state, S0, and an excited vibrational 

mode of the first-excited singlet state, S1. With this energy matching, an electron of the 

molecule increases in energy by hVincident and its potential follows that of S1. The 

molecule immediately begins to dissipate some of that energy through the collisions 

incurred as a result of being in an excited electronic and vibrational mode. Eventually 

during this rapid loss of energy, the molecule arrives in the ground vibrational state of 

S I· If S 1 and So do not intersect at this energy, there is a non-zero probability that the 

remaining energy from hv incident will be lost through the emission of a photon, hv emitted· 

In Figure 2.1, this photoemission is depicted as occurring from the ground vibrational 

mode ofS1 to an excited vibrational mode of So. This figure depicts the nuclear 

10 
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distance in lowest vibrational state of the first-excited electronic state being larger than 

the equivalent in the ground electronic state. As a result of this difference in nuclear 

distance, hVemitted will be less than hVincident· lbis loss in energy corresponds to a 

lengthening of the wavelength of the emitted photon relative to the absorbed photon. 

This change in energy and wavelength is called a Stokes-shift. 

Recalling from the introduction to normal Raman spectroscopy, the scattered 

photons are also Stokes-shifted In fact the use of the term Stokes photons in Raman 

spectroscopy originates from the study of fluorescence and phosphorescence. The 

experimental difficulty arises when the Stokes-shifted fluorescence photons overlap the 

Stokes-shifted Raman photons. Typically the fluorescence emission is much more 

intense than Raman scattering. Figure 2.1 does not fully explain the observed 

fluorescence emission. Only the most probable photoemission is shown. Other 

transitions from S1 to different vibrational levels ofSo have non-zero probability. Thus, 

a fluorescence spectrum is not discrete but rather broad, owing to the high density of 

vibrational levels at the higher energy portion ofS0 . 

An example of fluorescence interference is shown in Figure 2.2. The Raman 

spectrum of Ah03·3H20 was acquired using both a visible source, 488 nm, and a UV 

source, 244 nm. In the visible Raman spectrum, there is a broad and intense 

background that maximizes at approximately 570 nm. Referring to Table 2.1, it is clear 

that 570 run superimposes a 10-4000 cm- 1 Raman spectrum when using 488 nm 

radiation. The result of this superimposition is quite clear in Figure 2.2. The 

background of the UV spectrum is flat and free of fluorescence interference. The 

advantage of the lack of fluorescence interference can be quantified by calculating the 
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signal-to-noise (SIN) ratio for a given mode in each spectrum. The SIN ratio of the 

3618 cm- 1 peak is 43 times greater in the UV spectrum than the visible spectrum. At 

lower frequency, the 569 cm· 1 peak is 10 times greater in the UV spectrum than the 

visible spectrum. 

It is important to note that the Ah 03 · H20 is fluorescing during the acquisition of 

both spectra in Figure 2.2. The transition between electronic states that is the source of 

fluorescence emission is always the same for a given molecule (S1? So in this 

hypothetical case). So, unlike Raman scattering, the fluorescence spectrum does not 

shift with a change in incident photon energy. The fluorescence maximum is 570 nm 

Section 2.1.4 95-SHG Lexel Laser The LEXEL 95-SHG laser is an 

intracavity frequency doubled Argon ion laser that produces a continuous-wave UV 

output at 244 nm. The frequency doubling is accomplished through Second Harmonic 

Generation using a nonlinear crystal of~-Barium Borate, B~04 (BBO). The SHG 

power is proportional to: 

p2m z (Pm J [sin(LM /2)]
2 

A L!l.k/2 
(2.8) 

where A is the cross section of the visible beam, L is the length of the doubling crystal, 

ll.k is the difference between the wave vectors of the UV and visible beams, and pro and 

P2ro are the powers of the visible and UV beams, respectively. Thus to increase the 

power of the UV beam, the power of the visible beam can be increased. The output of 

most common CW ion lasers is a fraction of the power inside the laser cavity. This is 

the advantage of placing the BBO crystal inside the laser cavity as shown in Figure 2.3. 
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However, care must be taken to prevent the power density from exceeding the damage 

threshold of the BBO crystal. 

The power of the UV beam will be maximized for a given visible power when 

the argument of the sine function in (2.8) is zero. That is, when 

(2.9) 

where 1200 and k00 are the wave vectors for the UV and visible beams, respectively. 

When the phases of the UV and visible beams are matched, n200 will equal n00 and (2.9) 

will be zero. This phase matching is accomplished by adjusting the angle of the BBO 

crystal shown in Figure 2.3. In principle the prism near M1 of Figure 2.3 can be 

adjusted to "select" another Argon ion transition to lase and this new line could be 

frequency doubled by the BBO. In practice with the existing BBO crystal, phase 

-matching cannot be maximized for any but the 488.0 nm wavelength of the Argon ion 

laser. 

Section 2.1.5 Acquiring a Raman Spectrum The Raman scattered light is 

collected by a 50 mm diameter f/2 fused silica lens; this corresponds to a solid angle of 

collection of 0.20 sr. The collected scattered light is focused on the entrance slit of a 

f/3.7 SPEX 1877 Triplemate triple spectrometer by a 160 mm focal length lens. 

A schematic of the SPEX 1877 Triplemate is given in Figure 2.4. The 

Triplemate is specially designed to provide low-stray light that is both flat and 

undistorted at the focal plane. The Triplemate has two main sections. The first is a 0.22 

m double monochromator filter stage with gratings locked in a subtractive-dispersion 

mode. It acts as a variable-wavelength, selectable bandpass filter that feeds a non-
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dispersed segment of radiation from a sample into the entrance slit of the second, or 

spectrograph, stage. The 0.6 m, single-monochromator spectrograph stage disperses the 

radiation over the detector. To vary this dispersion and the spectral coverage at the 

focal plane, the spectrograph has provisions for mounting three gratings on a manual 

turret. 

In Figure 2.4 a segment of white light is artificially broken into color segments 

as shown on the left of the lens, Lt. Lt focuses the light on St. The f/number of this 

lens is matched to the distance between St and Mt such that the image on Lt will 

exactly fill mirror Mt. Part of the image on Lt can be rejected by changing the 

aperture of St. If the image is of a uniform sample, this will simply reduce the intensity 

of light entering the spectrometer. Mt collimates the light on the first diffraction 

grating, Gt. Gt disperses the light across M2. M2 reflects the light through a second 

slit, S2. Since the image has been dispersed spatially, S2 serves as the bandpass filter. 

This effect is illustrated on M3 where only the yellow, green, and blue light reflected 

from M2 reaches M3. M4 collimates the light orto the second diffraction grating that 

cancels the dispersions of Gt. MS focuses the light on a third slit, S3. Since the light is 

undispersed at S3, the aperture sets the spectral resolution. The smaller this aperture, 

the less overlap between neighboring colors when the collimated light from M6 is 

dispersed by one of the G4-6 gratings. There is a practical limit to how small this 

aperture can be since the intensity of the light passing S3 is proportional to the square of 

the aperture size. M7 projects a flat image onto the focal plane of the detector. 

To acquire a spectrum of a certain Raman shift region, it is necessary to set the 

central wavelength of both the dispersion and filter stage. Figure 2.5 is a schematic of 
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the SPEX 1877 Triplemate control panel. In this schematic, the central wavelength of 

G6 is shown to be 251.0 nm. This value can be changed by pressing the "UP" or 

''DWN" buttons. The central wavelength of the filter stage is shown in the "Filter nm" 

window. The scale is by default for 600 grimm diffraction gratings in Gl and G2. 

These gratings have been replaced with 2400 grimm gratings to allow for more efficient 

rejection of the intense Rayleigh scattered light at low Raman shifts. As a result, the 

"Filter nm" window will indicate a value four times the actual central wavelength of the 
• 

filter stage. The central wavelength of the filter stage is controlled by the "Filter 

Control" knob. Another consequence of having such high groove density gratings in 

the filter stage is that it is no longer possible to fill the entire focal plane of the detector 

with light Even with S2 fully open, the maximum bandpass when A0 is 244 nm is 

approximately 1000 cm·1
• For a typical S3 setting of200 J..Lm the spectral resolution is 

The spectrum is collected on a Princeton Instruments back thinned, UV-

enhanced liquid-nitrogen-cooled 1340 x 100 pixel CCD detector (Model No. LNICCD-

13401100-EBI1 ). The quantum efficiency of the CCD array at 244 nm is approximately 

33%. Computer acquisition is accomplished with a Roper Scientific computer card 

and WinSpec32 software package. 

Spectra obtained between 0 and 1500 cm·1 were calibrated using the well-known 

Raman shifts of cyclohexane.2 Peaks were fitted to a Lorentzian line shape. Table 2.2 

shows the results of a typical calibration performed in this spectral region. For a given 

dispersion and filter stage position, a cyclohexane spectrum is acquired between 3 and 6 

times. Each spectrum is fitted and the average peak position is used to make a linear 
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correlation between CCD pixel position and Raman photon wavelength, A.r. This 

correlation is inserted into equation (2.1) to create a correlation between Raman shift 

and CCD pixel. As seen from Table 2.2, this calibration will provide a Raman shift 

with a 95% confidence level between 0.3 and 0. 7 cm· 1
• 

Spectra obtained between 3200 and 3620 cm· 1 were calibrated using the 0-H 

peak frequencies of gibbsite6 in a procedure identical to that described above. This 

calibration is extrapolated for use in a region spanning from 2800 to 3700 cm·1
• 

Section 2.1.6 Catalytic Reactors for UV -Raman Spectroscopy Raman 

spectroscopy offers the capability of probing samples in the presence of a dense gas or 

ambient liquid phase. Unlike some non-linear spectroscopic techniques, Raman 

spectroscopy is not uniquely surface sensitive. This is advantageous in the sense that, 

with Raman spectroscopy, optically flat and reflective surfaces are not strictly required. 

The intensity of a Raman transition is governed by (2.8). In the case of hydrocarbon 

fragments on a high surface area catalyst, the number of scatters, N, will be very small 

in a vecy tightly focused laser beam. To obtain a useful signal-to-noise ratio with no 

enhancement due to resonance or the surface enhanced Raman (SERS) effect, one can 

only increase the incident laser intensity, Io. With an increase in laser intensity comes 

an increase in the local temperature of the sampled spot. It has been reported that the 

local temperature can be as much as 1 00°C greater than the surrounding material. 7 Such 

a large temperature difference creates a significant problem to relate Raman spectra 

with kinetic data. Several studies have been conducted to determine the effect of the 

temperature increase. 7 -I 0 
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Several approaches have been used to minimize the local heating effect during 

the acquisition of a Raman spectrum. A common approach is to focus the laser beam 

not as a spot, but as a line. In this way, the flux of photons is spread across the sample 

in effect increasing the number of scatters, N, probed by the incident laser, Io. 

In another approach, the catalyst sample is rotated during irradiation by the 

incident laser. 11
' 
12 Most heterogeneous catalysts are in the form of extrudates of silica, 

alumina, or other metal oxides and are often crushed to powder for scientific studies. 

To prevent the powder from dispersing during rotation it is usually compressed into a 

mechanically rigid pellet. Reactant gases are flowed around the pellet during the 

experiment. Quantitative kinetic data is difficult to obtain because it is usually 

unknown how far reactant gases diffuse into the pellet. 

A rather creative approach has been developed to study samples under cryogenic 

temperature control although it can be extended to any temperature range. To avoid the 

obvious difficulties of rotating very cold components of the apparatus, the geometry of 

the incident laser and the laser focusing lens is carefully designed to provide for 

scanning the laser beam over the sample in a linear13 or circular path14
• This approach 

does allow for significant flexibility in the types of samples to be probed but the 

experimental setup is very sensitive to alignment. 

In 2000 Chua and Stair published a paper that described an in situ fluidized bed 

reactor for measuring UV-Raman spectra of catalysts during reaction. 15 In their 

approach a powdered catalyst rests on a porous frit cont:a.illed near the top of a stainless 

steel tube. Gas is forced through the frit and the bottom of the powdered catalyst bed 

providing vertical lift to the particles. An electromagnetic shaker is used to induce side-
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to-side motion of the particles. The result is a bed of fluidized particles. In other words 

the packing density of the powdered bed has been significantly reduce but the particles 

are not propelled out of the stainless steel tube. Now when a laser is incident on the top 

of this fluidized bed, the same catalyst particles are not always in the focal volume. 

Two reactors have been built for the work contained in this dissertation. The 

first is a glass packed bed reactor shown in Figure 2.6. The porous disk on which the 

catalyst rest is also made of glass. The second reactor is shown in Figure 2. 7 and is 

based on the design by Chua and Stair. 15 A photo of the fluidized bed reactor with the 

electromagnetic shaker16 is shown in Figure 2.8. The porous metal disk has a uniform 

porosity throughout its volume of 40 J.lil1. 1 7 The advantage of the fluidized bed can be 

seen in Figure 2.9. In this figure two spectra of pyridine adsorbed on a bed ofZSM-5 

are shown. The acquisition time and conditions were identical for both spectra. When 

the bed is not fluidized, there is a significant amount oflaser induced carbon at 1635 

cm-1 relative to the fluidized spectrum. The resonance-enhanced ring breathing mode of 

pyridine at 1020 cm- 1 has a much better signal-to-noise ratio in the fluidized bed 

spectrum. 

Section 2.2 Surface Science Techniques and Experimental Setup 

Section 2.2.1 Ultra ffigh Vacuum (UHV) Many surface science techniques 

involve the interaction of electrons with the surface of interest. For surface science 

techniques to be useful in the field of catalysis, the composition of chemical species at 

the surface should not only be measurable, but also controllable. This necessitates 

maintaining a "clean" surface (i.e., free of contaminants) for at least the duration of the 
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experiment. Many clean surfaces (e.g. metallic surfaces) are highly reactive with 

oxygen and carbon containing compounds. Performing experiments under ultra-high 

vacuum conditions ensures that the mean free path of an electron is large enough to 

leave the source, interact with the surface, and return to the analyzer as well as leaving 

the surface free of oxygen and carbon for a reasonable length of time. The quality of 

the vacuum can be approximated by considering the impact rate of molecules with the 

surface. Using a simplified form of the kinetic theory of gases, the impact rate is 

estimated by the following: 

22 p 
r = 3.51 x 10 (TM)o.s 

where Pis the pressure in torr, Tis the temperature in Kelvin, and M is the atomic mass 

unit of the molecule impacting the surface. For a molecule of atomic mass 28 (e.g., N2 

-9 ll 
or CO) at a pressure of 1 x 10 torr and room temperature, the arrival rate is 3.3 x 10 

-2 -1 2 
molecules em s . For a 1 em sample area, one monolayer will be formed in 

approximately one hour assuming each impact results in a physisorption or 

chemisorption (i.e., a sticking probability of 1 ). 

The studies reported in this dissertation were performed in a stainless steel UHV 

chamber (Figure 2.10) pumped with a liquid nitrogen cooled diffusion pump. An ion 

pump is attached to the chamber, but is used primarily for maintaining vacuum when 

-9 
the diffusion pump is off line. A base pressure of 2 x 10 torr can be achieved after 

. ~ 

heating the chamber to desorb gases adsorbed to the walls until a pressure of <5 x 10 

Torr is achieved while the chamber is still hot. After the heating is turned off, all of the 

equipment with filaments are energized slowly to operating conditions. Current is 
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continually passed through the filaments until the chamber is at room temperature. If 

the filaments are not energized while the chamber- is cooling, subsequent use of the 

equipment will cause the base pressure to increase. 

The UHV chamber is equipped with a sputter ion gun for surface cleaning, an 

X-ray source, a double-pass cylindrical mirror analyzer (CMA) with a coaxial electron 

gun for X-ray photoelectron spectroscopy (XPS), and a quadrupole mass spectrometer 

(QMS) for residual gas analysis and TPD. A commercially available sample 

manipulator provided three-dimensional translation and 360° rotation of the sample. 

The chamber also has three leak valves for gas exposure, a Mg evaporation source for 

the Mg dose, an electron flood gun for electron beam irradiation of the sample, and an 

internal high-pressure (HP) reaction cell for polymerization. Further details are given 

elsewhere. 18 Gas admittance into the UHV chamber was controlled with leak valves 

facing the sample. Nominal pressures reported in this dissertation were readouts of the 

nude ion gauge, located about 20 em away from the sample, without correction for 

ionization sensitivity anddosing geometry. 

Section 2.2.2 X-ray Photoelectron Spectroscopy (XPS) X -ray photoelectron 

spectroscopy (XPS) is a technique in which a sample is irradiated with nearly 

monochromatic soft X -rays and the kinetic energy of the emitted core electrons is 

measured. A simplified depiction of the XPS process is shown in Figure 2.11A. More 

elaborate explanations can be found elsewhere?0
-
22 In Figure 2.11A an X-ray of energy 

hv ejects a carbon ls electron. The emitted electron has a kinetic energy, KE1, that can 

be measured by an electron energy analyzer (typically referred to as a spectrometer). 

XPS spectra are given as a plot of intensity versus binding energy (BE). The binding 
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energy of the photoelectron is characteristic of the atomic orbital from which the 

electron originated. Therefore, the BE will provide the identity of the atoms present in 

the analysis volume. Furthermore, since the BE is sensitive to the local electron 

density, shifts in BE for a given atom provides an indication of the oxidation state of the 

atom. 

In Koopman's approximation, the binding energy (BE) of the photoelectron is 

related to the measured kinetic energy as follows: 

BE= hV- KEmeas -<I> s (2.10) 

where hv is the energy of the soft x-ray, KEmeas is the kinetic energy of the emitted 

photoelectron as measured by the spectrometer, and <l>s is the work function of the 

spectrometer. As indicated in Figure 2.11B, the kinetic energy that is measured by the 

spectrometer is not necessarily equivalent to the kinetic energy of the electron emitted 

from the sample volume. Oftentimes, the sample and spectrometer work functions are 

different and unknown. The spectrometer work function can be estimated by using an 

internal BE standard within the sample volume. In this dissertation, a BE of84.0 eV for 

the Au4r peak is used as the internal standard unless otherwise noted. 
7/2 

Quantitative determination of the surface atomic concentration is accomplished 

by correcting the calculated peak area by a sensitivity factor specific to each element as 

follows22
: 

(2.x) 
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where Ci is the concentration of species i, Si is the sensitivity factor of species i, and the 

summation is over all species present in the XPS spec~. The sensitivity factors used 

are provided in Table 2.3 and were taken from reported values?3 

XPS experiments are performed with a Perkin-Elmer 04-548 Dual Anode X-ray 

Source and a PHI 13-255G Double Pass Cylindrical Mirror Analyzer for electron 

energy analysis. Both the Mg (1253.6 eV) and AI (1486.6 eV) anode X-ray sources are 

used to acquire XPS spectra. The AI X-ray photons are sufficiently energetic to induce 

the Mg KLL Auger transition. The Mg source is more intense and allows a better 

signal-to-noise ratio in a shorter accumulation time. 

Section 2.2.3 Temperature Programmed Desorption (TPD) Temperature 

programmed desorption (TPD) is probably the most widely used technique for the 

determination of the heat of adsorption and coverage of molecules on surfaces and for 

studying desorption kinetics. Detailed descriptions of the experimental setup and the 

interpretation of results have been published elsewhere?1
•
24

-
30 Briefly, the surface under 

analysis is held at constant temperature while being exposed to a probe molecule. The 

system is then evacuated and the temperature of the adsorbate-covered surface is 

ramped linearly. The desorbing species are monitored with a mass spectrometer and 

plotted as a function of sample temperature. A schematic of the experimental setup 

used in this dissertation is given in Figure 2.12. 

The sample coverage is proportional to the integral of the thermal desorption 

spectrum. The gas-phase concentration profile can easily be related to the kinetics and 

energetics of the desorption process. A variety of approaches have been suggested to 

extract this information. When the pumping rate is very large compared to the 
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desorption rate, the latter is directly proportional to the gas-phase pressure. In the 

simplest interpretation of the thermal desorption spectrum, the activation energy for the 

desorption process EI is obtained from the temperature of the desorption peak 

maximum Tmax using the following equatiort 1
•
29

: 

(2.11) 

for first-order desorption where v 1 is the pre-exponential factor, R is the universal 

constant of gases, and~ is the temperature ramp (dT/dt). According to (2.11), Tmax is 

independent of the initial coverage. By assuming a value of 1013 for the pre-exponential 

factor, the activation energy for desorption can be obtained. EI is a good approximation 

of the heat of adsorption as long as the adsorption is a non-activated process. This 

assumption is implicitly applied whenever heats of adsorption are evaluated from TPD 

data. 
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Ao A.r, 10 cm·1 J..r, 4000 cm·1 

1064 1065.1 1852.4 
488 488.2 606.4 
244 244.1 270.4 

Table 2.1 Wavelength of 10 and 4000 cm·1 Raman Shifted photons with 
three different wavelengths of incident photons. All wavelengths 
are given in nm. 
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Wavelength of Cyclohexane 
Peak, nm ~48.866 ~50.280 ~51.092 251.780 252.914 
Raman Shift of Cyclohexane 
Peak, cm"1 801.3 1028.3 1157.6 1266.4 1444.4 
022500_ Cyclohexane_01.spe, 
pixel 367.505 469.672 527.414 577.723 659.491 
022500_ Cyclohexane_ 02.spe, 
pixel ~67.372 469.529 527.816 577.552 659.400 
022500_ Cyclohexane_ 03.spe, 
pixel 367.319 469.573 527.564 577.703 659.402 
022500_Cyclohexane_04.spe, 
pixel ~67.307 469.298 527.565 577.620 659.382 
022500_ Cyclohexane_ 05.spe, 
pixel 367.27€ 469.394 527.392 577.491 ~59.137 
022500_ Cyclohexane_ 06.spe, 
pixel 367.355 469.466 527.792 577.622 ~59.429 

Average Pixel Position 367.35E 469.489 527.591 577.619 659.374 
Standard Deviation 0.080 0.133 0.181 0.088 0.122 
Upper95% CL 367.42( 469.595 527.735 577.689 659.471 
Lower95% CL 367.29~ ~69.382 527.446 577.548 659.276 
f+/- of a pixel 0.064 0.106 0.145 0.070 0.098 
+/- cm·1 0.288 0.470 0.636 0.308 0.423 

Table 2.2 Statistical analysis of wavelength calibration for CCD detector 
using cyclohexane. 
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Atom Orbital (AuQer Transition) Sensitivity Factor 
Au 4f7/2 3.50 

Ti 2p 2.00 
Mg (Kll) 2.40 
Cl 2p 0.89 
Cl 1s 0.30 
0 1s 0.71 
AI 2s 0.29 

Table 2.3 XPS and AES atomic sensitivity factors. 
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Figure 2.1 Simplified molecular orbital depiction of fluorescence process. So 
is the ground state singlet electronic state. St is the first excited 
singlet state. 
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Figure 2.4 SPEX 1877 Triplemate spectrometer 
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(a) 

Gac;; 
m 

(b) 

Figure 2.6 Glass packed bed UV-Raman reactor. The path of the gas flow is 
indicated by the arrows. (a) UV grade fused silica window, (b) 
viton 0-ring to seal ~er and lower parts,(DK-type 
thermocouple, andl0 heating tape. 
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(a) 

Figure 2.7 Stainless steel fluidized bed UV-Raman reactor. The path of the 
gas flow is indicated by the arrows. (a) UV grade fused silica 
window,@K-type thermocouple, and(Dheating tape. 
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Figure 2.8 Photo of fluidized bed UV-Raman reactor with (a) electromagnetic 
shaker. 
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Figure 2.9 
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Pyridine adsorption on ZSM-5 zeolite in both the fluidized bed and 
packed bed reactors. The mode at 1020 cm·1 is attributed to the 
resonance enhanced ring breathing mode of pyridine. The peak 
at 1635 cm·1 is due to laser induced coke formation on the ZSM-5. 
The acquisition time and conditions of the two spectra are 
identical. 
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Chapter 3 

Surface Characterization of the TiClx/MgCb Model 
Ziegler-Natta Polymerization Catalysts: Adsorption Site 
Studies Using Mesitylene Thermal Desorption 

Section 3.1 Introduction 

Identification of the active catalytic sites is one of the most difficult challenges 

in a MgCh-supported TiC4-based Ziegler-Natta polymerization catalysis system used 

for polyolefin production. 1'
2 The ability to distinguish and monitor surface adsorption 

sites on the Ziegler-Natta catalysts can provide an unprecedented opportunity to 

correlate catalytic behaviors, such as polymerization activity and stereospecificity, with 

surface structure and composition. In addition, molecular-level knowledge of the 

surface adsorption sites is a prerequisite to controlling the active sites of the 

heterogeneous catalysts. If one can find a way to produce a single-site Ziegler-Natta 

catalyst, it would be possible to control the molecular weight distribution and 

stereospecificity of polymers to tailor their mechanical properties.3-
8 

For structure determination of flat surfaces, the most frequently used surface-

science technique is low-energy electron diffraction (LEED).9 This technique has been 

successfully used to study the surface structure of a model MgCh film prepared by 

thermal evaporation in ultra high vacuum (UHV). 10
•
11 The surface of a multilayer 

MgCh film has the structure of the MgCh (001) basal plane. However, LEED would 

not be an appropriate technique for a titanium chloride film supported on MgCh 

(TiClxiMgCh). First, the titanium species are not expected to have long-range order on 



the supported catalyst that is necessary for diffraction. 12 Second, the primary electron 

beam of LEED will alter the film composition via electron-stimulated desorption (ESD) 

of chlorine. 10 The Ti-Cl bond of a TiClx species would be more susceptible to electron

induced dissociation than the Mg-Cl bond of the MgCh substrate. The ease of this 

process for TiClx is expected because the Ti ion can exist in multiple oxidation states. 

Other techniques such as low-energy ion scattering (LEIS) cannot be employed for the 

polycrystalline films because a large single domain is required for data analysis. 13 

With these techniques using electrons or ions as a probe ruled out, temperature

programmed desorption (TPD) of organic molecules can be an alternative way to 

differentiate various surface adsorption sites of the catalysts if different sites exhibit 

different heats of desorption.14 The key requirements to be an appropriate probe 

molecule are (1) strong and selective interaction with the various surface sites and (2) 

molecular adsorption and intact desorption without changing surface composition and 

structure. The second requirement is especially critical; otherwise, the effects of 

various surface treatments should be determined from TPD data of different samples. 

In this case, the catalyst samples must be prepared with extremely high reproducibility, 

that is, the same adsorption site distribution, which is unlikely in the preparation of the 

model Ziegler-Natta catalysts. 

In a previous study, mesitylene was found to be a proper molecule for TPD 

characterization of the model Ziegler-Natta catalysts. 14 Due to the high stability of the 

conjugated n-electron ring, mesitylene exhibited no chemical reaction with the model 

catalyst upon adsorption and thermal desorption. The high polarizability of the 

aromatic ring produced strong interactions with the surface. Compared to the case of 
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benzene, the presence of three electron-donating methyl groups increased electron 

density in the aromatic ring, enhancing adsorbate-surface interactions. 15 

This work demonstrates that the mesitylene TPD technique is an effective way 

to identify and quantify the surface adsorption sites of the TiClxiMgCh model Ziegler

Natta polymerization catalysts. For the as-prepared TiClxiMgCh catalysts, two 

desorption peaks were observed in mesitylene TPD. On the basis of the topographic 

and structural knowledge of the film obtained with X-ray diffraction (XRD),16
-
18 

density functional theory, 19 scanning electron microscopy (SEM),20
•
21 LEED, 10

•
11 and 

ion scattering spectroscopy (ISS),22
•
23 two peaks were assigned to a site on the basal 

plane where the metal ions are hexagonally coordinated with six chlorine ions and a 

defective site where the metal ions are undercoordinated with chlorine ions. The latter 

sites could be found at the basal plane boundaries or crystallographic dislocations on the 

basal planes. 16-21 

The surface changes of the model catalyst, due to activation with 

triethylaluminum and propylene polymerization, could be followed by the peak 

temperature change of the mesitylene desorption. The mesitylene TPD technique has 

also suggested that bulk chlorine atoms can diffuse to the surface to fill the defect sites 

generated on the basal planes both by electron irradiation and by atomic Mg adsorption 

from the gas phase. 22
•
23 This diffusion process lowered the surface energy of the film to 

an equilibrium value. The mobility of bulk chlorine ions might suggest that the bulk 

chlorine atoms act as an inhibitor in surface reactions of the catalyst with electron 

donors (Lewis bases) to form stereospecific polymerization sites at the catalyst surface. 
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Section 3.2 Experimental Section 

The experiments were performed in a UHV chamber equipped with a sputter ion 

gun for surface cleaning, an X-ray source, a double-pass cylindrical mirror analyzer 

(CMA) with a coaxial electron gun for X-ray photoelectron spectroscopy (XPS) and 

Auger electron spectroscopy (AES), and a quadrupole mass spectrometer (QMS) for 

residual gas analysis and TPD. The UHV chamber was pumped by a 2000 Us diffusion 

pump and maintained a base pressure of about 1 x w-9 Torr. A commercially available 

sample manipulator provided three-dimensional translation and 360° rotation of the 

sample. The chamber also had three leak valves for gas exposure, a Mg evaporation 

source for the Mg dose, an electron flood gun for electron beam irradiation onto the 

sample, and an internal high-pressure reaction cell (HP) for in-situ polymerization. 

Further details were given elsewhere?4 Gas admittance into the UHV chamber was 

controlled with leak valves facing the sample. Nominal pressures reported in this paper 

were readouts of the nude ion gauge, located about 20 em away from the sample, 

without correction for ionization sensitivity and dosing geometry. 

A polycrystalline Au foil (1.2 cm2
) was used as an inert substrate that could be 

heated resistively to 1000 K and cooled to 100 K. The surface temperature was 

measured using a K -type thermocouple attached to the back of the foil. The Au foil was 

cleaned with Ar ion sputtering followed by annealing at 900 K. Surface cleanliness was 

checked with XPS and AES. TiC4 and mesitylene (1, 3, 5-trimethylbenzene) were 

purified by several freeze-pump-thaw cycles. 

Thin films of titanium chloride and magnesium chloride, TiClx/MgCh, were 

fabricated by codeposition of TiC4 and Mg metal on the Au foil at 300 K. During 
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depositiol}, the substrate faced both the Mg evaporation source and the TiC4 doser at 

60° with respect to the surface normal. Mg was evaporated from the Mg source during 

the TiC4 exposure. Adjusting the Mg source temperature (TMg) and exposure time 

controlled the Mg dose. With TMg = 600 K, the Mg flux on the Au substrate was 

estimated to be about 6 x 1012 atoms/cm2·s.24 

XPS was used to measure the surface composition and oxidation states. The X

ray source was positioned 55° with respect to the surface normal and emitted the AI Ka 

line (1486.6 eV). The angle between the X-ray source and the CMA axis was 90°. The 

Au 4f712 peak at 84 e V was taken as a reference for the energy scale. The titanium 

oxidation state distribution was obtained from the deconvolution of the Ti 2p XPS 

spectra with a series of synthetic peaks that represented the photoelectron emission from 

different oxidation states?4
•
25 

In mesitylene TPD experiment, the deposited film was exposed to a given 

exposure (1 L = lxl0-6 Torr· s) of mesitylene and then resistively heated at a ramp rate 

of 4 K/s. The QMS ionizer was covered with a shroud that had an aperture of about 5 

mm, positioned about 1 em from the surface, to discriminate background desorption. 

QMS signals, up to 5 masses, were recorded with a computer. 

As a reference surface for mesitylene TPD, MgCh multilayers were deposited 

on Au at 300 K by thermal evaporation of MgCh from a separate Knudsen cell, until no 

Au signal was observable in AES. XPS confirmed the stoichiometry of MgCh. 

After high-pressure catalyst activation and propylene polymerization in the HP 

cell, the changes in surface composition and adsorption sites of the model catalyst film 

were studied using XPS and mesitylene TPD in UHV. The model catalyst was 
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activated by exposing it to -1 Torr of triethylaluminum (AlEb) for 3 min at 300K. 

After the AlEt3 was pumped out, 800 Torr of propylene was introduced and the catalyst 

temperature was increased to 343K. 

Section 3.3 Results and Discussion 

The film structure, composition, and titanium oxidation state distribution of the 

model catalyst film (TiClxfMgCh) are summarized briefly here. Mg was completely 

oxidized to Mg2
+, forming MgCh multilayers. Most of the deposited TiClx species 

were present at the film surface. The Ti ClxiMgCh film was stable up to 400 K, above 

which TiC4 desorbed. More details have been described elsewhere.24 

Mesitylene adsorbed molecularly on the TiClxiMgCh film at 100 K and 

desorbed intact in the temperature range 170-350 K. The desorption profile of 

mesitylene was highly reproducible in the TPD experiments for a single sample, 

indicative of reversible mesitylene desorption without altering the catalyst surface 

composition. No hydrocarbon desorption was detected at temperatures higher than 

350K. The peak desorption temperature decreased with increasing mesitylene exposure 

in the monolayer regime, indicative of repulsive interadsorbate interactions. For this 

reason, the mesitylene exposure in TPD was limited to lower than 1.5 L (about 30% of 

the monolayer saturation coverage) in order to avoid the effect of interadsorbate 

interactions in the desorption profile. A multilayer desorption peak appeared at about 

175 K for exposures larger than -4.5 L (data not shown). 

Section 3.3.1 Identification of Surface Adsorption Sites. The mesitylene 

TPD of the TiClxiMgCh film exhibited two distinct peaks at 205-220 and 260-273 K, as 
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shown in Figure I a. The narrowness of the full width at half-maximum (fwhm- 20 K) 

implied that each peak corresponds to a single adsorption site. Hereafter, each site will 

be called A and B, respectively, for convenience. From their relative intensities, the site 

distribution on the catalyst surface was calculated to be 84% of the A site and 16% of 

the B site. Assuming first-order desorption kinetics and a pre-exponential value of 1013 

s-1
, the mesitylene desorption energies from the A and B sites were calculated to be 

12.3-13.3 kcal/mol and 15.9-16.6 kcal/mol, respectively.26 

The mesitylene TPD profile for a MgC}z film is presented in Figure lb. The 

multilayer MgC}z film was chosen as a reference because its surface structure has been 

determined with LEED10
•
11 and its bulk crystalline structure is similar to those of 

titanium chlondes. 16
-
18 Two desorption peaks (A and B) were observed in the same 

temperature range as in Figure la. The widths (fwhm) of these two desorption peaks 

appeared to be the same. The relative ratio of AlB on the MgC}z film was about 70:30, 

indicating that the B site concentration was twice that of Figure I a. Due to the 

repulsive nature of the lateral interactions between the adsorbates, the higher 

concentration pf the B site on MgCh lowered the peak temperature of mesitylene 
'·· 

desorption from this site, in comparison to the data of Figure la (~T- 10 K for 1.4L). 

The lower mesitylene desorption temperature from the B site at higher concentration of 

the B site was also observed from the TiClx/MgC}z films (see Figures 2, 4, and 5). 

The mesitylene TPD alone could not determine unambiguously the surface 

structure of the TiClxiMgCh model Ziegler-Natta catalyst. However, one could deduce 

the surface structure corresponding to the A and B sites, observed in Figure 1, on the 

basis of (1) the similarity of the mesitylene TPD profiles for the TiClxiMgCh and 
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MgCh films, (2) the close analogy of the crystal structure for MgCh, TiCh, and 

TiCb,1
'
16

-
18 (3) the shape of the microcrystals ofTiC1),20

•
21 (4) the surface structure of 

MgCh, 10
'
11 and (5) the surface composition of the MgCh and TiClxiMgClz films.Z2

•
23 

These halide crystals have a layered structure, each layer consisting of two monoatomic 

layers of chlorine atoms octahedrally coordinated to intercalating metal atoms. The 

surface energies of the (00 1) basal planes of these crystals are the lowest, owing to the 

very weak interaction (dispersive interaction) between the neighboring layers. 19 

Therefore, the majority of the film surfaces of TiClxiMgClz and MgClz will adopt the 

basal plane structure to lower the film surface energy. The SEM images of the TiCh 

films20
•
21 and LEED studies of the MgCh multilayer film 1 0

• 
11 confirmed that the 

surfaces of these films consist of small platelets with the (00 1) basal plane structure. 

' 
Since the desorption peak (205-220 K) from the A site was dominant in the mesitylene 

TPD (Figure 1), the A site could be attributed to the (001) basal plane. This site would 

be called a coordinatively saturated site because the metal ions under the chlorine layer 

are coordinated with six chlorine atoms. 

Since the heat of mesitylene desorption was higher for the B site than the A site, 

the surface structure of the B site must be different from that of the A site. The He+ ISS 

studies of the model Ziegler-Natta catalysts films22
•
23 found that the surfaces of these 

films are terminated with chlorine ions and no metal ions are exposed to vacuum. So it 

was unlikely that the high-temperature desorption peak originated from mesitylene 

molecules directly adsorbed to metal ions. To distinguish from the A site, the B site 

would be called a coordinatively unsaturated site where the metal ions under the 

chlorine layer are undercoordinated. Since the majority of the film surface had the 
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(001) basal plane structure, these minor sites (15-30% depending on the deposition 

conditions) could be the crystallographic dislocations on the basal plane formed during 

the crystal growth, 20 or other crystallographic planes at the boundaries of the (00 1) basal 

plane.21 

Even though the data could not select the most plausible structure, the presence 

of only one peak attributable to the undercoordinated site suggested that only one 

structure appeared dominant among various possible structures. Busico et al. suggested 

the presence of the (100) and (110) planes on the small MgCh particulates.27 The 

MgCh (100) surface has the Mg atoms coordinated to five chlorine atoms. The MgCl2 

(110) surface has the Mg atoms coordinated to four chlorine atoms. If these surfaces 

retain their bulk-terminated structure without any reconstruction, the mesitylene TPD 

would distinguish these two surface structures. However, the fact that there was only 

one defect peak indicated these energetically unstable surfaces undergo significant 

reconstruction to lower the surface energy, 19 leading to a structure with the chlorine 

densities similar to each other. 

One of the goals of probe-molecule TPD characterization of the model Ziegler

Natta catalysts was to quantify the Ti concentration at the catalyst surface. 

Unfortunately, mesitylene TPD could not distinguish the titanium-containing site from 

the magnesium-containing site. This could be attributed to the chlorine termination of 

the catalyst surface. 11
•
22

•
23 Metal chlorides always tend to have a chlorine-terminated 

surface to lower the system surface energy.19 On these surfaces, the main interactions 

of the physisorbed mesitylene molecule with the surface would be van der Waals 
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interactions between the adsorbate and the chlorine layer whose atomic densities were 

determined by the metal coordination under the layer. 

For metal-specific TPD characterization, chemisorption of a small molecule 

might be required. In this case, however, the chemisorbed probe molecule would not 

desorb below the polymerization temperature and would alter the surface composition 

of the catalyst. When dimethyl ether, one of the weakest Lewis bases, was used as a 

probe molecule, a small fraction of the adsorbed molecules desorbed along with the 

titanium species at T > 450K.14 Stronger Lewis bases, for example, ethyl benzoate used 

as an internal electron donor, could replace the titanium chloride species chemisorbed 

on the MgCh surface. 1
•
2 Petts and Waugh studied the adsorption isotherm of allene (a 

weak poison for ethylene and propylene polymerization) on the TiCh-based high

surface-area catalysts and found that a certain fraction of the allene was irreversibly 

adsorbed; that is, the desorbed amount was always less than the adsorbed amount.28 It 

should be noted that, even with the weak poison probe, they found only two adsorption 

sites on the powdered sample, with a low-temperature site being dominant, consistent 

with this data. 

Section 3.3.2 Catalyst Activation and Propylene Polymerization. After 

reacting with AIEt3 (cocatalyst) the model TiClx/MgCh catalyst film was active for the 

gas-phase polymerization of propylene. Figure 2 presents the XPS and mesitylene TPD 

data obtained with a single catalyst film at various stages of the polymerization process. 

The fresh TiClxiMgC}z/ Au film showed the Mg, Ti and Cl signals of the catalyst as well 

as the Au substrate signal in XPS and two types of the surface adsorption sites (AlB = 

78:22) in mesitylene TPD (Figure 2a). Compared to Figure 1, the desorption 
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temperature of the B site in Figure 2 was lower due to a higher concentration of the B 

site (22% in Figures 2 and 16% in Figure 1). At a higher defect concentration, the 

mesitylene molecules adsorbed at the defect sites will feel more repulsive interadsorbate 

interactions, leading to desorption at a lower temperature. 

After catalyst activation by the reaction with about 1 Torr of AlEt3 for 3 min at 

300 K, XPS (Figure 2b) showed the reduction of Ti4+ and Ti3+ species into Ti2+ species 

(Table 1) and a slight decrease in the Cl signal and a slight increase in the C signal 

(most likely C2Hs), indicative of surface alkylation. This was consistent with a previous 

study.29 These surface changes lowered the mesitylene desorption temperature to a 

different extent for the A and B sites (Figure 2b ), indicative of weaker interactions of 

mesitylene with the activated surface species. It appeared that the alteration of the 

mesitylene desorption profile was caused more likely by the alkylation, not by the metal 

reduction, because the mesitylene TPD was not sensitive to the metal identity (Figure 1) 

or oxidation state (see Figure 3) under the outermost chlorine layer. However, it should 

be noted that the alkylation and reduction of the catalyst are not separate processes; that 

is, both result from the AIEt3 alkylation. 

Accepting the structural assignments for the surface sites from section 3.3.1 and 

the reaction stoichiometry data reported by Rodriguez et al.,30 one could describe the 

surface alkylation by AlEt3 as replacement of one Clligand with one C2Hs group for the 

coordinately saturated site (A) and addition of one C2Hs group to the undercoordinated 

site (B). Then, the slight decrease (about 6K) of the mesitylene desorption temperature 

for the A site could be attributed to a slightly lower polarizability of the C2Hs group that 

replaced the Cl anion.30 The large decrease (about 16 K) of the mesitylene desorption 
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temperature for the B site could imply that the addition of an extra ligand group 

weakens the mesitylene-surface interaction more than expected for the replacement of 

the exiting ligand group. 30
•
31 The observed difference in the effects of the alkylation for 

two sites was consistent with report of Petts and Waugh that, among two sites, the heat 

of allene adsorption on the high-energy adsorption site was affected more significantly 

by the aluminum alkyl activation?8 

Figures 2c and d show the XPS and mesitylene TPD data for the activated 

catalyst after being used for polymerization with -800 Torr of propylene at 343 K. The 

polymerization process was interrupted 20 min after monomer introduction to the 

reaction cell in order to monitor the surface changes of the catalyst film at an early stage 

of polymerization (Figure 2c ). XPS showed the C Is signal (285 e V) of a thin polymer 

film on the catalyst and no observable signals of the catalyst film (Mg, Ti, and Cl). The 

attenuated Au substrate signal was still observable, indicating that the polymer film 

produced on the catalyst was not very thick. In mesitylene TPD, the peak desorption 

temperature was shifted to about 170 K, characteristic of the mesitylene desorption 

from a polypropylene film (as shown in Figure 2d with a dashed curve). It should be 

noted that the mesitylene TPD profile in Figure 2c had a high-temperature shoulder 

peak reaching up to about 230 K. Since the polypropylene surface cannot have a 

mesitylene desorption peak above 170 K, the high-temperature shoulder peak indicated 

that mesitylene can still reach the active sites at this stage of polymerization. This 

might indicate the polymer contained large pores to allow mesitylene adsorption to the 

active sites under the polymer layers. Upon reintroduction of monomer (propylene) and 

polymerization for 14 h, a thick film of polypropylene was grown on the catalyst 

52 



·-....-. 

surface, showing only the C 1s signal in XPS and the 170 K peak in mesitylene TPD 

(Figure 2d).32 In conclusion, these data proved that mesitylene TPD can be an effective 

technique to monitor the active sites present on the Ziegler-Natta catalyst at early stages 

of the polymerization process. 

Section 3.3.3 Surface Modification: Ditfusion of Bulk Chlorine to the 

Surface. The surface modification was attempted in three ways: (1) annealing, (2) 

electron irradiation, and (3) Mg metal dose. The annealing method was tested first 

because it is a commonly used process to reduce surface and bulk defect concentrations. 

The second and third methods were tested to produce undercoordinated sites at the 

surface by removing cr from the surface and deposting extra Mg atoms onto the 

surface, respectively. The remainder of this section will describe each case in detail. 

(1) Postdeposition Annealing. Annealing of the catalyst film (used in Figure la) 

at 640 K removed some fraction of the chemisorbed titanium chloride species via TiC4 

desorption, leading to reduction of both the concentration and the oxidation state 

distribution of the titanium chloride species. 24 In XPS measurements after the 640 K 

annealing, the MgKLL signal intensity increased by -30% while the Tizp signal intensity 

decreased by -50%, compared to those before the annealing. Table 2 shows that the 

640 K annealing decreased the Tf+ state and increased the Ti2+ state in the Ti oxidation 

state distribution. However, Figure 3 shows that the peak temperature and relative 

intensity of the mesitylene desorption profile were not changed significantly by the 640 

K annealing, indicating that the heat of mesitylene desorption was not sensitive to the 

annealing effect. The only discernible change was a slight depression of the desorption 

profile in the temperature range 220-240 K. 
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This result could be attributedto the chlorine termination of the catalyst 

film. 10
•
11

•
22

•
23 The mesitylene molecules adsorbed on the chlorine layer. The changes in 

the oxidation state and concentration of the Ti species under the chlorine layer were not 

reflected in the mesitylene desorption profile. No discernible change in the relative 

intensities of the A and B sites might suggest that there is no significant change in the 

average size of the crystallites or the structural arrangement of the chlorine ions at the 

surfaces of these crystallites. However, more detail could not be discerned with the 

mesitylene TPD alone. 

(2) Electron irradiation at 150 K Electron irradiation of the halide solid is 

known to cause desorption of surface chlorine. 33 Figure 4 illustrates the effect of low

energy electron irradiation of the TiClxiMgCh film on the mesitylene TPD profile. 

First, it should be noted in Figure 4a that the as-deposited film showed two mesitylene 

desorption peaks corresponding to the A and B sites-a characteristic feature of the 

nonirradiated film-and no change in the mesitylene desorption profile with repeated 

TPD experiments up to 380 K. When the film was irradiated with 50 eV electrons (6 x 

1016 electrons/cm2
) at 150 K, the mesitylene desorption profile lost its two-peak feature 

and shifted its peak maximum to 222 K (Figure 4b ). This result indicated that the 

electron-induced loss of chlorine created a new adsorption site structure whose heat of 

mesitylene desorption was between those of A and B sites on the as-deposited film. If 

electron-induced chlorine desorption occurred statistically, not from a preferential site, 

many electron-induced defect sites would be generated on the basal planes because the 

majority of the film surface assumed the basal plane structure. 
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In repeating the TPD experiment for the same film, the two-peak desorption 

feature characteristic of the nonirradiated films appeared again. Heating to 380 K 

appeared to be enough to anneal the electron-irradiated film surface and recover the 

original surface structure before electron irradiation. This result could indicate that, 

during the TPD run, bulk chlorine atoms diffuse and fill the electron-induced defect 

sites, lowering the surface energy of the plane. 

Figure 4c shows the effect of 200 eV electron irradiation at 150 K. With the 

same electron dose (6 x 1016 elect~ons/ cm2
), more noticeable changes were observed in 

the mesitylene desorption profile and more heating cycles were required to recover the 

original desorption profile. The enhanced electron-irradiation effect could be explained 

with a secondary electron effect. At higher energy of the incident electrons, more 

secondary electrons are generated34
-
36 and participated in the electron-stimulated 

desorption of chlorine, leading to more damage on the film surface. 

Electron irradiation at 150 K altered the film surface at a much lower dose than 

that for electron irradiation at 300 K. In previous studies, ion scatting spectroscopy 

(ISS) showed that electron irradiation of titanium chloride and MgCh films at 300 K 

exposed metals at the film/vacuum interface only after extended irradiation of the film 

with a focused beam of 1keV electrons.22
•
23 However, with the current irradiation 

conditions (small electron dose at 150 K), no Mg0 was detected in XPS while the 

mesitylene TPD monitored the formation of chlorine-deficient sites at the surface. This 

higher efficiency at low teTperature could be attributed to suppression of the chlorine 

diffusion from the bulk at low temperature. 
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(3) MetallicMg Dose at 150 K An attempt was made to produce Mg adatoms 

on the TiClxiMgCh catalyst surface by depositing Mg atoms at 150 K. The deposition 

rate of Mg was about half a monolayer per minute. Figure 5 compares the mesitylene 

desorption profiles for the as-depostied film and the Mg-dosed films. The data showed 

no change in the mesitylene TPD profile with the Mg doses on the TiClxfMgCh film, 

indicating that the Mg adatoms were immediately covered with chlorine atoms. This 

result could be explained with the reaction of the adsorbed Mg atoms with the 

TiClx(Ti4+) species in the surface layer even at 150 K.37 

It is interesting to note that the Mg atom doses at 150 K did not produce any 

change in the surface adsorption site structure (Figure 5) while the electron-induced 

desorption of chlorine at 150 K produced a new adsorption site structure that was 

removed by chlorine diffusion only at higher temperatures (Figure 4). In the case of the 

Mg dose onto the film, the adsorbed Mg atoms energetically favored reaction with 

TiClx(Ti4+) species in the surface layer rather than with the MgCh species.24 This 

process reduced the Ti oxidation state and converted the Mg adatoms to MgCh, 

recovering the chlorine-terminated surface structure. In contrast, the hyperthermal 

electron irradiation removed chlorine atoms from both Mg2
+ and Ti4+ species in the 

surface layer. In addition, it altered the underlayer composition. For electrons of a 

kinetic energy of 5-200 eV, the inelastic mean free path of electrons is typically on the 

order of 5-1 oA, 38 which is about 2-3 times the c-axis of the MgCh unit cell. 11 

Therefore, the electron-induced process altered the surface composition and structure 

more significantly than the Mg dose producing more prominent changes in the 

mesitylene desorption profile. 
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Section 3.3.4 Implications to the Catalyst Preparation and Polymerization. 

Lowering of the surface energy by diffusion of bulk chlorine atoms to the surface 

defects, observed in these experiments, will provide insights into the dynamic roles of 

the MgCh substrate in reactions with TiC4 and ethyl benzoate (internal Lewis base). 

For preparation of high-surface-area catalysts, comilling of MgCh with TiC4 always 

gives more MgCh size reduction and more TiC4 incorporation, compared to milling of 

MgCh alone followed by reaction with TiC4.39
-
41 Ethyl benzoate or ethanol are often 

comilled with MgCh to stabilize newly exposed faces that are created by the milling 

action and are responsible for stereospecific polymerization of propylene.42
-
44 The 

efficacy of the comilling processes can now be understood in light of the fast diffusion 

of bulk chlorine to the surface from the bulk. When MgCh is milled alone, the 

undercoordinated sites produced during the milling process will be immediately 

chlorinated by the chlorine atoms from the bulk, lowering the concentration of the 

binding sites for TiC4 and ethyl benzoate. 

The importance of the undercoordinated sites in stereospecific polymerization of 

propylene has been studied by correlating the mesitylene TPD profile for the model 

catalyst produced by different methods and the isotacticity of the polypropylene 

produced with these model catalysts.45 When a MgCh-free model catalyst was 

prepared by electron-induced deposition of TiC4, the A site in the mesitylene TPD 

(basal plane structure) was absent and the gas-phase polymerization without any Lewis 

base produced exclusively isotactic polypropylene. When a model catalyst was 

produced by the codeposition of Mg and TiC4, the mesitylene TPD showed the same 

profile as reported in this work and both atactic and isotactic polypropylene were 
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produced. In the former case, the simultaneous and continuous irradiation of electrons 

during the catalyst deposition seemed to be responsible for removal of chlorine from the 

film, lowering the formation of the basal plane structure on the film surface. , These 

studies showed that the capability to titrate the surface adsorption site distribution 

would be expected to aid understanding of stereospecific polymerization. 

Section 3.4 Conclusions 

TPD of mesitylene has been shown to be an efficient method for surface 

adsorption site characterization of the model Ziegler-Natta polymerization catalyst 

films. The mesitylene TPD for the TiClxiMgC}z film indicated the presence of two 

distinct adsorption site structures that have different chlorine arrangements. The 

dominant site was a coordinately saturated site of the basal plane structure. The minor 

site was tentatively attributed to a coordinatively unsaturated site at the basal plane 

boundaries or defects. Due to the chlorine termination of the catalyst surface, the 

mesitylene TPD could not distinguish the identity and oxidation state of the metals 

under the chlorine layer. The catalyst activation by AlEt3 was accompanied by a 

lowering of the mesitylene desorption temperature from the alkylated sites. The 

catalyst film revealed a remarkably high diffusion rate of the bulk chlorine atoms to the 

surface to fill chlorine-deficient defect sites that were generated by Cl removal from the 

basal plane or Mg addition to the basal plane. 
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Ti oxidation state 

AIEt3 activationc 4+ 3+ 2+ 1+ 0 

before 46 26 20 8 0 
after 39 18 39 4 0 

Table 3.1 Effect of the AlEta activation on the Ti oxidation state distribution 
(%)in the TiCix I MgCI2 film deposited by reaction of Mg with 
TiCka,b 

a. XPS Measurement: 300K 
b. P{TiC14) = 2 x 10-7 Torr, T Mg = 610 K, deposition time= 10 min 
c. P(AIEta) = 1 Torr, T sample= 300 K, reaction time= 3 min 
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Ti ox-idation state 

annealing at 640 K 4+ 3+ 2+ 1+ 0 

beforec 29 24 46 0 l 
afterd 8 12 65 6 9 

Table 3.2 Effect of the annealing on the Ti oxidation state distribution(%) in 
the TiCix I MgCI2 film deposited by reaction of TiCI4.a,b 

a. XPS Measurement: 300K 
b. P(TiCI4) = 1 x 10·7 Torr, T Mg = 600 K, deposition time= 10 min 
c. Figure 3.1 
d. Figure 3.3 
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Figure 3.1 Mesitylene TPD for (a) the TiCix I MgCI2 film and (b) the MgCI2 
reference film. Mesitylene exposure: 0.2, 0.6, 1.0, and 1.4 L 
(from the bottom). The saturation of mesitylene 1 ML occurs at an 
exposure of -4.5 L. Film deposition conditions: T Mg = 600 K; 
P(TiCI4) = 1 x 10-7 Torr; time= 10 min. 
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Figure 3.2 XPS and mesitylene TPD for the model Ziegler-Natta catalyst: (a) 
as-deposited TiCix I MgCb film; (b) after catalyst activation 
(exposure to 1 Torr of AIEt-3 for 3 min at T sample= 300 K); (c) after 
20 min of polymerization (800 Torr of propylene at Tsample = 343 
K); and (d) after 14 h of polymerization (800 Torr of propylene at 
T sample = 343 K). Film deposition conditions: T Mg = 61 0 K; P(TiCI4) 
= 2 X 1 o-7 Torr; time = 10 min. Mesitylene exposure: 0.2, 0.6, 1.0, 
and 1.4 L (from the bottom). 
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Figure 3.3 Mesitylene TPD after annealing the TiCix I MgCI2 film (used in 
Figure 5.1a) at 640 K. Mesitylene exposure (solid lines): 0.2, 0.6, 
1.0, and 1.4 L (from the bottom). For comparison, the TPD profile 
of 1.4 L mesitylene in Figure 1 a is shown as the dotted line. 
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Figure 3.4 Effect of postdeposition electron irradiation on 0.2 L mesitylene 

TPD for the TiCix I MgCI2 film: (a) as-deposited film; (b) 50 eV 
electron irradiation; and (c) 200 eV electron irradiation (electron 
dose= 6 x 1016 electrons I cm2). Film deposition conditions: T Mg 

= 630 K; P(TiCI4) = 2 x 10-7 Torr; time= 15 min. 
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Figure 3.5 Mesitylene TPD (0.2 L) for the TiCix I MgCI2 film (a) before and 
after Mg doses of (b) 0.5 ML and (c) 1.5 ML. Film deposition 
conditions: T Mg = 630K; P(TiCI4) = 2 x 10"7 Torr; time= 15 min. 
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Chapter 4 

Characterization and in situ Monitoring of Model and 
Industrial Ziegler-Natta Catalytic Support Materials Using 
Ultraviolet-Raman Spectroscopy 

Section 4.1 Introduction 

High-yield Ziegler-Natta polymerization catalysts are based on a TiC4 catalyst 

with an Al-trialkyl co-catalyst supported on chemically activated MgC]z. The nature of 

the active site for this highly-active and stereospecific polypropylene catalyst has been 

the subject of Chapter 3 and numerous other studies. 1
-
18 The molecular-level 

infonnation gained from these ex-situ studies has led to the recent report of a correlation 

between different surface adsmption sites and the degree of stereospecificity in 

propylene polymerization. 19 The ability to probe the structure of a Ziegler-Natta 

catalyst in-situ can provide a significant opportunity to extend the success of these ex-

situ studies. 

Toward this end, this chapter discusses the first step in developing a technique to 

probe the structure of Ziegler-Natta catalysts in situ. UV-Raman spectroscopy has been 

applied to the study of Mg-ethoxide Ziegler-Natta supports prepared from MgC]z and 

ethanoL Characterization of these supports is important because it is known that 

chemically activating MgC]z with an electron donor such as ethanol, markedly affects 

both catalyst performance and polymer properties.20
-
24 



In this chapter UV-Raman spectroscopic studies ofMgCHCzHsOH)x adducts 

prepared over a wide composition range, x = 0.47 to 6, are reported. Structures were 

determined for the x = 2 and x = 6 adducts by XRD. 25,26 The results reported in this 

dissertation confirm the dissociation of the Mg-Cl octahedra at x 2:2. The Raman 

frequency of the 0-H stretch shifts as the C2HsOH to MgCb molar ratio is altered. A 

unique correlation between the Raman 0-H peak frequency and the MgCHC2HsOH)x 

composition is reported. This correlation is used as an in situ tool to monitor the 

dealcoholation of an industrial Mg-ethoxide support sample. The origin of a vibrational 

spectroscopic feature unique to the x = 6 adduct is discussed. 

Section 4.2 Experimental 

A series ofMgCHC2HsOH)x adducts with 0 < x :S 6 were synthesized at Basell 

"G. Natta" Research Center in Ferrara, Italy. The samples were synthesized by addition 

of pure ethanol (Ethanol99.8% purchased from Carlo Erba) to crystalline a-MgCb 

(purchased from Cezus and sieved to select crystals between 700 and 1000 ? m, XRD 

pattern in Figure 4.1) in precise different stoichiometric amounts which resulted in a 

swollen white material. The material, independent of composition, was heated to 180 

°C at a rate of 5 °C/min, followed by a slow cooling to room temperature at a rate of 0.5 

°C/min. After the thermal treatment the samples were reduced to powder by manual 

milling for 5 minutes into an agate mill in order to obtain a fine powder suitable to be 

loaded into fused silica capillaries. This entire procedure was performed in an inert, dry 

atmosphere. The error in determining the molar composition of the synthesized·systems 

is estimated to be within± 3% based on thermogravimetric analysisP The samples 
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were determined to be crystalline by differential scanning calorimetry. 27 The XRD 

pattern for the sample with x = 6 is compared to a reference spectrum in Figure 4.2. 

The X-ray Powder Diffraction (XRD) spectra of the synthesized samples were 

obtained with a Phylips Powder Diffractometer PW 1710. The Cu-K? 1 radiation (A.= 

0.154 nm) was employed and an instrumenta128 step ofO.( every 6 seconds from 5" to 

60" was selected During the XRD measurement the samples were maintained in a N2 

atmosphere in a well sealed polyethylene bag that was kept out of the focal plane. The 

absolute diffraction line positions were determined relative to the diffraction lines of 

silicon powder that was added to the sample as internal position line reference. 

Figure 4.3 is an overview of the UV-Raman spectroscopy experimental setup. 

The excitation source is the 244 nm output of a Lexel SHG, an intracavity doubled, 

continuous wave Ar+ laser. The 244 nm beam is focused at 45° to the sample normal by 

a 2 em focal length spherical lens. The Raman scattered light is collected by a 50 mm 

diameter fl2 fused silica lens; this corresponds to a solid angle of collection of 0.20 sr. 

The collected scattered light is focused on the entrance slit of a fl3. 7 Triplemate triple 

spectrometer by a 160 mm focal length lens. The filter stage of the Triplemate contains 

two 2400 grimm diffiaction gratings for efficient rejection of stray reflections and the 

intense Rayleigh scattered light A 2400 grimm diffraction grating is used in the 

dispersion stage. The spectrum is collected on a back thinned, UV -enhanced liquid

nitrogen-cooled 1340 x 100 pixel CCD detector. The quantum efficiency of the CCD 

array at 244 nm is approximately 33%. The spectral resolution is -24 cm- 1
• 

Spectra obtained between 0 and 1500 cm- 1 were calibrated using the well-known 

Raman shifts of cyclohexane.28 Spectra obtained between 3200 and 3620 cm-1 were 
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calibrated using the 0-H peak frequencies of gibbsite?9 This calibration was 

extrapolated for use in a region spanning from 2800 to 3700 cm-1
. 

The spectrometer response function was assumed to be constant and no attempt 

was made to correct the spectra. The absolute signal intensity did vary between 

samples due to slight differences in the focus of the incident laser on the fused silica 

capillary tubes. To facilitate comparison of peak intensities between spectra, one peak 

in a given spectral region for each sample was chosen as an internal intensity standard. 

The v(CCO)s peak of ethanol at -885 cm- 1 was used for the spectra between 0 and 1500 

cm-1
• The v(CH2)as peak of ethanol at -2938 cm-1 was used for the spectra between 

2800 and 3700 cm-1
• 

Sample integrity under the UV laser beam was investigated. Without thermal or 

photochemical damage induced by the laser beam, the Raman intensity would increase 

proportionally with the incident laser power. Raman spectra of the adducts were 

obtained at 2, 4, 8, 12, and 16 mW. Signal intensity increased linearly with laser power 

between 2 and 12 · m W arid all spectra reported here were obtained within this power 

range. Another indication of sample integrity is the absence of any peak -1630 cm-1 

that is indicative oflaser induced coke formation from the ethanol. 30
•
31 

Section 4.3 Results and Discussion 

Section 4.3.1 Characterization of Model Mg-ethoxide Ziegler-Natta 

Support Materials Crystalline MgCh belongs to the rhombohedral space group, D.3d, 

and has a layered structure. The magnesiUm atoms are in a distorted octahedral 

configuration coordinated to six chlorine atoms. The octahedra are joined through 
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chlorine bridges. The Raman mode at 242 cm-1 has been assigned to the A18 breathing 

of the octahedra in the lattice.32 

Figure 4.4 shows the Raman spectra of powdered MgCh, a series of 

MgCb(CzHsOH)x adducts, and liquid ethanol from 100 to 1600 cm-1
• Features below 

200 cm- 1 in the MgCHCzHsOH)x adduct spectra are due to the fused silica capillary 

tubes. The A1g mode ofMgCh at 240 cm- 1 is observed for the x = 1.67 adduct which 

indicates the octahedral arrangement of chlorine atoms is maintained at this 

stoichiometry. This mode is no longer present for the x = 2.05 adduct, indicating a loss 

of the D.ld symmetry ofMgCh. This result is consistent with the MgCh(C2HsOH)z 

structure proposed by Di Noto et al. based on their x-ray diffiaction results on powdered 

polycrystalline sarnples.25 They reported a structure where ethanol has disrupted the 

DJd symmetry of solid MgCh through displacement of two chlorine atoms by oxygen 

atoms of two ethanol molecules. The Mg atoms are connected through two chlorine 

bridges creating a chain of repeating MgCh(CzHsOH)z units. 

For x;::: 3.35, a peak at 683 cm- 1 is observed which is not round in liquid ethanol. 

As shown in Figure 4.5, the intensity of this mode relative to the ethanol v(CCO)s peak 

at -875 cm- 1 increases with the ethanol loading and is most intense for x = 6. The 

structure ofMgCb(CzHsOH)6 has been solved by G. Valle et al.26 The structure 

consists of Mg atoms octahedrally coordinated to six ethanol oxygens. The normal 

modes for the octahedral point group, Oh, are shown in Figure 4.6. The Raman active 

modes are A1 8, Eg, and Tz8. Previous IR studies show no peak around 683 cm-1
.
25 This 

peak is most likely due to the A18 mode (Figure 4.7) since it contains inversion 

symmetry and would not be simultaneously IR active. A review of the literature shows 
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a range of frequencies for Mg-0 stretches that supports this assignment. Magnesiwn 

oxide and magnesiwn hydroxide Mg-0 stretches are found at 785 and 750 cm-1
, 

respectively_ 33
•
34 An ab initio calculation for a Mi+02- superperoxide complex predicts 

a Mg-0 stretch at 679 cm- 1
.
35 In their HREELS study of the interaction ofmagnesiwn 

with tris(8-hydroxy-quinoline) aluminwn, P. He et al. proposed that their observed peak 

at 653 cm-1 was due to a Mg-0 stretch.36 The closest analogue to the x = 6 adduc! that 

is commercially available is Mg(OC2Hs)2. A UV-Raman spectrwn of this compound is 

shown in Figure 4.8 along with a spectrwn for C2HsOH and MgC)z(C2HsOH)6. There is 

a small peak at -600 cm- 1 in the Mg(OC2Hs)2 spectrum that could be due to a Mg-0 

stretch. Given the difference in the coordination and symmetry around Mi+, the 

frequency shift and intensity decrease is not unreasonable. The validity of this 

assignment could be improved by determining the depolarization ratio of the peak for a 

single crystal. Assuming the spectral assignment to be correct, the increase in relative 

intensity of this new peak indicates that the octahedral arrangement of the six ethanol 

molecules begins to form below the stoichiometric value of x = 6. 

In Figure 4.9, the spectra ofliquid ethanol and the MgC)z(C2HsOH)x adducts in 

the C-Hand 0-H stretching region are shown. The peaks in the 3230-3480 cm-1 range 

are due to the 0-H stretch of ethanol. The frequency of the 0-H stretch is effected 

strongly by the molar ratio of ethanol to MgCh whereas the C-H stretches are not. The 

0-H stretch for the x = 0.47 adduct is well defined and centered at 3480 cm- 1
• For x > 

1, the 0-H stretch broadens and shifts to frequencies at or below the observed peak for 

liquid ethaml where strong hydrogen bonding is known to occur.37
-
39 In the gas phase, 

the 0-H stretch of ethanol is not effected by hydrogen bonding and two peaks are 
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obsetved at 3660 and 3677 cm-1 which can be assigned to the gauche and trans isomers, 

respectively.40·41 The 0-H Raman shifts for adducts with x < 1 fall between those of 

liquid and gas phase ethanol and indicate the 0-H groups are involved in weak 

hydrogen bonds. For x > 1, the obsetved 0-H Raman shift falls below that of liquid 

ethanol and therefore hydrogen bonding between ethanol molecules does not account 

for the obsetved shift. The 0-H stretch for the MgCHC2HsOH)6 adduct is obsetved at 

3233 cm-1. The structure proposed for this adduct indicates that the hydrogen of each 

alcohol group forms a hydrogen bond with a chlorine atom and each chlorine atom 

I 
contributes to the formation of three hydrogen bonds.26 Low temperature Raman 

studies of concentrated ethanol-LiCl solid solutions have shown 0-H Raman shifts as 

low as 3285 cm-1, lower than that of liquid ethanol. 42 Therefore, hydrogen bonding 

with a chloride ion is a plausible explanation for the obsetved peak shift and is 

consistent with the structure analysis of the MgCHC2HsOH)6 adduct. 

In Figure 4.10 the 0-H stretch peak frequency is plotted as a function of the 

ethanol to MgC~ ratio, x. As mentioned previously, the Mg atoms are connected 

through two chlorine bridges creating a chain of repeating MgCHC2HsOH)2 units for 

the x = 2 adduct. Below the stoichiometric value of x = 2, the 0-H stretching frequency 

is greater than that of the x = 2 adduct which indicates a similar structure, but with 

fewer neighboring MgCHC2HsOH)2 units. 

As x increases beyond 2, the chlorine bridges are broken as more ethanol is 

incorporated into the Mi+ coordination sphere. The ethanol hydroxy groups become 

involved in more hydrogen bonds with the resultant chlorine anions as obsetved in the 

continuous decrease in the 0-H frequency. 
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Section 4.3.2 In situ Monitoring of an Industrial Mg-ethoxide Ziegler-Natta 

Support Material During Delalcoholation As mentioned in the introduction of this 

chapter, the chemical activation ofMgC~ with ethanol to form the Mg-ethoxide 

supports markedly affect both the catalyst performance and polymer properties. These 

effects can be tailored by carefully controlling the dealcoholation of the Mg-ethoxide 

support. 

In the previous section, UV-Raman spectra were acquired during long 

acquisitions at low laser power with the adduct stationary relative to the laser beam. To 

follow spectral changes with time during a dealcoholation, it was necessary to increase 

the laser power to shorten acquisition time. To ensure that the incident UV laser was 

not responsible for any observed spectral changes, data were obtained in both the 

fluidized and pack bed UV-Raman reactors at room temperature for an industrial 

Ziegler-Natta support sample. The spectra acquired in the packed bed UV-Raman 

reactor are shown in Figure 4.8. After the first 3 minute acquisition, the 0-H peak had 

already broadened A subsequent 5 minute acquisition indicated a significant loss of 

ethanol from the focal volume of the laser. In Figure 4.9, the first and second 10 minute 

acquisition in the fluidized bed UV-Raman reactor were identical. The 0-H peak did 

not broaden. 

The spectra for the dealcoholation were acquired in the fluidized bed UV

Raman reactor. An industrial Ziegler-Natta support with 42 wt<>lo ethanol was heated at 

50°C in a stream ofhelium. A Raman spectrum from 2400 to 3700 cm-1 was acquired 

every 10 minutes. The spectra were analyzed to determine the frequency of the 0-H 

peaks and the intensity of those peaks relative to the v(CH)as peak at 2938 cm-1
• The 
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results of that analysis are shown in Figures 4.l3a and 4.14a where the Raman Shift and 

the relative intensities are plotted as a function of time. The correlation of 0-H peak 

frequency with ethanol content, x, developed in the previous section was used to create 

Figures 4.13b and 4.14b; 

After 10 minutes ofheating at 50°C, two 0-H peaks are observed that 

correspond to x = 3.5 and 1.0. As the dealcoholation continued, the x = 1.0 peak shifted 

to higher frequency corresponding to a structure with less ethanol per Mg center. The 

relative intensity of this peak increased with time. The shift of the x = 3.5 peak was 

small, but scattered. The relative intensity of this peak, however, decreased and 

eventually vanished with time. Thus, the most strongly bound ethanol was found in an 

x = 0.5 structure. 

Section 4.4 Conclusions 

UV-Raman spectroscopy has been successfully applied to study the interactions 

between MgC)z and C2HsOH that produce support precursors for Ziegler-Natta 

polymerization catalysts. For MgCHC2HsOH)x adducts with x :::::_ 2, the 242 cm- 1 peak 

ofMgC)z disappears, indicating the destruction of the D.1d symmetry ofMgC)z. For x?: 

3.35, a new peak at 683 cm-1 begins to appear. The intensity of the peak increases. with 

the amount of ethanol in the adduct This peak is attributed to the totally symmetric 

breathing ofMg-0 octahedra characteristic of the MgC)z(C2HsOH)6 structure. Its 

presence below x = 6 suggests the Mg-0 octahedral structure may be 

thermodynamically mvored over structures with a random number distribution of 

ethanol molecules. In addition, the position of the 0-H stretch shifts from 3480 to 3230 
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cm-1 as x increases from 0 to 6 relative to MgC)z. The correlation between 0-H peak 

shift and the CzH50H to MgC)z molar ratio, x, can be utilized as an in situ monitoring 

tool. The in situ monitoring of the dealcoholation of an industrial Mg-ethoxide support 

material indicated that the most strongly bound ethanol was foWld in the x = 0.5 

structure. The tailoring of the catalyst performance with different dealcoholation 

conditions could be due to creating a support with different ratios of strongly and 

weakly bound ethanol before uptake ofTiC4. 
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B 

Figure 4.3 Experimental UV-Raman setup. The 244 nm laser beam is 
focused on a fused silica capillary tube at -45° by a 2 em focal 
length sphericallense (A). The light scattered normal to the 
sample is collected and focused on the entrance slit of the 
Triplemate Spectrometer (B). The filtered and dispersed light is 
collected with a back-thinned, UV-enhanced CCD detector cooled 
by a liquid nitrogen resevoir (C). 
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Figure 4.4 UV-Raman spectra of powdered MgCI2, MgCI2(C2H50H)x adducts, 
and liquid ethanol. The liquid ethanol peaks assignments are 
shown?9 The MgCI2 peak at 242 cm-1 is due to a symmetric 
breathing mode of Mg-CI octahedra. The intensity of the v(CCO)s 
peak at -885 cm-1 has been used as an internal intensity 
standard. 
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Figure 4.5 Intensity of Mg-0 octahedral stretch at 683 cm-1 relative to the 
v(CCO)s peak at 885 cm-1 for the MgCI2{C2HsOH)x adducts shown 
as a function of ethanol to MgCI2 molar ratio, x. 
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Figure 4.8 
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Identification of 683 cm-1 peak. UV-Raman spectra of C2H50H, 
MgCb(C2HsOH)5, and Mg(OC2Hs)2. The small peak at -600 cm-1 

could be due to Mg-0 stretch in the Mg(OC2H5)2 spectrum. 
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Figure 4.9 UV-Raman spectra of powdered MgCI2(C2H50H)x adducts and 
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C-H stretchin~ modes of ethanol. The broad peaks between 3100 
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ChapterS 

Structural Characterization of Silica 
Supported CoMo Catalysts by UV Raman, 
XPS and X-ray Diffraction Techniques 

Section 5.1 Introduction 

CoMo catalysts supported on silica or alumina are commonly used as 

hydrodesulfurization (liDS) catalysts in the petrolewn refining industries.1 These 

systems have been extensively characterized by various techniques in both oxidized and 

sulfided states but contradictory conclusions have sometimes been drawn about the 

reciprocal effect of Mo and Co.1 However, general agreement exists on the importance 

ofthe CoMoS species of''type II'' which consist of small MoS2 particles with Co 

promoter atoms located at the edges ofMoS2 slabs.2·3 The promoting effect of Co is 

attributed to its electron donor capability causing reduction of the Mo oxidation state.4 

The liDS activity of the supported catalysts depends significantly on the types of 

support material. The support material effects the structure of the oxide precursors 

formed during the calcination step.5
•
6 Indeed important correlations between catalytic 

activity and precursor oxides are found. Generally speaking, supports interacting 

strongly with the supported elements induce higher dispersion of the supported 

molybdena phase which is reflected in higher activity of the sulfided catalysts.7 

However interactions that are too strong may inhibit the subsequent formation of the 

MoS2 phase, as in the case of alumina supported catalysts which are harder to sulfide 



than silica supported ones. Conversely, the complete absence of interaction with the 

support, as in silica supported catalysts, favors sintering of the precursor oxide species 

with a subsequent decrease in activity. Therefore, to achieve an optimally active and 

stable catalyst, a compromise between the two support interactions is important 

Various methods to control the interaction between supports and active species have 

been tried including changes of the preparation conditions, addition of complexing 

agents such as nitrilotriacetic acid (NTA)8 or ethylenediamine9 or doping the supports 

with different types of additives.3· 1 0
• 
11 A recent investigation of sodium doped CoMo 

catalysts has revealed a dependence of the sodium effect on the type of support; an 

increase of the liDS activity with sodium was observed for the aluminosilicate support, 

in contrast to a decrease of activity observed at any Na loading on silica support. 12·13 

The positive effect of sodium in the aluminosilicate case was attributed to the formation 

of f3-CoMo04 species driven by sodium. This mixed oxide is characterized by 

tetrahedral coordination of Mo and octahedral coordination of Co and is considered a 

precursor to the active CoMoS species of type II having the same structural features.9 

On the contrary, based on X-ray diffiaction results and on physisorption methods, the 

decrease of the catalytic activity in the sodium doped silica ~upported catalysts12·13 was 

attributed to morphological effects, such as surface area and pore size distribution 

variation. The extent of the effect depended on the catalyst preparation. To further 

investigate the nature of the adsorbed species (e.g. isolated Mo04 
2-, mixed oxide and 

polyanions such as M07024 6. ) and the effect of sodium from the structural and 

electronic point of view, an X-ray photoelectron spectroscopy (XPS) and UV-Raman 

spectroscopy study of CoMo catalysts, supported on differently sodium doped silica, 
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was undertaken and is here described. Correlations between structure and activity are 

also discussed. 

Section 5.2 Experimental 

Section 5.2.1 Catalyst preparation. All catalysts were prepared starting with 

commercially available sodium free silica (Aldrich Chemical Company; surface area of 

546 m2/g; pore sizesl0-50 A; PZC = 3.8). For the sodium doped samples, the silica was 

impregnated with a solution of sodium nitrate of different concentrations, dried at 343 K 

for 2 h and then calcined at 773 K in air. Samples doped with sodium are labelled as 

lNa, 2Na, 3Na, and 4Na where the numbers represent the wfl/o of sodium in the 

support. These supports were then loaded with molybdenum (at% Mo = 1.4) and 

cobalt (at% Co= 0.6) following two different procedures. 

One series was prepared by incipient wetness impregnation, involving a first 

impregnation with an aqueous solution of(NH4)6MOt7024·4H20. Ammonia was ad4ed 

in order to shift the polymolibdate H monomolybdate equilibrium. 14 The samples were 

dried for 2 hat 343 K and overnight calcined at 773 K in air. The second impregnation . 

was with an aqueous solution ofCo(N03)2·6 H20 followed by the same drying step as 

before. Samples prepared in this manner are labelled with WI. 

A second set of catalysts was prepared by co-impre~tion of the two metal salt 

solutions in the presence of the tridentate nitriloaeetic acid (NTA);8
•
12 The solid 

samples were dried at 343 K for 24 h. Unlike the first series, calcination in air was 

omitted Samples prepared by this technique are labelled with NT A. 
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Reference samples, Mo03, Co304, and CoMo04 for XPS measurements, were 

prepared from ammonium heptamolybdate and from cobalt nitrate precursors according 

to the literature.14 Their crystallinity was checked by X-ray diffraction (JCPDS Powder 

diffraction Files no. 35-0609,42-1467,21-868 respectively.)15 

Section 5.2.2 X-ray diffraction (XRD). X-ray diffraction measurements for 

structure determination were carried out with a Philips vertical goniometer using Ni

filtered Cu Ka. radiation. A proportional counter and 0.05° step sizes in 28 were used. 

The assignments of the various crystalline phases were based on the JPDS powder 

diffraction file cards. 15 

Section 5.2.3 BET Analysis. The microstructural characterization was 

performed with a Carlo Erba Sorptomat 1900 instrument. The surface area of the 

samples were obtained through the BET method using nitrogen as the probe. By 

analysis of the desorption curve, using the Dollimore and Heal calculation method, the 

pore size volume distribution was also obtained. 16 

Section 5.2.4 X-Ray Photoelectron Spectroscopy (XPS). XPS measurements 

were taken on a Perkin-Elmer PHI 5300 XPS spectrometer equipped with a 

hemispherical energy analyzer and a dual Mg/ Al anode. The spectra were obtained 

using the norrmonochromated Al Ka. source (1486.6 eV). For the individual peak 

energy regions, a pass energy of 20 e V set across the hemispheres was used. Survey 

spectra were measured at 50 eV pass energy. The sample powders were analysed as 

pellets, mounted on a double-sided adhesive tape. The pressure in the analysis chamber 

was in the range of 10-8 Torr during data collection. The constant charging of the 

samples was removed by referencing all the energies to the C 1s set at 285.1 eV, arising 

99 



from the adventitious carbon. The invariance of the peak shapes and widths at the 

beginning and at the end of the analyses ensured absence of differential charging. 

Analysis of the peaks were based on non-linear least square fitting program using 

properly weighted sum of Lorentzian and Gaussian component curves after background 

subtraction according to Shirley and Sherwood.17
' 
18 Constraints on the intensity ratios 

of the two Mo 3d and Co 2p doublet components were used in accord with the spin 

orbit coupling processes. Atomic concentration were calculated from peak intensity as 

described in Chapter 2. The binding energy (BE) values are quoted with a precision of 

± 0.15 eV. Contact of the samples with air was minimised during sample loading. In 

order to check for possible radiation damage, spectra of the Mo 3d and Co 2p regions 

were acquired as the first and last regions. No differences were observed. 

Section 5.2.5 UV- Raman Spectroscopy. In order to eliminate interference 

from photodecomposition and thermal degradation, the fluidized bed (FB) reactor has 

been used. 19 In this type of set up the powder sample is placed on top of a fritted disc. 

Helium gas, flowing through the sample, produced vertical lift. Stable fluidization was 

achieved by adding an electric shaker. 

Figure 5.1 is an overview of the UV-Raman spectroscopy experimental set up. 

The excitation source is the 244 nm output of a Lexel SHG, an intracavity doubled, 

continuous wave Ar + laser. The 244 nm beam is focused at 45° to the sample normal 

by a 2 em focal length spherical lens. The Raman scattered light is collected by a 50 

mm diameter f/2 fused silica lens; this corresponds to a solid angle of collection of 0.20 

sr. The collected scattered light is focused on the entrance slit of a f73.7 Triplemate 

triple spectrometer by a 160 mm focal length lens. The filter stage of the Triplemate 
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contains two 2400 grimm diffraction gratings for efficient rejection of stray reflections 

and the intense Rayleigh scattered light A 2400 grimm diffraction grating is used in the 

dispersion stage. The spectrum is collected on a back thinned, UV-enhanced liquid

nitrogen-cooled 1340 x 100 pixel CCD detector. The quantwn efficiency of the CCD 

array at 244 run is approximately 33%. The spectral resolution is -24 cm·1
• Spectra 

obtained between 700 and 1500 cm· 1 were calibrated using the well-known Raman 

shifts of cyclohexane.2° The spectrometer response function was assumed to be 

constant and no attempt was made to correct the spectra. The absolute signal intensity 

did vary between samples due to slight differences in the focus of the incident laser on 

the fused silica capillary tubes. To facilitate qualitative comparison of peak intensities 

between spectra, one peak in a given spectral region for each sample was chosen as 

internal intensity standard 

Sample integrity under the UV laser beam was investigated If the laser beam 

were inducing thermal or photochemical damage, the Raman intensity would not 

increase proportionally with the incident laser power. Under stationary conditions, 

sample degradation was already observed at 9 mW, especially for the NTA series, 

whereas under fluidized bed conditions, Raman spectra recorded at 2, 9, 18 and 36 mW 

exhibited signal intensity which increased linearly with laser power. All spectra 

reported here were obtained at 36 mW. 

Section 5.3 Results 

Section 5.3.1 BET and PZC. Table 5.1 summarizes the surface areas obtained 

from BET analysis for the catalyst samples. The meaning of the catalyst sample names 
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is described in section 5 .2.1. The decrease of the surface area of the supports is related 

to the amount of the added sodium. 21 Consecutive calcinations can also reduce the 

surface area. 

The point of zero charge (PZC) of the silica support as a function of the amount 

of added sodium was determined by mass titration. 22 The PZC is determined by 

monitoring the pH as more of the solid sample is added to solution. The steady-state 

pH value is the PZC. The PZC values and the surface areas relative to pure silica and to 

the sodium doped supports are reported in Table 5.2. Addition of sodium to the silica 

support induces an increase of the PZC. At around 2 atomic % of sodium, the pH 

(PZC) > 9 is reached, corresponding to the dissolution of silica.Z3 

Section 5.3.2 XRD Results. X-ray diffiaction patterns of the sodium free 

samples prepared by the NT A procedure, exhibit the broad band typical of amorphous 

silica (data not shown).12· 13 In agreement with previous observations, addition of 

sodium to silica, followed by calcination at 773 K, induces the transformation from 

amorphous to cristobalite.Z1 For the WI series in Figure 5.2, diffiaction lines attributed 

to J3-CoMo04 are present.12 Moreover, diffiaction lines, from N3:2.Mo04 phase, are 

observed in the case of samples with Na loading above 2. 7 at %. 

Section 5.3.3 UV-Raman Results. In Figure 5.3 the Raman spectra of the WI 

series with varying sodium content are displayed. In the SilWI sample (Figure 5.3a) a 

broad peak centered at 970 cm-1 with a shoulder at 944 cm-1 is detected. The peak at 

944 cm-1 is attributed to M070246- (Mo=O Raman band at 946-951 cm-1 ).24 The peak at 

970 cm-1 is attributed to large polymolybdate clusters such as Mos026 4- (Mo=O Raman 

band at 958-960 cm-1.24·25 Formation ofMo03, especially after calcination at high 
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temperature, characterized by peaks in the range of 990 - 1000 cm- 1 can also be 

postulated due to the weak interaction between Mo(VI) and SiO 2_ 
24

•
26

-
28 Some 

contribution from Mo-O-Co stretching vibrations in CoMo04 species are also observed 

in the region at 930 cm- 1 and 870 cm-1
• 
29 

In the presence of 1% wt of sodium ions the spectnun changes (Figure 5.3b ). 

The intensity of the peak at 970 cni1 decreases, while a broad band at 916 cm-1 appears. 

Moreover, small features at 840 cni 1, 892 cm- 1 and 807 cm· 1 are distinguished The 

band at around 840 cm- 1 can be associated with the Mo-0-Mo asymmetric stretching 

mode of the octahedral molybdate species. The peaks at 892 and 807 cm-1 are attributed 

to the stretching modes ofMo=O bond of the tedrahedral molybdate species due to the 

formation of sodium molybdate.24 The peak at 916 cm- 1 can be attributed to the Mo=O 
' 

.stretching mode ofMo04
2

- species with distorted tetrahedral symmetry.30 Indeed, this 

distortion will lead to a rehybridization and strengthening of terminal Mo=O bonds and 

consequently to a shift of the Mo=O stretching frequency to higher wavenumbers with 

respect to the undistorted symmetry. 27 

The spectnun of the sample doped with 4 % wt of sodium exhibits two sharp 

peaks at 807 cm-1 and 892 cm-1 typical ofNCl2Mo04• A strong peak at 1060 cm- 1 is 

observed due to nitrate residue from the sodium precursor which is still present in the 

samples. The polymeric molybdate species have totally disappeared and the 

coordination of Mo has changed from octahedral, as in the polymolybdates, to 

tetrahedral, as in the sodium monomolybdate. 

In Figure 5.4 the Raman spectra of the NTA series as a fimction of the sodium 

content are shown. Ill this case, the spectra are quite similar to each other, suggesting 
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that the surface oxide species are not influenced much by the presence of differing 

amounts of sodium. Unlike the WI samples, the region of 990-1000 cm-1 does not 

contain any features due to Mo03 species. The samples with no sodium and with 1% 

wt sodium exhibit a broad band centred at 915 cm- 1 with shoulders at ca. 960, 930, 890 

and 860 cm-1. The broadness of the signal and its positions indicates a mixture of 

several Mo species with different symmetries. The peak at 915 cm-1 may arise from 

[Mo03(NTA)] 3-complex anchored to the silica surface and from Mo04
2- with distorted 

tetrahedral symmetry. 26 Contribution from heptamolydbate (peaks at 93 7 cm-1 and 886 

cm-1 )31 , CoMo04 (930 cm- 1 
), smaller Mo units like Mazol- (932 cm-1 i 4 and Mool

(892 cm- 1 and 803 cm-1i 4 are also present in the large envelope. With an increasing 

amount of sodium the main band shifts to 905 cm-1, as observed in the spectra of the 

samples containing 3 and 4 % wt of sodium. The shift can be attributed to the increase 

of the monomeric Mo species relative to the [Mo03(NTA)] 3-ligand complex 

component and to a decrease of the surface concentration of the polymolybdate species. 

The peaks at 1060 cm- 1 and 1044 cm- 1 are again due to nitrate ions from sodium and 

cobalt precursors respectively. 

Section 5.3.4 XPS Results. The Mo 3d stz, Co 2p 3/2,0 Is and Si 2p binding 

energies of the model compounds are listed in Table 5.3. The values are in agreement, 

within experimental errors, with literature work.14•32 The Co 2P3/2 of the mixed oxide 

Co304 could be fitted with two peaks, one at low energy corresponding Co2
+ species 

and the other at higher value corresponding to a Co3+ oxidation state. Typically, the Co 

2p spectra of oxidized cobalt species are characterized by shake-up satellite structures at 

6 eV on the high energy side of the main Co 2P3t2 and Co 2PI/2 peaks. The intensity of 
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the satellites is also related to the chemical environment, being much stronger in the 

mixed CoMo04 oxide as compared to the Co30 4 .
14 

The experimental XPS spectra of the Mo 3d level for the various catalysts 

prepared by classic wet impregnation (WI) of the differently sodium doped supports are 

shown in Figure 5.5. The two spin- orbit components, 3dst2 and 3d3t2, are present. The 

energy separation between the two states is constant and fixed at 3.1 eV along with the 

relative intensity ratio (3dst2 to 3d3t2) of 1.5 in the peak fitting routine. As soown in 

Figure 5.5 the resolution of the Mo 3d spectra improves upon addition of sodium to the 

silica support. The principal binding energies and the corresponding full width at half 

maximum (FWHM) for the WI samples are listed in Table 5.4. For comparison, 

samples with no Co are also reported. The binding energy of Mo 3d s12, typical of Mo 

(VI)33, ranges from 233.2 eV for the sodium free and the low sodium content samples, 

to 231.8 e V for the more highly sodium loaded catalysts. At the same time a decrease 

of the FWHM with sodium is also observed. This is observed for the samples without 

cobalt as well. The constant line widths of the Si 2p and 0 1 s excludes the possibility 

of any charging effects to account for the origin of Mo 3d FWHM variation. The values 

of the sodium free samples are quite close to the value of the unsupported Mo03, in 

accordance with a rather weak or absent electronic interaction with the support.33 

The Si 2p binding energy of the samples are close to 103.5 eV found for pure 

silica. No trend can be envisioned for the Na Is binding energy as the sodium doping is 

increased Comparison of the XPS derived Na atomic concentration of the CoMo 

samples with Mo samples, indicates that repeated calcinations induce sodium 

segregation to the surface. 
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In Figure 5.6 the Co 2p spectra of two selected samples, SilWi and 4NaSilWI, 

are shown. The Co 2p peaks do not shift with increasing sodium doping. The increase 

of the Co 2p I Si 2p intensity ratio with increasing sodium could arise from an increase 

of the cobalt dispersion, as already observed in alumina supported cobalt 29 

The binding energies and the intensity ratios of the NT A prepared samples, 

listed in Table 5.5, are rather unchanged by the increase of sodium in the support The 

organic ligand, NT A, makes the exact determination of the position of the referencing C 

ls more difficult. As a consequence, variations of the values are attributed to 

experimental error. The absence of a support effect on the binding energy values of the 

supported elements would agree with the supposed role of the organic ligand which 

tends to decrease the interaction with the support. 8 

Section 5.4 Discussion 

Section 5.4.1 WI Samples. The UV Raman spectroscopy, along with the XPS 

results, has clearly indicated that in the CoMo catalyst supported on pure silica prepared 

by classic wet impregnation, a mixture of polymolybdate oxides are formed. The 

assignment of the various peaks agrees with the presence of large clusters, like 

. Mo1024 6- , Mos0z6 4- and also Mo03. The presence of sodium in the silica transforms 

the original polymolybdate surface phases into monomeric N~Mo04, leading to the 

change from octahedral coordination of Mo (VI) to tetrahedral coordination. 34 

This shift from polymeric to monomeric molybdate structures can be accounted 

for by examining the effect of pH of the solution and the support surface during the 

catalyst preparation steps. Oxymolybdenic species in aqueous solution are in 
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equilibrium between (Mo04) 2- and (MoxOyt-, depending upon pH, temperature and 

concentration of the solution. The pH of 8 for the precursor impregnating solution 

would favour formation of monomeric Mo units according to the following equilibrium: 

(5.1) 

However, since pure silica is characterized by an acidic PZC, one can assume that the 

monomeric units forming in solution can easily polymerize at the solid surface. The 

addition of sodium by impregnation followed by high temperature calcination induces a 

decrease of the silica surface acidity (as shown in Table 5.1) with a subsequent shifting 

of the equilibrium to the right iri (5.1). Similar Raman results were obtained for 

alumina supported Mo catalysts in which the depolymerization of polymolibdate 

species was promoted by increasing K+ content. 31 

The Mo 3d and Co 2p binding energies indicate a very weak interaction between 

supported Mo (VI) and Co (II) with the pure silica support. As the sodium content 

increases, the FWHM and BE of the Mo 3d peaks decrease. The decrease in binding 

energy can be attributed to an electron donor effect by sodium. 28 The larger FWHM of 

the SilWI sample is attributed to a mixture of polymeric oxymolybdates and to a lesser 

extent, a possible Mo (V) species caused by the reducing action ofNH3 formed by the 

decomposition of the ammonium salt. 34 The decrease in the FWHM with increasing 

sodium content agrees with the Raman results that indicate a shift from a mixture of 

polymolybdates towards a monomolybdate species. 

The Raman spectra and the XPS results are not conclusive about the chemical 

state of cobalt. The XPS intensity ratio of the main Co2p3/2 peak over the shake-up 

satellite, suggests that Co(II) species are formed preferentially to Co304. Only in the 
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Raman spectra of the sodium free sample are features related to CoMo04 surface 

species present. In the presence of sodium, Na2Mo04 particles are formed in place of 

CoMo04. The decrease ofHDS catalytic activity with increasing sodium doping of the 

WI catalysts can be attributed to the absence of CoMo04 surface species which are 

considered a precursor for the active CoMoS entity. 12 

Section 5.4.2 NT A Samples. XPS and UV-Raman spectroscopy indicate very 

little change with increased sodium doping of the NT A prepared catalysts. Raman 

spectra show the presence of vibrations from a [Mo03(NTA)] 3
- complexanchored to 

the silica surface, a Mool- species with distorted tetrahedral symmetry, and a CoMo04 

species. 26 The shift of the center of the broad peak from 915 cm- 1 to 905 cm-1 is 

attributed to an increase of the monomeric Mooi- species with respect to the 

[Mo03(NTA)f complex and to the CoMo04 species. XPS spectra of the samples with 

and without sodium are similar and are in agreement with the Raman results. Any 

effect the sodium could have on the binding energy of Mo 3d and Co 2p is modulated 

by the presence of the organic ligand which is known to shield the Mo and Co from the 

increased electron density from the sodium. 

The decrease in HDS activity with increasing sodium content for the NT A 

catalysts can therefore be accounted for by considering the structural changes induced 

by sodium. 12 The structural transformation ofthe polymolybdate into the N<12Mo04 

monomolybdate reduces the concentration of CoMo04 species with a resultant loss in 

HDS activity. 12 As expected from the literature, the activity ofthe NTA prepared 

samples is enhanced relative the WI samples. 8 
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Section 5.5 Conclusion 

This study has shown that addition of sodium to the silica support affects the 

structure and the electronic properties of the molybdenum oxides formed at the smface 

of the supported CoMo catalysts. In the samples prepared by classic wet impregnation, 

the high temperature calcinations drive the sodium ions to the smface increasing the 

PZC. The increased PZC drives the equilibrium from polymolybdate to 

monomolybdates species forming N<l2Mo04 compounds at the expense of the active 

precursor, CoMo04• The formation of sodium molybdates species, which are not good 

precursors for the active site in the HDS of thiophene may account for the decrease of 

HDS activity observed in previous studies. In the NT A prepared samples, the 

complexing action of the organic ligand, limits the structural and electronic effects of 

sodium. This shielding capability of the NT A ligand could account for the increased 

liDS activity of the NT A catalysts over the WI catalysts. 
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Catalysts S (m2/g) 

WI 450 

lNaSilWI 69 

2NaSilWI 14 

3NaSilWI 18 

4NaSilWI 13 

SilNTA 343 

lNaSilNTA 208 

3NaSilNTA 22 

4NaSilNTA n.d. 

Table 5.1 Surface areas, S, of the catalysts determined by BET nitrogen 
adsorption. 
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Supports S (m2/g) PZC(pH) at%Na 

Silica 550 3.8 0.0 

lNaSil 200 n.d 0.9 

2NaSil 22 9.6 1.8 

3NaSil 25 n.d. 2.7 

4NaSil 13 9.5 3.6 

Table 5.2 BET Surface Area (S), Point of Zero Charge (PZC), and sodium 
content in atomic percent of the pure silica and sodium doped 
silica supports. 
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Samples Mo 3dstz Co 2PJtz Ots· Si2p 

Mo03 233.2 (1.8) 531.4 (1.8) 

Co304 780.1 (1.8) 530.4 (1.5) 

781.6 (1.8) 

Co03 780.7 

CoMo04 232.6 (1.8) 781.0 (3.2) 530.5 (2.2 

(NH.)6Mo10z4 232.6 (2.2) 530.5 (1.9) 

SiOz 532.3 (2.3) 103.5 (2.4) 

a From Ref. 32 

Table 5.3 XPS binding energy (eV) data for reference compounds. The 
FWHM are given in parentheses. 
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Catalyst Mo Co 0 Si Co 2p I Si 2p Mo3d1Si2p at% 
Jds12 2P312 1s 2p Na 

SilMo 232.8 532.8 103.9 0.0 0.3 0.0 

(3.6) (2.4) (2.3) 

1NaSilMo 233.2 533.1 103.9 0.2 0.3 

(2.3) (2.4) (2.4) (0.9) 

3NaSilMo 232.2 532.7 103.7 0.0 0.2 3.0 

(1.8) (2.2) (2.4) r (2.7) 

4NaSilMo 232.3 532.8 103.6 4.2 

(1.9) (2.1) (3.6) 

SilWI 232.7 781.8 532.8 103.9 0.2 0.3 0.0 

(3.2) (3.6) (2.4) (2.3) 

1NaSilWI 232.5 532.8 103.9 0.1 0.2 0.8 

(2.3) (2.4) (2.3) (0.9) 

2NaSilWI 232.3 533.0 104.1 0.5 0.3 2.9 

(1.8) (2.3) (2.3) (1.8) 

3NaSilWI 232.2 532.8 103.4 0.7 0.5 5.7 

(1.7) (2.2) (2.3) (2.7) 

4NaSilWI 231.8 781.9 532.4 103.4 0.6 0.4 7.0 

(1.6) (3.8) (2.2) (2.2) (3.6) 

Table 5.4 XPS binding energy (eV), Co 2p I Si 2p and Mo 3d I Si 2p intensity 
ratios, and XPS derived Na atomic % for the WI catalysts. The full 
width half maximum (FWHM) and the nominal atomic% Na are 
given in parentheses. The results for the Mo catalyst (no Co 
added), SiiMo, 1 NaSiiMo and 3NaSiiMo are also listed. 

115 



Catalyst Mo Co 0 Si Co 2p I Si 2p Mo 3d I Si 2p at%Na 
Jds12 2P312 1s 2p 

SilNTA 232.6 781.5 532.8 103.8 0.2 0.2 0.0 

(3.2) (4.0) (2.4) (2.3) 

1NaSilNTA 232.9 781.7 532.9 104.1 0.2 0.2 0.6 

(2.9) (4.2) (2.4) (2.2) 

3NaSilNTA 232.2 779.9 532.3 103.5 0.2 0.2 3.1 

(2.9) (3.8) (2.1) (2.1) 

4NaSilNTA 232.3 780.4 533.0 104.1 0.2 0.2 3.1 

(2.9) (4.1) ' (2.2) (2.1) 

Table 5.5 XPS binding energy (eV), Co 2p I Mo 3d and Mo 3d I Si 2p 
intensity ratios, and XPS derived Na atomic % for the NT A 
catalysts. The full widths at half maximum (FWHM) are given in 
parentheses. 
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Figure 5.1 

! . 

j· .· 

CW AI FrequencyDoubled Laser 

Experimental UV..;Raman setup. The 244 nm laser beam is 
focused on the sample at9o· by a 2 em focal length spherical 
lense (A). The light scattered normalto the sample is collected as 
focused on the entrance slit of the Triplemate Spectrometer (B). 
The filtered and dispersed light is collected with a back-thinned, 
UV-enhanced CCD detector cooled by a liquid nitrogen resevoir 
(C). 
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Figure 5.2 X-Ray Diffraction data for WI samples. The reflections labelled 
are assigned as (a) Cristobalite, (b) Sodium molybdate 
(Na2Mo04), and (c) CoMo04.15 

· 
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Figure 5.3 UV-Raman spectra of (a) SiiWI, (b) 1NaSiiWI, and (c) 3NaSiiWI. 
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Raman Shift cm-1 

Figure 5.4 UV-Raman spectra of (a) SiiNTA, (b) 1 NaSiiNTA, (c) 3NaSiiNTA, 
and (d) 4NaSiiNTA. 
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Figure 5.5 Mo 3d XPS spectra of the WI catalyst samples. 

121 



r::::: 
::::J 

.ci 
~ 

I'll -
~ ·;;; 
r::::: 
CD -r::::: 

SiiWI 

Co 2p112 

770 780 790 800 810 820 

Binding Energy (eV) 

C 2 4NaSiiWI 
0 p 3/2 

770 775 . 780 785 790 795 800 805 810 815 

Binding Energy (eV) 

Figure 5.6 Co 2p XPS spectra of selected WI catalyst samples. 
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Chapter 6 

In situ UV-Raman Spectroscopic Studies of Hydrocarbon 
Catalysis on Platinum-Alumina Catalysts 

Section 6.1 Introduction 

Many scientists in the field of catalysis have hypothesized on the ability of 

Raman spectroscopy to probe the mechanism of catalysis by monitoring reaction 

intermediates. t-s Indeed the number of publications reporting Raman spectroscopic 

studies ofheterogeneous catalysts has been growing steadily since 1975.2 A closer 

examination of the literature indicates that these studies are similar to those reported in 

Chapters 4 and 5, in which Raman spectroscopy has been widely used to study solid 

crystalline phases on the surface of heterogeneous catalysis. In situ investigations 

generally involve monitoring the evolution of these crystalline phases with changes in 

temperature and gas phase concentration. 6-
46 There have been many fewer reports of 

unenhanced Raman spectra of surface adsorbates that originated from the gas 

phase.1
•
5

•
47

-
63 These type of studies are limited due to the small signal-to-noise ratio 

resulting from the low concentration of adsorbates in the focal volume of the laser. 

There are two specialized Raman spectroscopic techniques that greatly enhance 

signal-to-noise making the detection of such adsorbates easier. One is surface enhanced 

Raman spectroscopy (SERS), but it is limited to a few specific substrates. The other is 

Resonance Raman spectroscopy that was briefly discussed in Chapter 2. The resonance 

enhancement is specific to the adsorbed molecule. To be completely general, 

Resonance Raman requires a laser tunable over a very wide frequency range. In 



addition, interpretation of resonance Raman spectra are sometimes complicated by 

competing photochemical processes. 

As one of the most significant challenges to understanding and controlling 

selectivity in heterogeneous catalysts, a more general method of detecting surface 

reaction intermediates is needed. This chapter will focus on attempts to use UV-Raman 

spectroscopy as a completely general tool to probe the adsorbate structure on industrial 

Pt-alwnina catalysts in situ. Surface hydrocarbon fragments play a key role in 

hydrocarbon conversion reactions in nearly every catalytic process in petrolewn 

refining. Surface scientists have created a wide body of literature describing the nature 

of these adsorbates on model catalysts, primarily noble metal single crystals and foils, 

but much of the knowledge of the adsorbate structure from these studies is ex situ. 64
•
65 

Section 6.2 Experimental 

Section 6.2.1 Pt I y-Ah03 Industrial Catalyst Exxon Research and 

Development Laboratory (ERDL) donated several samples of an industrial Pt-alumina 

catalyst for these experiments. The catalyst preparation technique is proprietary. 

The active metal surface area for the 5 wt<'/o catalyst was determined by H2 

chemisorption at 40°C to be 4.719 m2 I g. The metal dispersion is 38.2%. This data 

was not obtained for the 0.9 wt<'/o Pt catalyst sample. 

Prior to the experiment, the catalyst samples were calcined at 500°C in air for 12 

h. The catalyst was activated by heating at 300°C in a stream of flowing H2 in the UV

Raman reactor. 
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Section 6.2.2 Experimental Setup In these experiments, the UV-Raman 

reactors were coupled with a gas chromatograph ( GC) which was used to monitor inlet 

and outlet compositions. The inlet and outlet ports of the UV-Raman reactors are 

plumbed to the GC column through a combination of two multiposition valves. Both 

the inlet and outlet compositions can be monitored by alternating the position of those 

valves as shown in Figure la-d. 

Section 6.3 Results 

Section 6.3.1 Ethylene Hydrogenation over 5 wt% Pt /y-Ah03 Figure 6.2 

shows the UV-Raman spectrum acquired during an ethylene hydrogenation reaction at 

25°C and atmospheric pressure over a sample of the 5 wfl/o Pt I y-Ah03 catalyst 

obtained in the fluidized bed reactor. The gas contained a mixture of ethylene and 

hydrogen in a 1:1 molar ratio. The ethylene flow rate was 104.8 seem and the hydrogen 

flow rate was 6.88 seem. The turn over rate (TOR) under these conditions was 0.7 

molecules C2Ht I Pt atom I sec. The narrow peak centered at 2992 cm- 1 is attributed to 

gas phase ethylene. The very broad peak centered at 3050 cm- 1 encompasses the range 

from about 2750 to 3250 cm- 1
• This peak is most likely 1t-bonded ethylene but could be 

due to a mixture of species including ethylidyne.47
•
66 

Section 6.3.2 Cyclohexene Disproportionation over 0.9 wt% Pt I y-Alz03 

In the presence of some catalysts, cyclohexene can disproportionate into cyclohexane 

and benzene. Because of the distinct Raman spectra of these three molecules, this 

reaction seemed ideal to study. The experiment was performed in both the packed bed 

·and fluidized bed UV-Raman reactors. 
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The UV-Raman results for a cyclohexene disproportionation reaction 

experiment in the packed bed reactor at atmospheric pressure are shown in Figure 6.3. 

The catalyst was allowed to reach steady-state (i.e., constant conversion of cyclohexene 

and a constant ratio of reaction products) in a stream of He with approximately 1 Torr 

of cyclohexene at 25°C before acquiring the spectrum labeled as 1. One broad peak 

centered at 1616 cm- 1 is observed. At these conditions 24% of the cyclohexene is 

converted and three times as much cyclohexane is produced as benzene. After reaching 

steady-state at 25°C the catalyst bed was slowly heated to 125°C. Mid-way through the 

temperature ramp, another Raman spectrum was acquired and labeled as spectrum 2. 

Again, one broad peak centered at 1616 cm- 1 is observed. The intensity of this peak is 

much less than spectrum 1. The cyclohexene conversion increased as expected from the 

increase in temperature. The product distribution changed to equal proportions of 

cyclohexane and benzene. The third spectrum was obtained when the catalyst achieved 

steady-state at 125°C. The cyclohexene conversions is again higher due to the greater 

temperature. The concentration of benzene is twice that of cyclohexane. 

It is well known that Raman features around 1616 cm- 1 are due to surface 

carbonaceous species.47 When this experiment was repeated in the fluidized bed 

reactor, no Raman features were observed. Thus it is apparent that the band at 1616 

cm-1 was due to a carbonaceous species formed from the thermal degradation induced 

by the laser beam. The Raman features are localized and cannot be compared to the 

kinetic information for the packed catalyst bed 

Section 6.3.3 UV -Raman spectra of crystalline zeolites and mesoporous 

silica (MCM-41) nanoparticl catalyst samples In the results presented in Sections 
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6.3.1 and 6.3.2, no Raman features were detected due to the catalyst. No Raman 

features are expected for Pt, a fcc metal. The phonon spectra of typical catalytic 

supports are known to be weak.2 Since the y-M03 is amorphous, the phonon spectrum 

is farther weakened As a test of the capability of the UV-Raman spectroscopy system, 

four samples of crystalline zeolites were examined The UV-Raman spectra for ZSM-5, 

MOR, Zeolite A, and Zeolite Y are shown in Figure 6.4a-d. These spectra agree very 

well with the recent reports.67
-
69 

In Figure 6.5, the UV-Raman spectrum of four different samples of a noble 

metal nanoparticle catalyst supported by mesoporous silica (MCM-41) is shown. The 

noble metal nanoparticles have a very narrow distribution of sizes and shapes. The 

complete analysis of these samples is the subject of a future publication by co-workers. 

The MCM-41 is semi-crystalline. The Raman features cannot be definitely assigned at 

the time of publication of this dissertation. 

Section 6.4 Conclusions 

No Raman features were observed due to either the amorphous alumina support 

or to hydrocarbon fragments on the surface during the cyclohexene reaction 

experiments. One very broad peak from 2750 to 3250 cm-1 was observed during one 

ethylene hydrogenation experiment. The broadness of the peak indicates a wide 

distribution of ethylene fragments on the surface and no correlation between this peak 

and the reaction kinetics could be drawn. UV-Raman spectroscopy results for 

mesoporous silica (MCM-41) supported nanoparticle catalysts indicate the need for a 

crystalline support to detect Raman features for the catalyst. A crystalline or semi-
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crystalline support with unifonn metal nanoparticle sizes may induce better ordering of 

surface reaction species and may facilitate interpretation ofUV-Raman spectroscopic 

observations of adsorbed molecules. 
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Figure 6.1 UV-Raman reactor and gas chromatography configuration for (a) 
& (b) inlet gas sampling and (c) & (d) outlet gas sampling. 
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Figure 6.2 UV-Raman spectrum during ethylene hydrogenation over 5 wt% 
Pt I y-Ab03. Experiment conducted in fluidized bed UV-Raman 
reactor. 

Reaction conditions: 
1:1 Molar ration CzH4 : Hz 
Temperature= 25°C 
Fluidized bed UV-Raman reactor 

Flow rates: 
104.8 seem CzH4 
6.88 seem Hz 

Laser and spectrometer settings: 
Laser Power = 64 mW 
Acquisition time = 40 min 
S3 = 100 
S 1 = S2 = fully open 
Filter= 1050 nm 
Ac = 261 .0 nm 
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Figure 6.3 UV-Raman spectra during cyclohexene disproportionation over 
0.9 wt% Pt y-AI203. Experiment conducted in packed bed UV
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Figure 6.4 UV-Raman spectra of (a) ZSM-5, (b) MOR, (c) Zeolite A, and (d) 
Zeolite Y. Spectrometer settings are as follows: 81 = 300, 82 = 
4.5, 81 = 0.45, Filter= 993.4 nm, and Ac = 251.3. Laser power= 
40 mW accumulated for 40 minutes. 
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Figure 6.5 UV-Raman spectra of mesoporous silica (MCM-41) supported 
noble metal nanoparticle catalyst samples. 
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Chapter 7 

Summary 

UV-Raman spectroscopy has been successfully applied to studying 

heterogeneous catalysts in situ and ex situ. 1bis technique will continue to be a useful 

complement to the array of ex situ surface science techniques such as X-ray 

photoelectron spectroscopy (XPS) and temperature programmed desorption (TPD). The 

availability of continuous wave lasers with an output in the ultraviolet have eliminated 

the fluorescence interference commonly encountered with many catalytic support 

materials. 

The preponderance of the Raman spectroscopic studies in this dissertation and 

the current literature involve the changes in the crystalline phases on the catalyst surface 

due to changes in preparation methods or reaction environment. The highest 

concentration of scattering molecules in the focal volume of the laser are usually these 

crystalline phases which makes it quite easy to obtain a high signal-to-noise ratio. 

Fluidized and spinning bed reactors can be used, even in a less than optimized 

collection geometry, to minimize thermally induced laser damage while acquiring a 

Raman spectrum of these crystalline phases. 

The goal of monitoring the structure of surface adsorbates during a catalytic 

reaction has not been fully realized. 1bis is largely due to the low number of adsorbates 

in the focal volume of the laser. If adsorbates are susceptible to laser induced damage, 

it is even more difficult to measure the Raman spectrum. There are generally two 



methods to enhance the signal-to-noise ratio of adsorbate Raman spectra: Surface 

Enhanced Raman Spectroscopy (SERS) and Resonance Raman spectroscopy. SERS is 

substrate specific and Resonance Raman spectroscopy is adsorbate specific. In 

addition, photochemical damage is difficult to avoid in Resonance Raman spectroscopy. 

To use Raman spectroscopy as a generally applicable technique to study adsorbates on 

catalysts, more progress needs to be made on reactors that can minimize thermal 

damage while optimizing the scattered light collection. Ideally, a Raman excitation 

source in the IR, visible, and UV spectral regions should be available. The choice of 

excitation source could be optimized based upon the optical properties of the system of 

interest. 
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