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vice versa on the (000 I) surface. Thus when the interaction with the adsorbate requires 

participation of a lattice ion the availability of the relevant lattice ion is expected to 

differ on the different surfaces. The presence of surface hydroxyls brings an additional 

complication to the real situation. The adsorbate molecules should penetrate through the 

surface hydroxyl coating barrier in order to reach the lattice ions. Figure 2.9 shows the 

crystal structure of ZnO and hydroxylated (0001) surface of ZnO. 

2.8.2. Titanium Dioxide. 

Titanium dioxide (rutile) has widespread use in the paint and ceramic industry. 

Chemical studies have been largely carried out on high-area powders as the very utility 

of these material rests in part on the dominating interference from the surface 

compared with that of the bulk in determining their physico-chemical properties. A 

great deal of single crystal work has also been done, much of it probably motivated by 

the demands of electronic industry. The discovery in 1972 by Fujishima and Honda72 

that Ti02 could be used as a catalytic electrode in the photo-decomposition of water 

aroused a great deal of interest in the surface electronic properties of rutile and other 

transition metal oxides13• This area has been well investigated, owing to its particular 

interest in connection with solar energy conversion and attempts have been made to 

correlate the photo-chemical process at the aqueous/Ti02 interface with photo­

electronic process at the 02/Ti02 interface74- 76• 

In bulk Ti02 the Ti ions are in an octahedral environment and have a Ti+4(3dO) 

electronic configuration. The bulk band gap is about 3.05 eV at the room temperature 

and the bulk Fermi level lies in the band gap. If the structure is stoichiometric then 

rutile is an insulator. The bulk stoichiometry of rutile can be slightly changed by 
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heating to several hundred K in vacuum77. Under these conditions ° diffuses to the 

surface and is released, resulting in a small number of ° vacancies in the bulk (up to 

about 1019 electrons cm-3 at 900 K). These oxygen vacancies act as donors resl:llting in 

1Hype material. 

2.8.2.1. Stoichiometry and Surface Defects. 

TiOx (x ~ 1) is an interesting compound in several aspects24• According to this 

stoichiometry, the Ti ions would be expected to have a Ti+2 (3d2) electronic 

configuration, which is rather unusual for Ti ions. The compound possess a wide range 

of stoichiometries (0.6 :S x :s 1.28) and has the Nael structure for all compositions 

except those close to x ~ I, where it has a monoclinic structure. Over the entire 

composition range it contains a high density of lattice vacancies. For x ~ I about 15% 

of both cation and anion sites are vacant, resulting in a rather open structure. 

The nature and the distribution of defects in rutile apparently depends on the 

method of preparation78. In the presence of hydrogen, oxygen vacancies are formed in 

the lattice, and in vacuum Ti+3 interstitials are formed. The presence of hydrogen 

enhances the diffusivity of oxygen vacancies, formed at the surface, to the bulk. 

Probably this is made possible by the migration of hydrogen into the lattice to form 

surface hydroxyl groups. Due to the lower negative charge and almost equal ionic 

radius, the hydroxyl ions formed should encounter less of an energy barrier than 0-2 

ions in jumping from an occupied site to a vacancy, and this would explain the 

postulated increase in diffusivity. Ti02 samples pretreated at 873 K have a surface 

area of 9.45 m2 g-1.79 Adsorption of water on rutile takes place dissociatively. At 

room temperature there are about 9 OH groups per nm2 on a rutile surface and almost 



77 

all those hydroxyls can be eliminated from the surface by heating the surface up to 

4000 C. Surface properties of Ti02 are influenced to a great extent by the presence of 

adsorbed paramagnetic atoms, ions or molecules. Impurities and defects in the bulk also 

influence the electronic properties and Fermi levels which in turn can influence the 

surface properties8o• 

Fukuzawa and co-workers investigated photo-adsorption and photo-desorption of 

oxygen on Ti02 using Electron Spin Resonance (ESR) spectroscopy and found photo­

illumination of the surface at relatively higher oxygen pressures favors the photo­

adsorption whereas lower oxygen pressures leads to photo-desorption81 • In addition, 

defect centers in the band gap have been shown to participate in the photo-excitation 

process. Some other researchers studied the effect of pretreatment temperature on the 

ultraviolet photo-adsorption of 02 on Ti02 and found two different photo-adsorption 

mechanisms. In hydroxylated samples 02 H and lattice defects are found and in 

dehydroxylated surfaces 0i, 0 3 and 0 33 are found. Initially photo-adsorption is fast 

and follows a slow photo-desorption of oxygen for several hours. Thermal removal of 

water reduces the photo-adsorption and the process becomes diffusion controlled. On 

fully hrdroxylated surfaces photo-desorption of water accompanies the photo-adsorption 

of oxygen82• 

2.8.3. Silicon Dioxide/Silicon. 

Silicon electronic devices usually consist of a thermally grown oxide layer on 

silicon crystals. Much empirical knowledge has been accumulated for control of the 

quality of Si02/Si interface, as a result, clean oxide with satisfactorily clean interfaces 

are readily available. This system presents an excellent opportunity for the investigation 
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of surface phenomena because the location of charge carriers from the surface can be 

well controlled. 

2.8.3.1. Electronic states. 

In the Si02 lSi system several types of localized electronic states have been 

identified. The interface electronic states are localized at or very close to the interface 

such as charge transfer between interface and silicon bulk can take place83• Fixed 

oxide charges are the positive charges in the oxide which are intrinsic to SiOz/Si system 

and are located within 200 A of interface84• Another type of electronic state arises due 

to the mobile ions which are present due to contamination and are therefore extrinsic in 

the Si02/Si system. Usually these are positive ions or hydroxyl groups. Ionized traps 

are another type and are distributed over the silicon oxide. In contrast to interface 

states, which are localized at the interface, these are usually positive charges, which are 

present due to damages caused by radiation or by impurities. The slow trapping states 

are similar to interface states, which can be created at the Si02 lSi boundary by the 

prolonged influence of applied electric fields at higher temperatures. 

2.8.3.2. Surface Preparation. 

In standard processing, a cleaned silicon wafer is placed in an oxidizing 

atmosphere to form an insulating Si02 layer on top of the silicon crystal. The 

properties of these interface electronic states are largely influenced by the condition 

under which oxidation occurs. Thermal oxidation in a dry 02 atmosphere85, thermal 

oxidation in a wet atmosphere86, anodic oxidation87, chemical vapor deposition88, 
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sputtering89, and plasma oxidation90 are some of the methods being used for the 

preparation of Si02./Si interfaces. The number of charges in the interface region can 

be increased by annealing the film in an oxygen atmosphere. Generally, inert annealing 

(annealing in an inert atmosphere such as He, Ar and H2 ) reduces the number of 

interface electronic states. Silicon dioxide/silicon surfaces used in this work consisted 

of a 500 A Si02 later deposited on top of silicon crystal and were provided by 

Motorolla. 

Yndurain estimated the critical thickness of the oxide layer for Si02 /Si system to 

be 4 A 91. This implies when the oxide layer is thicker than a monolayer all the 

surface bands are saturated and no surface states exist. 
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CHAPTER THREE. 

EXPERIMENTAL ASPECTS. 

Introduction. 

In this chapter, experimental aspects and apparatus employed for the investigations 

of surface nonlinear phenomena (WSCARS, SSHG) are described. The laser system and 

all the other components of the used apparatus were specially designed for the 

investigations of thin film surfaces by nonlinear and integrated optics techniques92 , 

Some of the equipment and experimental procedures were common for the both SSHG 

and WSCARS techniques and those are described first. For each and every SSHG and 

WSCARS experiment, the variables such as the laser wavelength, linewidths, coupling 

angles, surface cleaning procedures and the surface pressures were different and those 

parameters are listed separately under relevant experiments. A more detailed 

description of the WSCARS instrumentation can be found elsewhere.93 

3.1. The Laser System. 

In order to observe the nonlinear responses of materials, lasers with large peak 

powers should be employed. In the work described in this dissertation, one (SSHG 

experiments) or two (WSCARS experiments) tunable dye lasers were synchronously 

pumped by the frequency doubled output of a Nd+3:YAG laser, capable of 70 kW peak 

power. The laser system employed was a Quantronix 116 Nd+3 :YAG operating in a 

continuous wave, TEMoo configuration. Intracavity acousto-optic Q-switching and 

mode locking produce short, high peak power pulses. A Q-switching rate of 500 Hz 
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produced short pulses which were separated by 2 milliseconds and the duration of each 

pulse was 400 nanoseconds. Each Q-switched pulse contains about 40 mode locked 

pulses. The duration of each mode locked pulse is 100 picoseconds and they are 

generalIy 10 nanoseconds apart. These picosecond pulses achieve peak powers of 500 

kW, which leads to an average power of 1.2 W at 1.064 fJm. 

The Q-switched and mode locked Nd+3:YAG laser is focused onto a temperature 

tuned, 900 phase-matched (Type I), CD* A (Cesium Dideuterium Arsenate) frequency 

doubling crystal through a 350 mm focal length lens. The temperature of the crystal 

was maintained at 107.30 C Under these conditions the Second Harmonic conversion 

efficiency is probably 30% and the frequency doubled output at 532 nm has an average 

power of 400 mW. The temporal profile of frequency doubled pulses is identical to 

that of the Nd+3 :YAG pump pulse and has a peak power of 200 kW. This frequency 

doubled output synchronously pumped one or two dye lasers. 

Table 3.1. 

Dye laser specifications. 

Rhodamine 590 Rhodamine 610 Rhodamine 640 

A verage Power 25 (65*) mW 8 (38*) mW 7 (35*) mW 

Pulse Energy 8 (13*) fJJ 1.6 (7.6*) fJJ 1.2 (7*) fJJ 

Pulse Width 50 - 100 ps 50 - 100 ps 50 - 100 ps 

Line Width 1.2 - 2 cm- 1 1.5 - 2 cm- 1 I.5 - 2 cm- 1 

Tuning Range 5525 - 5850 A 5760 - 6030 A 6000 - 6275 A 

( * = SSHG investigations) 
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The dye lasers used for these investigations were speciaIly designed for nonlinear 

spectroscopy. In the WSCARS experiments approximately 75% of the frequency 

doubled output of the YAG laser (about 300 mW) was used to pump the wI cavity 

(Rhodamine 590) and the remainder was used to pump the w2 cavity (Rhodamine 610 

or Rhodamine 640). In SSHG experiments the whole beam at 532 nm was used to 

pump the w2 cavity. For some SSHG investigations the frequency doubled output of 

the Y AG laser was employed. The dye laser specifications are presented in Table 3.1 

and a diagram of the laser system is given in Figure 3.1. 

The configurations of the dye laser cavities are shown in Figure 3.2. The round 

trip travel time of a photon in the dye laser cavities is identical to that in the 

Nd+3 :YAG resonator. The distinct cavity design produces a collimated beam in the 

region between Mo and Mr. In the region between Mr and Mr the beam focuses at the 

dye jet. The advantages of this cavity configuration is twofold. First, the perfect 

collimation in the MoMr region allows the introduction of intracavity tuning elements 

with minimal beam distortion. Second, in the MrMr region, the pumping volume, and 

therefore the power density at the dye jet, can be controIled by choosing the radius of 

curvature of mirrors Mr and Mr. 

For surface nonlinear spectroscopy the anticipated laser line width was established 

by installing intracavity tuning elements in the distortionless, collimated leg of each 

laser. A 600 fused silica prism was been inserted in the cavity, resulting in a crude 

width of 200 cm- I • An etalon possessing a 100 cm- I free spectral range and 2 cm- 1 

band pass fine tuned the laser. The transmission peak of the etalon was superimposed 

on the band pass of the prism and permitted only a single wavelength to be lased. A 

detailed diagram of prism and etalon band pass in the laser cavity is shown in Figure 

3.3 and governing equations of the transmission characterictics are presented below. 



v = m :::-~m~c::;:::;;::." m = 1, 2, 3, .. 
2dv'n2 - sin2a 
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(3.1 ) 

Where vm is the transmitted frequency, m is any integer, d is the etalon spacing, n is 

the index of refraction and a is the angle of incident.36,94 

(3.2) 

Where 6v is the free spectral range (FSR). The finesse of an etalon is a very important 

factor and it is defined as the ratio of free spectral range 6v, to the half width !::..v. 

[ vIR] F = FSR =.§J!... = 7r -- • 
Half Width!::..v I -R 

(3.3) 

where R is the reflectivity of the mirrors. 

During a spectral scan wl is fixed (for WSCARS) while w2 is being tuned. The 

frequency is varied by changing the angle a, resulting in a new transmission frequency 

v', where v' = mc/2dv'n2 - sin2a'. The power at new frequency, v', is maximized by 

tuning the band pass peak of the prism. This process is then stepped in desired 

intervals for 100 em-I. After completion of a 100 cm- l scan, the etalon angle is 

returned to its original position to scan the next free spectral range. During a spectral 

scan the laser wavelength is continuously monitored by a computer controlled one meter 

Czerny-Turner monochromator, and the band pass peak of the prism is set by 

maximizing a non linear reference signal at the new laser frequency. 
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3.2. Line Widths and Wave Lengths Measurements. 

Prior to a spectral scan the laser line widths were measured with a 256 pixel 

photodiode array (EG&G Retieoll Model RL256K) which was coupled to a one meter 

monochromator to which the laser was fiber-optically coupled. The video output from 

the reticon was displayed on a calibrated oscilloscope. Desired line widths are achieved 

by adjusting the parallelism and spacing of the etalon. For a set free spectral range, the 

mirror reflectivities were then taken into account. The etalons employed for these 

investigations had d = 50 /-Lm (variable) and R = 85%. 

3.3. Optical Allignment. 

In order to achieve perfect pulse overlap on the surface of the waveguide both the 

pump and probe pulses should arrive at the surface without any time lag. This 

condition was satisfied by guiding wl beam through a 1.5 meter delay line. In order to 

obtain approximate overlap of the pulses in time both the beams were focused onto a I 

cm cuvet containing crystal violet in methanol through a 300 mm focal length lens. 

The position of the optical delay line and the dye concentration are varied until 

bleaching of the sample is seen. When bleaching occurs the intensity of the transmitted 

probe beam (w2) is enhanced in the presence of the pump beam (WI)' Once this 

condition is fulfilled the temporal overlap of the pulses is further adjusted by replacing 

the dye cell with a cell of benzene and by maximizing the CARS signal at 992 cm- I . 

Then the beams are guided onto the surface and the WSCARS signal is coupled out and 

directed through collection optics and into the detector. Once the background signal is 

obtained, all the parameters such as position of the delay line, coupling angles, phase 
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matching angle, overlap region on the waveguide surface, filter angle and the position 

of the detector are varied until the maximum WSCARS signal is seen. 

3.4. Normalization Scheme. 

Fluctuations . in the output of pulsed lasers arise from the variations in pulse 

energy, pulse width and beam quality. These variations result from electrical noise on a 

pulse, from variations in pulse bias and from pulse energy changes as one tunes through 

the dye curve. In the case of nonlinear spectroscopy the power fluctuations of the 

probing radiations should be eliminated or minimized since the signal is proportional to 

the input power raised to a some factor which is generally larger than one. Since the 

duty cycles ( pulse width x repetition rate) are very small, the time averaging of the 

signal is impossible. The noise arising from fluctuations of dye laser pulse energy, 

pulse duration and transverse mode quality was removed in these studies by using a 

normalization scheme. 

The crystal employed for normalization was a negative uniaxial KDP (Potassium 

Dihydrogen Posphate) which was continuously phase-matched. The power generated at 

the frequency doubled output is given by 

P = Ix(2)(w)12I2 L2 sin2 [[ilkL/2]] 
2w w [ilkL/2]2 . (3.4) 

Where Iw is intensity of the fundamental, L is the interaction length and ilk = k2w -

2kw. Under perfectly phase matched conditions, ilk = 0, the term sin2 [(::t/~2] is 

equal to unity. Therefore the dependence of X(2)(w) can be eliminated. 
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For KDP X(2)(w) is independent of the laser wavelength over the optical region 

investigated in these experiments. t.k = 0 requires that the index of refraction in the 

crystal be equal for both second harmonics and the fundamental, so that n2w = nw' The 

phase matched condition can be fulfilled for KDP because of its birefrequence95• The 

fundamental is propagated through the crystal as an ordinary ray and the second 

harmonic is propagated as an extraordinary ray. Since. no depends on the angle between 

the optical axis and the direction of propagation, the n2w = nw situation can be achieved 

by angle tuning the crystal (Type I phase matching). 

An illustration of the geometry of the normalization scheme is given in the Figure 

3.4. Approximately I % of the Wz dye laser is split off and focused onto a KDP crystal 

through a 300 mm focal length lens. The collinear, forward propagating fundamental 

was removed by a stack of three Schott UG-5 ultraviolet band pass filters, and directed 

onto a photocathode of a photomultiplier tube. The crystal was continuously phase 

matched by a computer during a spectral scan. In order to make use of the entire dye 

laser gain spectrum, computer controlled, calibrated neutral density filters are used to 

attenuate the laser beam before it enters the KDP crystal. The proper angle is obtained 

by changing the crystal angle at each new laser wave length to maximize the frequency 

doubled output. The collected second harmonic signal is processed by pulse detection 

electronics. This SH signal was directly used to normalized the SSHG signal. In 

WSCARS investigations the signal was normalized by dividing by second harmonics of 

wI (I~I) and square root of second harmonics of w2 (Iw2)' 



~--------.~--~I STORAGE 

....-------fl Z-80 
t----ili~iIIM PLOTTER 

A-D 
L-___ ~ converter 

a-SWITCH 

FIGURE 3.5. Data collection, detection and laser scanning system. -.::> 



92 

3.5. Signal Detection and Processing. 

The signals were collected either with a photomultiplier tube ( H amamatsu R 372) 

or with a reversed biased P-I-N diode (Texas Instruments TIED98). Photo-current 

resulting from each 0.4 J.LS laser pulse train was capacitively integrated and stored with a 

100 f.LS decay time. The potential developed across the capacitor is amplified by a gain 

of 100. Trigged by Q-switch electronics and delayed by a preset monostable 

multivibrator, sample and hold amplifiers of unity gain measure the peak signal from 

the amplifiers and hold that signal for 2 ms. These signals are then digitized for 

computer manipulation. For the signal channel a special gated integrater was employed 

in order to reduce the dark current from the PMT when operated at very high voltages 

(~1100 V). Intracavity tuning elements, monochromator and data acquisition are 

controlled by a 2-80 based microcomputer. A schematic of the data collection and 

acquisition is presented in Figure 3.5. 

3.6. Vacuum System. 

As far as the WSCARS investigations are concerned two different vacuum systems 

were employed to carry out the experiments. Adsorption of phenol, pyridine, ethylene 

and oxygen on ZnO was performed inside a high vacuum chamber whereas the 

adsorption of benzene, 2,4-pentadione and 3,3-dideuterio-2,4-pentadione, methanol and 

CD3 0D, ammonia and ND3 , hydrogenation of ethylene and 0"2 adsorption on ZnO 

were performed inside an ultra high vacuum chamber. All the SSHG studies were 

performed under high vacuum conditions. 
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The high vacuum chamber contained a series of glass windows (Iused silica) 

through which the laser beams were guided in and out of the chamber. Input and 

output windows were perpendicular to each other and were fixed onto the chamber 

using viton O-rings. The sample introduction valve was perpendicular to both input 

and output coupling widows. A homemade titanium sublimation pump was attached to 

the side arm of the chamber which was wound with copper tubing through which water 

was circulated in order to prevent overheating of viton the O-rings. The waveguide 

was mounted on a rotation table which had been connected to the inner wall of the 

chamber. UV or IR radiation was guided onto the waveguide through the window 

which is approximately 45° vertical to the input window. The whole vacuum chamber 

rested on a micrometer driven XYZ translation stage. The vacuum chamber was 

evacuated with a two stage mechanical and diffusion pump combination. Once 

completely baked out, the minimum base pressure of the system was 6.5 x 10-6 torr. A 

systematic diagram of experimental geometry is given in Figure 3.6. 

The ultrahigh vacuum chamber was especially designed for the WSCARS 

investigations. A systematic diagram of the Ultrahigh vacuum chamber and its 

components are shown in Figure 3.7. The chamber was connected to a 6" diffusion 

pump (Edwards Dillstak) with an integral liquid nitrogen cooled baffle. Another 

liquid nitrogen trap was added in between the chamber and diffusion pump. After a 

complete bake out, this system was capable of maintaining a base pressure of IO-s torr. 

Once the chamber pressure is about 10-8 torr a titanium sublimation pump (Variall) 

and a 4" helium cryopump are operated to evacuate the system further. The minimum 

pressure achieved was 1.8 x 10-9 torr. The waveguide mount was attached to a 

manipulator feed through with rotational and translational degrees of freedom. The 

manipulator was connected to the chamber through a flexible bellows. 
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A 500 W tungsten filament was employed to irradiate the chamber walls. Another 

100 W tungsten filament rested under the waveguide mount to heat the waveguide when 

it was necessary. During bake out the temperature of the waveguide was continuously 

monitored with a thermocouple which was connected to the waveguide mount. 

The samples were introduced into the chamber through a coil made of stainless 

steel tubing. The other end of the coil was attached to the sample holder and to the 

roughing line so that the coil could be evacuated separately from the chamber. The coil 

could be cooled with a desired cold trap. Samples such as ammonia, ethylene, oxygen 

and hydrogen were attached directly to the coil with high vacuum fittings. Liquid 

samples were held in pyrex glass tubes and connected to the coil through glass to metal 

seals. 

The high vacuum chamber used for SSHG studies of cinnamic acid is a simple 

design. The input and out widows were collinear. An aluminum structure was 

employed to mount the surface inside the chamber. The sample was introduced form a 

side valve into the chamber. 

3.7. WSCARS Experimental Aspects and Geometry. 

The experimental geometry of the system for the WSCARS studies is shown in the 

Figures 2.7 and 3.6. The Thin ZnO film study rested on a fused silica substrate. For 

all the WSCARS studies a 112 mode combination (ie., TEl for wl , TEl for w2 and TEz 

for weARS) was used. An aluminum structure was employed to press the input and 

output coupling SrTi03 coupling prisms against the surface of the waveguide such that 

good optical contact could be maintained. The aluminum structure could be adjusted to 

a desired tightness by applying a required pressure until a satisfactory optical contact 
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was obtained. The two coupling prisms were about I cm apart. The coupling of the 

input laser beams into the ZnO waveguide required that they enter the prism at precise 

angles (defined as an angle below the surface normal) and are focused on the knife 

edge of the prism. The calculated effective indices of refraction for the modes of the 

waveguide and the coupling angles used for each experiment wiII be listed under 

relevant experimental procedure for each experiment. The laser beams were focused 

with a 300 mm lens into the area of optical contact at the edge of the input prism. 

The beams at wl and w2 entered the prism with small angular separation in both 

the YZ and XY planes. These angles were calculated with the inclusion of only the 

dispersion of the ZnO. The coupling angles did not need to be adjusted during a scan 

over 100 wavenumbers. The mode combination 112 was chosen based on the 

geometrical constraints of the vacuum chamber and the anticipated favorable ratio of 

the monolayer-to-film signals. The angle between the input beams in the XY plane 

was about 4°. A calculation predicted that the CARS process could not be phased 

matched with any choice of angle in the XY plane. Hence, the measured signal was 

probably several orders of magnitude lower than for a phased-matched condition. For 

plane waves, a 50 cm- 1 modulation was calculated, in some cases, but the spread of 

input wave vectors reduced the observed modulation to insignificant levels. 

Uncertainties in the waveguide thickness and index of refraction are responsible for one 

source of uncertainty in the calculations. 

The overlap distance of wl and w2 in the waveguide was about 2 mm. Energies 

of the dye laser pulse trains, duration and spectral linewidth are also listed under 

individual experiments. 

The generated WSCARS signal was coupled out of the waveguide through a 

SrTi03 prism, collimated with a 150 mm focal length lens and passed through 
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interference filters and apertures to remove any scattered stray radiation. The 

interference filter used had a 53% transmittance at 530 nm. Therefore a substantial 

portion of the WSCARS signal is not collected. In pyridine and phenol experiments the 

WSCARS signal was focused through 200 I'm slits into a 250 mm focal length 

monochromator. Large signals of approximately 2000 photons per pulse train were 

obtained with a photomultiplier (Hamamatzu R372) detector. In ethylene and benzene 

studies the WSCARS signal was focused onto a PMT using a 100 mm focal length lens. 

In the rest of the experiments the WSCARS signal was guided onto a PMT without 

focusing. Since the output prism and the waveguide surface were far from optical 

perfection, the WSCARS beam was optically imperfect and this resulted in substantial 

aperture losses. A large uncertainty exists in the WSCARS conversion efficiency as a 

result of these losses and the fact that the laser power and the beam overlap region in 

the waveguide were difficult to estimate. Great care was taken in all spectra to be 

certain that the WSCARS signal was not generated in the input prism and then coupled 

into mode 2 of the waveguide. A complete sketch of the WSCARS experimental setup 

is presented in Figure 3.8. 
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3.7.1. Experimental procedure for pyridine adsorption on ZnO. 

For the WSCARS investigations of pyridine adsorption onto ZnO, ~he required 

angles for coupling into the available modes of the waveguide are listed in Table 3.I1. 

Those angles were calculated with the inclusion of only the dispersion of the ZnO. The 

utilized dye laser pulse trains contained as much as 60 and 20 pJ at WI (AI = 5610 A; 

fixed) and w2 (A2 = 5941 A; variable) respectively. Individual pulses were 

approximately 50 picoseconds in duration with a spectral linewidth of about 2 cm- 1. 

The waveguide surface was cleaned by RF plasma-etching in an argon atmosphere 

before it was placed in the chamber. Once, in the chamber the ZnO surface was 

cleaned by heating with IR and UV radiation from both the laser and the lamps. UV 

light was generated by focusing the frequency doubled output (A = 512 nm) of the 

Y AG laser onto a KDP crystal; ie. the fourth harmonic of the Y AG laser beam; and 

this radiation was used to clean the surface. In addition, further cleaning of the surface 

was done with a titanium filament. Before being introduced into the vacuum chamber 

pyridine was dried over molecular sieves for three days and subjected to several freeze­

pump-thaw cycles. The vacuum chamber was pumped down to 4x10-6 torr prior to 

introduction of pyridine vapor and the surface was allowed to equilibrate with pyridine 

vapor for 10 seconds. After introduction of pyridine the chamber was evacuated to a 

pressure of lxlO- 5 torr and all the spectra were recorded under active pumping 

conditions. A typical spectral scan time was about 45 minutes. 

In desorption studies the laser was tuned to l::i.w = 998 cm- 1 (WI = 17828 cm- 1 and 

w2 = 16830 cm-1) and the WSCARS signal was recorded as a function of time. Before 

recording the variation of the signal with time the chamber was equilibrated with 

pyridine vapour for a period of 15 minutes then evacuated to 8xlO- 5 torr. 
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For comparison, a spontaneous Raman spectrum of pyridine equilibrated with ZnO 

powders was taken. Anhydrous ZnO powder (about 0.5 g) was equlibrated with 

pyridine (30 ml) for a period of two hours and the liquid phase was separated, filtered 

and then used for the Raman spectrum. 

Table 3.11. 

The effective refractive indices and coupling angles used for the WSCARS 

investigation of adsorption of pyridine onto ZnO. 

)'(A Mode f3 () 

TEo 1.9773 28.31 
5600 TEl 1.8600 16.06 

TE2 1.6568 -1.53 

TEo 1.96039 26.39 
5900 TEl 1.83196 13.43 

TE2 1.61029 -5.22 

TEo 1.99741 30.69 
5303 TEl 1.89098 19.08 

TE2 1.70631 2.49 

f3 = effective refractive index; () = coupling angle below normal to the prism surface. 

3.7.2. Experimental procedure for phenol adsorption on ZnO. 

The experimental setup used in this investigation was very much similar to that 

used in WSCARS studies of pyridine. The same ZnO waveguide was used after 

cleaning With UV and IR radiation using the laser and the lamps. The surface was 

further cleaned by heating with oxygen present in the chamber and also by a titanium 

filament. The coupling angles used are the same as in the pyridine experiment. Two 

dye lasers produced tunable pulse trains containing as much as 60 and 15 p.J at WI and 
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w2 , respectively. The wavelengths used were approximately 560 (wI) and 590 (w2 ) nm. 

The power density at the waveguide surface was less than 10 MW cm- 2• The obtained 

spectra were recorded by averaging about 1600 pulse trains every 0.5 cm- 1. 

The vacuum chamber was pumped down to 5xlO-6 torr before introducing phenol 

vapor onto the surface. Phenol was recrystallized from ethanol and evacuated 2 hours 

at 10-4 torr in order to remove any remaining solvent. The waveguide surface was 

exposed to phenol vapor for ten seconds and the first WSCARS spectrum was recorded. 

A typical spectral scan time for 50 cm-1 was about 20 minutes. Subsequent spectra 

were taken while the chamber was continuously evacuated. For comparison, a series of 

solution phase CARS spectra of phenol were obtained. CARS spectra of phenol(1iquid), 

phenol in CCI4 , phenol in NaOH and phenol in CHCI3 and a spontaneous Raman 

spectrum of phenol were taken. 

In liquid experiments giant CARS signals were observed and the laser power was 

attenuated by neutral density filters. Power levels deposited in the samples were 0.6 

mW in wI and 0.3 mW in w2 • The liquid samples were kept in I cm cuvets and stirred 

at a moderate rate to remove thermal effects. The CARS signal was attenuated using a 

1.2 neutral density filter and guided through interference filters and apertures. The 

signal was bright and need not be focused onto the PMT. Data were taken by 

averaging about 800 pulse trains every 0.2 cm-1. A typical scan time for 50 cm- 1 was 

about 15 minutes. 

3.7.3. Experimental procedure for benzene adsorption on ZnO. 

In the investigations of adsorption of benzene onto the waveguide surface, the 

individual pulses within each pulse train were approximately 70 picoseconds in duration 
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and had a spectrallinewidth of 1.3 cm- l • The approximate laser wavelengths used were 

558 nm for WI and 592 nm for w2 , and the entire dye laser pulse train was used. The 

coupling angles used in this investigation are shown in Table 3.111. The WSCARS 

spectra were obtained by averaging 1600 pulse trains every 0.2 cm- l . The resolution of 

the WSCARS spectroscopic system was 1.6 cm- l • 

Table 3.111. 

The effective refractive indices and coupling angles employed for the investigation 

of benzene adsorption onto ZnO. The calculations were done at Aw = 990 cm- l • 

>.(A) Mode f3 0 

TEo 1.9717 28.4983 
5600 TEl 1.8541 16.1752 

TE2 1.6502 -1.5003 

TEo 1.9678 28.0547 
5928 TEl 1.8383 14.68 

TE2 1.6140 -4.3681 

TEo 1.975 28.8888 
5305 TEl 1.8678 17.5056 

TE2 1.6819 1.0759 

f3 = effective refractive index; 0 = coupling angle below normal to the prism surface. 

The waveguide and the entire chamber were baked at 2000 C for 48 hours. The 

base pressure of the chamber was 2 x 10-9 torr. Before spectra were taken, the 

waveguide was heated to 2000 C for two hours and cooled. Dry benzene (benzene 

samples were distilled and dried over molecular sieves) was introduced into the chamber 

through a cold trap, and the benzene pressure was varied between 30 and IxlO- 3 torr. 

A typical scan time for a 100 cm- l spectrum was 30 minutes. For comparison a CARS 

spectrum of liquid benzene was taken. Benzene was kept in a I cm cuvet and stirred at 
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a moderate rate. Laser beams were focused into the sample using a 30 em focal length 

lens. Wavelengths used were 5585 A (Al; fixed) and 5912 A (A2 ;tunable). The CARS 

signal was guided onto a photomultiplier tube without focusing. The data were 

recorded by averaging about 800 pulse trains every 0.2 cm-l. A typical scan time for 

50 cm-l was about 15 minutes. 

3.7.4. Experimental procedure for methanol adsorption on ZnO. 

In the investigations of adsorption of methanol and CD3 0D onto the ZnO surface, 

the coupling angles displayed in Table 3.IV were employed. The dye laser pulse trains 

contained as much as 60 and 20 Jd at wl (Al = 5627 A; fixed) and w2 (A2 = 5984 A; 

variable) respectively. The individual pulses were approximately 50 picoseconds in 

duration and had a spectral linewidth less than 1.8 cm-l. 

The vacuum chamber and the waveguide were heated to 500 C in the presence of 

oxygen. CH30H was purified by distillation and dried over molecular sieves. The 

methanol sample was subjected to several freeze-pump-thaw cycles and the chamber 

was pumped down to 4 x 10-6 torr prior to introduction of samples. The surface was 

exposed to 5 torr of methanol vapor. CD3 0D was purchased from Alpha Products and 

used without further purifications. The reported isotope purity of the CD3 0D is about 

99.5%. The surface was evacuated to 4.5 x 10-6 torr before introduction of CD3 0D, 

the sample was introduced through a cold trap, and the surface was equlibrated with 

the vapor for 10 seconds. The typical scan time was about 30 minutes per run. In the 

case of CD3 0D the investigated spectral range was larger than 100cm-l and slight 

adjustment of the coupling angles was necessary to maintain the signal at a constant 

level. These adjustments were done at t:.w = 1020 cm-l. 
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Table 3.IV. 

The effective refractive indices and coupling angles used in the studies of 

methanol and CD3 0D adsorption onto ZnO. The calculations were done at ~w = 1060 

cm- 1 

)'(A) Mode f3 8 

TEo 1.9765 29.0548 
5627 TEl 1.8644 17.1737 

TE2 1.6701 0.1063 

TEo 1.9725 28.5921 
5984 TEl 1.8481 15.5999 

TE2 1.6323 -2.9229 

TEo 1.9799 29.4654 
5307 TEl 1.8787 18.5662 

TE2 1.7031 2.8099 

f3 = effective refractive index; 8 = coupling angle below normal to the prism surface. 

3.7.5. Experimental procedure for acetylacetone adsorption on ZnO. 

Before introduction of the samples the system was evacuated to 7.5 x IO-B torr 

while heating in the presence of oxygen during which process the waveguide 

temperature reached as high as 100 °C. 2,4-pentadione was purified by vacuum 

distillation and dried over molecular sieves. 3,3-dideutrio-2,4-pentadione was prepared 

by equilibrating 2,4-pentadione with an equal amount of O2°, separating the layers, 

and drying the organic layer with molecular sieves. This procedure was repeated five 

times and the final product was purified by vacuum distillation. 

The coupling angles used in this work are presented in the table 3.V. The 

individual pulses within each pulse train were approximately 50 picoseconds in duration 



106 

and had a spectral linewidth of about 1.8 cm- l . The approximate laser wavelengths 

used are 568 nm for wI and 590 nm for w2 • 

Table 3.V. 

The effective refractive indices and coupling angles utilized for the investigations 

of di-ketones onto the ZnO. The calculations were done at AW = 650 cm- l • 

)'(A) Mode f3 () 

TEo 1.9759 28.99 
5678 TEl 1.8621 16.96 

TE2 1.6547 -.326 

TEo 1.9435 28.7078 
5896 TEl 1.8521 15.9896 

TE2 1.6417 -2.1760 

TEo 1.978 29.2512 
5476 TEl 1.8712 17.833 

TE2 1.6857 1.3843 

f3 = effective refractive index; () = coupling angle below normal to the prism surface. 

The WSCARS spectrum of 2,4 pentadione adsorbed on ZnO, Figure 4.l3(a), was 

obtained at a pressure of 30 millitorr. Spectrum (c) in Figure 4.14 was taken with 

immediate pumping. After evacuating the system for a period of 10 hours at 8 x 10-6 

the spectrum (b) was generated. After heating the waveguide in the presence of oxygen 

at 70°C for a period of two hours the spectrum (a) was obtained. Spectrum (b) in 

Figure 4.15 was taken soon after the introduction of 3,3-dideutrio derivative of 

2,4-pentadione into the chamber. The pressure in the chamber was about I milIitorr. A 

typical scan time for a 100 cm- l spectrum was 30 minutes. 
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3.7.6. Experimental procedure for ethylene adsorpton on ZnO. 

In the WSCARS studies of ethylene adsorption on ZnO, the width of each guided 

beam was 200 J.lm, and the interaction distance was approximately 2 mm. The area 

sampled by the CARS experiment was only 4 x 10-3 cm2, which leads to a maximum 

of only approximately 4 x 1011 adsorbed species to be studied. 

The effect of the phase mismatch upon the surface CARS spectrum is shown in 

Figure 3.9 in which the phase mismatch factor sinc2¢> of Equation (2.30) is drawn as a 

function of ll. (Raman shift). It was assumed that each input beam had a 10 spread in 

wavevector, that the output signal was collected over an angular range of 0 to 100, that 

the interaction length L was 2mm, and that the dispersion for a ZnO waveguide is 

n(>') = 2.464228 - 3.023446 >. - 4.149041 x 103 >,-1 

+ 5.841131 X 10-10 >.2 + 1.389788 X 107 >,-2 • (3.5) 

Any irregularity in the thickness of the waveguide will reduce the modulation. The 

conclusion is that the presence of a phase mismatch does not significantly interfere with 

an analysis of a spectrum, especially when it is present during all phases of a surface 

experiment. 

The 10 individual pulses within each pulse train were approximately 50 

picoseconds in duration and had a spectral linewidth of less than 2 cm-l. Since the 

ZnO film was so thin, a maximum of only 70 nJ per pulse train was coupled into the 

waveguide for surface CARS spectroscopy. 
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The approximate laser wavelengths used were 560.0 nm for >'1 (fixed) and 615 nm 

for >'2 (variable). When the power density at the surface of the waveguide was less 

than 5 MW cm-2, approximately 32,000 photons were generated with each pulse train. 

The spectra were obtained by averaging 1000 pulse trains every 0.2 cm-l. Physical and 

optical constraints limited the spectral range to the 1600 cm-l region. The coupling 

angles used in this investigation are shown in the Table 3~ VI. 

Table 3.V!' 

The effective refractive indices and coupling angles for >'1' >'2 and >'3 

wavelength TE mode effective index coupling angle 
below surface normal 

560.0 nm 0 1.977300 28.31 
1 1.860029 16.06 
2 1.656828 -1.53 

615.0 nm 0 1.948331 25.06 
1 1.810451 11.46 
2 1.573918 -8.05 

514.0 nm 0 2.010266 32.26628 
1 1.909684 20.97 
2 1.735179 4.90 
3 1.489017 -14.53 

The ZnO surface was cleaned briefly by RF plasma etching before it was placed in 

the vacuum chamber. Once in the chamber, the surface was cleaned by heating with 

IR and UV radiation from both the laser and lamps. The system was evacuated to I x 

10-6 torr and baked at 1000 C for 24 hours. With the prisms held in contact with the 

surface by an aluminum clamp, the waveguide could not be heated beyond 100° C 

without the risk of losing the optical contact. Before injecting ethylene gas, the surface 
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of the waveguide was again irradiated for 2 hours, with the waveguide temperature 

reaching as high as 1000 C. Whether the surface was irradiated with IR or UV made 

no difference in the obtained spectra. For the adsorption experiments, the chamber was 

filled with 1 torr of ethylene (Purchased from MaLhesoll gas product, spectral purity 

99.9%) from a cold trap before the chamber was evacuated and a spectrum taken. The 

time required for chemisorption of one species was determined by continuously 

measuring the CARS signal with I torr of ethylene present since there was no suspicion 

of laser-induced desorption or photochemistry. Spectra were taken at chamber 

pressures between 2 x 10-5 and I x 10-6 torr, and the typical scan time for a 50 cm- 1 

spectrum was 30 minutes. 

3.7.7. Experimental procedure for Hydrogenation of Ethylene on ZnO. 

For the studies of hydrogenation of ethylene on zinc oxide, the ZnO surface was 

regenerated by heating with UV radiation from the laser and heating in the presence of 

oxygen. The system was evacuated to I x 10-8 torr and baked at 1000 C for 30 hours. 

For the adsorption experiments, the chamber was filled with 5 torr of ethylene from a 

cold trap before the chamber was evacuated and a spectrum was taken. The WSCARS 

spectra were taken at chamber pressures between 2 x 10-3 and 5 x 10-5 torr, and the 

typical scan time for a 50 cm-1 spectrum was 30 minutes. When the pressure of the 

system was about 10-5 torr, 2 torr of hydrogen was introduced into the chamber 

through a cold trap. Tank hydrogen was used without further purification. The 

coupling angles and the approximate laser wave lengths used for this investigation are 

given in the Table 3.VII. The ten individual pulses within the each pulse train were 
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approximately 50 picoseconds in duration and had a spectral line width less than 1.6 

The spontaneous Raman spectrum of ethylene dissolved in water at 25° C was 

taken for comparison. Ethylene was passed through tripled distilled water for a period 

of 30 minutes. The spectrum was recorded using a Spectra Physics Raman 

spectrophotometer. The sample was excited at 4885 A and slit width was 600 /1. 

Twenty scans were averaged at 0.2 cm- I resolution and scan time for a data point was 5 

sec. 

Table 3. VII. 

The effective refractive indices and coupling angles calculated for >'1' >'2 and >'3' 

The calculations were done at ~w = 1600 cm- I . 

>'(A) Mode (3 0 

TEo 1.9719 28.5317 
5575 TEl 1.8552 16.2886 

TE2 1.6528 -1.2816 

TEo 1.9655 27.7895 
6121 TEl 1.8288 13.7936 

TE2 1.5926 -6.0485 

TEo 1.9771 29.1318 
5118 TEl 1.8763 18.3401 

TE2 1. 7017 2.701 

(3 = effective refractive index; 0 = coupling angle below normal to the prism surface. 
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3.7.8. Experimental procedure for ammonia adsorption on ZnO. 

Adsorption of Ammonia and NOs onto a ZnO surface was investigated in the 

region between 700 - 1100 cm-1. For each 100 cm-1 segment the coupling angles and 

the other optical allignments were slightly adusted in order to collect the maximum 

WSCARS signal. These alIignments were done at l::J.w = 1050, 950, 850 and 750 cm- 1 

respectively. The coupling angles did not need to be adjusted during a scan over 100 

wave numbers (Tables 3.VIIA-0). The dye laser pulse train contained as much as 60 

and 20 - 12 ILJ at wl and w2 respectively. The individual pulses were approximately 50 

picoseconds in duration and had a spectral linewidth of less than 1.6 em-I. 

The waveguide surface was heated up to 475 K in an oxygen atmosphere before it 

was placed in the chamber. Once in the chamber, the ZnO surface was cleaned by 

heating with IR and UV radiation from both the laser and the lamps. The vacuum 

chamber was evacuated to 6.5 x 10-8 torr before introduction of samples. 

An ammonia lecture bottle (Matheson gas Products. certified spectral purity 99.8%) 

was used for this experiment without further purification. Ammonia was introduced 

into the vacuum chamber through a dry ice-methanol cold trap. The ZnO surface was 

equilibrated with 5 torr of ammonia for 10 seconds. The N03 sample was prepared by 

reacting MgsN2 with O2°. The synthesis was carried out inside a glove-box under 

nitrogen atmosphere. Metal nitride (2 g) was placed inside a three-neck round bottom 

flask. A dropping funnel filled with O2° was connected to the flask through a ground 

glass joint. O2° was added dropwise onto the nitride and the produced N03 was 

passed through tube filled with dried CaCl2 and through a cold trap. The gas was 

collected into a pre-evacuated steel cylinder. 
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Table 3. VIllA. 

The effective refractive indices and coupling angles used in the region 1100 -

1000 em-I. The calculation was done at AW = 1050 em-I. 

)'(A) Mode (3 8 

TEo 1.9768 29.098 
5595 TEl 1.8659 17.313 

TE2 1.6734 0.377 

TEo 1.9729 28.645 
5944 TEl 1.8499 15.777 

TE2 1.6365 -2.583 

TEo 1.9802 29.494 
5284 TEl 1.8796 18.665 

TE2 1.7054 3.003 

{3 = effective refractive index; 8 = coupling angle below normal to the prism surface. 

Table 3.VIIIB. 

The effective refractive indices and coupling angles used in the region 1000 - 900 

cm-l. The calculation was done at Aw = 950 cm-l. 

)'(A) Mode {3 8 

TEo 1.9768 29.098 
5595 TEl 1.8659 17.313 

TE2 1.6734 0.377 

TEo 1.9733 28.690 
5909 TEl 1.8515 15.932 

TE2 1.6403 -2.286 

TEo 1.9802 29.494 
5312 TEl 1.8796 18.665 

TE2 1.7054 3.003 

{3 effective refractive index; 8 = coupling angle below normal to the prism surface. 
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Table 3.VIllC 

The effective refractive indices and coupling angles used in the region 900 - 800 

cm- 1• The calculation was done at t::.w = 850 cm-1• 

>'(A) Mode f3 0 

TEo 1.9768 29.098 
5595 TEl 1.8659 17.313 

TE2 1.6734 0.377 

TEo 1.9737 28.737 
5874 TEl 1.8531 16.086 

TE2 1.6440 -1.989 

TEo 1.9796 29.422 
5341 TEl 1.8772 18.419 

TE2 1.6996 2.254 

f3 = effective refractive index; 0 = coupling angle below normal to the prism surface. 

Table 3.VIllD. 

The effective refractive indices and coupling angles used in the region 800 - 700 

cm-1• The calculation was done at t::.w = 750 cm-1. 

>'(A) Mode f3 0 

TEo 1.9768 29.098 
5595 TEl 1.8659 17.313 

TE2 1.6734 0.377 

TEo 1.9741 28.781 
5840 TEl 1.8547 16.236 

TE2 1.6476 -1.701 

TEo 1.9792 29.385 
5370 TEl 1.8758 18.293 

TE2 1.6966 2.279 

f3 = effective refractive index; 0 = coupling angle below normal to the prism surface. 
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3.8. SSHG Experimental Aspects and Geometry. 

SSHG can be performed either in reflection mode or transmission mode. When 

compared with the other nonlinear techniques the optical system required for SSHG is 

fairly simple. SSHG studies of adsorption of tralls-cinnamic acid onto an optically 

polished fused silica surface were carried out in the transmission mode, and the other 

SSHG investigations described here were done in the reflection mode. 

3.8.1. Experimental procedure for adsorption of cinnamic acid on SiO:!. 

In the cinnamic acid experiment the laser beam was focused onto the surface with 

a 150 mm focal length lens, and the angle of incidence was 45°. The maximum power 

density encountered on the surface was 100 MW cm- 1• Average laser pulse energy was 

about 1.5 pJ. Individual pulses were 70 picoseconds in duration and had a spectral 

width of less than 1.6 cm-1• Incident polarization was parallel to the plane of incidence 

and both SH polarizations were collected. The forward generated SH beam was 

collected and collimated by a 50 mm focal length lens directed through filters (Schott 

UG-5 alld Rolyn 65.1005) and apertures to remove the collinear fundamental, scattered 

laser light and any fluorescence, and was then focused onto a photocathode of a 

photomultiplier tube (Figure 3.10). Between I and 1000 photons were generated per 

pulse train, and as many as 1,500 pulse trains were accumulated for each data point. 

The surfac.:;! employed for this investigations was an optically polished Si02 flat 

(0.25" thickness and 1.0" diameter). It was mounted inside a vacuum chamber which 

was capable of maintaining a base pressure of 2xl0-6 torr. An aluminum structure was 

used to hold the silica flat inside the vacuum chamber. 
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Prior to placement within the chamber, the surface was cleaned and etched with 

an rf plasma in an argon atmosphere for a period of 45 seconds. Trans-cinnamic acid 

(vapor pressure 10-2 - 10-3 torr at room temperature) was purified by vacuum 

sublimation before using. The SHG spectrum of adsorbed cinnamic acid was taken at a 

pressure of less than lxl0- s torr. The typical scanning time was about 30 minutes. In 

desorption studies, the laser was tuned to an appropriate frequency (in the case of on­

resonance w = 17300 cm- I and in the case of off-resonance w = 16650 cm- I ) and the 

second harmonic signal was recorded as a function of time. To learn about the effect 

of pressure on the photo-induced desorption rate, the experiment was done at pressures 

of 10-4 torr and 10-5 torr. All the desorption studies were carried out under active 

pumping conditions. 

In order to obtain more information about the different types of adsorbed 

cinnamic acid present on the surface the SHG investigations were carried out at 4 K. 

The surface was again cleaned by plasma etching in an argon atmosphere before cooling 

to 4 K. 

3.8.2. Experimental details for adsorption of H2 0 and (CH3 )2 CO on Si02 lSi. 

The experiments of adsorption of water and acetone onto silicon oxide/silicon 

surface utilized an average dye laser pulse energy of 4 /1.1. The pulses were 70 

picoseconds in duration and had a spectral Iinewidth of less than 1.3 cm- I . The laser 

wavelength used was 589.0 nm for ).1' The beam was focused onto the surface with a 

200 mm focal length lens, and the angle of incidence was 80°. With neutral density 

filters placed in the beam, the maximum power density encountered at the surface was 

I MW cm- 2 • The incident polarization was p (parallel to the plane of incidence). 
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The reflected SH beam was directed through filters and apertures and then 

directed through an analyzing polarizer onto a photomultiplier tube (Figure 3.11). 

Between 4,000 and 20,000 photons were generated per pulse train. For each data point 

as many as 500 pulse trains were accumulated. 

The surface studied consisted of a 500 A thermally-grown Si02 film deposited on 

the polished 100 surface of a silicon crystal. To clean the surface and obtain a flat 

baseline, the wafer was heated to 190° C for two hours while under vacuum. Water or 

acetone was not introduced until a flat SH signal baseline could be obtained on cooling 

to ambient temperature (21 ° C). Samples resided on an aluminum and ceramic mount 

which could be heated to 2000 C, and the temperature was continuously monitored with 

a thermocouple in contact with the surface very close to the laser spot. To study 

adsorption, the SH signal was continuously recorded. while the surface was cyclically 

heated under vacuum, allowed to cool and then exposed to various pressures of water or 

acetone. 

3.8.3. Experimental procedure for adsorption of 0:: on TiD::. 

SSHG investigation of the photo-reduction and photo-oxidation of oxygen was 

carried out on a polished rutile crystal which was cut to expose the 110 surface. The 

polished surface exposed numerous crytallographic planes. The employed laser pulse 

energy was 140 I'J and the duration was 100 picoseconds. The beam was focused to a 

diameter of 500 I'm on the surface, and the angle of incidence was 45°. With neutral 

density filters placed in the beam, the maximum power density encountered at the 

surface was 10 MW cm- 2• The incident polarization was p (parallel to the plane of 

incidence). The generated SH beam was directed through a dispersing prism, a filter 
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(Hoya UA- 340) and apertures, and then directed through an analyzing polarizer onto a 

photomultiplier tube. Between 4 and 20 x 103 photons were generated per pulse train. 

For the each data point as many as 500 pulse trains were accumulated. 

The Samples were mounted in a copper holder on a ceramic support, and they 

could be heated to 510 K and cooled through a copper braid connected to a copper 

feedthrough. The temperature was continuously monitored with a thermocouple in 

contact with the surface very close to the laser spot. The SH signal from the surface 

was continuously recorded while the surface was cyclically exposed to 02 pressures 

ranging from IxlO-3 torr to 2xlO-6 torr. Before a photo-reduction/oxidation cycle was 

initiated, the sample was heated to 510 K in an O2 atmosphere for 5 hours. 
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In this Chapter the WSCARS investigations of the molecules adsorbed on ZnO 

(000 I) surface are discussed. A detailed description of the experimental aspects was 

given in Chapter Three. This Chapter is devoted to discussion of experimental results. 

The WSCARS investigations of the following chemical systems are described. 

4.1. Pyridine on ZnO (0001) Surface. 

4.2. Phenol on ZnO (0001) Surface. 

4.3. Benzene on ZnO (0001) Surface. 

4.4. Methanol and CD30D on ZnO (0001) Surface 

4.5. 2,4-Pentadione and 3,3-Dideuterio-2,4-Pentadione on ZnO (0001) Surface. 

4.6. Ethylene on ZnO (0001) Surface 

4.7. Ethylene Hydrogenation on ZnO (0001) Surface. 

4.8. Ammonia and ND3 on ZnO (0001) Surface. 

4.9. Other molecules (02 and 02') on ZnO (0001) surface. 
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4.1. Pyridine on ZnO. 

4.1.1. Introduction. 

The very first WSCARS investigation carried out in this series of studies was the 

adsorption of pyridine on ZnO. Pyridine has been of historical interest in Raman 

investigations because its large polarizability in the so-called ring breathing vibrational 

mode (1/1) produces very large Raman signals. Since the lone pair of electrons on the 

nitrogen is available to other species during bond formation, pyridine is a weak base. 

Thus, pyridine often is used to probe the presence and nature of surface acid centers. 

Pyridine, generally, may be bound to a surface in one of several different ways. 

Transfer of a proton from surface hydroxyl to pyridine give rise to a protonated species 

on the surface. In this situation the surface is acting as a Bronsted acid. Another mode 

of binding involves coordination of the pyridine molecule through its lone pair to the 

metal of the oxide. In this case the surface is acting as a Lewis acid and the bonding is 

referred as a-donation since the pair of electrons in the bond comes entirely from the 

adsorbate. The other bonding process which is very often found in pyridine adsorption 

is the formation of hydrogen bonds between adsorbate and the solid. In this situation 

the degree of surface hydroxylation plays an important roll. Hydrogen bonding is the 

weakest of these modes of interaction and hydrogen bonded surface species can be 

pumped off very easily96. 

Both Spontaneous Raman Scattering and infrared spectroscopy have been employed 

to characterize adsorbed pyridine on various metal oxide surfaces97,98. In infrared 

spectroscopy the ring vibration modes 19b and 8a are the most suitable modes to study 

since they are very sensitive to intermolecular interactions and environmental changes of 
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the molecule. These two vibrations generally fall in the range 1440 - 1447 and 1580 -

1600 cm- l , respectively for hydrogen-bonded pyridine, 1535 - 1550 cm- l 1640 cm- 1 

for the pyridinium ion, and 1447 - 1464 and 1600 - 1630 cm- l for pyridine 

coordinatively bonded to Lewis acid sites97• Although a general classification of the 

bonding mode is possible from the vibrational frequencies, it does not seem possible to 

correlate the exact band position with the nature of the metal ion and its coordination 

since there is no systematic change in the position of the vibrational band with respect 

to the nature of the central metal atom or types of the ligands bonded to the metal 

atom99• The Table 4.1 shows the ring vibrational mode, 19b, and 8a of adsorbed 

pyridine on various metal oxide surfaces. 

In Raman spectroscopic investigations the proper choice is, of course, the ring 

breathing vibration, vI' since it involves the motions of the nitrogen atom. Therefore 

any environmental or structural changes in the molecule which are caused by the 

participation of the nitrogen atom should be reflected in changes in this vibrational 

mode. Positions of the Raman modes, vI and v 12 ' of pyridine adsorbed on different 

oxide surfaces and in various environments are listed in the Table 4.II and Table 4.III. 

In general the Raman peaks of adsorbed pyridine can be categorized as follows. For 

hydrogen- bonded pyridine, the vI vibration falls in the range 996 - 1005 cm- 1 (v 12 

around 1032 - 1040 cm- l ) whereas in protonated pyridine vI falls in the range 1007 -

1015 cm- l (v12 around 1025 - 1035 em-I). In Lewis coordinated pyridine and 

physisorbed pyridine the vI vibration occurs in the region 1018 - 1028 cm-1 (v12 

occurs around 1040 - 1050 em-I) and 991 cm- l (1031 cm- l ) repectivelyloo. 
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Table 4.1. 

The ring vibmtional modes, 19a and 8a, of adsorbed pyridine on different metal 

oxide surfaces. Depending on the method of surface preparation and surface treatment 

the positions of these frequencies varies even on the same surface. 

Oxide Frequency cm-1 structure 

TiOz 1440, 1600 LA 

TiOz (anatase 1595 HB 

with 3% Cl impurity) 1580, 1606 LA 

Crz07(unreduced) 1439, 1480, 1567, 1598 LA 

Crz 0dSi02 (reduced) 1612 LA 

Mo03 / Alz 0 3 (reduced) 1458, 1493, 1578 LA 

1611, 1623 LA 

W03 / AI2 0 3 (unreduced) 1452, 1490, 1577, 1621 LA 

1541, 1638 BA 

W03 /A120 (reduced) 1451, 1494, 1577, 1622 LA 
3 

Fe20 3 1592 HB 

HB = Hydrogenbonding; LA = Lewis Acid; BA = Bronted Acid 
This table was prepared from information in ref. (96), 
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Table 4.11. 

V1 and v12 vibrations of pyridine adsorbed on various metal oxide surfaces. 

Depending on the method of surface preparation and surface treatment the positions of 

these frequencies varies even on the same surface 

adsorbent v1 (cm-1) v12 (cm- 1) 

Silica gel 1007 1035 

Cab-o-sil 1007 1035 

Aerosil 380 1006 1031 

7]-Alumina 1019 

"I-Alumina 958 991 1019 

chlorinated 7]-Alumina 1006 1022 

Deuterated Alumina 991 999 1020 1034 

Titanium dioxide 1016 

Silica with excess Alt 1007 1020 1037 

Magnesium oxide 991 1031 

NHt /mordenite 1004 

Porous glass 993 1006 1030 1035 

This table was tabulated from information in ref. (98) and (100). 
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Table 4.III. 

Raman peaks of pyridine in a range of enviroments. Sensitivity of the vI and v12 

vibrations to the different enviromental conditions is exhibited. 

system vI (cm-1) vI2 (cm- 1) 

pyridine (liquid) 993 1031 

pyridine (gas) 992 1032 

pyridine-chloroform 993 1032 

pyridine-ethanol 999 1032 

pyridine-water 1003 1036 

pyridine-D2 0 1000 1032 

pyridinium chloride (soln) 1010 1028 1060 

pyridinium deuteriochloride 997 1027 1060 

pyridinium bromide (so In) 1010 1028 1060 

pyridinium iodide (soln) 1009 1028 1059 

pyridinium perchlorate (so In) lOll 1029 

pyridinium hexachlorotin(ii) 1012 1029 1058 

(Cs Hs N-OH)+ OH- (soln) 1021 1043 

Cs Hs N -O,2H2 0 (solid) 1018 1043 

(Cs Hs N)SbCIs (solid) 1017 1042 

(CsHsN)2GeBr4 (solid) 1018 

(CsHsN)GaCI3 (in C6 H6 ) 1021 

(Cs Hs N)2SiCI4 (solid) 1021 1048 

(Cs Hs N)BCI3 (solid) 1018 

CsHsNH+BFi lOll 1032 

Cs Hs N:ZnCI2 1025 1050 

This table was prepared from information in ref. (98) and (100). 
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4.1.2. Obsevations and Discussion. 

The WSCARS spectrum of a bare ZnO (0001) surface in the region around 1000 

cm- l is shown in the Figure 4.l(a). The slope of this curve can be changed by 

adjusting the crossing angle of two input laser beams by 2°. Therefore, phase 

mismatch, and not a surface phonon mode of ZnO, is responsible for this spectrum. 

There are no surface phonon modes of ZnO in this region which appear in the 

WSCARS spectrum64• EELS studies have determined that a phonon exists at 560 

em- l •10l Under the experimental conditions employed (10- 6 torr) the surface should 

be reasonably hydroxylated and probably has a thin layer of surface confined water. 

Unfortunately there are no quantitative estimations of the hydroxyl content of the 

waveguide surface investigated in this experiment. 

The spectrum of ZnO saturated with pyridine is shown as (b) in Figure 4.1. The 

broad feature at 1000 cm- l is the v1 mode for a distribution of physisorbed pyridine 

molecules. This weak interaction may be the result of hydrogen-bonding with surface 

hydroxyls. The broad hump at 1032 cm- l arises, obviously, from the v12 mode of all 

the physisorbed pyridine molecules on the surface. This vibration is not as sensitive as 

the ring breathing vibration to the environmental changes, since the nitrogen atom does 

not take a part in the motion. Note that the vertical scale is the same for all three 

spectra in Figure 4.1. After the surface was exposed to the guided waves for 3 hours at 

10-5 torr, spectrum (c) was obtained. The vibrational peaks at 993, 1000 and 1008 

cm- l originate from the v1 mode of physisorbed, hydrogen-bonded and protonated 

pyridine respectively. The broad feature centered around 1032 cm- l , again, is due to 

the 1112 mode of the adsorbed (physisorbed and hydrogen-bonded) pyridine present on 

the surface. The tenuous feature at 1020 cm- l may be due to the pyridine coordinated 



128 

to Lewis sites on the surface. After a three hour exposure to the laser, spectrum (a) 

can be observed again. When the waveguide surface was not continuously exposed to 

the laser beams after pyridine was introduced, the desorption times were about 12 

hours. 

The spectral assignments of spectrum (c) are based on the following analysis. The 

VI (aI ) ring breathing mode of pyridine involves movements of the N atom, and, thus, 

is very sensitive to the nature of any surface bond involving the nitrogen, such as a 

hydrogen bond to a surface hydroxyl. In the liquid phase Raman spectrum, VI appe:tr~ 

at 991 cm- I . Therefore the observed line at 993 cm- I must arise from physisorbed 

pyridine which is probably oriented parallel to the surface. The line at 1000 cm- I is 

assigned to pyridine hydrogen-bonded to the surface based upon the facts that VI of 

pyridine in water occurs at 1003 cm-I and that VI of pyridine hydrogen-bonded to an 

Al20 3 surface occurs at 998 cm- I •I02 

In the pyridinium salts VI occurs at 101 I cm- I so the line at 1008 cm- I is 

attributed to the pyridine coordinated to surface Bronsted sites. Pyridine coordinated to 

a Lewis site on A120 3 and (PY)2ZnCI2 exhibit frequencies at 1019 cm- I and 1020 cm- 1 

respectively. Hence the feature at 1020 cm- I was assigned to the pyridine coordinated 

to surface Lewis sites. The Raman spectrum (Figure 4.2B), clearly demonstrates 

presence of pyridine complexed with Zn+2 ions. 

v12 is a trigonal ring stretch and, since it involves little motion of the N atom, its 

frequency is not sensitive to the nature of surface bond to the nitrogen. The broad 

band at 1032 cm- I is attributed to this mode of physisorbed, H-bonded and protonated 

surface species. The range of the v12 of such species are given in Tables 4.II and 4.III. 

In order to explain the desorption sequence of Figure 4.1 both the nonuniformity 

of the surface and presence of surface bound water must be considered. The 
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nonuniformity can explain the existence of both the pyridinium ion and H-bonded 

pyridine when the relative surface coverage is low. At higher surface coverages, 

crowding of the adsorbates on the surface takes place and the spectrum is dominated by 

pyridine hydrogen-bonded to surface water. The larger line width of spectrum (b) is 

indicative of the inhomogeneity of these species. This WSCARS observations are in 

good agreement with the Raman studies of pyridine adsorption on various metal oxide 

surfaces by Hendra and co-workers9B. At multilayer coverage there was evidence for 

the presence of mainly physically adsorbed pyridine with some chemisorbed pyridine. 

As the coverage was reduced physically adsorbed pyridine was lost. Finally, at lowest 

coverage, when no more pyridine could be removed at 200 C and 10-5 torr, the spectra 

were dominated by mainly the chemisorbed pyridine. 

Figure 4.3 shows the desorption curve for pyridine on the surface at 10- 5 torr. 

The laser was tuned to ll.w = wl - w2 = 998 cm-1 and the WSCARS signal was recorded 

as a function of time. Even though an approximately 15% reduction of the initial 

WSCARS signal was evident, concrete conclusions cannot be made due to the poor 

quality of the spectrum. Therefore the desorption pathways of the adsorbed pyridine 

remain unclear at this time. However, there are several factors which can effect the 

adsorption of pyridine on ZnO which should be taken into account in determining the 

desorption mechanisms of pyridine. One of the primary factors is the degree of surface 

hydroxylation. Adsorption of water on dehydroxylated ZnO has been investigated 

thoroughly60,67,6B. On a ZnO surface both physisorption and chemisorption of water 

take place simultaneously. The physisorbed water can be removed by evacuating the 

system at relatively low temperatures, ie., even at room temperature, whereas 

chemisorbed water starts to come off at 475 K. Under ambient conditions the hydroxyl 

density on ZnO powders has been estimated to be about 8 OH groups per 100 A2. 
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Existence of this thin hydroxyl coating on the surface may effect adsorption as well as 

the desorption processes. Therefore, for a systematic investigation of desorption kinetics 

and surface dynamics, an accurate estimate of the surface bound water content is 

necessary. 

Another factor which should be taken into account is the surface structure. 

Based on the surface atomic arrangements of ZnO in a number of different planes, a 

number of differences can be identified which could effect the surface chemistry. The 

Zn-polar surface (0001) has an outward pointing dipole whereas the O-polar surface 

(000T) has the dipole is pointing inwards. This difference may be important in the 

interaction of the surface with adsorbates that are ionic or that posses a dipole moment. 

For example, if the interaction with the adsorbate requires participation of lattice 

oxygen or a lattice metal atom, the availability of the lattice atom is expected to differ 

on the different surfaces. Even if the Zn-polar and O-polar surfaces appear to be the 

reverse of each other, the large size of 0 ions than Zn ions results in more effective 

shielding of the Zn ions by the 0 ions on the O-polar face than vice versa on the Zn­

polar face. Temperature Programmed desorption (TPD) studies of various molecules on 

the Zn-polar, O-polar and on the nonpolar surfaces showed that the differences in the 

chemical behavior among the surfaces depend on the nature of the molecule71 • For 

molecules that do not react with surface their interaction with Zn ion is affected by 

ionicity of the lattice zinc, orientation of the surface dipolemoment, and steric 

hindrance around the Zn+2 ion. If the molecules undergo reactions, several other 

factors such as the reducibility of the surface can effect the decomposition probability 

and the decomposition pathway. 
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4.2. Phenol on ZnO. 

4.2.1. Introduction. 

Adsorption of phenols on oxide surfaces takes place in several different ways. 

The interaction of phenol with surface silanols, through hydrogen-bonding, involves the 

participation of a free electron pair of the oxygen atom. This has been confirmed by 

Robin and Trueblood using ultraviolet spectroscopyl03. After studying the adsorption 

of a series of phenols on silica, immersed in heptane solvent, Rochester and Trebilco 

also drew a somewhat similar conclusion104,106. There was evidence, in the infrared 

spectra of two types of interactions. One type of i~teraction involves formation of 

hydrogen bonds between the aromatic 1l'-electron system of the adsorbate and the 

surface hydroxyls. The other type of interaction was due to the hydrogen-bonding 

between surface silanol groups and phenolic hydroxy groups. In addition, another very 

common mode of phenol adsorption has been found on some other metal oxides namely 

A12 0 3
106, MgO 107 and ZnO lOB. A phenol molecule can loose its phenolic hydrogen 

and form phenoxide on the surface. The liberated proton can then react either with a 

surface bound oxygen anion site to produce an OH group or with a surface hydroxyl 

group to produce molecular water (which can remove by subsequent pumping). 

However the nature of this process depends on the experimental conditions, the atomic 

structure, and the nature of the surface. 

Undoubtedly, the most suitable vibrations to investigate the structure of adsorded 

phenol are those which involve the motions of either the O-H bond or the C-O bond. 

These vibrations are very sensitive to any structural or enviromental changes in the 
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phenolic OH group. However, the out-of-plane C-H bending vibration, v18a (a1 ), was 

chosen for this experiment because of the constraints in the tunability of the dye lasers. 

This vibration is of comparable importance, since the out of plane C-H bending mode 

also is affected by the enviromental changes of the molecule. 

The purpose of this investigation was to employ the WSCARS technique to 

investigate the nature of adsorbed phenol on a ZnO (0001) surface and study the mode 

of interaction. 

4.2.2. Obsevations and Discussion. 

Interpretation of the molecular symmetry group of phenol is somewhat 

controversial. The molecule can assume two symmetrically equivalent configurations 

related by a C2 internal rotation around C-O bond axis. In this case the molecular 

point group is Cs.10B However the Cs point group cannot completely describe or 

distinguish all the resulting vibrational sublevels. Some experimentalists have suggested 

a molecular group G4 of order 4 for the phenol molecule109. 

The out-of-plane C-H bending vibration of phenol in liquid occurs at 1024 cm-1 

(1025 cm-1 in gas phase) in the Raman spectrum and at 1025 cm-1 (1024 cm-1 in gas) 

in the infrared spectrum10B. The shoulder at 1014 cm-1 in the Raman spectrum arises 

from the first overtone of the out of plane X-sensitive ring deformational vibration 

v16b (b2 ). In the gas phase phenol this overtone appears at 1007 cm-1 in the Raman 

spectrum109. The ring breathing mode of phenol usually falls in the normal region at 

1000 cm -1 in the Raman spectrum. 

Different possible modes of phenol-surface interactions have been described by 

some of the early workers104. The strength of many of these modes depends on the 
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extent of surface hydroxylation as well as the atomic structure and cleanness of the 

surface (Table 4.IV). In Figure 4.4 spectrum (a) is the WSCARS spectrum of a ZnO 

surface around 1000 cm- I prior to introduction of phenol vapor. Spectrum (b) is the 

WSCARS spectrum of a ZnO surface covered with phenol vapor at lx10- 5 torr. This 

spectrum was generated without evacuating the system. The w1 beam was fixed at 5609 

A while tuning w2 • The values of w2 , in cm-l, are given along the x-axes of the 

spectra. The y-axis denotes the relative intensity of the WSCARS signal. The broad 

peak centered at !:l.w = 1016 cm-l is due to the distribution of 1118a (a1 ) vibrations of all 

adsorbed phenol. The ring breathing occurs at !:l.w = 999 cm- l in the spectrum. The 

large breadth of the feature at 1016 cm- l is due to the inhomogenious broadening of 

adsorbates. Also, since both physisorbed and chemisorbed surface species are present 

on the surface, surface coverage is relatively high, the vibrational coupling of adsorbate 

molecules as well as surface crowding may be responsible for this broadening. 

The spectrum in Figure 4.5 was generated with active pumping of the surface 

excess phenol. One interesting feature of this spectrum is the peak centered at !:l.w = 

1009 cm-l. In the gas phase Raman spectrum the feature at 1007 cm- l is due to the 

overtone of the out of plane X-sensitive ring deformational vibration 1116b (b2 ).lo8 In 

liquid this overtone occurs at 1014 cm-l as a broad shoulderllo. Therefore this feature 

may arise from the 1116b (b2 ) overtone vibration of the weakly adsorbed phenol 

molecules at moderate surface coverages. However, with continuous evacuation this 

feature disappears from the spectrum as seen in the Figure 4.6. The WSCARS peak at 

1018 cm- l is assigned to the phenoxide ion on the surface. This spectral assignment 

was based on the fact that phenol dissolved in NaOH gives a CARS peak at 1018 cm- 1 

due to out of plane C-H bending vibration. In liquid phenol the corresponding feature 

was found at 1024 em-I, and at 1024 cm-l, and 1023 cm- l in CCI4 and CHCl3 
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respectively (Figures 4.7A-E). The band at 999 cm-1 in the WSCARS spectrum in 

Figure 4.5 is assigned to the ring breathing mode of adsorbed phenol on ZnO. 

Table 4.IV. 

The positions of Ill' 1I18a' and 2111Gb vibrations of phenol in various environments 

Environment III cm- 1 1118a cm-1 2111Gb cm- 1 ref. 

phenol(gas) 999 1025 1007 108 

phenol(liq) 1000 1024 1014 110 

NaOH 998 1018 1015 § 

CHCI3 1000 1024 § 

CCI4 1000 1023 § 

AI2 0 3 994 1019 106 

MgO 994 1022 106 

§ = in this work. 

The WSCARS spectrum in Figure 4.6 was taken after evacuation of the adsorbed 

phenol for a period of 8 hours to a pressure inside the chamber of about I x 10- 5 torr. 

Under this condition most of the weakly bound surface species are removed from the 

surface. The WSCARS feature at 1009 cm- 1 disappears upon evacuation while the 

other vibrational features remain. The positions of the remaning vibrational bands' shift 

slightly with the background pressure. The WSCARS feature at 1018 cm- 1 clearly arises 

from the out-of-plane C-H vibration of surface phenate ion. The WSCARS peak 

centered at 996 cm- 1 in the Figure 4.6 is assigned to the ring breathing mode of surface 

phenate ion. 
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Several examples of physisorption of phenol on various catalysts have been 

reported1ll,1l2. However, chemisorption also takes place on many oxide surfaces. On 

silica surfaces several different modes of hydrogen bonding have been proposed. In one 

mode the electron pair of the oxygen atom of the phenolic hydroxyl group interacts 

with a surface hydroxyl group. In another mode the oxygen atom of the surface 

hydroxyl group interacts with the phenolic OH group. In an intermediate situation 

oxygen atoms on both hydroxy groups, surface hydroxyl and phenolic, participate 

forming a cyclic structure104. The nature and the extent of these interactions depends 

on the availability of free electron pairs on both hydroxy and phenoxy oxygen atoms. 

Substitution on the aromatic ring with an electron donating substituent decreases the 

strength of the phenol groups as donors of H-bonds but enhances their strength as 

acceptors of H-bonds. Electron withdrawing sustituents on the aromatic ring increase 

the strength of hydrogen bonding ability of the phenol OH groups as donors of 

hydrogen bonds. 

On A120 3 • MgO and ZnO, phenol is bonded to the solid surface via formation of 

phenoxide ionl05-107. The lack of a corresponding O-H streching vibration in the 

Inelastic Electron Tunnelling Spectrum (lETS) of phenol adsorbed on plasma grown 

Al2 0 3 and on MgO is an indication of the presence of phenoxide ion on the surface. 

On Al2 0 3 the liberated proton is believed to further react with surface hydroxyl groups 

to produce molecular water. Taylor and co-worker investigated the structure and 

orientation of adsorbed phenol and subtituted phenols on 'Y-alumina with infrared 

spectroscopyl05. The general conclusion is that phenols strongly chemisorb to form 

phenoxide surface species. The orientation of the surface residents with respect to the 

surface is more or less co-planer but tilted upwards such that the para position is more 

removed from the surface than the ortho position. Two types of surface hydroxyl 
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groups interact with adsorbed phenols. The most basic hydroxyl groups, which are 

associated with the highest vibrational frequency (3701 em-I), are removed from the 

surface as water upon the chemisorption of phenol. Less basic surface hydroxyl sites 

(3701 em-I) do not have enough basicity to abstract a phenol proton and a nearby oxide 

ion abstracts the proton from phenol molecule. The resulting phenolate ion then 

adsorbs on a surface cation site. Once the phenoxide ion has settled over the exposed 

aluminum ion, hydrogen bonding between the phenoxide oxygen and/or the 'Il"-electron 

cloud of the aromatic ring and the surface hydroxyl can take place. Therefore, less 

basic surface hydroxyl groups make hydrogen bonds with adjacent chemisorbed 

phenoxide ions. In addition there are two other types of hydroxyl groups which are not 

effected by the phenol adsorption. Taylor's results indicate that there are at least two 

types of adspecies present on the surface. However, on MgO the most likely 

explanation is that the proton released from the phenol upon chemisorption as phenolate 

ion is adsorbed on a surface anion site rather than being pumped away as molecular 

waterlOG. 

Kotanigawa also reported that phenol adsorption on ZnO takes place through the 

formation of a surface phenolate ionl07. Comparison of the infrared spectrum of 

phenol adsorbed on ZnO with the infrared spectrum of phenol in KBr indicated that 

the phenol O-H stretching vibration (3250 cm-l) and the in plane bending vibration 

(1370 cm-l) as well as the phenol ring vibration (1472 cm-l) disappeared upon the 

. chemisorption. Furthermore, the phenol C-O stretching vibration shifts from 1230 

cm-1 to 1248 em-I. These results are quiet similar to the results of the chemisorption 

of phenol on 'Y-alumina reported by Taylorlo5. 

Results of present WSCARS investigations also indicate the formation of surface 

phenolate ion on the ZnO surface upon the chemisorption of phenol. On AI2 0 3 
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surface the C-H out of plane bending mode of chemisorbed phenol occurs at 1019 cm- 1 

(ring breathing mode at 994 cm-1) and on MgO surface this mode appears at 1022 cm- 1 

(ring breathing mode at 994 cm- 1). Therefore the WSCARS peak at 1018 cm- 1 in the 

WSCARS spectrum is an indication of the formation of a surface phenoxide ion. If 

phenol does not undergo breaking of an O-H bond but is simply adsorbed intact, one 

would expect the bond responsible for the chemisorption to involve the hydroxyl group 

of the adsorbed molecule. Thus, the phenolic OH group would be H-bonded to oxygen 

anions or surface OH groups already present on the surface. Hydrogen bonding is the 

weakest mode of interaction between a surface and an adsorbate next to Van der Waal's 

attractions. In general, at relatively higher surface coverages hydrogen bonding is the 

predominant mode of interaction between solid and the adsorbate. But if significant 

chemisorption does not occur, species of this molecular weight usually come off the 

oxide surface during evacuation. 

Undesired photochemistry was not encountered under the experimental conditions. 

Indeed, the surface power density could not be raised much above 10 MW cm- 2 

because of a non-linearity in the ZnO oxide itself. At high input power densities two 

photon absorption generates conduction band electron which change the index of 

refaction and, hence, change the required input coupling angles. The observed 

WSCARS peaks indicate the formation of phenate ion on the ZnO (000 I) surface. 
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FIGURE 4.4. (a). WSCARS spectrum of a bare ZnO (0001) surface in the region 1030 - 990 

em-I; (b). WSCARS spectrum of ZnO (000 I) surface after exposure of the surface to phenol 

vapors for ten minutes (I x 10- 6 torr). 
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evacuation for a period of 8 hours. The spectrum was generated when the chamber pressure was 

about I x 10-6 torr; (b). Background signal. 
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4.3. Benzene on ZnO. 

4.3.1. Introduction. 

The adsorption of benzene on oxide surfaces has been investigated by a number of 

authors using a variety of experimental techniques1l3- 118• One emphasis has been to 

determine the number of physisorbed and chemisorbed species on variou~ crystal planes, 

along with the associated heats of adsorption. Another emphasis has been to use 

infrared spectroscopy to study perturbations of the C-H stretches and out-of-plane 

deformation modes of physisorbed benzene on powders as a function of the degree of 

hydroxylation of the surface. In several occasions spontaneous Raman spectroscopy has 

been used to investigate the adsorption of benzene, as a fluorescence contaminant, on 

highly cleaned silica surfaces1l9,120. It has been found that Raman spectroscopy can be 

employed to monitor very low concentrations of fluorescence contaminants where 

gravimetric and infrared studies show only reversible surface interactions. To date, it 

has not been possible to observe the symmetric ring stretch (vI) of adsorbed benzene 

species, on ZnO surfaces, because of the fact that it appears in the Raman spectrum 

only near 992 cm- 1 if the ring is not sufficiently distorted from DSh symmetry, 

including any possible induced dipole moment. Infrared Spectroscopy and spontaneous 

Raman Spectroscopy cannot be employed in this region because ZnO absorbs the 

probing radiation. Determination of the frequency of this mode is important since it is 

quite sensitive to the nature of the adsorption site. The thrust of this work was to 

investigate the perturbation of this mode for physisorbed and chemisorbed species on a 

planar (0001) ZnO surface. 
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Waveguide surface coherent anti-Stokes Raman scattering (WSCARS) is an effective 

way to obtain Raman spectra of species on flat and characterizable surfaces without 

spectroscopic interference from the bulk materiaP21. 

4.3.2. Background. 

The only spectroscopic studies of benzene on ZnO involve the use of UPS single 

crystal surfaces. Studies of adsorption on the (1100) surface indicate that benzene 

remains on the surface at a pressure of 10-9 torr at 120 K.llS Based on the observed 

binding energies, it has been concluded that the molecules are chemically bonded to the 

ZnO surface primarily through the highest lying 1f-electron orbitals. Lower lying 1f and 

(j orbitals may contribute as well. This implies that the molecules lie parallel to the 

ZnO surface1l6• On the other hand, Poss and coworkers have reported that benzene 

does not seem to lie parallel to the (1010) surface117• 

In thermal desorption spectroscopy (TDS) experiments on single crystal ZnO 

surfaces, three different maxima were evident. At low coverages, only one relatively 

broad and flat maximum appeared around 250 K, but, upon the adsorption of more 

benzene, two other sharp peaks appeared at 140 K and ISO K. The general conclusion 

from these studies is that several weak binding sites exist on ZnO, and the orientation 

of benzene on the surface depends upon the type of binding site involved. The 

continual increase of the heat of adsorption (from 7.3 to 14.5 Kcal/mole) on ZnO 

powders as the hydroxyl coverage decreases is evidence that exposed zinc ions provide 

sites for chemisorption118• 

IR studies of benzene on hydroxylated silica powders indicate that some vibrational 

modes of adsorbed benzene are shifted toward higher frequencies and exhibit 
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considerable inhomogeneous broadening1l3. For example, the frequency of the out-of­

plane C-H motion (v4 ) changes from 675 em-Ito 684 cm- l upon adsorption but 

approaches the original value as the surface hydroxyl groups are removed121• When the 

dehydroxylation temperature of silica is high, circa 4000 C, the position of the IR band 

does not depend on the vapor pressure of benzene within the range of 2-80 torr. 

However, if the dehydroxylation temperature is 2000 C or less, the position of the 

vibrational band is slightly dependent upon the benzene pressurel21• These observations 

can be interpreted as an indication of the existence of a distribution of sites with 

various degrees of stearic hindrance. 

Cusumano and coworkers found three new vibrational bands in the aromatic C-H 

streching region upon the adsorption of benzene on silica, and the intensities of those 

bands increased and shifted slightly towards the lower frequencies with the increasing 

surface coverage of the benzene1l4. When the surface is fully dehydroxylated by 

degasing at higher temperatu.res (8000 C - 8500 C), weak C-H bands were found, 

indicating that a very small amount of benzene was weakly held to the surface by 

dispersion forces. These observations are consistent with the conclusions drawn from 

the v 4 studies. 

Adsorption of benzene on cleaned silica surfaces has been subjected to Raman 

spectroscopic investigations by Buechlar and co-worker1l9. All the observed Raman 

bands for the adsorbed species were also seen in the Raman spectrum of liquid benzene, 

without any frequency shifts. Ther~ was no evidence for the presence of Raman 

forbidden bands in the spectrum. One conclusion has been that benzene undergoes 

polymerization to produce organic residues on the cleaned silica surface, particularly 

when irradiated with laser beams. On the other hand, adsorption of benzene on porous 

glasses gives rise to some additional Raman linesl20, which are not present in the liquid 
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benzene spectrum. However the relative intensity of some of those Raman lines 

differed appreciably from those of the liquid spectrum. This effect was very noticeable 

especially at low surface coverages. But this enhanced intensity was not observable 

during the desorption of benzene, indicating that the phenomena is irreversible. 

4.3.3. Observations and Discussion. 

Both the nature of the ZnO sample and the experimental conditions in our studies 

are significantly different from the Si02 powders and ZnO single crystals of previous 

studies.1l6,117 Under the de hydroxylation conditions described above, the number of 

hydroxyl groups on the surface is significantly reduced from the maximal coverage of 

16 per 100 A2.114,122 

Spectrum (a) of Figure 4.8 shows the background CARS signal obtained from the 

bare ZnO waveguide. Spectrum (b) was obtained when benzene was introduced into 

the chamber at I x 10-3 torr. The vertical scales are the same for both spectra. The 

CARS spectrum labeled (a) in Figure 4.9 was obtained after evacuation for a period of 

30 minutes. After pumping at a pressure of 10-7 torr for a period of 5 hours the 

spectrum appears as shown in (b). The vertical scale of Figure 4.9 is 0.2 times that of 

Figure 4.8, and most of the background signal has been removed. After heating at 1000 

C and lxlO- S torr, all the adsorbed benzene can be completely removed from the 

surface and spectrum (a) of Figure 4.8 can be regenerated. 

The large feature of Figure 4.8 is clearly associated with physisorbed benzene by 

virtue of the facts that the center frequency of 992 cm-1 is the same as that of isolated 

benzene and that it disappears rapidly upon evacuation of the chamber. The linewidth 

of 50 cm- 1 FWHM is indicative of extensive. inhomogeneous broadening. When 
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benzene interacts with a surface through a dispersive interaction, VI will decrease 

slightly. Steric hindrance in a binding site, ie., competition of several adsorbate 

molecules for the same site on the surface, however, will increase this frequency. It has 

been suggested that two superimposed adsorbed benzene molecules would fit very 

tightly in the same adsorption site on a porous glass surface and that would lead to 

increased adsorbate-adsorbate interaction 120. At low coverages the effect would not be 

important; at relatively higher coverages, however, binding sites become crowded by 

interacting benzene molecules and these could then prevent further entry of molecules 

into the binding sites. In order to explain the huge linewidth, stronger interactions with 

the surface must be considered. An induced dipole interaction, which effectively 

lowers the symmetry to C2v ' would also lower the frequency. The feature at 992 cm-1 

probably arises from benzene bound to a distribution of sites exhibiting these 

interactions. The high frequency component arises from sites dominated by steric 

hindrance, while the low frequency component arises from well-exposed hydroxyl 

groups or other induced-dipole binding sites. Another possibility is that the high 

frequency components may arise from vibrational coupling of the adsorbates at higher 

surface coverages. This effect would play a most prominent role at higher surface 

coverages. Upon desorption it is the high frequency edge of the spectrum which 

disappears first (Figure 4.9). 

An isolated benzene molecule has 20 fundamental vibrational frequencies, 10 of 

which are doubly degenerate. Out of these, only seven frequencies are Raman active, 

ie., they cause a change in polarizability, two alg modes one elg mode and four e2g 

modes. Adsorption of benzene on the ZnO surface fixes the molecule in space, thereby 

removing the rotational and translational degrees of freedom of the gas phase species. 

In molecular terms, absorption creates six new vibrational modes which have the same 
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symmetry as the former rotational and translational modes123. At the same time the 

molecule is oriented with respect to the surface and hence with respect to the probing 

radiation. Therefore, modes which involve the normal component of the induced dipole 

and the normal component of the electric field vector should be Raman active at the 

surface. 

Chemisorbed benzene has been extensively studied using ultra high vacuum 

techniques. Most studies claim that benzene will retain its de localized symmetric 

structure when bonded to a metal surface. Investigations done by a number of workers, 

using various analytical techniques such as ARUPS (Angle Resolved Ultraviolet 

Photoelectron Spectroscopy)124, EELS (Electron Energy Loss Spectroscopy)125, HREELS 

(High Resolution Electron Energy Loss Spectroscopy)126, FfIR (Fourier Transformed 

Infrared Spectroscopy)127, LEED (Low Energy Electron Difraction)128 and TDS 

(Thermal Desorption Spectroscopy)129 indicate the benzene molecule lies flat-on the 

surface. 

To reconcile the geometry and the allowed vibrational modes of the adsorbed 

species one may consider a number of possible binding modes. A preferential bonding 

of the benzene molecule to a single Zn+2 site, with the loss of the 0h symmetry plane, 

and the inversion center may give rise to either molecular group C6v ' if there is no 

strong influence of the surface site on the molecular wave function, or molecular group 

C2v if the surface site or lateral interactions are important. If interaction with the 

surface hydroxyls is important one may simply assign the molecule to the point group 

Cs when it is adsorbed on the ZnO surface. An alternative structural model would be 

an edge-on "standing" benzene molecule on the surface as proposed for adsorption on a 

graphite surface130. This situation also gives rise to a molecular group C2v ' The 

reduction of symmetry upon the adsorption may give rise to additional Raman peaks 



155 

which are forbidden in Deh symmetry. The Table 4.V shows the correlation between 

Deh point group and its subgroups and gas phase frequencies for benzene. 

Table 4.V. 

The correlation table between Deh point group and its subgroups. 

mode Deh Csv C3v C2v Cs II cm- 1 

number av (ad) ad (av ) 

111' 112 a1g a' 1 aI' a' 1 a' 992, 3062 

113 a2g a2 a2 a2 a" 1346" 

" 
(117' 118) b2g b2 aI' (a2) b2 a" (a') (703, 995) 

1111 e1g e1 e b1 + b2 a' + a" 849 

[11
15 

1I
1e ] e2g e2 e (a1 + a2)' a' + a" [ 3047 1595] 

1117 1118 1177 607 

114 a2u a' 1 aI' a' 1 a' 671" 

" (115 , lie) blu b2 aI' (a2) b2 a" (a') (3048, 10 10) 

(119 , 1110 ) b2u bl a2 (al )' bl a' (a") (1309, 1146)* 

[1112 II ] elu e e (b1 + b2) a' + a" [3057" 1035] 
II 13 1479 14 

(1119 , 1120 ) e2u e2 e (al + a2)' a' + a" (969, 404)" 

• Not Raman active in Deh symmetry of benzene. 

, TheoriticaUy observable vibrational modes for adsorbed benzene on surfaces from ref. 

[123]. 

AU the given frequencies are for gas phase benzene from ref. [125]. 

Mode numbers foUow Herzberg's notation [140]. 



156 

Surface hydroxyl groups have a large influence on the surface properties of metal 

oxides. The heat of adsorption of benzene on ZnO increases as the degree of 

dehydroxylation increases1l8• This is a consequence of the increased density of induced 

dipole and Zn+2 binding sites. In this work no estimation of the surface hydroxyl 

content of the ZnO surface could be made. Morimoto's investigations indicate that 

there are about 10 hydroxyl groups per 100 A2 on ZnO powders after degasing at 200 0 

C. The hydroxyl density of the flat waveguide (000 I) surface is believed to be less 

than this value. The density of adsorbed benzene on ZnO powder is 2 molecules per 

100 A2 after degasing at 2000 C. 

The spectra of Figure 4.9 indicate that a considerable amount of chemisorbed 

benzene remains on the surface after removal of the physisorbed species. The band 

with a maximum at 982 cm-l in (a) disappears gradually at room temperature and is 

thus associated with a species less strongly bound than the species responsible for the 

features in spectrum (b). The existence of chemisorbed benzene is consistent with 

measurements of heats of adsorption1l8 and desorption temperatures on ZnO powders l3l , 

The breadth of the 982 cm-l band is a consequence of a significant distribution of the 

weaker chemisorption sites. Surface Enhanced Raman Spectroscopic (SERS) 

investigations, on the adsorption of benzene on metal surfaces, show the appearance of 

the vI7 vibration of adsorbed benzene at 970 cm-l , which is forbidden in D6h 

symmetry.l32 The vI vibration of adsorbed benzene is found to be shifted to 982 cm-l 

which appears at 992 cm- l in the liquid benzene. On the other hand Neutron Inelastic 

Spectroscopic (NIS) studies, carried out by Jobic and co-workersl33, on 'the adsorption 

of benzene on Raney Nickel, finds the VI vibration of adsorbed benzene at 939 cm-1 

and Vl7 vibration at 857 cm- l , These workers suggest that vIS of the adsorbed species 

occurs at 992 cm- l (1035 in liquid), vI2 occurs at 1003 cm-l (1010 in liquid) and Vs 
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occurs at 868 cm- 1 (989 cm-1 in liquid). The III assignment of Jobic is in good 

agreement with the HREELS studies of adsorbed benzene on Ni (111) surface, carried 

out by Lehwald et a}134., who assign the III vibration of adsorbed benzene at 940 em-I. 

The surface propeties of metal oxides largely differ from those of pure metal 

surfaces. By taking our previous experience and knowledge about metal oxide surfaces 

and WSCARS, and the useful information cited in the literature, into account there are 

two possible assignments for the Raman features which appaar in the Figure 4.9 

spectrum (b). If we assign the shoulder at 974 cm- 1 and the narrow peak at 967 cm- 1 

to 1117 vibrations of two different benzene molecules, which are either adsorbed with 

different environments on the surface or are differently oriented on the surface, the 

features at 958 cm-1 and 944 cm-1 can be assigned to III vibrations of those two types 

of adsorbates. The other possibility is that the narrow peaks at 944, 958 and 967 cm- 1 

and the shoulder at 974 cm- 1 are due to the III vibrations of adsorbed benzene 

molecules on the ZnO surface which exist in predominantly four environments. Surface 

irregularities expose several crystal planes, and the chemisorption sites could be Zn+2 

ions in these planes. In order to identify the vibrational peaks, of the adspecies 

accurately, additional experiments should be done. The symmetry of the benzene 

molecule can be lowered by deuterium substitution. By investigating the vibrational 

character of such molecules, for example C6 Hs D, C6 H4 D2 , C6 H3 D3 etc, upon the 

adsorption on ZnO and comparing those with that of benzene an accurate assignment 

can be made. However the purpose of this work is to show that the WSCARS 

technique has enough spectral resolution and sensitivity to identify trace amounts of 

adsorbates which are adsorbed on different environments. 

The frequencies of the five major features in (a) and (b) are consistent with the 

frequency of III measured in complexes of benzene with metal atoms and ions. 
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Benzene is capable of making sandwich compounds with metal atoms and ions. For 

example, vi of Cr(C6H6)2 appears at 971cm- l and that of Cr(C6Ha)~ appears at 972 

cm- l •l35,l36 In the case of V(C6Ha)a, the same vibration appears at 959 cm- l . 

Formation of sandwich structures are prohibited by the waveguide geometry, but a 

single molecule can bind to a Zn+2 site without causing an appreciable distortion in the 

delocalized ring structure. In this case symmetry should be at least lowered to Cav ' If 

benzene actually reacted with the surface to produce a bond between a Zn atom and a 

ring carbonl37, the environmentally insensitive v12 mode would appear in the 999 to 

10lO cm- l region, and the descendant of Vi would appear around 800 cm- 1.138,139 

Under the conditions used for these experiments, no Zn atoms are expected on the 

surface. The existence of several different sites for the adsorption of a 'If electron 

bearing molecule on ZnO is not unusual. Measurements of the heat of adsorption of 

ethylene on ZnO have indicated the presence of four species. WSCARS spectroscopy of 

ethylene on ZnO has revealed that these four adsorbates exhibit frequency shifts from 

the vapor phase value for the C=C stretch lying between -6 and -41 cm- l •lO 

The orientations of the molecules in the different sites could not be determined 

because all three fields were polarized in the plane of the surface. 
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4.4. Methanol and CD30D on ZnO. 

4.4.1. Introduction. 

The interaction of alcohols with oxide surfaces is relevant with respect to several 

heterogeneously catalyzed reactions such as dehydrogenation and dehydration. In many 

situations methanol has been used to prepare methoxylated surfaces. On hydroxylated 

silica surfaces adsorption of methanol leads to formation of silicic acid esters according 

to the following mechanism. 

*-Si-O-H + CH30H -> *-Si-0-CH3 + H20 (4.1 ) 

(* = surface atom). 

The spectral method was first applied to surface methoxylation by Sidorov on 

porous glass141• Upon the adsorption of CH30H the intensity of the infrared bands 

corresponding to surface silanol groups went down at the same time new bands 

corresponding to C-H vibrations of the methyl groups appeared. The degree of the 

methylation reaction increases with the increasing temperature. Some other authors 

investigated the adsorption of methanol on aerosil and found one surface methoxyl 

group is formed for every two hydroxyl groups removed142• 

However a complete substitution of surface hydroxyl groups by methoxyl groups 

cannot be achieved due to steric hindrance. Surface methoxyl groups are very heat 

resistant and their absorption bands remain almost unchanged in intensity when the 

samples are heated. The interpretation of the spectra and the establishment of the 

mechanisms of the molecular adsorption of methanol adsorbed on oxide surfaces are 
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hindered by the parallel reaction of esterification of surface hydroxyls. 

On alumina surfaces after removal of the weakly bound methanol the infrared 

bands of methoxy groups at 1190, 1100, and 1030 cm-1 have been detected143. If the 

adsorption temperature is about 1700 C formation of surface formate groups were 

evident. In the case of weakly acidic alcohols the molecular adsorption of alcohol on 

alumina has been observed.144 However other species have also been detected whose 

nature is not fully understood145. Similar species have been seen in the adsorption of 

methanol over some other oxide surfaces such as Ti02146, Fe203 147 and Si02148. 

The unique activity and selectivity of ZnO-based catalysts for methanol synthesis 

has been recognized for many years149. Nevertheless, there remain many unanswered 

questions about fundamental details such as nature and the composition of active sites, 

the kinetics of the elementary steps and the importance of the various proposed reaction 

intermediates. Many of these problems also extend to the simpler case of CH30H 

adsorption on pure ZnO. The decomposition of methanol on ZnO has been studied in 

detail by Ueno and his co-workers using infrared spectroscopy150. Two surface species, 

the surface methoxide and formate have been identified as reaction intermediates. At 

2000 C the products of CD30D decomposition were D2, C02 and CO. The sum of 

the amounts of CO produced in the gas phase plus the surface formate ion formed 

during the trapping were approximately equal to the decrease in the amount of surface 

methoxide ion. The process can be explained by the following sequence of steps. 

* DCOO CO (4.2) 

The authors suggest that the formation of the surface formate ion from the surface 

methoxide ion requires the removal of an oxide ion from the ZnO lattice, i.e., the 
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decomposition of formate is occurring on a reduced ZnO surface. At a temperature 

near 2400 C surface concentration of methoxide drops rapidly and the only possible 

surface species is surface formate. Under these conditions the disappearence rate of 

surface formate ion measured by the IR spectroscopy was approximately equal to the 

rate of appearence of gas phase CO measured by the gas chromatography. This 

indicates that the decomposition of methoxide does not contribute significantly to the 

CO production. Addition of methanol into the gas phase, under these conditions, 

increases the amount of surface formate ions and decomposes according to the suggested 

route below. 

* * CD30D + DCOO ~ D2 + C02 + CD30 (4.3) 

After Ueno's investigations many other workers have undertaken various different 

approaches to investigate the steam reformation of methanol over ZnO-based catalysts. 

The reformation proceeds according to the following reaction 

(4.4) 

Even though a large number of investigations has been done to understand the 

surface chemistry of the problem some questions have not been answered to complete 

satisfaction. Great attention has been paid to trace the source of the second oxygen 

atom in the product C02. There are several possible routes through which the 

incorporation of the second oxygen can be taken place. If the extraction of a lattice 

oxygen takes place via formation of surface intermediates; such as methoxide and 

formates, as suggested by Ueno; the surface functions as a chemical constituent in the 

reformation reaction. If the gas phase oxygen transfer from H20 to radical or ionic 
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species released from the surface takes place, then the surface is acting as a generator 

of reactive intermediates which then proceeds on to form C02 in the gas phase. If the 

oxygen atoms in surface hydroxyls participate in the oxygen transfer process then the 

surface provides an environment wherein the reactive intermediates is held in close 

proximity to the surface OH groups in such a manner that the oxygen transfer can take 

place. 

Several investigators have favored the idea that the second oxygen is extracted 

from the surface lattice oxygen151• The conclusion has been made by carrying out the 

methanol decomposition reaction over ZnO enriched with IS 0 and detecting CiS 02 in 

the products. Further support for this postulate is provided by additional experiments. 

The interaction of CO with ZnO showed no evidence for the production of C02 from 

CO. This rules out the other alternate explanations of production of CiS 02 from 

either surface bound or gas phase CO. On the other hand if CO, H2 and H21S0 are 

used in the production of methanol over ZnO-based catalyst the product methanol and 

C02 contained ISO. However, very little ISO was observed in excess reactant CO. 

The oxygen exchange between the surface and CO was very small. But if the surface 

had been pre-equilibrated with water then the extent of oxygen between the catalyst 

and CO was high. Also, the exchange of oxygen between surface and H21S0 was 

evident. 

In another methanol synthesis study Liu and his colleagues used CO, H2, CIS 02 

and H20 over ZnO-based catalysts and found that in the absence of water, the 

production of ClSO was rapid152• In the presence of small amounts of ClS02 the rate 

of CH31S0H produced from ClS02 was approximately 50% of the rate at which 

CH30H was produced from CO. Addition of water to the reacting system suppressed 

the production of CH31S0H but not the production of ClSO from CH30H. Thus Liu 



166 

and co-workers concluded that the hydrogenation of C02 and CO occurs at two 

different catalytic sites. 

Although significant effort has been devoted in an attempt to unravel the surface 

chemistry of the problem, a molecular-level understanding of the surface chemistry 

involved in this process still .remains elusive. Especially, information regarding the 

participation of the oxygen atom of the surface hydroxyl group in the steam 

reformation reaction of methanol is lacking. In order for a proper understanding of the 

role of oxygen of the surface hydroxyls in reformation of methanol the reaction should 

done over a fully hydroxylated surface. Many of the existing surface probing 

spectroscopic techniques cannot handle hydroxylated surfaces very well. The purpose of 

this study is to investigate the weakly bound methanol molecules on partially 

hydroxylated ZnO surfaces using the WSCARS technique. 

4.4.2. Observations and Discussion. 

Figure 4.l1(a) illustrates the WSCARS spectrum of a bare ZnO surface in prior to 

introduction of methanol. Spectrum (b) was obtained after exposure of the surface to 

methanol vapors. Pressure in the chamber was about 8xlO-5 torr. All the observed 

vibrational bands are due to weakly adsorbed methanol on ZnO since they completely 

vanish after a brief evacuation. In liquid methanol, the C-O stretching vibration of 

CH30H occurs at 1031 cm-1 in the Raman spectrum (in CCl4 at 1029 cm-1 in the IR 

spectrum ) whereas in CD30D it occurs at 989 cm- 1 (in CCl4 at 978 cm-1 in the IR 

spectrum)163,154. The CH3 rocking (a') vibration appears at 1109 cm-1 in the Raman 

spectrum (in CCl4 at 1068 cm-1 in the IR spectrum) and in the case of CD30D, CD3 

symmetric bending (a') vibration occurs at 1130 cm-1 (in CCl4 at 1119 cm-1 in the IR 
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spectrum) and the CD3 anti-symmetric bending vibration (aU) occurs at 1069 cm-1 (in 

CC14 at 1064 in the IR spectrum). 

Figure 4.l2(b) shows the WSCARS spectrum of CD30D adsorbed on a 

hydroxylated ZnO (0001) surface at a pressure of 10 torr. The vibrational peaks are 

assigned as follows. The surface CARS peak centered at 995 cm-1 arises due to the CO 

stretching vibration of CD30D adsorbed on surface hydroxyls. The vibrational features 

occuring at 1115 and 1060 cm-1 on the ZnO surface are assigned to 0s(CD3) and 

Oas (CD3) vibrations of adsorbed CD30D respectively. On hydroxylated alumina 

surfaces, these vibrations have been detected at 980, 1120 and 1060 cm- 1 

respectively154. 

The WSCARS spectrum (b) in Figure 4.11 clearly indicates the presence of two 

types of surface species of methanol on the s:urface. The vibrational peaks centered at 

1038 and 1024 cm-1 are assigned to the CO vibration of weakly bound methanol on the 

surface. These features may arise from the methanol molecules which are hydrogen 

bonded to surface hydroxyls and to lattice oxygen through the hydrogen of the methyl 

group. According to Nagao's findings, methanol molecules adsorb on hydroxylated ZnO 

surfaces in such a manner that the methyl moiety is perpendicular to the surface68. 

Therefore an alternate explanation would be that these vibrational bands arise from the 

methanol molecules which are hydrogen bonded to surface hydroxyls and to lattice 

oxygen through the alcoholic hydrogen of the adsorbate. This type of hydrogen 

bonding is expected to be very weak due to the inductive effect of the methyl group. 

However we think that at relatively higher surface coverages of adsorbates, methanol 

molecules can orient on the surface in a way that the methyl hydrogen of the adsorbate 

can interact with the surface. In such cases the inductive effect of the methyl groups 

are reduced and the CO stretching vibration of the molecule should occur very close to 
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that of the liquid. This question can be answered by studying the adsorption of 

CD30H on ZnO which is not done in this work. 

The surface CARS feature centered at 1053 cm- l is assigned to the CO stretching 

vibration of CH30H which are hydrogen bonded to surface hydroxyls through the 

oxygen atom of the adsorbates. Rao and co-workers report that the CO stretching of 

methanol adsorbed on O-covered Zn (0001) surface occur at 1055 cm- l • At the low 

temperatures (80 K) there were indications for the presence of methanol and water on 

the surface. However when the sample was warmed up to 240 K, features 

corresponding to water and methanol disappeared from the surface and peaks related 

only to methoxide was present in the Electron Energy Loss (EEL) spectrum. Based on 

these observations Rao and his colleagues speculated that the methanol is adsorbed as 

methoxide on the surface. Under the experimental conditions employed in present 

investigations formation of surface methoxide is very unlikely. Generally methoxide 

species cannot be removed from the surface with a brief evacuation. Therefore 

vibrational peak at 1053 cm- l is assigned to the molecularly bound methanol. 

The WSCARS feature at 1065 cm- l is assigned to the CO vibration of methanol 

which is hydrogen bonded to surface lattice oxygen through the alcoholic hydrogen of 

methanol. Generally this vibration should occur at a lower value than 1053 cm- l . But 

steric hindrance of a binding site can lead to increase in frequency. Completely 

hydroxylated surfaces of ZnO evacuated at 25° C in a vacuum ( I x 10-3 N m- 2) 

contain about 11 hydroxyl groups per nm2•68 On the (0001) surface the lattice oxygens 

are somewhat buried in the trigonal holes. Therefore lattice oxygens on the surface are 

well shielded by the thin hydroxyl coating. Furthermore, the existence of adsorbed 

methanol molecules on nearby hydroxyls bring an additional shielding. Because of these 

steric effects, CO vibration frequency of methanol adsorbed on surface lattice oxygen 
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should increase. 

In some cases dipole interaction between the adsorbates and ZnO surface has been 

calculated,71 using the classical expression, 

E = 2 [ '1tl . 'JT2 ] 
411"/:r3 

where 'JT 1 and 'JT 2 are two dipoles separated by a distance r. 

(4.5) 

The dipole interaction energy of an adsorbate of a dipole I D (1 D = 3.335 x 

10-30 C m) has been obtained at several different distances away from the surface. 

For species which have a dipole perpendicular to the surface (as CH30-Zn), difference 

in the dipolar interaction varied from surface to surface on ZnO. Taking the ionic 

radii of Zn+2 (0.6 A) and 0 2- (1.46 A) and C-O bond length (1.43 A) into account, 

the authors argue that the magnitude of r should fall in the range 3 - 4 A. Therefore 

if surface ions possess a formal charge, dipole interactions can contribute to a large 

extent for the adsorption energy. 

The vibrational peaks around 1098 and 1086 cm- 1 are assigned to the CH3 

rocking modes of adsorbed methanol, which have been detected at 1090 cm- 1 on 

alumina surfaces154• 

Obviously the surface hydroxyl content has a large effect on the adsorbed 

methanol. Our ZnO sample contains a high fraction of polar (OOOI)-Zn sites compared 

to ZnO powders. The degree of hydroxylation of the waveguide surface, used in this 

investigation, is not known. Decomposition of methanol on (0001) surface of ZnO thin 

films has been investigated by Chan and Griffin155• Decomposition occurred via two 

channels. The low temperature channel produced H2 and CH20 at 585 K whereas 
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high temperature channel produced H2, CO and C02 at 635 K. The selectivity of 

these channels was a function of initial coverages of adsorbed CH30H. At low 

coverages decomposition took place via formation of the methoxide surface species 

while at higher surface coverages decomposition occurred through the formation of 

formate intermediate. 

In order to learn the role of oxygen of surface confined water in the 

decomposition of methanol the reaction should be carried out on a fully hydroxylated 

surface. Under the experimental conditions employed here there were no indications 

for the formation of methoxide ion. Methanol decomposition can be carried on a 180H 

substituted surface at elevated temperatures. Before attempting such experiments it is 

worthwhile to do further investigations on methanol adsorption on ZnO, using different 

isotopes of methanol such as CD30H, CH30D, CD2HOD, CD2HOH etc., in order to 

learn more about the surface binding sites. The present work is a classic example 

which demonstrates that The WSCARS technique has the anticipated sensitivity to 

investigate the problem. 
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4.5. 2,4-pentadione and 3,3-dideuterio-2,4-pentadione on ZnO. 

4.5.1. Introduction. 

2,4 pentadione (acetylacetone) is one of the most common j3-diketones which is 

capable of making coordination compounds with metallic compounds in several ways135. 

The neutral diketone molecule can form chelate ring compounds with metal ions via 

bonding through the oxygen atoms of the two keto groups. This particular type of 

coordination is found in [Ni(acaCH)3 r
2 

and in [cO(aCacH)2 r
2 

complexes15G. Similar 

ketonic coordination has also been proposed for [zn(acacHh r
2 

complexes157. In some 

other situations the enol form of the molecule binds to the metal atom as a 

monodendate through one of the oxygen atoms, for example [Mn(aCaCH)2 r2. This has 

been confirmed using X-ray analysis158. 

Another interesting mode of binding of 2,4 pentadione has been pointed out by 

Lewis and his colleagues using nmr studies159. Acetylaetonate ion can bind to the metal 

atom through a "I carbon atom forming a metal-carbon bond. If such a metal complex is 

acidified, the structure of the compound changes, diketone is mainly in the enol form 

and binds to the metal via C=C bond. In some metal complexes of 2,4-pentadione two 

oxygen atoms can coordinate to two metal atoms at the same time. It also has been 

suggested that the two keto groups, in some of these compounds are transoid160. 

In addition, another very common mode of 2,4 pentadione coordination, which is 

found in most of the metal complexes, is the formation of actylacetonate anion. The 

diketone counterpart is bonded to the metal atom via two oxygen atoms. A large 

number of theoretical analyses have been carried out by different authors taking various 

model compounds. The first theoretical work was done by Nakamoto and co-workers 
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who carried out normal coordinate analysis on the I:} model of Cu(acac)2 161• Later on, 

some other workers carried out similar calculations on the 1:2 (square planer) and 1:3 

(octahedral) models of different acetylacetolle complexes16Z• The crystal structure of 

many of these compounds indicates that the chelate ring is planar and symmetrical 

(C2v symmetry), and two carbon-oxygen bonds are equivalent, as are the two carbon­

carbon bonds in the ring. 

Adsorption of 2,4 pentadione on metal oxide surfaces seems to take place through 

the formation of acetylacetonate anion. Formation of the delocalized anion of 2,4 

pentadione, on metal oxide surfaces, has been reported by several researchers163 ,lG4. In 

many cases lack of the corresponding C=O stretching mode in the vibrational spectrum 

of the adspecies has been evident. Presence of the both keto and enol form of 

2,4-pentadione on the surface has been reported in several occasions. In many 

situations it has been difficult to observe the vibrational features of adsorbate due to 

interference from the bulk substrate165• One emphasis of this investigation is to employ 

the WSCARS technique to identify the nature of the surface residents of 2,4-pentadione 

adsorbed on ZnO (000l) surface. The other emphasis is to demonstrate the strength of 

this colorful WSCARS technique to probe the lower vibrational modes of adsorbates on 

oxide surfaces where many of the existing surface probing tools fail. 

4.5.2. Observations and Discussion. 

The vibrational analysis of 2,4 pentadione and its 3,3-dideutrio derivative has been 

carried out by Ernstbrunner166• The C-C-C deformation vibration of 2,4 pentadione 

appears as a very strong line at 627 cm-1 in the Raman spectrum where it appears as a 

weak line at 623 cm-1 in the infrared spectrum. In the 3,3-dideutrio derivative of 2,4 
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pentadione this vibration appears as a strong line at 624 cm-1 in the Raman spectrum 

and as a weak vibration at 618 cm-1 in the infrared spectrum. In the case of the 

2,4-pentadione anion and the enol form of 2,4-pentadione this very same vibration is 

shifted towards the higher energy. In 2,4-pentadione anion the Raman peak appears at 

630 cm-1 and in enol-2,4-pentadione it appears at 634 cm- 1 in the Raman spectrum 

(infrared peak at 639 cm-1). In the enol form of the 3,3-deutrio-2,4-pentadione the 

above C-C-C in plane deformation vibration appears at 636 cm- 1 in the Raman 

spectrum and at 630 cm -1 in the infrared spectrum. 

Figure 4.13 shows the WSCARS spectrum of 2,4-pentadione adsorbed on ZnO 

(0001) surface at a pressure of 30 millitorr. The spectrum is clearly indicative of the 

presence of several different adsorbed species on the surface. The peak centered at 670 

cm -1 arises from the v(Zn-O) + 6(ring) [v 41 vibrations of the adsorbed species. The 

peak centered at 654 cm-1 is due to the v(C-CH3 ) + v(Zn-O) [v121 vibrations of the 

adspecies. Appearance of these two Raman peaks in the WSCARS spectrum confirms 

the formation of the delocalized anion of 2,4-pentadione on the surface. These spectral 

assignments are in good agrement with Nakamoto's infrared studies of 

zincacetylacetonate complexes where v4 appears at 666 cm-1 and V 12 appears at 651 

cm- 1•167 

The WSCARS peak centered at 638 cm-1 in Figure 4.13 is due to the presence of 

the enol form of 2,4-pentadione on the surface. In the liquid spectrum this peak 

appear at 634 cm -1. WSCARS features at 625 cm-1 arise form the adspecies which 

adsorbs as dike tone on the surface. The corresponding feature occurs at 626 cm- 1 in 

the Raman spectrum of liquid. The majority of molecules adsorbed as diketone can be 

removed from the surface by subsequent evacuation [Figure 4.14 spectra (b) and (c)j. 
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The vibrational peak centered around 685 cm- l is attributed to the weakly bound 

adsorbates since it readily disappears under evacuation. This is not surprising since at 

relatively higher surface coverages, both chemically and physically adsorbed species can 

be present on the surface. Although the peak at 685 cm- l easily vanishes after 

evacuation it appears in the characteristic region for the "(ring) + /I(M-O) vibration of 

2,4-pentadione metal coordination compounds. This vibrational peak reappears in the 

WSCARS spectrum again as soon as the 3,3-dideuterio derivative of 2,4-pentadione is 

introduced into the chamber. In the Raman spectrum of AI(acach, the ,,(ring) + /1(1'.1-

0) vibration appears at 690 cm- 1 whereas in Ga(acac)3 it appears at 685 cm- 1,lGS In 

the case of Cu(acac)2 this mode appears at 684 cm- 1 in the infrared spectrum, 

Therefore the peak at 685 cm- l in the WSCARS spectrum is indicative of the presence 

of a weakly bound cyclic structure. Perhaps, this cyclic structure may arise from the 

physisorbed diketone. In multilayer coverages, the diketone form of the adsorbate can 

make cyclic structures on the surface. This feature reappears when a new dose of 

adsorbate is introduced. Also, it is present in the WSCARS spectrum of 3,3-dideuterio 

derivative of acetylacetone adsorbed on ZnO (000 I) surface (Figure 4.15). 

Figure 4.14 spectrum (a) indicates the disappearance of most of the weakly 

adsorbed surface species. Survival of the peaks corresponding to the delocalized anion 

and enol form of the adsorbed 2,4 pentadione, even after evacuation for 10 hours at 

8xlO-a torr [Figure 4.14 spectrum (b»), is an indication that the chemisorbed molecules 

are strongly bonded to the ZnO surface. In the case of 3,3-dideutrio 2,4-pentadione 

[Figure 4.15 spectrum (b)], again the formation of delocalized anion (WSCARS peak at 

656 and 665 cm- l ) and presence of the surface bound enol form of the diketone 

(WSCARS peat at 636cm- 1) is evident. Absence of the physisorbed species on the 

surface is a consequence of the introductory pressure of the sample into the chamber. 
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There is no necessity for the presence of the physisorbed residents on the surface at 

relatively low surface coverages. Another possibility is that even if the adsorbed 

diketonic form is present on the surface, it can be hidden in the low energy side of the 

WSCARS peak at 636 cm- 1• However after evacuation of the chamber for I hour there 

were no indications of the presence of dike!onic form of 2,4-pentadione on the surface. 

At room temperature about 80% of 2,4-pentadione exists as enol in liquid169• The 

abundance of keto-enol isomers of 2,4-pentadione on a silica surface has been reported 

by Yoshino. Infrared frequencies of the corresponding bands of the adsorbed species 

were very different from those of liquid and the keto ratio was 8:6.170 Infrared and 
enol 

Photoacoustic investigations of silica-immobilized 3-benzyl-2,4-pentadione by Kendall 

and co-workers also identify the presence of both the keto and enol form of the 

adsorbate on the surfacel71• The eknol ratio was always lower for those molecules 
eto 

adsorbed initially than for those molecules adsorbed later. This indicates that at low 

surface coverages chemisorption is predominant. The observations made in the present 

work in the case of adsorption of 3,3-dideutrio derivative of 2,4-pentadione is in 

accordance with those studies. Stephen and Rochester also have reported the co-

existence of keto and enol forms of 2,4-pentadione at the solid/liquid and solid/vapor 

interface on silica165• Observed infrared spectra were indicative of the formation of 

hydrogen bonds between ketogroups and surface bound silanol groups. None of the 

above authors has observed the presence of de localized anions on the silica surface. 

On the other hand, formation of delocalized anion of 2,4-pentadione has been 

observed on several other metal oxide surfaces. Chemisorption of 2,4-pentadione on 

oxidized copper and on oxidized aluminum takes place via the formation of anions. 

This conclusion has been made by comparing the Fourier Transform Infrared (FTIR) 

Reflection spectra of pure diketone and that of adsorbed species164• The absence of 
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the free C=O stretching modes of the pure diketone was an indication for the formation 

of delocalized anion. However the failure of the surface spectrum to match with the 

Cu(acac)3 spectrum is evidence that the surface species is not simply a layer of the 

complex salt. Brown and co-workers also found the evidence for the formation of a 

de localized anion of 2,4-pentadione on aluminum oxide and magnesium oxide. The 

Inelastic Electron Tunnelling spectrum (lETS) had peaks at 688 cm-l, 698 cm- l [v(M-

0) + S(ring) ] and at 657 cm- l, 649 cm- ["( (C-C-C)] on the aluminum oxide and 

magnesium oxide respectively. In the case of 3,3-dideutrio-2,4-pentadione, on 

aluminum oxide, these vibrations appeared at 690 cm-l and 662 cm- l respectively163. 

Ultraviolet and Infrared studies of the adsorption of 2,4-pentadione on evaporated Iron 

and Nickel films, by Kosaku and co-workers, also conclude that 2,4-pentadione is 

chemisorbed on iron and nickel in the enolate forml72. 

Even though the co-existence of surface bound anion, enol and diketone of 

2,4-pentadione on ZnO is clearly seen in the WSCARS spectra the elucidation of the 

structures of the surface species is rather difficult. Zinc-2,4-pentadione complexes 

have been studied thoroughly. In [Zn(acac)2la complexes, the Zn atom is in an 

octahedral environment and is six coordinatedl73 whereas in the case of Zn(acac)2 the 

Zn atom is in a tetrahedral surrounding. In the former case, two distinct Zn-O 

distances have been observed, namely 2.10 A for bonds from zinc to bridging oxygen 

atoms, and 2.02 A for bonds from zinc to non bridging oxygen atoms. In the latter case, 

the Zn-O distance is 1.942 A for gas and 1.999 A for solidl74. In this case near 

tetrahedral (D2d ) and planer (D2h ) arrangements of ligand oxygen atoms around central 

metal atom also should be taken into account. In addition to the above structures, five 

coordinated Zn atoms are found in the case of Zn(acac)2.H20, where the Zn atom is 

approximately in a tetragonal pyramidal environmentl75. In this situation all the Zn-O 
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distances differ from each other. The smallest distance is as same as the Zn-O distance 

found in zinc oxide crystals (1.95 A) in tetrahedral arrangements. 

As far as the waveguide surface used for this experiment is concerned, formation 

of the above mentioned structures are impossible. Further, the presence of a thin 

hydroxyl coating on the surface complicates the chemistry of the adsorption process. 

The existence of de localized anions suggests that 2,4-pentadione coordinates with a 

surface Zn+2 site. Whether the structure of adspecies retain C2v symmetry can not be 

answered for sure. Most likely the chelate ring can be distorted due to the interactions 

of surface bound water. In the case of surface bound enol 2,4-pentadione, it may 

coordinate with a lattice Zn+2 site as a unidendate ligand. Theoretical calculations of 

the enol form of 2,4-pentadione predict that the hydrogen bonded proton prefers a 

position outside the C2 -axis of the enol ate anion176• At the energy minimum, the two 

O-H distances differ considerably in length r(Ol H) = 1.13 A and r(02H) = 1.33 A. 

The energy barrier between the two minima of the potential surface is very low, -AE = 

0.5 kcal mol-1• 

This investigation clearly demonstrates the strength and ability of the WSCARS 

technique to probe the lower vibrational modes of surface bound species on oxide 

surfaces at sub-monolayer coverages. Many of the conventional surface probing 

techniques cannot be performed on the oxide surface below 1000 cm-1 due to the large 

absorption of the probing radiation by the substrates. As far as the spectral resolution 

and sensitivity are concerned, in such situations the choice of WSCARS is automatic. 
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FIGURE 4.13. (a). WSCARS signal generated from a bare ZnO (0001) surface in the region 

700 - 600 cm- 1 at a pressure of 7.5 x 10-8 torr; (b). WSCARS spectrum of ZoO surface afler 

introduction of 2,4-pentadione onto the surface (30 millilorr). 
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FIGURE 4.14. (e). WSCARS spectrum of 2,4-pentadione adsorbed on a ZnO (0001) surface 

with active pumping; (b). WSCARS spectrum of 2,4-pentadione adsorbed on ZnO (0001) 

surface, at a pressure of 8 x 10-6 (after evacuation for a period of 10 hours); (a). 

2.4-peniadione adsorbed on ZnO (0001) surface after evacuation of the chamber for 12 hours 

rollowed by heating of the surface in the presence of oxygen for a period of two hours at 700 C. 
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FIGURE 4.15. (a). WSCARS spectrum of 2.4-penladione adsorbed on a ZnO (0001) surface 

after evacuation of the chamber for 12 hours followed by healing of the surface in the presence 

of oxygen for a period of two hours at 700 C; (b). WSCARS spectrum of 3.3-dideuterio-

2.4-pentadione on ZnO (0001) surface at a pressure of 1 millilorr. 
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4.6. Ethylene on ZnO. 

4.6.1. Introduction. 

Metal oxides are well known catalysts for the hydrogenation of ethylenel77. The 

simplicity of the reaction is evident in the observations that the addition of deuterium 

to light ethylene produces only C2 H4 D2 l78,179 and that dimerization does not take 

place6l,l8o. The implications are that the addition of the first hydrogen is irreversible 

and that the confined structure of the resulting intermediate limits further reactions to 

the single path of addition of a second hydrogen. 

In a thorough series of chemical and spectroscopic studies using IR spectroscopy, 

Kokes and coworkers made progress in elucidating the mechanism of 

hydrogenationl8o,l8l. They showed that ethylene is both physisorbed and chemisorbed 

on the highly irregular surface of ZnO powder. ZnH, OH, CH and C=C stretches were 

all observable but exhibited considerable inhomogeneous broadening. The general 

conclusion was that the hydrogenation reaction occurs on a limited number ( !::::5% ) of 

Zn-O pair sites capable of adsorbing hydrogen to form ZnH and OH even in the 

presence of surface hydroxyl groups from adsorbed water6l. The [0001] and 

reconstructed 3 x 3 [0001] faces should contain high and low densities of such sites, 

respectively6l,l82. It was speculated that the intermediate in the reaction is a Zn­

CH2 CH3 complexl8l. Also, the observation of a single broad IR absorption feature at 

1600 cm- l , on a rising background due to ZnO, was interpreted as evidence of a single 

initial chemisorbed ethylene species for which the frequency of the C=C stretch (v l ) 

had been reduced by 21 cm-l by the formation of a 1r-complex with a Zn+2 ion. The 

heat of adsorption was measured to be 14 kcai/mole. Temperature-programmed 
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desorption experiments resulted in a heat of adsorption of about 5 kcal/mole for the 

species which undergoes hydrogenationl83• Other investigators measured four distinct 

heats of adsorption of 0, 4, 13 and >13 kcal/mole and concluded that three chemisorbed 

species are present along with physisorbed ethylenel84• 

The purpose of this work was to investigate the adsorption behavior of ethylene on 

a new type of ZnO surface which enables one to use WSCARS phenomenon to obtain 

vibrational spectra of surface residents at submonolayer coverages. 

4.6.2. Observations and Discussion. 

The surface CARS spectrum of a bare ZnO waveguide at 1 x 10-6 torr is shown as 

(a) in Figure 4.16. As predicted by the calculation leading to Figure 3.9. there is no 

severe modulation arising from the t:. dependence of the sinc2 ¢ factor of equation 

(2.30). The slight maxima around 1582 and 1588 cm-l cannot be associated with 

surface phonons, which have been seen with HREELS as a fundamental at 560 cm- 1 

and as overtones at 1120 and 1680 cm- l •lOl When the crossing angle of the beams 

within the waveguide was changed by 30 the slope of the background changed slightly, 

making these features less apparent. If physisorbed water was present, the H2 0 bend 

(/12 ) should have appeared as a broad band and would not have been easily seen over 

this relatively small 50 cm- l region. The Zn-O-H bend has a much lower frequency of 

800 cm-l. Future studies of the ZnO surface phonons, hydroxyl groups and water must 

be conducted in a UHV chamber with the optical flexibility to scan the entire 0 to 4000 

cm-l region. 

Upon exposure of the ZnO surface to ethylene, the sequence of CARS spectra seen 

in Figures 4.16(b) - 4.18 were obtained. All the CARS spectra are drawn on the same 
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vertical scale so that the relative surfaces densities of all species can be discussed. After 

the chamber was exposed to 1 torr of ethylene and then evacuated to 2 x 10-5 torr, 

spectrum 4.16(b) was seen. After one hour at room temperature when the pressure was 

5 x 10-6 torr, the spectrum had evolved into that shown in Figure 4.17. The spectrum 

of Figure 4.18(a) appears after two hours, and after 5 hours of heating the surface with 

40 mW of the quadrupled Nd+3 :YAG fundamental the spectrum of Figure 4.18(b) is 

detected. Further heating of the waveguide for 24 hours results in approximately the 

same spectrum as Figure 4.16(a). This basic sequence is reproducible with respect to 

the spectral features and the approximate time dependence for each feature. Both the 

extent of waveguide heating and the location of the interaction area on the waveguide 

surface influenced the absolute and relative amplitudes. All spectra reported here had 

no dependence upon the laser intensity at the surface. During the time required for the 

sequence of spectra 4.16(b) - 4.18(a) the fields at both WI and w2 were maintained 

within the waveguide. The presence of the laser beams did not effect the positions of 

the spectral features and did not seem to effect the relative and absolute intensities, 

although this latter statement cannot be quantitatively supported due to the observed 

fluctuations from run to run. It is theoretically possible to vibrationally excite a 

substantial fraction of adsorbates by stimulated Raman scattering on the surface of the 

waveguide at high laser intensities. 

Spectrum (b) of Figure 4.16 is dominated by the broad feature at 1615 cm- 1 which 

also dominates the spectrum taken at I torr of ethylene. We associate the 1615 cm- 1 

peak with physisorbed ethylene based on two considerations. First, the change in 

frequency relative to the gas phase is only 6 cm-1• Using the empirical relationship 

between t::./J and the heat of adsorption1B5, t::.Hada is estimated to be less than 5.6 

kcal/mole. Secondly, the spectra of Figures 4.17 and 4.18(a), which were taken after I 
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and 2 hours of active pumping respectively, display dramatic reductions in this signal. 

Thus, the species responsible for the 1615 cm-1 feature is easily des orbed at room 

temperature. Upon admission of the ethylene into the evacuated chamber, the signal at 

1615 cm- 1 appears immediately, and the major portion of this signal disappears within 

a few minutes after evacuation of the chamber, suggesting the presence of two types of 

physisorption. Dent and Kokes181 reported'an adsorption isotherm which demonstrated 

the presence of physisorbed ethylene, but they did not report an IR spectrum. The 

smallest ~Had8 measured by Yasuda184 on ZnO powder was about 0 kcal/mole, which, 

when correlated with the physisorbed ethylene seen here, brings into question the use of 

the empirical relationship between ~II and ~H, We conclude that an even more weakly 

bound type of ethylene is present on the ZnO surface at high pressures. The spectrum 

of such a species could be buried on the high frequency side of the very broad 1615 

cm- 1 feature observed at I torr. 

The anticipated feature at 1600 cm-1 is not apparent in Figure 4.16(b), but a peak 

at 1602 cm-1 gradually appears as the physisorbed ethylene desorbs, as shown in Figure 

4.17. Note that the amplitude of this feature is the same as the amplitude at 1602 cm- 1 

in Figure 4.l6(b). The spectrum of Figure 4.l8(a) reveals an additional shoulder at 1606 

cm-1 after additional evacuation time. Finally, after 5 hours of heating at 500 C, there 

is only a hint of a signal in the 1600 to 1610 cm- 1 region. Clearly, the species 

responsible for the 1602 cm-1 feature is more strongly bound than the physisorbed 

ethylene, and it is considered to be chemisorbed. It is difficult to associate this species 

with one of the heats of adsorption measured by Yasuda184, Kokes and Dent181 

associated this species with that which undergoes hydrogenation when exposed to H2 at 

room temperature. 
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Figure 4.19(a) shows the time dependence of the signal at 1602 cm-1 when a bare 

ZnO waveguide surface was exposed to ethylene at I torr. The approximately 25 

minute period required for complete adsorption may have been determined by diffusion 

of physisorbed ethylene into a chemisorption site. Previous investigators have all 

associated this chemisorbed species with the formation of a ll'-bonded complex, since 

the C=C frequencies for ethylene ll'-bonded to a variety of metal ions lie in the 1470 to 

1580 cm-1 range. The SERS spectrum of ethylene adsorbed on roughened gold186 and 

silver187 surfaces revealed C=C stretch frequencies of ll'-bonded ethylene of 1545 and 

1585 cm-1• The probability of this type of structure on the ZnO waveguide will be 

discussed after the analysis of the other spectral features. 

In Figure 4.16(b) there is a prominent feature at 1590 cm- 1• Though there is no 

peak at 1590 cm-1 in Figure 4.17, the size of the signal is the same as that in Figure 

4.16(b). Actually, in Figure 4.17 a new band appeared at 1595 cm- 1. After a longer 

period of evacuation [Figure 4.18(a»), the signal at 1590 cm- 1 was still present but does 

not constitute a prominent feature. Several hours at 500 C were required for removal of 

the signal in this region, as seen in Figure 4.l8(b). We conclude that at least one other 

type of chemisorbed ethylene is responsible for the observed CARS intensty around 

1590 cm- 1• 

A clear example of diffusion of ethylene among chemisorption sites is apparent 

when the 1580 cm-1 region of Figures 4.16-4.18 is examined. Initially [Figure 4.16(b)], 

there is little signal at 1580 cm-1, but within an hour (Figure 4.17) a distinct band 

appeared. As time progressed (Figure 4.18(a», this band broadened slightly, and after 5 

hours of heating at 500 C, it was small but still present. The signal at 1580 cm- 1 arises 

from the most strongly bound form of ethylene. Population of the chemisorption site is 

controlled by diffusion from the other surface sites. 
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Evidence of at least four types of ethylene adsorbed on ZnO has been presented. 

Previous IR studies had neither the spectral resolution nor the homogeneity of surface 

structure necessary for the observation of all these species. Since the ZnO waveguide 

surface had not been heated above 1000 C, the surface certainly was 

hydroxylated6o,67,68,188, and some physisorbed water may have been preserft. The 

observed long desorption times for the four species and the time required for the 

diffusion into the site responsible for the 1580 cm-1 feature could be consequences of 

the presence of OH groups and water. 

The spectra reported here could have been a result of the interaction between 

ethylene and the hydroxyl groups or water molecules. The spontaneous Raman 

spectrum of ethylene dissolved in water at 250 C was taken at the saturated 

concentration of about 10-3 M. After subtraction of the water spectrum, the only 

discernible features in the weak spectrum were a broad band at 1626 cm- 1 and a slight 

rise between 1610 and 1550 cm- 1. A surface density of ethylene corresponding to the 

saturated concentration in water would be too small to be observed in these 

experiments. A weak hydrogen bond (O.6kcal/mole) has been calculated to exist 

between ethylene and water189• Since only IR spectroscopy has been performed on such 

complexes in solid Ar at 17 K, just v2(H20) of the H20'C2H4 complex has been seen 

at 1595 em -1.190 The observed v 2 frequencies of the H2 ° dimer and trimer are 1611, 

1593, 1632, 1620, and 1602 cm- 1•191 The spectra of Figures 4.17-4.18 are not spectra 

of surface water, since nothing more than spectrum (a) of Figure 4.16 is seen when 

only water vapor is present in the chamber and since VI of ethylene should be much 

more intense in a CARS spectrum than v2 of water. Since ethylene interacts only 

weakly with water and surface hydroxyl groups, we conclude that the major effect of 

the presence of these species is upon the adsorption and desorption kinetics. 
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Surface CARS spectroscopy in the planar optical waveguide geometry has provided 

a sensitive means to study, for the first time, the adsorption of ethylene on a crystalline 

surface. The new surface species seen in this study were physisorbed ethylene (1615 

em-I) and two chemisorbed species (1590 and 1580 em-I). The four types of ethylene 

on ZnO exhibiting "I frequencies of 1615, 1602, 1590 and 1580 cm-I correlate well 

with the four heats of adsorption measured by YasudaIS4 to be ~O, 4, 13 and > 13 

kcal/mole. The latter three species are most likely to be 71'-bonded to Zn+2 ions. The 

long adsorption and desorption times seen for the chemisorbed species are consequences 

of the presence of adsorbed water. CARS spectra of all the vibrational modes of 

chemisorbed ethylene and a detailed identification of chemisorption sites and the 

chemically active form of ethylene will be possible when the optical configuration is 

optimized in a UHV environment. 
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evacuation to 5 x 10-6 torr for I hour at room temperature; (A). Background WSCARS signal. 
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4.7. Hydrogenation of Ethylene over ZnO. 

4.7.1. Introduction. 

,It has been almost half of a century since Woodman and Taylor first reported that 

zinc oxide was an effective catalyst for the hydrogenation of ethylene192. Since then a 

large number of investigations have been done dealing with this and related aspects of 

zinc oxide. A series of thorough studies of kinetics of ethylene hydrogenation. 

however, were carried out only by Teichner and his collegues193 and by Dent and 

Kokes61,180,181. Investigations of the former group dealt primarily with reactions at 

elevated temperatures. Under these conditions the hydrogenation reaction is complex 

and reaction orders and activation energies change with temperature. Also the 

adsorption of hydrogen on the surface is complex and partial reduction of the surface 

takes place and the formation of the ethylene residues with consequent poisoning is 

evident. However the investigations of the latter group were aimed at temperatures 

below 1000 C. 

Hydrogenation and isomerization of alkenes are classic examples of heterogeneous 

catalysis. Both metals and metal oxides are well known catalysts for these reactions. 

Over metals the hydrogenation reaction is very complex, self hydrogenation and 

dimerization of alkenes takes place, and forms a variety of carbonaceous species of 

variable stoichiometry194. These process have been categorized as surface reactions 

rather than catalysis and the extent of the process depends on the availability of the 

surface as a reactant. Hydrogenation of ethylene on metal surfaces is believed to occur 

according to the following steps195. 



*-CHz-CHs + *-H 

--+ 
+- *-CHz -CHs + *- + -* 

* = surface atoms. 
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(4.6.) 

(4.7) 

But, over zinc oxide surfaces the hydrogenation reaction of ethylene seems to be 

much simpler. The addition of deuterium to ethylene only yields CZH4Dz whereas 

over metals a distribution of products ( CZH6 _x Dx ; where 0 ~ x ~ 6 ) are obtained. 

Also self hydrogenation and dimerization does not occur. This relative simplicity of the 

process makes ZnO a better candidate for investigations of chemistry behind ethylene 

hydrogenation. 

However ethylene adsorption over ZnO seems to be more complex than it sounds. 

Investigations done by Dent and Kokes revealed that the surface bound ethylene is 

olfinic in nature and the II(C=C) vibration appears at 1600 cm- l in the infrared 

spectrum. The heat of adsorption for ethylene was estimated to be about 14 kcal/mol. 

Also they found that ethylene adsorption on ZnO at room temperature is rapid and 

reversible. Even after prolonged exposure to the catalyst, ethylene was recoverable 

after a brief evacuation. Baranski and Cvetanovic also investigated the catalytic 

hydrogenation of ethylene on ZnO at low temperatures (00 C and lower) using 

Temperature Programmed Desorption (TPD)l83. At these low temperatures at least, 

there were two types of surface bound ethylene on the ZnO surface. The results 

showed that ethylene is normally chemisorbed almost exclusively as a weakly bound 

form with a heat of adsorption of about 4 to 6 kcal mol-l. The other form which is 

formed in much smaller amounts is not hydrogenated at 00 C. However since they 

degased the excess ethylene before the measurements, the TPD chromatograms do not 

necessarily correspond to the ethylene chemisorption as discussed dy Dent and Kokes. 
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A large portion of weakly bound ethylene could be removed during the evacuation. 

On the other hand Yusuke Yausda found four different heats of adsorption for the 

adsorption of ethylene on ZnO indicating the presence of four different adspecies on 

the surface184• The heats of adsorption determined were 0, 4, 13 and ?;13 kcal mol-I. 

In our previous WSCARS studies we also found four different surface bound species of 

ethylene on ZnO.lO Further, those results revealed that some of the surface species are 

strongly bonded to the surface and cannot recover with a brief evacuation. The 

purpose of this study is to identify the catalytically active surface species of 

chemisorbed ethylene in the hydrogenation. 

4.7.2. Background. 

The hydrogenation of ethylene presumably involves the reaction of two surface 

species, adsorbed hydrogen and ethylene to form an intermediate surface species, the 

surface ethyl, which reacts further with hydrogen to produce ethane6l ,180,181. 

Hydrogen adsorption and site to site migration are believed to occur according to the 

following steps. 

H2 + ZnO ;: H-ZnO-H 

H-ZnO-H + 0-* H-ZnO + HO-* 

H-ZnO + 0-* ZnO + OH-* 

Ethylene adsorption takes place on all vacant oxide sites according to, 

(4.8) 

(4.9) 

(4.10) 

(4.11) 



ZnO + C2 H4 

H-ZnO + C2 H4 

ZnO-C2 H4 

H-ZnO-C2 H4 

The Actual hydrogenation step occurs according to the following equations 
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(4.12) 

(4.13 ) 

(4.14) 

(4.15) 

Addition of deuterium to ethylene shows that the steps (4.14) and (4.15) are 

irreversible. Therefore the final expression for the rate of hydrogenation (step (4.14) 

has been taken as the rate determining step.) has been given as 

I 
2 1 

Rate = [k~:14] [k~~:o] [H2J 2 [ZnO-C2 H4] (4.16) 

Therefore the hydrogenation process is half-order with respect to hydrogen 

pressure and proportional to the concentration of adsorbed ethylene. 

At room temperature the chemisorption of hydrogen on ZnO powders results in 

two surface species. One type of chemisorbetl hydrogen (type I) can be removed from 

the surface after a short evacuation at ambient temperature, but the other type stays on 

the surface even after evacuation for several hours (type II). Hydrogenation of 

adsorbed ethylene at room temperature over zinc oxide takes place at rates of 0.05 cm3 

min-1 g-1. The initial adsorption rates of both Type I and type II hydrogen are 

comparable with this hydrogenation rate. Therefore on this basis either or both types 

of adsorbed hydrogen could be participating in ethylene hydrogenation. But using H2 
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and D2 the authors180,181 proved that only type I hydrogen is effective in ethylene 

hydrogenation and type II hydrogen is not involved in the hydrogenation 

reaction61,180,181. If the ZnO samples are preheated in an oxygen atmosphere, the 

catalytic activity is largely suppressed and the rate of ethylene hydrogenation also 

decreases196. Therefore formation of a nonstoichiometric oxide is necessary for an 

effective hydrogenation to take place. 

However later investigations have shown that the chemisorption of type I hydrogen 

which adsorb on active sites of the catalysts does not depend on the nonstoichiometry of 

ZnO. It has been shown that when the catalyst is activated in oxygen at 450° C, 

neither catalytic activity nor the amount of ethylene adsorption is affected 

significantly61,180,181. However if pre-adsorbed hydrogen is present on the surface, 

treatment with oxygen reduces the catalytic activity, probably due to formation of 

water. Adsorption of water on ZnO takes place on active sites thereby preventing the 

adsorption of type I hydrogen. On the other, hand on a ZnO catalyst which is poisoned 

with water, the amount of ethylene adsorbed is virtually unchanged61,180,181. 

4.7.3. Observations and Discussion. 

The WSCARS spectrum of a bare ZnO waveguide surface at 1 x 10-8 torr is shown 

as (a) in Figure 4.20. Upon exposure of the ZnO surface to 5 torr of ethylene, 

followed by evacuation down to 1 x 10-3 torr the WSCARS spectrum (b) seen in Figure 

4.20 is obtained. Both WSCARS spectra are drawn on the same vertical scale. After 

evacuating the system for a period of 10 hours at room temperature when the pressure 

was 5 x 10-6 torr, the spectrum had evolved into that shown in Figure 4.21(a). The 

system could not evacuated to a lower pressure than 5 x 10-5 Torr without cleaning the 
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liquid nitrogen cold trap since excess ethylene is condensed on the walls of the trap. 

The location of the interaction area on the waveguide surface influenced the absolute 

and relative amplitudes of the WSCARS signals. All spectra reported here had no 

dependence upon the laser intensity at the surface. The spectrum (b) in Figure 4.21 

was generated when 2 torr of hydrogen was introduced into the system. All the 

WSCARS spectra, in Figure 4.21, are drawn with the same vertical scale so that the 

relative densities of the surface residents can de compared. During the spectral scans, 

the fields at both wl and Wz were maintained within the waveguide. The presence of 

the laser beams did not effect the positions of the spectral features and did not seem to 

effect the relative and absolute intensities, although this latter statement cannot be 

quantitatively supported due to the observed fluctuations from scan to scan. However 

slight changes in the position of the vibrational peaks were seen with the evacuation 

time. This is due to the pressure dependence of the process which is very common in 

surface vibrational spectroscopy. 

In previous WSCARS investigation of ethylene adsorption on ZnO the existence of 

four surface species were evident. However at relatively higher surface coverages, 

observation of all the species was difficult due to the presence a of thin hydroxyl 

coating on the surface. In this work all the previously observed surface species could 

be seen very easily. Under the experimental conditions employed in this work, surface 

hydroxyl density is largely reduced. At room temperature there are about II OH 

groups per 100 A2 on ZnO. The physisorbed hydroxyls can be removed by evacuation 

even at room temperature whereas removal of chemisorbed hydroxyls begins at 2000 C. 

Removal of hydroxyls gives rise to more surface sites for the ethylene adsorption. 

The WSCARS features that occur at 1614, 1604, 1584 and 1562 in Figure 4.20 

spectrum (b) are associated to chemisorbed ethylene on different sites on ZnO surface. 
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These species are strongly bonded to the surface since they are virtually unaffected 

even after evacuation of the system at 10-6 torr for a period of 10 hours [Figure 4.21 

spectrum (a)]. Upon the evacuation of the system for 10 hours at 10- 5 torr the 

adspecies responsible for the 1604 cm-l is largely desorbed and a new feature appears 

at 1570 cm-l in the spectrum. The positions of the other features were slightly shifted 

as shown in the spectrum (a) of Figure 4.21. The smallest AHads measured by Yasuda 

on ZnO powder was about 0 kcal mol-I, which, when correlated with the physisorbed 

ethylene seen here, brings into question the use of the empirical relationship between 

Av and AH (C=C frequencies for ethylene ll'-bonded to a variety of metal ions lie in 

the 1470 to 1580 cm-l range)186. Our understanding is that an even more weakly 

bound type of ethylene might be present on the ZnO surface at high pressures. In 

Figure 4.20 spectrum (b) there is a slight indication for the presence of physisorbed 

ethylene at 1622 em-I. 

Self-Consistent-Field (SCF) ab initio calculations of insertion of H2C=CH2 into 

ZnH2 has shown a very shallow potential energy curve with a wide minimum. The 

calculated dissociation energy for ZnH2.C2H4 was about 5.0 kJ mol- l .197 On the other 

hand, other computations have shown that even for complexes of ethylene of moderate 

strength, whatever their type, the vibration with highest frequency in the region 1625 -

1500 cm-l which is experimentally interpreted as vc=c, loses sensitivity to the state of 

C=C bond, so that the experimentally determined value, Avc=c = 1623 - vc=c cannot 

serve as a quantitative measure of the variations of the C=C bond onlyl98. In these 

situations, the position of the band reflects the change in the electron density on and 

between the CH bonds rather than a weakening of the C=C bond, the more so in the 

case of strong ethylene-metal interaction. 
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A clear example of diffusion of ethylene among chemisorption sites is apparent 

whell the 1580 - 1570 cm-1 region of Figures 4.20-4.21 is examined. Initially [Figure 

4.20(b)], there is little signal at 1570 cm-t, but within an hour a distinct band appears. 

As time progressed this band grew and broadened slightly, and after 2 hours of 

pumping at 10-5 torr, it had established very well. The signal at 1560 cm-1 arises 

from the most strongly bound form of ethylene. Population of the chemisorption site is 

controlled by diffusion from the other surface sites. The existence of an anticipated 

peak at 1600 cm-1 is not very apparent in the spectrum (a) of Figure 4.21. The 

breadth of the vibrational features appearing in the region 1620 - 1600 cm- 1 may be 

indicative of the presence of residual hydroxyl groups. 

The spectra reported here could have been a result of the interaction between 

ethylene and the hydroxyl groups or water molecules. To compare the WSCARS results 

with, a spontaneous Raman spectrum of ethylene dissolved in water at 250 C was taken 

at the saturated concentration of about 10-3 M (Figure 4.22). After subtraction of the 

water spectrum, the only discernible features in the weak spectrum were a broad band 

at 1626 cm- I and a slight rise between 1580, 1597, and 1608 cm- I • A surface density 

of ethylene corresponding to the saturated concentration in water would be too small to 

be observed in these experiments. On the other hand, the presence of surface bound 

water does not affect the ethylene adsorption on ZnO.61,180,181 As discussed earlier, the 

calculations have shown the presence of a weak hydrogen bond (0.6kcai/mole) in an 

ethylene and water complex.189 

Spectrum (b) in Figure 4.21 was generated after introduction of 2 torr of hydrogen 

in to the reaction chamber. As seen in the spectrum, almost all the adsorbed ethylene 

disappears from the WSCARS spectrum as a result of hydrogenation. However, there 

are slight indications for the existence of residual ethylene on the surface. All the 
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species responsible for the WSCARS peaks around 1600 cm-I completely disappear from 

the spectrum, but trace amounts of adsorbed ethylene are responsible for the higher 

signal levels in the other regions of the WSCARS spectrum, compared to the 

background. This trace amount is present on the surface even two hours after the 

hydrogen introduction. Evacuation of the products from the vacuum chamber and 

introduction of a new dose of hydrogen did not remove these trace amounts. Therefore 

the conclusion can be reached that there are trace amounts of adsorbed ethylene on the 

surface which do not undergo hydrogenation. Some other workers have reported the 

catalytic hydrogenation of ethylene on ZnO at low temperatures (00 C and lower) using 

the Temperature Programmed Desorption (TPD) techniquel83• At these low 

temperatures, at least, there were two types of surface bound ethylene on the ZnO 

surface. The results showed that ethylene is normally chemisorbed almost exclusively as 

a weakly bound form with a heat of adsorption of about 4 to 6 kcal mol-I. The other 

form, which is formed in much smaller amounts, is not hydrogenated at 00 C. 

The results of this investigaton show that not only weakly bound ethylene but also 

that some trace amounts of relatively strongly bonded ethylene do not contribute to the 

hydrogenation process. Even after evacuation of the system for several hours, the 

WSCARS signal does not return to the original background levels. If trace amounts of 

impurity are present on the surface it may hold the WSCARS signal level up. But the 

formation of carbon residues of ethylene on ZnO surface has not been recognized. 

Formation of surface dimers of ethylene on ZnO are also not known. Therefore the 

conclusion can be reached that there are trace amounts of ethylene which do not 

undergo hydrogenation. 

It is obvious that the WSCARS technique has enough sensitivity and spectral 

resolution to carry out systematic kinetic studies and surface dynamic investigations of 
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adspecies on oxide surfaces where other existing surface probing techniques are 

inapplicable. For example, the time required for the population of individual 

adsorption sites can be easily determined. Also the hydrogenation rates of individual 

adsorbed ethylene species can be monitored by measuring the decay of WSCARS signal 

with time. Then a comparison of hydrogenation rates of different surface ethylene is 

possible. Hydrogenation of adsorbed ethylene is believed to be take place via a 

surface-ethyl, Zn-CzHs intermediate. Therefore the rate of growth of this 

intermediate can be determined by measuring the variation of WSCARS signal with 

time. The growth rate of surface intermediate can be determined during the 

hydrogenation of individual adsorbed ethylene as well as all the adsorbed ethylene. 

Desorption kinetics of weakly bound species can be studied without any difficuties. 

Thus, incorporating WSCARS technique into surface vibrationl spectroscopy can bring 

solutions to problems in surface chemistry which have not been answered to a complete 

satisfaction. 
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FIGURE 4.20. WSCARS spectra of (A). The bare ZnO waveguide surface; (D). After exposure to 

ethylene and evacuation to 1 x 1O-~ torr. 
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FIGURE 4.21. (A). WSCARS spectrum of a ZnO surface after exposure to ethylene and then 

evacuation to 5 x 10-5 torr for 10 hours at room temperature; (0). WSCARS spectrum of 

ethylene adsorbed on ZnO after introduction of 2 torr of hydrogen; (C). Background Signal. 
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4.8 Ammonia and ND3 on ZnO. 

4.8.1. Introduction. 

The early investigations of ammonia adsorption on metal oxide surfaces were by 

Eischens et al.199, Sidorov20o, Pollman and Yates20I, and Peri and Hannan204. Since 

then, numerous further studies have been carried out. But the spectral assignments of 

the vibrational bands of adsorbed ammonia cannot be regarded as finally established 

due to the complexity of the spectra of adspecies on the majority of oxide surfaces203 . 

In many cases correct interpretations of the spectral features are impossible because of 

the interference of the substrate lattice vibrations in the region 1200 cm- l - 900 cm- I , 

which obscure the symmetric bending vibration (os) of adsorbed ammonia. Location of 

the 1/2 (os) vibration of adsorbed ammonia is very important in elucidating the 

structures of adsorbed species since this particular vibrational mode is very sensitive to 

the environment of the molecule. In the gas phase, this vibration is split by inversion 

doubling into two bands with origins at 932 and 968 em-I. When the lone pair 

electrons of the nitrogen are involved in bonding the inversion doubling is no longer 

possible and a large change in frequency occurs. 

An ammonia molecule can be retained on an oxide surface in several ways. The 

molecule can hold on to the surface by hydrogen-bonding. One of the hydrogen atoms 

of the ammonia molecule can interact with a surface oxygen atom or with an oxygen 

atom of a surface hydroxyl group, Also hydrogen bonding via the nitrogen atom of the 

ammonia molecule to the hydrogen atom of the surface hydroxyl group can take place. 

Another very common mode of ammonia adsorption, found on the oxide surfaces, is the 

formation of a-donation bonds. In this case the coordination of ammonia to the metal 
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of the oxide takes place through the electron lone pair on the nitrogen atom and the 

solid acts as a Lewis acid. In some situations, the surface acts as a Bronsted acid and 

transfer of a proton from surface hydroxyls to the ammonia molecule takes place, 

leading to the formation of NHt on the surface. Such ions may be stabilized on the 

surface due to the interaction with one (MO-) and/or two (MO-, OM2) basic centers. 

Apart from this, the dissociation of ammonia with the formation of surface species such 

as OH, NH2 (or NH) is also a quite feasible way of ammonia adsorption. 

However the real situation might turn out to be more complicated because under 

certain conditions, one and the same ammonia molecule can simultaneously form several 

bonds with the substrate. Also, at relatively higher surface coverages the adsorbate­

adsorbate interaction can further complicate the physical picture of adsorption process. 

In many cases ammonia has been used to probe for the presence and the nature of 

the surface acid sites96• As mentioned earlier, the location of Os vibration of adsorbed 

species is vital in understanding surface adsorbate interaction. In several situations (eg. 

on silica) this vibration has been calculated using the combination bands204• The 

adsorption of ammonia molecules leads to the appearance of adsorption bands at 4380 

(vl + v2), 4480 (v2 +v3), 4990 (v3 +v4), 6110 (v2 + v3 + v4), and 6550 cm- I (v1 + v3) 

in the spectrum. These calculated values show that the v2 mode of adsorbed ammonia, 

on silica, occur at around 1040, 1050 and 1075 cm- I . The vibration frequency v2 of 

the molecularly adsorbed ND3 was found to be 810 cm- I • But recently Tsyganenko 

and his co-worker have detected the v2 vibration of ammonia adsorbed on silica 

around 1130 t 15 cm- I •Z05 To date, direct estimations of the Os vibration of weakly 

bound surface species has been impossible because of the absorption due to the surface. 

The purpose of this work is to use the WSCARS technique to ammonia adsorbed on 

ZnO surface in order to investigate the Os vibration of loosely bound surface species. 
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4.8.2. Background. 

Adsorption of ammonia on metals and on metal oxides have been investigated by a 

large number of authors. A very common observation is that the intensity of the 

infrared band of free surface hydroxyl groups on metal oxides decreases upon the 

adsorption of ammonia. The appearance of a new broad feature around 3000 cm-1 has 

been attributed to the result of hydrogen bonding between the hydroxyl groups and the 

adsorbed ammonia20o• Ammonia adsorbed on porous glass exhibits several adsorption 

bands at 3405, 3370 and 3330 cm-1• Evacuation of the adsorbed ammonia from the 

system at room temperature restores the initial intensity of the hydroxyl adsorption 

bands. At the same time the features at 3330 and 3405 cm- disappear. Sidorov and 

co-workers concluded that these bands arose due to the molecular adsorption of 

ammonia on the porous glass samples. However after evacuation of molecularly 

adsorbed ammonia the spectrum retains the peak at 3380 cm-1 as well as a weak feature 

at 3280 cm-1• The intensity of all the infrared absorption bands of adsorbed NH3 goes 

down at higher evacuation temperatures, with a slight shift in their position. When the 

evacuation temperature is higher than 473 K, all the peaks which are attributed to 

molecularly adsorbed and coordinatively bound species disappear. The only two 

features remaining in the spectrum (3478 and 3565 cm-1) are due to amino groups 

formed on the surface206• If the surface was partially methylated the only bands in this 

region are around 3370 and 3280 cm- 1•201 On chlorinated or fluorinated surfaces, 

ammonia adsorption was supposed to be take place on aprotic type centers such as 

silicon atoms or oxygen atoms. However these absorption bands are not observed in the 

adsorption of ammonia on pure Si02 surface. 
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It has been found that the adsorption of ammonia on a dehydroxylated aerosiI 

surface is much less than the adsorption on a fully hydroxylated surface. This is 

because of the lesser possibility of formation of hydrogen bonds. On the other hand if 

the aerosil surface is methoxylated ammonia, adsorption does not seem to take place 

even at higher NH3 pressures. If the ammonia pressure is increased up to 400 torr, 

infrared absorption bands of gaseous ammonia begins to appear with the rotational fine 

structure207. 

Mapes and Eischens reported the presence of Lewis and Bronsted acid type centers 

on aminosilica catalyst for the adsorption of ammonia199• The features at 3330, 3120, 

1640 and 1450 cm-1 in the infrared spectrum survived even after evacuation of the 

system for 2h at 1750 C. The weaker features at 3120 and 1450 cm-1 were assigned to 

the ammonium ions formed in the reaction between ammonia molecules and the residual 

hydroxyl groups on the surface whereas the peaks at 3330 and 1640 cm- 1 were 

attributed to asymmetric valence and deformational vibrations of ammonia. 

Adsorption of NH3 on alumina surfaces gives rise to infrared absorption peaks 

which correspond to chemical and physical adsorption. According to Peri's studies, 

adsorption of NH3 takes place, especially at higher temperatures, as shown below 

(Equation 4.17)202, 

NH3 + 0-2 -> NHi + OR- (4.17) 

If the AI2 0 3 samples are preheated at 8000 C, the only bands appearing in the IR 

spectrum upon the adsorption of NH3 are due to stretching vibrations (3400 and 3355 

cm- 1) and bending vibration (3100 and 1620 cm- 1) of coordinatively bound species. 

Most of the adsorbed species were held undissociated at a temperature of 323 K. 
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However there were indications of the presence of small amounts of NHi + OH- and 

NH4+ on the surface. But at a temperature of 673 K, NH3 was mainly held on the 

surface as NHi + OH-. If the surface was preheated at 673 K, no NH3 was held as 

NH4+ on the surface at 673 K. Based on those investigations, Peri concluded the sites 

which support the formation of NHi + OH- appear to be the ion-pairs or acid-base 

sites on the surface. The gravimetric measurements of the ammonia were carried out at 

the same time with the spectral investigations and found that the introduction of NH3 

introduced perturbations on all the types of surface hydroxyl groups on alumina. The 

broad feature centered at 3100 cm-1 was assigned to hydrogen bonding of the adspecies 

with the surface oxygen. 

On the other hand, an Fe20 3 surface behaves somewhat differently towards the 

adsorption of ammonia from silica and alumina. On the dehydrated surface there is no 

evidence for dissociative adsorption of ammonia. Also, there are no indications of the 

presence of NHt ions on the surface except in the presence of molecular water on the 

surface. According to Blynoder and Richardson, adsorption of NH3 on the completely 

dehydrated surface mainly yields two bands at 3225 and 1588 cm-1 due to N-H 

stretching and bending vibrations. The final conclusion of this study is that ammonia 

retains its identity as an NH3 species on Fe203 surface. Absence of a second 

stretching vibration may be due to the formation of hydrogen bonding. However if the 

physisorbed water is present on the surface with the adsorbed ammonia, then NHt can 

be detected. In contrast hydroxylated MgO adsorption of NH3 mainly takes place 

through hydrogen bonding. There is no indication of the presence of NHt ions on the 

surface20B. 

Hydroxylated and dehydroxylated ZnO surfaces have been subjected to adsorption 

of ammonia by Morimoto and co-workers using ir spectroscopy209. The observed two 
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pairs of bands were assigned to N-H stretching of NH3 which are hydrogen bonded to 

surface hydroxyls (3400 and 3320 em-I) and to symmetric and asymmetric N-H 

stretching of ammonia which are coordinated to surface metal atoms being accompanied 

by the bending vibration at 1580 em-I. This pair of bands disappears upon the 

evacuation of the system at 300°C. Absorption peaks related to hydrogen bonded 

ammonia begin to appear upon the adsorption of NH3 while the absorption band due to 

surface hydroxyls decreases in intensity. It was found in these investigations that if the 

ZnO surface is completely dehydroxylated, adsorption of NH3 takes place in 

chemisorbed fashion, mainly dissociative adsorption and coordination to the surface. 

But if the surface is hydroxylated, the appearance of two bands at 3200 and 1455 cm- 1 

are indicative of the formation of NHt ions on the surface. Also, the quantitative 

measurements showed that the amount of weakly bound NH3 in the form of NHt and 

hydrogen bonding were reasonably large. 

The UPS studies of Gay and co-workers, on the adsorption of NH3 on ZnO, also 

revealed the presence of chemisorbed and physisorbed species on the surface. 5 The 

observed binding energy changes are indicative that the chemisorption takes place via 

the lone pair orbital of nitrogen. The approximate value for the heat of adsorption of 

ammonia on ZnO seems to lie in the range of 25-30 kcal/mol. Table 4.VII 

demonstrates the frequencies observable for the fundamentals of ammonia adsorbed on 

various metal oxide surfaces. Also listed in Table 4.VI are the frequencies of Os and 0"" 

vibrations of ammonia in a range of environments. 
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Table 4.VI. 

Fundamental frequencies of NHg, amine groups and NHt (cm-1). This table was 

prepared from information in ref. (203). 

Structure Nature Sas 

NH3 gas 1628 

H2NH .. NHg a 

NH3 .. ·N,0 b 1630-1615 

C-H ..... NH3 c 1625 

O-H ..... NHg d 

N-H ..... NH3 d 

B +- NHg e 1599 

M +- NHg .. (CI04) f 1630-1615 

M +- NHg .. Hal g 1630-1565 

NHi h 1580-1505 

NH4+ 1680, 1400 

a = NHg dimer in N2 matrix at 20 K. 
b = Proton accepting solvents such as (CHg)gN, CHgCN, (CHghO. 
c = Solution in CHClg 
d = Proton donating solvents such as CHg OH, C4 H4 NH. 
e = NHgBFg 
f = [M[NHg1m1 (CI04) complexex with weak hydrogen bond 

Os 

950 

987 

1035-990 

1036 

1105-1055 

1105-1055 

1438 

1350-1235 

1370-1090 

g = [M[NHg 1m 1 Haln complexes with relatively strong hydrogen bonds. 
h = Metal amides such as KNH2, Ca(NH2 )2' KAI(NH2 )4' 
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Table 4.VII. 

Adsorption of ammonia on various oxide surfaces. Observable infrared peaks and 

proposed structures under various experimental conditions. This table was tabulated 

from information in ref. (96). 

Adsorbant Frequency (cm- l ) modes of bonding structure 

Ti02 3360 HB OH ... NH3 or 
H2NH ... O 

3395, 3280, 1065 HB 
3170, 1065 HB,LA Ti +- NHryH ... O 

Ti02 3310, 1620 HB OH ... NH3- or 
H.NH ... O 

3400, 3350, 3250 HB,LA Tf +- NH2H ... O 
1605, 1180 
3400, 3350, 3160 HB,LA Ti +- NH2H ... O 
1605, 1230 

Ti02 3250 HB 
3385, 3245, 1190 LA 
3300, 3140, 1220 LA 

Zr02 3410, 1140 HB OH ... NH3 
3380, 3280, 1610 LA 
1230, 1190 

V20 S 1413 BA 
V2 0 S 1425 BA 

1620, 1260 LA 
Cr203 3370, 3275, 1610 LA 

1255 
Cr20 3 3400, 3330 LA 

Mo03 1190, 1145 LA 
1425 BA 

Mo03 1613, 1250 LA 
1450 BA 

HB = hydrogen bonding; LA = Lewis acid; BA = Bronsted acid. 
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Table 4. VII contd., 

Adsorption of ammonia on various oxide surfaces. Observable infrared peaks and 

proposed structures under various experimental conditions 

Adsorbant Frequency (cm- l ) modes of bonding structure 

Sn/Mo oxide 1610, 1250 LA 
1440 - 1470 LA 

Fe2 0 3 1620 LA 
1100 - 1300 

Fe2 0 3 3365, 3260, 1610 LA 
1218, 1176 
pertubation of 
OH group spectra on 
Fe203 

CoO 1130 HB OH ... NH3 
3420, 3380 HB H2NH. ... O 
3310, 1580, 1050 

NiO 3420, 3380, 3310 HB H2NH. .. O 
1140 HB OH ... NH3 

NiO 1610, 1180 LA 

ZnO 3420, 3380 HB,LA Zn +- NH2H ... O 
1630, 1220 

ZnO 3400, 3320 HB 
3350, 3275, 1580 LA 
2480(ND3) 

ZnO 3335, 1625 HB 
3350, 3275, 1610 LA 
1255 LA 
3225, 3175 HB H .. bonded NH2 

groups 

HB = hydrogen bonding; LA = Lewis acid; BA = Bronsted acid. 
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4.8.3. Observations and Discusion. 

4.8.3.1. Ammonia (1020 - 900 cm-1) region. 

Figure 4.23(a) shows the WSCARS spectrum of bare ZnO -surface in the range 

1020 - 920 cm-1• The spectrum (c) was obtained when the surface was exposed to a 

pressure of 10 torr of ammonia. After evacuating the system for 5 minutes, the 

spectrum (b) was generated. The slopes of these spectra can be changed by adjusting 

the crossing angle by 2°. Therefore phase mismatch, and not a surface phonon of ZnO, 

is responsible for these spectra. EELS and Raman studies have determined that 

phonons exist at 575 and 589 cm-1•64 ,101 The WSCARS features centered at 950, 963 

and 975 cm-1 arise due to the v2 vibrations of weakly adsorbed species. In the gas 

phase the v2 vibration of ammonia is split by inversion doubling into two bands with 

origins at 932 and 964 cm-1•210 When the lone pair electrons of nitrogen are involved 

in bonding, inversion doubling is no longer possible and an increase in frequency 

occurs. In NH3 dimer the v2 vibration appears at 987 cm- 1 because of the weak 

interaction between hydrogen and nitrogen atoms203• Therefore the existence of these 

weakly bound species is due to the interaction of ammonia molecules, via hydrogen 

atoms, with the surface hydroxyls. The existence of several different surface bound 

species of this type can be readily understood considering the presence of different 

types of hydroxyl groups on the surface. Hydroxyls adsorbed on different surfaces of 

ZnO have different steric effects and different strengths of interaction60• Also the 

presence of different kinds of hydroxyls on the same face; such as isolated, adjacent 

and hydrogen-bonded; may give rise to different adsorbed species. 
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The WSCARS feature centered at 1012 cm-1 is assigned to the v2 vibration of the 

ammonia molecules, which are bonded to lattice oxygen through hydrogen bonding. 

This assignment is based on the fact that the v2 vibration of NHs in proton accepting 

solvents, such as (CHshN, CHsCN and (CHS)20, occurs in the region 990 - 1035 

cm- 1.2.03 Such an assignment can be well substantiated by the growth of this band on 

surface de hydroxylation, which increases the number of available lattice oxygen atoms. 

All these species are weakly held on the surface since they can be easily removed from 

the surface after a brief evacuation, Figure 4.23 spectrum (b). 

4.8.3.2. NH3 (1100 - 1020 cm- 1 ) region. 

Figure 4.24 spectrum (a) shows the WSCARS signal generated from the bare ZnO 

surface in the range 1095 - 1020 cm-1• The observed vibrational features are not due 

to a surface phonon of ZnO. The presence of trace amounts of impurities on the 

surface may be responsible for the observed spectrum. It could not be removed even 

after heating the waveguide in the presence of oxygen. Spectrum (b) was generated 

after induction of 5 torr of ammonia on to the surface. After subtraction of the 

background spectrum, the spectrum in Figure 4.25 was obtained. All the spectral 

features can be eliminated after evacuation for a period of two hours. The vibrational 

peaks centered at 1078 and 1040 cm-1 are assigned to the v2 vibrations of adsorbed 

ammonia which are hydrogen-bonded to surface hydroxyls through the nitrogen atom. 

This vibrational assignment was based on the following facts: The v2 vibration of 

ammonia, in CHCls solvent, occur at 1036 cm- 1• In proton-donating solvents such as 

CHsOH and C4 H4 NH the v2 mode of NHs occurs in the region 1105 - 1055 cm- 1.203 
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The WSCARS feature centered around 1057 is assigned to the ammonia molecules 

adsorbed on surface lattice oxygens. The intensity of this peak can be greatly increased 

by dehydroxylation of the surface while intensities of the other two features show a 

decrease. As shown in the Figure 4.26(b), with active pumping almost all the weakly 

bound ammonia molecules can be removed from the surface. Under these conditions 

the remaining surface adspecies can migrate into more energetically favorable sites. The 

surface diffusion can clearly be seen in the Figure 4.26 spectrum(b). The broad feature 

at 1040 cm- 1 in Figure 4.24(b) is resolved into two narrow peaks (Figure 4.26) which 

are centered at 1042 cm-1 and 1028 cm-1 respectively. Most probably these sites are 

different hydroxyls on the surface. The /)2 mode of ammonia which is hydrogen 

bonded to surface lattice oxygens has been observed around 1050 cmS1 region on some 

other oxide surfaces193, for example, on CoO at 1050 cm- 1, on NiO at 1050 cm- 1, on 

CaO at 1040 cm- 1, and on MgO around 1060 - 1040 cm- 1• 

4.8.3.3. ND3 (920 - 700 em-I) region. 

In order to learn more about the nature of these interactions, adsorption of ND3 

on ZnO was studied. The spectra labeled as (a) in Figure 4.27 and Figure 4.28 exhibit 

the WSCARS signals of the bare ZnO surface in regions 920 - 825 cm- 1 and 800 - 730 

cm- 1 respectively. The spectra (b) were obtained after the exposure of surface to 2 torr 

of N03. The vibrational peak centered around 750 cm-1 (Figure 4.28) arise from the 

/)2 vibration of physisorbed N03 In the gas phase, this vibration of N03 appears at 

748 cm- 1 in the Raman spectrum211• The feature at 787 (Figure 4.28) cm- 1 can be 

assigned to the /)2 vibrations of N03 adsorbed on surface hydroxyls. Tsyganenko and 

co-workers have assigned infrared band at 790 cm-1 of adsorbed N03 on CaO to the 
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v2 vibration203• On the hydroxylated silica surfaces this vibration has been seen at 801 

cm-1•207 The higher energy features at 912, 880 and 840 cm-1 and the shoulder at 862 

cm-1 probably arise from the v2 vibrations of NHD2 and NH2D molecules which are 

hydrogen-bonded either to surface lattice oxygen or to surface hydroxyls. Under the 

experimental conditions employed in this experiment the exchange of deuterium atoms 

of ND3 with the hydrogens of surface hydroxyls is possible. The deuterated ammonia 

was synthesized according to the procedure mentioned above (chapter 3.7.8) and the 

spectral purity is not known. 

The WSCARS feature at 880 cm- 1 in Figure 4.27 can be assigned to the v2 

vibration of NHD2 molecules adsorbed on surface hydroxyls through the nitrogen atom 

(in the gas phase this vibration of NHD2 appears at 809 cm-1).21l As shown in the 

spectrum, this peak is accompanied by a shoulder around 860 cm-1• This shoulder may 

arise due to the v2 vibration of NHD2 adsorbed on surface oxygen sites. The 

vibrational peak at 840 cm-1 (Figure 4.27) is assigned to the v2 vibration of NHD2 

molecules adsorbed on surface hydroxyls through the hydrogen bonding via hydrogen 

atom of the NHD2 molecule. The spectral assignments are made in comparison with 

the v2 shifts of ammonia in different environments as reported by Tsyganenko and co­

workers203• 

However, for a complete understanding of the process, additional experiments 

should be done. By removing the surface hydroxyls from the surface and by using a 

fully deuterated surface, the complexity of the problem can be greatly reduced. The 

normal coordinate analysis calculations and other computer modeling calculations of the 

surface residents may be useful in comparison with the experimental results. Definite 

identification of the vibrational peaks is difficult since so many vibrational features 

appear in the region investigated. One can visualize the complicated nature of the 



220 

process by taking various possible interactions into account. A single ammonia molecule 

can undergo several interactions simultaneously. For example a hydrogen atom of NH3 

can paticipate in bond formation either with surface lattice oxygen or with surface 

hydroxyl or with both at the same time. Also nitrogen atoms can interact with surface 

hydroxyls through hydrogen bonding in such a mannar that the hydrogens of ammonia 

can interact with the surface simultaneously. The nature and the strength of these 

interactions depend on the properties of the surface hydroxyls as well. The ability of 

surface hydroxyls to participate in interactions with adsorbates differ from surface to 

surface and, even on the same surface, from site to site. Exchange of the D atoms of 

ND3 with H atoms of surface bound water further complicates the processes. 

The vibrational peak at 912 cm-1 can be assigned to the 112 vibration of NH2 D 

molecules. In the gas phase, the 112 vibration of NH2D occurs at 891 C)11-1.211 The 112 

vibration of NHD2 adsorbed on CoO and CaO has been seen at 890 and 870 cm-1 

respectively203. The observed spectral shift of the adspecies relative to the gas phase 

value (t.Il = 21 em-I) indicates that probably the NH2D molecule is hydrogen bonded 

to the surface hydroxyl group via a hydrogen atom of the molecule. If the NH2 D 

molecule is bonded to surface hydroxyls via a nitrogen atom or if it is bonded to lattice 

oxygen through a nitrogen atom the anticipated spectral shift is larger than what is 

observed203. The 112 vibration of NDa coordinated to surface Zn+2 does not occur in 

this region. When the nitrogen atom of the molecule involves hydrogen bonding with 

surface hydroxyl, 112 is generally expected around 950 cm-I. The 112 vibration of 

NH2D adsorbed on CoO occurs at 970 cm-1 whereas on CaO it appears at 960 cm- 1•203 

Therefore even if the other 112 vibrations are present they may be overshadowed by the 

112 vibrations of ND3 coordinated to Zn+2 sites [Figure 4.29 spectrum (b)]. All the 

vibrational features appearing in Figure 4.27 and Figure 4.28 disappear after a brief 
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evacuation of the system. 

4.8.3.4. ND3 (1090 - 920 em-I) region. 

The I/z vibration of ammonia adsorbed on lattice Zn+z ions occurs at 1220 

cm-1•203,209 Since the two dye lasers used didn't have enough tunability to investigate 

the t::.w = 1200 cm-I region, the corresponding vibration of ND3 was investigated. The 

Figure 4.29 WSCARS spectrum (a) was generated from the bare ZnO surface in the 

range 985 - 930 em-I. After introduction of 2 torr of N03, the spectrum (b) was 

produced. The WSCARS features centered at 956 cm-1 and 967 cm- 1 are assigned to 

the I/z vibrations of N03 coordinated surface Zn+z ions. This spectral assignment was 

done in comparison with the Os vibration of [Zn(N03) r2. The Os vibra~ion of the 

above complex appears at 956 cm-I and 964 cm- 1 in the Raman spectrum212. 

Therefore the results are indicative of the presence of coordinatively bound ammonia on 

the surface. Survival of the WSCARS features even after the evacuation of the system 

for a period of 10 h is evidence that the adsorbates are bonded to the surface very 

firmly. In some situations, dissociative adsorption of ammonia and the formation of 

NHt species on the ZnO surface have been reported. The vibrational peaks of those 

species does not occur in the investigated spectral range. 

The vibrational spectrum of ammonia adsorbed on hydroxylated oxide surfaces has 

been analyzed on the basis of the theory of vibrational spectra by Abromov and his 

colleagues213• A symmetrical variation in all the corresponding force constants of the 

NH3 molecule produces a larger variation in frequency than the corresponding variation 

in only one force constant. Asymmetric variation in the force constants Kq and K.., 

eliminates the degeneracy of the frequencies 1/3 and 1/4' A small variation in the force 
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constants corresponding to the strong specific adsorption of ammonia on a hydroxylated 

silica surface, causing a perturbation of the surface silanol groups via hydrogen 

bonding, can be visualized by an interaction between NHg molecules and the surface 

OH groups through the nitrogen atom. The effect of this interaction on N-H bonds 

may be small since these bonds do not participate in specific interactions with the 

surface through the hydrogen atoms. An asymmetric effect of the surface on the NH3 

molecules shows that one or two N-H bonds also may weakly interact with surface. 

The increase in the frequency 112 of adsorbed ammonia with respect to gas phase 

ammonia can be explained by a variation in the coefficient K..,. However if the growth 

of Os vibration of adsorbed ammonia is due to an increase of the N-H bond force 

constant, this variation in K.., should also inevitably cause a variation in the vibration 

frequency 114 during adsorption. But in the experiment no variation in frequency of 114 

vibration is observed194,197. Therefore some authors, Kiselev and Lygin (1964) and 

Cant and Little (1965), suggest this may be due to a decrease in the anharmonicity of 

the vibration 112 , Calculations of the vibrational frequency of 112 in the harmonic 

approximation has resulted in values of 1055 cm- 1 for adsorbed NH3 and 803 cm- I for 

ND3. Lowering of the anharmonicity of the vibrations of adsorbates during the 

adsorption is also indicated by the changes in the vibrational spectrum of surface 

hydroxyls during the adsorption of basic molecules. 

On the other hand, some other authors dispute the validity of above calculations. 

The calculations are done by only changing the force field, and the structure of the 

adsorbate molecule is not accurate enough. The interaction of the internal coordinates 

of the molecule with coordinates appearing as a result of the bond formation upon the 

adsorption, should also be taken into account214• The wide range of Os values (112 = 950 

- 1200 em-I) of the adsorbed ammonia requires a substantial change of the HNH angle 
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diagonal force constant in order to obtain a satisfactory agreement of the calculated and 

experimental results. If the anharmonicity of the v2 vibration decreases, the 

anharmonjcity of the v 4 also decreases, which may lead to an unobservable increase of 

v4 • Thus both v2 and v4 frequencies should increase. Besides, there is no evidence for 

a change of anharmonicity of the hydrogen atom vibrations in NH3 due to interaction 

with proton donor groups of the surface via N atoms. Burgina and his colleagues 

computed the harmonic vibration frequencies of Os of ammonia adsorbed on 

hydroxylated surfaces without changing the force constants of ammonia itself, but only 

by changing the parameters of adsorption bonds. For example when KNH increases 

from 0 to 1.5 and 2.5, Os increases from 926 to 1011 and 1086 cm- I , respectively. 

When KHNH increases from 0 to 0.1 and from 0.2 to 0.3, Os varies from 926 to 1087 

and from 1144 to 1199 cm- l , as well; when KNH-HNH increases from 0 to 0.01, Os 

varies from 1199 to 1232 cm- l • The other vibration frequencies of the NH3 fragment 

of the adsorption complex were practically insensitive to the changes of these force 

constants. Thus the authors conclude that the registered changes in the spectra of 

adsorbed ammonia are due to interaction of the NH3 coordinates with those originating 

in the adsorption complex and the contribution to the potential energy of the Os 

vibration of the energy changes of these new coordinates. A parallel calculation done 

using the MINDO-3 method with geometry optimization has shown that as the N .. ·H 

bond strengthens (the bond length decreases from 1.41 to 1.33 A), the O"·H bond 

weakens (bond length increases from 0.99 to 1.01 A), but the length of the N-H bonds 

do not change. The weaker the adsorption bond, the more correct the assumption that 

the KNH is unchanged during adsorption. 
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FIGURE 4.11. (a). WSCARS spectrum of a bare ZnO (0001) surface; (b). WSCARS spectrum of 

ammonia adsorbed on ZnO (0001) surface at a pressure of 10 torr; (e). WSCARS spectrum of ammonia 

on ZnO (0001) surface under active pumping condition. 
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spectrum of ammonia adsorbed on a ZnO (000 I) surface at a pressure of 10 torr. 
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4.9. Other Molecules on ZnO (0001). 

In this section a brief description of the WSCARS investigations of some other 

molecules such as O2 and 0i will be given. A full detailed description of the 

experimental aspects and a complete discussion of these investigations are found 

elsewhere93,2I5. 

4.9.1. 02 on ZnO (0001). 

Spectroscopic studies of surface oxygen have proven to be valuable in the 

elucidation of catalytic oxidation mechanisms. The types of chemisorbed oxygen which 

have been spectroscopically detected on metal oxide surfaces are ° 2+, 0i and °2-2 

which have vibrational frequencies of 1905 em-I, 1075-1195 em-I, and 790-932 cm-1, 

respectively216. These strongly chemisorbed species have been extensively investigated 

for many years. However, there is no reliable spectroscopic evidence for the existence 

of the neutral oxygen molecule adsorbed on the surface of any metal oxide, even 

though its existence has been confirmed by heat of adsorption and thermal desorption 

experiments2I7. In principle, molecular oxygen physisorbed on an oxide surface can be 

seen with IR spectroscopy by virtue of the breaking of the symmetry of 02 through 

interactions with the surface. In practice, if 02 is weakly bound through van der Waals 

interactions the induced absorption cross section will be small. To date, the only related 

data was reported by Forster and Schuldt218, who used IR spectroscopy to find a 

vibrational frequency of 1557 cm-I for physisorbed oxygen inside the zeolitic matrices, 

NaA and NaCaA, at 1350 K and 0.2 torr. With spontaneous Raman spectroscopy on 

oxide powders, the 02 vibration would be detectable were it not for the low density of 
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02 on the surface at room temperature. 

For the first time vibrational spectrum of physically adsorbed molecular oxygen has 

been observed on oxide surfaces using WSCARS technique. It has been possible to 

observe the CARS spectrum of this species on ZnO (0001) at an 02 pressure of I atm. 

The required CARS sensitivity was achieved by establis?ing an interference condition 

within a ZnO waveguide to eliminate the contribution from the nonresonant 

susceptibility of the ZnO and by taking advantange of the short penetration depth of 

the guided waves into the region above the surface. The observed vibrational frequency 

was 1549 cm- 1. The nature of the adsorption site has been discussed in terms of 

interactions of 02 with the ZnO, surface hydroxyl groups and adsorbed water. 

The surface CARS spectrum of oxygen at I atm is shown in Figure 4.30 The 

peak appears at 1549 cm- 1 with a FWHM of 6 cm-1• The width of 6 cm-1 at room 

temperature is comparable to that measured for oxygen inside zeolitic matrices at 1350 

K.218 The overall signal and the ratio of the 02 peak to the background were both 

constant over the entire surface of the waveguide, implying a uniform distribution of 

A strong argument can be made for the assignmr.nt of this feature as arising from 

surface 02 as opposed to gaseous 02 above the surface. The ratio, R, of 02 signal to 

background was observed to be 0.5 , which compares very well with the calculated 

value of 0.5. The calculation was done for the TE 112 mode combination, and the 

parameters used were: X(3) = 2xI0- H , IxIO- H , 2x10-13 esu for ZnO, Si02 and 02 

respectively219; n1 = I; n2(w1) = 2.01550; n2(w2) = 2.00095; n2(w3) = 2.03210; n3(w1) = 

1.45900; n3(w2) = 1.45800; n3(w3) = 1.46100; >'1 = 560.0 nm; >'2 = 613.2 nm; >'3 = 515.3 

nm. The surface coverage Po needed to calculate a value of 0.5 for R was 4 x 10 H 
2 

cm- 2 (about 2/3 of a monolayer). This value agrees reasonably well with the 1/10 of a 
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monolayer coverage which has been reported in the literature for physisorbed 02 at 300 

K.217 In this model, it is assumed that the molecular axis is parallel to the surface such 

that X~ is nonzero. The penetration depths of the evanescent fields above the 

waveguide are about 50 nm, and, therefore, for this nonlinear process very little of the 

superstrate region is sampled. For I atm of 02 above the surface and no adsorbed 

layer, the calculated value of R was only 0.005. The calculations suffer from 

uncertainties in a number of quantities, but the relative R values should be accurate. 

Thus, the conclusion is that the surface 02 is responsible for the 1549 cm- 1 feature in 

Figure 4.30. 

The six wavenumber difference between the 1555 cm-1 frequency observed for gas 

phase 02 and the 1549 cm-1 observed here must be accounted for by a weak 

interaction with the ZnO surface, surface hydroxyl groups or physisorbed water. The 

measured heat of chemisorption of oxygen is approximately 40 kcal mole- 1•220 The 

surface species in this case is 0i, which has a vibrational frequency in the 1100 cm- 1 

region216• The heat of physisorption is less than 2 kcal mole-1•217 Thus, the relatively 

small shift of -6 cm- 1 for surface 02 observed in this work is consistent with the small 

heat of physisorption. 

4.9.2. 0i on ZnO (0001). 

0i can appear on a ZnO surface as a result of either a chemisorption event 

(native 0i) or trapping of a photo-generated conduction band electron (transient 0i). 

The band gap of ZnO is 3.4 eV. Both native and transient 0i are important species in 

the chemistry of ZnO surfaces. Native 0i has been studied on many oxide surfaces221• 

Transient 0i has been suggested as the species responsible for initiating a chemical 
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sequence which produces H2 and H20 2 when H20 is present222. Under the influence 

of UV radiation, the two reactions 

CHs OH -+ CO + 2H2 and ~CO + 02 -+ 2C02 (4.18). 

are believed to involve transient °2 , but the mechanisms and catalytic nature of the 

ZnO surface are not clear217. 

Native 02 has been studied .extensively with LEED, EPR, surface conductivity, 

thermal desorption and thermodynamic measurements. On materials such as ZnO, n-

type impurities provide the excess electrons necessary to allow 02 to form from the 

chemisorption of °2, Typical inherent impurities in ZnO lead to a maximum surface 

density of 02 of 1.6 x lOll cm-2 on the 1010 surface which is about 4 x 10-4 of a 

monolayer coverage217. This low density has thwarted attempts to acquire the IR 

absorption spectrum of this species. The enthalpy of chemisorption has been 

determined to be C!50 kcal/mole217, and thermal desorption measurements have led to 

the conclusion that the depth of the electron trap (specified as the difference between 

the onset of the conduction band at the surface and the 02 surface state) is 1.5 eV.217 

The gap between the bulk conduction band and the 02 surface state is 0.5 eV.217 

Very few studies of transient 02 on dielectric or semiconductor surfaces have been 

undertaken. There is no concrete evidence such as that provided by a vibrational 

spectrum. Surface photoconductivity223,224 and field effect electron mobility225 have 

implied that the photo-chemisorbed species is 0i. In the dark, there is no distinct 

correlation between O2 pressure and surface conductivity. CARS spectroscopy on the 

surface of a ZnO planar optical waveguide is an attractive means to detect the 

vibrational spectrum of this species. 

When between 10 and 700 torr of 02 is present, the spectrum at 21 0 C devoid of 

features when Iw was 20 MW cm-2 or less within the waveguide, as shown in curve (a) 
1 
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of Figure 4.31. Native 02", formed by the chemisorption of 02 in the absence of 

excitation, was not detectable due to its low surface density and the signal to noise 

ratios of the experimental system. When Iw was increased to 100 MW cm-2 within the 
1 

waveguide, the reproducible spectrum (b) of Figure 4.31 was obtained. The background 

signal from the waveguide, which was 4 times larger than the 02" signal, has been 

subtracted. When the power was high, the features of (b) disappeared when the 02 

pressure was lowered below 10 torr and were most prominent at approximately 30 torr. 

The magnitudes of both peaks in (b) varied as I~ , where n = 2.0 ± 0.5. Two 
1 

prominent types of 02", with vibrational frequencies of 1121 and 1133 cm- 1 and 

linewidths of 3 and 5 cm-1 FWHM, respectively, existed on the ZnO waveguide surface 

when sufficiently high 02 pressure and laser intensity were present. A weak and broad 

band centered at 1142 cm-1 (FWHM of II cm-1) also appears in (b) and arises from a 

site with considerable inhomogeneous broadening. One additional weak resonance seems 

to occur at 1127 cm-1 indicating the possibility of an additional binding site. These 

frequencies are consistent with those seen for 02" in solutions and crystals216. These 

species are not 02"2 which has been observed to have a frequency of about 800 cm-1.221 

The approximate quadratic dependence of the 02" spectrum upon Iwl leads to the 

conclusion that 02" is formed when physisorbed 02 traps an electron which was 

generated by two photon absorption within the waveguide. The two-photon cross 

section of ZnO can be calculated from the f32 parameter (5 cm GW-1) of Van Stryland 

et al226 to be S = 7.5 X 10-51 cm4 sec. Ignoring recombination effects for the moment, 

the surface density of electrons available for trapping into 02" states is 

(1 = D p S 12 tp T. 4.20) 
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Where D is a diffusion factor which depends upon geometrical and material parameters, 

p is the density of ZnO, I is the intensity within the waveguide, tp is the pulse duration 

and T is the thickness of the film. For the pulses and waveguide used here, (j = 1.7 X 

107 IZ D cm-z when I is given in MW cm- 2• When I = 100 MW cm-2 , 1.7 x 1011 0 

electrons cm-2 per pulse or 1.7 x 1012 D cm-2 per pulse train are available to 

physisorbed Oz. The electrons can easily traverse the 0.6 /.Lm ZnO film within the 

duration of the pulse. If there are no bulk traps, then it is reasonable to estimate D a.~ 

0.25 based on the geometry. At I atm the surface density of physisorbed 02 is within 

the range of 1013 to 1014 cm- 2•215 Thus, the ultimate density of 0i should be about 4 

x 1011 cm -2 if recombination takes longer than 100 ns. The 02 - surface state lies 1.5 

eV below the conduction band edge at the surface, so a simple coulomb repulsion 

calculation leads to a maximum surface density of 0i of 1.7 x 1012 cm-2• We conclude 

that the surface density encountered could be as high as 4 x 1011 or 10-3 of a 

monolayer coverage. 

The hole-Oi recombination time depends upon the roughness and chemical state of 

the surface. Measurements of the rates of neither electron trapping nor hole migration 

in ZnO have been performed by any technique. Hence, it is not clear whether the 

peak/background ratio of Figure 2 can be larger. Recombination can occur via four 

general paths: loss of the electron to the bulk conduction band with subsequent 

recombination; direct hole-Oi surface recombination; movement of the electron through 

other surface states before recombination; ionization of 0i, and subsequent trapping by 

another surface state or recombination, resulting from a collision with an impinging °2 . 

The pressure dependence of the magnitude of the spectrum is probably a manifestation 

of the last mechanism. The competing effects of increasing trap density and increasing 

coIlision rate as the 02 pressure is increased leads to a maximum of the 0i signal at 



237 

approximately 30 torr. 

The binding sites responsible for the features at 1121, 1133 and 1142 cm- 1 are 

probably zinc ions which exist in different crystal planes because the surface is not 

perfectly smooth. Under the conditions within the chamber, the ZnO surface was not 

fully hydroxylated. Studies have shown that ZnO powder can support an H2 ° coverage 

of I x 10 14 cm-Z,227 but these hydroxyl groups can be removed by heating to 2000 

C,60,67 as was done in this work. 

The observation of the CARS spectrum of photo-generated 0i on a ZnO surface is 

the first observation of the vibrational spectrum of a transient chemical species on a 

surface. Two photon absorption within the ZnO film is an effective way to generate 

the electrons required. The trapping times and lifetimes of the three observed 0i 

species can be measured by introducing a delay between the excitation pulse and the 

probe pulses. Both two photon and one photon UV excitation can be used for this 

work. The migration of the holes to the surface also needs to be examined by 

searching for vibrational frequencies of ionized surface molecules. The orientation 

distribution of 0i species can be determined by measuring ratios of signals using 

various combinations of TE and TM modes. The implication of this work is that 

photocatalytic reaction mechanisms involving 0i and other species can be investigated 

with this experimental approach. A complete discussion of many of above mentioned 

aspects is found elsewhere93,21s. 



1 

-ea 
c:: m .-
(/) 

(/) 
L-ea 
o 
(/) 

~ 

1570 1550 Acm-1 1530 

FIGURE 4.30. WSCARS speclrum of 02 on Ihe ZnO surface using Ihe TE 112 mode 

combinalion. The 02 pressure was 1 aIm. 

tv 
l._ 
oc 



1 

-(0 
c: 
en .-
U) 

1160 1130 
~cm-1 

1100 

FIGURE 431. WSCARS spectrum of the ZnO surface using the TE 112 mode combination 

when the 02 pressure was 30 torr. Iw within the film was small for (a) and large for (b). and 
1 

most of the waveguide background signal has been subtracted. 

N 
W 
\0 



CHAPTER FIVE 

OPTICAL SECOND HARMONIC GENERATION 

SPECTROSCOPY 

(Results. Observations and Discussion). 
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Because of its intrinsic surface sensitivity towards the sub-monolayer coverages of 

molecules at interfacial regions, optical Second Harmonic Generation (SHG) has recently 

attracted a great deal of attention as a versatile surface probing technique51• SHG's 

unique ability to handle many chemical situations, where conventional surface analytical 

methods are not generally applicable, is one of the major reasons for the increasing 

popularity of the technique. 

Characterization of solid-liquid interfaces of electro chemical systems 51, 

investigation of surface dynamical processes, such as adsorption-desorption 

phenomena52, calculation of orientational average of adspecies at interfacial 

regions228,229, elucidation of surface binding mode structure of adsorbates, and 

observation52 and determination of electronic resonance states of adsorbates23o, are some 

of the recent potential applications of SHG. 

In this chapter, Surface Second Harmonic Generation (SSHG) investigatons of the 

following chemical systems are described: 

5.1 Cinnamic Acid on Fused Silica Surface. 

5.2 Water and Acetone on Silicon (001) Surface. 

5.3 Oxygen on Ti02 (110) Surface. 

A complete discussion of SSHG investigation of Water and acetone adsorption on 

Silcon (001) surface and oxygen adsorption on Ti02 (rutile 110) is found elsewhere52• 
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5.1. Cinnamic Acid on Fused Silica. 

5.1.1. Introduction. 

Electronic spectra are very useful for studies of the interaction of molecules at low 

surface covarages. The large absorption coefficients of the adsorbate molecules allow 

one to detect lower concentrations of surface species than in any other type of 

spectroscopic method. In molecular adsorption electronic energy levels of adsorbate 

may characterize the participation in the interaction of the definite type of electrons of 

the whole molecule or its particular sections on which the corresponding electron 

density is mainly located. Electronic spectra provide very useful information about the 

ground and excited electronic energy levels of adspecies. For example if the 

pertubation in the excited electronic state during the adsorption is larger than that in 

the ground state the absorption band shifts towards the lower energy and vise versa. 

Even though the absorption cross section of an adsorbate may be large, the 

absorption spectrum is often not detectable on a flat (non-powder) surface because of 

either a low density or a dominating absorption in the substrate. Excitation spectra are 

generally not possible due to the existence of rapid radiationless decay channels on a 

surface or the presence of luminescence from the substrate. Surface SHG has distinct 

advantages over other spectroscopic methods when these sorts of problems are present. 

The purpose of this work is to use the two photon resonances in the susceptibility of 

cinnnamic acid to obtain electronic spectra, and thus learn about the type of bond 

between the adspecies and surface and the local enviroment. 
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5.1.2. Calculations. 

In the case of surface SHG considered in this investigation, 2w is coincident with or 

close enough to an electronic resonance of the surface species so that a few strong 11"-+11"' 

or charge transfer (CT) transitions dominate the contributions to p. When this is true 

then the pattern of p can be determined through the expression from third-order 

perturbation theory Equation (2.56). 

f3abc = I 
i,j 

Where Ig> is the ground state and the states Ii> and U> are the 1l"1l". and CT states. 

In practice, the states and eigenvalues appearing in this equation should be those of the 

interacting system. Phenomenologically useful tensors can be obtained with this 

expression by ignoring the vibrational structure of the electronic states and using 

somewhat arbitrary values for the damping terms rio 

In n-heptane solution trans cinnamic acid exhibits a strong electronic absorption 

band at 274 nm (36,500 cm- I , 4.53 eV) accompanied with a very weak shoulder at 293 

nm (34,100 cm- I , 4.23 eV). The weak absorption at 293 nm is due to the * 11"-+11" 

transition in the electron donating styral group, and the strong band at 274 nm arises 

from the intramolecular charge transfer from the styral moiety to the electron accepting 

carboxyl group. The 11"-+11"* transition has been derived from the IBzu excited state of 

benzene. In the cystalline form the charge transfer band appears at 255 nm (39,200 
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cm- I , 4.86 eV), whereas in alkaline solutions it appears at 264 nm (37,900 cm- I , 4.70 

eV). As a result of this blue shift, the weak absorption band, which appears as a 

shoulder in the heptane solution spectra at 293 nm, becomes more distinct in the 

crystalline form and in alkaline solutions231• 

For the calculation of the 7r1r. states and the transition moments among them, the 

Pariser-Parr-Pople (PPP) procedure232 was used with the inclusion of doubly-excited 

configurations. The core integrals (Wr in eV), the one-center integrals ("frr in eV) and 

the nuclear charges (Z) used in the calculations were the following: carbon = 11.42, 

10.84 and 1.00; oxygen (OH) = 34.43, 19.46 and 2.0; oxygen (C=O) = 17.28, 14.58 and 

1.00. The two-center electron repulsion integrals, "fm were calculated using the method 

of Nishimoto and Mataga233• The resonance integrals were calculated from the formula 

{3m = (30 + t::.{3(Rrs - Ro), where Rrs is the bond length between the neighboring atoms r 

and s, Ro = 1.397 eV, {30 = 2.43 eV and t::.{3 = 3.45 eV. The inclusion of double-CI 

resulted in better transition energies and transition moments for cinnamic acid. The 

transition energies are in good agreement with the previous calculations of Hoffman et 

a1234, and they are in reasonable agreement with the experimental values. Table 5.1 

displays the transition energies as well as the transition moments and arbitrary 

Iinewidths used in the calculation of the second-order susceptibility tensor fl. The 

molecular z axis runs through two ring atoms and the ethylenic carbon connected to the 

ring. The x axis is perpendicular to the plane and is thus not involved in the transition 

moments. 

fl has been calculated for cinnamic acid for the purpose of determining the pattern 

of the tensor under the condition of a two-photon resonance with the first excited state. 

Equation (2.56), summed over only the singlet 1r electron states, is a reasonable 

approximation to fl because the case considered exhibits a resonant condition (2fzw ~ 
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~E) and because the 11"-+11". transitions dominate the spectrum in the UV region. The 

inclusion of the a electrons would add another contribution to fl, but in the 

preresonance and resonance regions its relatively small magnitude would not affect the 

analysis to be made below. Any calculation of the harmonic intensity using Eq. (2.56) 

depends upon the transition moments taken to the sixth power. Since the accuracy of 

the transition moments presented is not known, each tensor element has a significant 

uncertainty. 

Table 5.11 displays the complex fl and tensors for cinnamic acid calculated from 

Eq. (2.56) at several different laser frequencies. In both cases, the tensor elements are 

useful for only relative comparisons. The six lowest states were used in the calculation 

of fl. The r's used are arbitrary, and the qualitative analysis of the effect of fl on the 

SHG process is valid regardless of the exact values. For a detailed comparison of 

calculation to experiment, a more explicit evaluation of Eq. (2.56), involving the 

complete vibrational manifold of each state and exact r's, will be required. 

Table S.IA. 

States, r's and transition moments for cinnamic acid used in the calculation of fl. 

state calc. (eV) expt. (eV) r(eV) 

0 0 0 

2 4.41 4.23 0.12 

3 5.01 4.53 0.24 

4 5.48 5.27 0.36 

5 5.95 0.48 

6 6.16 0.60 
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Table s.m. 
Transition moments 

states y z states y z 

1 -+ 1 -0.0471 0.0493 3-+3 0.2366 -1.1091 

1-+2 0.0444 0.0314 3-+4 -0.1044 0:8763 

1-+3 0.4903 -1.2664 3-+5 0.1572 -0.5327 

1-+4 0.2112 -0.2955 3-+6 0.0165 0.0682 

1-+5 -0.1789 -0.0946 4-+4 -0.1957 0.3046 

1-+6 -0.5690 0.0461 4-+5 0.1820 -0.4215 

2-+2 0.0642 -0.4742 4-+6 -0.0955 -0.0830 

2-+3 0.0670 0.0745 5-+5 -0.2806 0.6254 

2-+4 0.0593 0.0304 5-+6 -0.1182 0.0094 

2-+5 0.0289 0.0516 6-+6 0.0206 :,0.6133 

2-+6 -0.3032 1.4012 

Due to the lack of symmetry, P has six nonzero tensor elements. With a weak 

transition at 4.41 eV and a very strong one at 5.01 eV, the real parts of the elements 

are significant even when 2w is coincident with the first transition. The real parts arise 

from contributions from the higher states. In Table 5.11, X(2) was calculated, following 

the procedure of reference 49, assuming that the molecules are adsorbed on a surface 

that is so rough that the orientation distribution is uniform over the following angular 

ranges: 0<1jJ<21r ; 0<O<1r/2 ; 0<,p<21r. The experiments described in equations 2.55a-e 

measure both Ips and I pp ' so the a, m and n elements can be measured. This 

calculation leads to the conclusion that the resonance contribution to the signal will be 

about the same as the nonresonant contribution. 
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Table 5.11. 

Calculated relative tensor elements for cinnamic acid. 

w (eV) f3yyy f3yZY f3yZZ f3ZYY f3zyz f3zzz 

2.05 3 -15 27 -8 26 -97-i 

2.10 4 -19 31 -8 28 -11O-2i 

2.15 7 -27-2i 35 -8 28 - 126-3i 

2.20 -3+3Ii 5-105i 48-14i - 17+22i 59-7i -145-14i 

2.25 0 -7-2i 58+i -18 63 -177-5i 

2.30 3 -18-i 73+2i -20 73+2i -225-8i 

Table 5.11 contd .• 

Calculated relative tensor elements for cinnamic acid. 

w (eV) a b m n 

2.05 14 0 12 29 

2.10 16 0 13 33+i 

2.15 19+i 0 14 40+i 

2.20 16+16i 0 22-16i 37+27i 

2.25 22+i 0 25 48+2i 

2.30 29+i 0 30 63+2i 
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5.1.3. Observations and Discussion. 

The energy of adsorption of HO- and HN-bearing aromatic molecules on the 

surfaces of silica powders has been observed to depend not only on the presence of 

surface hydroxyl groups but also on the specific types of hydroxyls. Free hydroxyl 

groups provide larger blue shifts in the first 11"->11"* transition (eg. phenol and aniline). 

When the hydroxyl density is high, hydrogen bonded hydroxyls are presents on the 

surface, and the observed spectral shifts are smaller. If n--+1I"* transitions are involved 

(eg. nitrobenzene) the large excited state dipole moment leads to spectral red shifts 

regardless of the density of hydroxyl groups235,236. 

Adsorption of unsaturated aliphatic carboxylic acids on silca powders has been 

observed to be based upon three adsorbate-surface interactions. At low surface 

. coverages, adsorption is governed by hydrogen bonds between surface hydroxyl groups 

and the carboxyl group. At the higher coverages, dimerization of the acid on the 

surface is the predominant process. Also, the interaction of the unsaturated 

hydrocarbon chain with the surface hydroxyl groups occurs237,238. 

In the solid state, trans-cinnamic acid exists in two crystalline forms with different 

unit cell dimensions. By sublimation both a and f3 forms are obtainable. The a form 

develops a (010) face and f3 form develops a (001) plane under sublimation231. Upon 

the irradiation with ultraviolet light, a-trans cinnamic acid dimerizes to yield a-truxyllic 

acid, whereas f3-trans cinnamic acid dimerizes into f3-truxinic acid239. 

Figure 5.l(b) shows the SHG spectrum of cinnamic acid adsorbed on an optically 

polished silica surface at 295 K. The SH peak at 17300 cm-1 is due to the first 11"->11"* 

electronic transition of cinnamic acid at 290 nm. This strongly suggests that the charge 

transfer band has been shifted to a higher energy value as in the cases of alkaline 
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solutions and crystals. The feature at 17,300 cm-1 is the first feature to appear upon 

exposure of the surface to cinnamic acid and is associated with the rr-+rr* transition of 

the isolated species. As the exposure increases, broad bands appear in the 15,500 to 

17,000 cm-1 region, and these arise from the growth of aggregates. The SHG process 

has the character of both one and two-photon transitions, and, thus, the shape of an SH 

spectrum is difficult to interpret at this time. To ensure that the SHG signal is not due 

to the dimerized photo-products of cinnamic acid on the surface, cinnamic acid was 

dimerized in pure water240, and the electronic spetrum in n-hexane solution was 

obtained. This electronic spectrum had no features in the range 0(350-230 nm (Figure 

5.2c). This proves that the SH spectrum is not a consequence of cinnamic acid 

photochemistry. Furthermore, the 17,300 cm -1 peak decreases as the cinnamic acid 

des orbs and reappears upon additional exposure to the vapor. The significant 

background signal arises from the cinnamic acid and was predicted to be this prominent 

in the background section of this work. 

In order to resolve the different types of adsorbed cinnamic acid present on the 

surface, SHG investigations were carried out at 4 K. Figure 5.3 depicts the 4 K SHG 

spectrum. The peak is shifted by -150 cm-1 with respect to the room temperature 

spectrum. Even though the appearence of the vibrational structure is very clear, the 

spectrum is too congested to determine excited state vibrational frequencies and to 

identify the origins. The presence of many adsorption sites may be a consequnce of 

irregularity of the surface. However the feature centered at 17330 cm- 1 may arise from 

a different type of surface species. The broad peak centered at 17150 cm- 1 which 

appeared at 17300 cm-1 in the room temperature spectrum is the major component 

present on the surface. 
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Figure 5.4 displays the laser-induced desorption data of adsorbed cinnamic acid. 

When the laser is tuned to a two-photon resonance (17,300 cm- 1), the SH signal decays 

rapidly during first three minutes and then decays more slowly. When w = 16650 cm- 1 

there is only a very small desorption compared to the on resonance desorption. This 

weak desorption is a result of the fact that a small amount of cinnamic acid in the form 

of aggregates exhibits a resonance at twice that frequency. When the laser field is 

blocked after desorption has occurred, the signal recovers even at IO- s torr. 

Introduction of a new dose of cinnamic acid always leads to the reappearance of the SH 

signal. 

The on resonance decay curve of Figure 5.4 can be decomposed into two 

contributionss2. One decay is approximately four times larger than that of the other. 

This indicates there are at least two types of surface bound cinnamic acid species 

present on the surface, a conclusion which is consistent with the spectrum of Figure 5.3. 

The more strongly bound surface species is probably bound to the surface through 

hydrogen bonds to two silanol groups, as in the case of adsorption of unsaturated 

aliphatic carboxylic acids on silica powders237. The more weakly bound surface species 

is probably bound by a single hydrogen bond. 

Adsorption of stearic acid on alumina takes place in such a way that the 

arrangement of the stearate chains on the surface is irregular. In contrast, the 

adsorption of decanoic acid on magnesia results in well-oriented decanoate chains on 

the surface. However if the adsorption takes place from the vapor phase, the decanoate 

chains are less well arranged on the surface235. At higher concentrations, dimers were 

present on the surface. The same observations have been made for the cases of the 

adsorption of oleic and linoleic acids on silica surfaces. The adsorption primarily takes 

place through the formation of hydrogen bonds between surface hydroxyls and 
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carboxylic acid groups. The strongest adsorption sites are pairs of adjacent interacting 

surface hydroxyl groups which become H-bonded to a single carboxylic acid. The final 

conclusion of these investigations is such that the long chain fatty acids adsorb on oxide 

surfaces in such a manner that their alkene groups and carboxylic acid groups interact 

with the oxide surface simultaneously237. The same argument may be made for the 

adsorption of cinnamic acid on silica. The observed small blue shift in the 11"-11"* 

transition (289 nm compared to 293 nm in solution spectrum) is evidence that the styral 

moiety is perturbed upon adsorption. Since the silica surface used in this work is 

mountainous on the molecular scale, it is quite likely that a cinnamic acid molecule, 

bound through the carboxylic acid groups, can experience an interaction between the 

styryl portion and the surface. 

In order to calculate the difference in the binding energies of the two dominant 

surface species, the following simple kinetic scheme was considered. 

(5.1 ) 

(5.2) 

Where [As] is the surface concentration of adsorbed species, kr is the rate constant 

for de-excitation or relaxation and kd is the desorption rate constant. Using a steady 

state approxemation for [A: ] one can obtain, 
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(5.3) 

By substituting the value of [A: ] from equation (5.2) into the eqation (5.1), the 

following equation results. 

(5.4) 

By assuming the rate of deexcitation, kr is much larger compared to the rate of 

desorption, kd can be neglected, from the denominator of equation (5.4). 

d[As] = [A] 12 [kd] 
dt S kr . 

(5.5) 

One can obtain the very same expression for the other type of cinnamic acid 

species present on the surface, in the form, 

__ s_ = [A'] 1'2 ~ d[A' ] [k' 1 
dt s k'r . (5.6) 

Since the laser power was the same for the both cases, I = I' and can assume kr = 
k'r' If two surface species are equally populated on the surface, then the ratio of 

desorption rates can be obtained by dividing equation (5.5) by equation (5.6). 

(5.7) 
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Using the Arrhenius equation desorption rates can be expressed in the following 

fashon. 

(5.8) 

and 

(5.9) 

Assuming the same frequency factor for both cases the above two equations, (5.8) 

and (5.9) can be simplified as 

In [:.: 1 " "k';."l (5.10) 

Where A(AE) is the difference in binding energies of two surface species of 

cinnamic acid. 

k 
The experimentally obtained k,d ratio is about 4.0 + 0.4 Hence, A(AE) = 1.153 

d 

kcal mol-l. This energy is much smaller than that expected between two species whose 

interactions differ by one hydrogen bond. Clearly, the correct interpretation of the 

differences among the adsorption site is more subtle than the simple picture of one or 

two hydrogen bonds. 

Figure 5.5 shows the pressure dependence of the desorption rate under sevaral 

different experimental conditions. Curves A and B exhibit the desorption data obtained 

at two different surface pressure namely at 10-4 torr (initial SH signal level is about 

0.45) and 10-5 torr (initial SH signal level is about 0.33) respectively. After irradiation 

of the surface residents for twenty minutes with active pumping recovered signal levels 

were 50% (at 10-4 torr) and 20% (at 10-5 torr) of that of the initial signals. These 

results indicate no linear relation of pressure to the desorption rate. The desorption rate 

does not seem to depend on pressure in this pressure range. 
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5.2 Water and Acetone" on Silicon Dioxide/Silicon. 

5.2.1. Introduction. 

The presence of water on flat or single crystal surfaces is difficult to determine 

under non-UHV conditions. Photoelectron and Auger spectroscopy and and EELS are 

all viable techniques in UHV environments. IR and Raman spectroscopies are useful 

only on powders, unless WSCARS spectroscopy is used in the planar oPtical waveguide 

geometry. The fact that SHG can provide information about the presence and identity 

of molecular adsorbates on flat surfaces under a wide range of environmental conditions 

makes it an attractive approach for the study of adsorption and desorption phenomena. 

The intent of this work was to investigate the potential of SHG for this purpose and to 

use interferences in the SHG process on the Si02 /Si structure to provide desired 

information about the relative signs and magnitudes of the tensor elements of all the 

materials involved. 

Adsorption of water vapor on fully hydroxylated silica is reversible and is 

accompanied by a heat of adsor;ption, t.H, of 12.5 Kcal/mole241. This physisorbed 

species can be removed by evacuation at 1200 C.242 A far larger t.H is associated with 

chemisorption on dehydroxylated surfaces. At temperatures above 4000 C, neighboring 

hyroxyl groups react to eliminate H2 0 and produce strained Si-O-Si bridges. 243 Upon 

subsequent exposure to water vapor, only partial hydroxylation occurs. In this work, 

the Si02 surface was hydroxylated and only the physisorbed H2 0 density was altered 

by manipulating the temperature and the pressure of H2 0. 

Adsorption of acetone on silica powder is accompanied by a surprisingly large t.H 

of 12 Kcal/mole244. Physisorption is still assumed to be the dominant mechanism since 
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acetone is easily desorbed at 1000 C. 

Considerable differences may exist between adsorption on powders and adsorption 

on single crystals and dense, flat glasses. Certainly, for water the hydroxyl group 

densities will differ, and the densities of physisorbed water, which occurs through 

hydrogen bonding to these groups, will also differ. The same can be said for acetone. 

In the work reported here, a dense, thermally-grown oxide layer on a silicon (100) 

surface was subjected to acetone and H2 O. 

5.2.2. Observations and Discussion. 

Figure 5.7 displays the SSH signal (Ipp) from the surface of the Si02/Si structure 

during a typical adsorption/desorption cycle. After heating at 1900 C for 2 hours at a 

pressure of I x 10-6 torr, a flat background signal was obtained on cooling to 21 0 C. 

When the surface was exposed to 18 torr of water vapor the SH signal rose immediately 

(a). The SH signal remained at this level for 16 minutes at which time the pressure was 

lowered to 5 x 10-6 torr (b). The signal immediately decreased by 10 and then 

remained constant. Since the signal remained constant, there was no evidence of laser­

induced desorption. After another 16 minutes, the surface was heated (c). For the next 

29 minutes the SH signal decreased steadily. Once the sample reached a temperature of 

1800 C heating was halted (d). The signal was observed to decrease as the surface 

cooled to 700 C during the next 25 minutes. When the surface was again exposed to 18 

torr of water vapor at 700 C (e) the signal increased to nearly its earlier maximum 

value. At point (f) the water vapor was again evacuated from the chamber and the 

slight decrease in signal was observed once more. All aspects of the behavior of the SH 

signal in this cycle could be reproduced. The SH decay curve exhibits a nonexponential 
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behavior which is a consequence of the slow heating process. At the temperatures used 

in this experiment, only the physisorption and desorption of molecular H2 ° occurred. 

Heating at 1500 C for two hours was required to remove all physisorbed water and 

return the SHG signal to the original low level. 

Clearly, surface SHG is highly sensitive to -water adsorption on this particular 

structure. Such sensitivity is not unique to this structure but is merely amplified by the 

cross terms between the tensor elements of the adsorbate and the silicon, as seen from 

Equation (2.76). On materials such as Ti02 for which X(2) exhibits two-photon 

resonance enhancements, the effect should be similar. On materials such as Si02 for 

which X(2) is small, the cross terms are not important, and the detection of H2 ° will 

require considerably greater signal averaging. 

The adsorption/desorption cycle of Figure 5.6 is consistent with previous 

observations of physisorption on hydroxylated surfaces. At a pressure close to the vapor 

pressure of H20, a monolayer is adsorbed on Si02 with a density which is dependent 

upon the degree of hydroxylation246• Upon evacuation, H20, perhaps from either a 

partial second layer or material bound to non-hydroxyl sites, desorbs, thereby reducing 

the SSH signal in a linear fashion. Temperatures around 1500 C are required for the 

desorption of the majority of hydrogen-bonded species, again in accordance with other 

measurements242• 

The adsorption/desorption cycle of acetone53 also is consistent with previous 

observations of physisorption on hydroxylated surfaces244• At a pressure close to the 

vapor pressure, a monolayer is adsorbed on Si02 with a density which presumably is 

dependent upon the degree of hydroxylation241• The lack of a change in the SSH signal 

upon evacuation indicates that all the acetone is bound in approximately the same 

manner. Again, elevated temperatures are required to remove the acetone, but 
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desorption occurs more quickly and at lower temperature than when H2 0 is on the 

surface. This is indicative of a .6.H which is less than that of H2 0, in disagreement 

with previous measurements on powders. 

The fascinating aspect of the acetone data is that destructive interference among 

the tensor elements in Equation (2.76) leads to a decrease in the SSH signal when 

acetone is present on the surface. It is concluded that the sign of at least the most 

important tensor element for acetone has a sign which is opposite that of H2 O. 

Relative signs of tensor elements can be determined only through interference effects 

such as that observed here. By carefully choosing the polarizations of the input and 

output beams, the laser frequency and the angle of incidence, the surface sensitivity to 

various adsorbates can be maximized for any surface. Furthermore, comparisons of SH 

signals using different polarization conditions can provide information about the 

orientation distribution of adsorbates. 
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5.3. Oxygen on TiO:z (110). 

5.3.1. Introduction. 

From among the numerous studies of the thermal reduction and re-oxidation of 

rutile surfaces, the following facts can be distilled: Below 18000 C, at least eight 

intermediate titanium oxides have been identified between Ti02 and Ti2 0 3 •24 At 6000 

C in vacuum or hydrogen, oxygen is partially lost from Ti02 surfaces, which then 

become blue. By heating such defect-ridden surfaces in 02 at 6000 C, the 

stoichiometry can be restored. At temperatures above about 6000 C, the lattice oxygen 

diffuses to the surface leading to effective diffusion of the surface defects into the 

bulk. 

Rutile, with a band gap of 3.05 eV, has been studied thoroughly for its 

photocatalytic behavior25• However, no work concerning the photo-initiated reduction 

of Ti02 and oxidation of Ti+3 defects has been reported. Loss of surface oxygen 

resulting from electron and synchrotron radiation bombardment has been reported to 

proceed as a consequence of the Auger process26• 

It is the purpose of this work to study the photo-reduction and subsequent photo­

oxidation of rutile surfaces at relatively low temperatures under non-UHV conditions. 

SHG is an ideal tool for detecting changes in only the surface layer under conditions 

ranging from UHV to condensed phase environments. When performed with a single 

frequency, surface SHG cannot provide absolute information about the identity of a 

surface structure, but it can provide relative information, via intensity ratios and 

polarization ratios, about the differences between two species such as Ti02 and Ti2 0 3 . 

The reduced surface will be referred to as Ti2 0 3 even though the actual stoichiometry 



264 

is not known. 

5.3.2. Observations and Discussion. 

Figure 5.7 displays the variation of the SH intensity with time when the rutile 

(TiOz) surface was subjected to different 02 pressures in the sequence 10-3 , IO- s and 

10-3 torr. For this particular experiment, the intensity at the surface was 10 MW cm-z. 

Both the one and two photon transition rates were too small to heat the surface, and the 

temperature of the surface was maintained at 373 K for the depicted cycle. When 02 

is present at a sufficiently high pressure, the SH signal from the fully oxidized rutile 

surface remained constant with time. However, when the 02 pressure was reduced to 

8xlO-s torr within a period of five minutes, the SH signal increased by 20% in 

approximately an exponential fashion. The rate constant for the rise in Figure 5.S is 

4.37xI0-3 sec-1• When the 02 pressure was increased to 10-3 torr, the signal decayed 

to the original level with a rate constant of 2.52xI0-" sec-1• This cycle could be 

repeated continually with the behavior of the system remaining the same. 

These observations are interpreted in terms of two competitive processes. First, 

when the 02 pressure is sufficiently low, photo-reduction of TiOz to Tiz0 3 occurs. At 

higher 02 pressures, photo-oxidation of the Ti20 3 occurs. The SH signal increase upon 

reduction is presumably the consequence of the argument that X(2) for the Ti+3 /Ti02 

surface should be larger than that of the Ti02 surface because an intermediate t2g -> eg 

transition exists at 532 nm. 

Since the SH signal converges to a constant value during the photo-reduction 

period, the reduction is limited to the first few layers of TiOz. The definition of what 

constitutes the first few layers lies in the regularity and porosity of the surface. Since 
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the surface was polished, this definition is ambiguous. The same signal change and the 

same rates for photo-reduction and oxidation were observed at temperatures of 20, 100, 

160, 180 and 2370 C. As expected for these relatively low temperatures, no evidence of 

diffusion from the bulk to the surface, or vice versa, exists. If 0-2 moved toward the 

surface or Ti+3 moved away during the photo-reduction period, the change in the SH 

signal at constant laser intensity and constant 02 pressure would decrease with 

increasing temperature. Furthermore, diffusion would lead to a decrease in the risetime 

of the SH signal as T increased. 

The intensity dependence of the rates of photo-reduction and photo-oxidation 

suggests partial mechanisms for both processes. Both rates vary as In where n = 1.3 ± 

.1. Two photons at 532 nm can breach the band gap in Ti02 to create electron-hole 

pairs. The electrons can be trapped by surface Ti+4 and the holes by 0-2 to begin the 

process which yields the formation of Ti+3 defects and libemtion of °2, In a similar 

fashion, the oxidation of the defects is initiated by the trapping of h+ by Ti+3 and e­

by physisorbed °2, The latter event has been seen in surface WSCARS spectroscopy on 

ZnO,27 Though initiation of the oxidation through the capture of a single photon by 

the Ti+3 defect layer is very possible, the fact that n = 1.3 indicates that the two­

photon process dominates. 
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CHAPTER SIX. 

FUTURE DIRECTIONS OF WSCARS SPECTROSCOPY AND COMPARISON 

WITH OTHER SURFACE ANALYTICAL PROBES. 

In this chapter a comprehensive discussion of the advantages and disadvantages of 

the WSCARS technique is given and the technique is compared with the other types of 

surface vibrational spectroscopic methods. Also, the future directions of the WSCARS 

technique are discussed. 

Why Not Do Infrared, Raman, EELS, lETS or INS Instead? 

For most chemical applications IR, Raman, EELS and lETS are the spectroscopies 

of choice. For bulk analysis, the resolution, sensitivity and availability of commercial 

instruments make infrared and Raman the best. For surface adsorbed species on high 

surface area catalysts, Infrared and Raman have problems and lETS and INS may not 

work at all. For the adsorbates on single-crystal surfaces EELS or possibly infrared and 

Raman techniques are the best. But as will be shown in this chapter WSCARS excels 

for some important tasks; for example obtaining lower vibrational modes of surface 

adsorbates. 

The most common surface probes are photons, electrons and ions. The incident 

beam energies vary from a few millielectron volts to hundreds of kilovolts. The output 

beam may be the same as the input beam or may contain secondary electrons or ions 

emitted by the surface. The outgoing beam contains the signature of the surface 

residents. The angular distribution, the energy or the mass of the outgoing beam is 
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analyzed in order to obtain the information on the analyte. Surface sensitivity of all of 

those techniques is a consequence of the low penetration depth of the incident beam or 

very high surface area of the sample. Although a variety of good surface analytical 

probes are available, in the interest of brevity, only the most competitive techniques are 

compared with WSCARS. 

Infrared Spectroscopy246. 

The pioneering work of Eischens and co-workers in 1954 was the first application 

of IR spectroscopy to the study of surface adsorbates. The advantages of IR techniques 

are three fold. First the experimental setup is simple and inexpensive relative to other 

surface sensitive probes. Second, the technique posseses an inherently high resolution 

(<<I cm- I ), although most investigations are carried out with between 2 - 8 cm- 1 

resolution due to the spectral widths of the observed vibrations. The improvements in 

IR spectroscopic technique, such as FfIR, provide a high signal-to-noise ratio and low 

data acquisition times. Third a time-resolved investigation of the adspecies can be 

performed yielding information on the kinetics of adsorption. The studies can be 

carried out either under ultra high vacuum conditions or under several atmospheres of 

background gas pressure. 

Unfortunately IR spectroscopy suffers from several severe problems. First, due to 

the small absorption cross section for infrared photons, most studies have been carried 

out on high surface area samples such as metal oxide powders which lack a well defined 

surface structure and composition. Second, even if high surface area samples are 

employed, observation of adsorbate vibrational modes below 1100 cm- I is impossible 

since they are masked by the absorption from the substrate. This is a major problem 
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since those low frequency vibrational modes are vital for the structureal elucidation of 

adsorbates. 

Raman Spectroscopy247. 

Raman spectroscopy has a resolution high enough for the investigation of surface 

chemical problems. Also the complete vibrational spectrum can easily be traced, 

including lower vibrational modes within several wavenumbers of the exciting line. The 

experimental alignment is simple and the investigations can be done under a variety of 

chemical conditions. The interference from background water and carbon dioxide is 

not a problem as in the case of infrared spectroscopy. Also the technique is capable of 

performing time resolved studies. 

However there are some drawbacks to Raman spectroscopy. Many molecules have 

very small Raman cross sections so that observation of submonolayer coverages is very 

difficult. The other problems are sample heating by the incident laser beam and 

impurity fluorescence. Sometimes the background fluorescence is several orders of 

magnitude larger than the anticipated signal from the adspecies. Surface enhancement 

can give rise to larger signals in some situations but, unfortunately this only works on 

certain metal surfaces. 

High Resolution Electron Energy Loss Spectroscopy248. 

In the HREELS technique a collimated beam of monochromatic electrons is 

inelastically scattered from a surface and the energy distribution of the specularly 

reflected beam is analyzed. The use of HREELS for surface investigation offers several 
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advantages as well as several disadvantages. The advantages are: The complete 

vibrational spectrum can be scanned without changing experimental optics such as 

lenses, prisms and widows in contrast to the situations in optical experiments. The 

sensitivity of HREELS is extremely high; even 0.1 % of a monolayer of molecules on 

surfaces can be detected without difficulty. Single crystal metal surfaces make ideal 

targetS for HREELS investigations. The technique is nondestructive and even weakly 

bound surface species can be monitored without desorption. 

The major drawback of HREELS is a lack of sufficient resolution. The term 

"high resolution" is a misnomer relative to the OPtical standard since the resolution is 

limited to about 60 cm- 1 (full width at half maximum of the elastically scattered beam). 

Therefore, the separate identification of closely spaced vibrational peaks is not possible. 

The second major drawback is that the technique works only under high vacuum 

conditions because of gas-electron collisions. Because of this limitation, high pressure 

catalytic reactions and chemisorption at liquid/solid interfaces cannot be readily studied. 

Inelastic Neutron Scattering Spectroscopy249. 

Experimentally, INSS resembles HREELS in several aspects. A thermal beam of 

neutrons (2 - 200 meV) passes through a monochromator before impinging the sample. 

The scattered neutrons are energy and momentum analyzed either by Bragg reflection 

(to get their de Broglie wavelength) or by the time of flight (to get their velosity). The 

neutron is a neutral particle, hence its interaction with matter is very weak. Neutrons, 

thus, do not preferentially scatter from the surface. This limits INSS studies to samples 

with high surface area. Also, at present the upper limit of observable frequencies is 

2000 cm- I • A greater limitation is in the resolution, which is typically 50 - 100 cm- 1 
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depending on the wavelength of the incident neutron. However, the scattering intensity 

is sufficient to observe submonolayer coverages. 

The low level of scattering for most adsorbates permits experiments to be 

performed even under high gas pressures. If a mixture of adsorbates is present, on a 

surface, quantitative information on the relative population of -each species can be 

obtained. Another advantage is that, since the intensity of scattering is proportional to 

the square of the vibrational amplitude, there are no orientational selection rules and all 

the vibrational modes can be observed. Thus low frequency modes which may possesses 

a small dipole derivative and so will not be present in the IR spectrum or in the 

HREELS spectrum may have very intense peak in the INSS spectrum. 

Inelastic Electron Tunnelling Spectroscopy241,249. 

In lETS the adsorbate is sandwiched in between two tunnel electrode surfaces and 

the tunneling current (I) is measured as a function of applied voltage (V). The plot of 

[ ~~I2] versus V gives the tunneling spectrum. One advantage of lETS is that the 

complete vibrational range can be investigated. lETS has enough sensitivity to detect a 

fraction of a monolayer of material over a junction area less than 1 mm on a side. The 

resolution of lETS is lower than that of optical methods because of the thermal 

broadening of lines. In order to get satisfactory vibrational resolution the spectra should 

run at cryogenic temperatures. In general both IR and Raman active modes can be 

observed in lETS spectrum. 

However, there are several drawbacks with lETS. The top metal electrode can 

complicate the chemistry of adsorption. Also, weakly bound species can leave the 

surface during sample preparation. The technique works well only on a few tunnel 
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junctions such as Al2 0 S and MgO. Thus it is impossible to study real catalysts or 

industrially produced surfaces. Since the adsorbate is sandwiched in between two 

electrodes it is difficult to perform time-resolved studies and desorption studies. 

Waveguide Surface Coherent Anti-Stokes Raman Scattering Spectroscopy. 

The WSCARS technique presents an attractive solution to many of the problems 

encountered in the above mentioned spectroscopic methods. The technique is very 

sensitive to sub monolayer coverages and trace amounts of materials on a surface can be 

detected without difficulty. Since guided beams are used for the studies, the surface 

area required is several orders of magnitude smaller than that needed for utilization of 

any of the above mentioned vibrational surface probes. The phase matching condition 

for the WSCARS process sets the overlap distance of the two input beams to about 1-2 

mm within the film and the size of the beams, is about 200 1'. This makes possible 

detection of submonolayer coverages of materials on surfaces. Since the WSCARS signal 

comes as a coherent beam which is highly directional, it is easy to discriminate between 

stray radiation and signal. Therefore, background fluorescence is not a problem in this 

case as it is with spontaneous Raman spectroscopy. Furthermore, the investigations can 

be performed under a variety of chemical situations ranging from gas phase to ultrahigh 

vacuum conditions. The surfaces used are in the form of a thin film waveguide and 

have well defined surface structures and chemical compositions. Therefore the 

complications due to surface irregularities and chemical compositions are much lower 

than with other surface probes. The surfaces can be prepared from a variety of 

chemical constituents such as metal oxides and organic and inorganic polymers. The 

technique can be used to investigate any surface as long as the surface is accessible to a 
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light beam. The whole vibrational spectral range can be investigated including the 

lower vibrational modes of the adsorbates. Interferences from surface phonon modes 

can be minimized by selecting a suitable combination of modes for propagation of the 

laser beam in the waveguide. 

The WSCARS technique also provides a higher spectral resolution so that closely 

spaced vibrational modes of adspecies can be highly resolved and identified. Thus, 

different modes of surface-adsorbate interactions can be characterized to a higher 

degree of precision and accuracy than with any other existing surface sensitive probe. 

Among the numerous advantages of nonlinear surface probes, the most attractive one is 

the time resolution, which in principle, is limited only by the laser pulse width. By 

employing femtosecond laser pulses, one can study the changes on a surface with a 

femtosecond time resolution. Also nanosecond and picosecond pulse lasers can be used 

to study relatively slow surface kinetics. Time-resolved WSCARS studies can be carried 

out very easily and, thus one can get information on both surface dynamics and the 

kinetics of the adsorption process. This information includes data on the vibrational 

relaxation of adsorbates, vibrational dephasing of polymers and surface adspecies, and 

electron-hole combination time in semiconductors. 

As mentioned in chapter four The WSCARS technique already has been used to 

monitor transient species on surfaces. This appears to be a very promising area for the 

further application of WSCARS spectroscopy. By extending the technique into the 

time-resolved regime many exciting and important scientific problems can be 

investigated. For example, lifetimes of surface transient species can be measured 

including both the "growth-time" and the "decay-time" of those species. Also, 

resonantly enhanced WSCARS spectra of surface bound species can be obtained very 

easily, so that one can evaluate vibrational and electronic properties of adspecies. 
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Another very important use of the WSCARS technique is in determining the orientation 

of adspecies relative to the surface from mix-mode WSCARS (ie., TE and Tm modes) 

experiments, as mentioned in chapter two. With these techniques surface-adsorbate 

binding can be fully characterized. Also, WSCARS can be used to monitor reactions 

while the reaction is taking place on a surface. 

The WSCARS technique, however, is not without problems. The experimental 

setup is extremely complicated and difficult relative to other surface sensitive or 

nonlinear optical probes. At present, the lack of a suitable coherent source limits the 

investigations to one vibrational range at a time. Since the coupling angles and 

phasematching angle depend on the laser wavelength those angles must be adjusted at 

least at 100 cm-1 intervals in order to obtain the maximum possible signal. This 

necesitates a frequent readjustment in collection optics and detector positions. Another 

difficulty arises from the geometrical constraints. In order to get the desired WSCARS 

mode coupled out, the output windows of the vacuum chamber must be larger than a 

certain minimum width. In certain ranges of the vibrational spectrum the background 

WSCARS signal can be very small for a particular mode combination. If that happens, 

alignments of optics is impossible, so that another mode combination must be chosen. 

Therefore, in order to get the complete vibrational spectrum, different mode 

combinations must be used for different ranges. This is not only bothersome but, 

makes it difficult to compare relative intensities of vibrational peaks. In performing 

time-resolved studies on semiconductor surfaces other problems may arise. The 

pumping of valence band electrons into the conduction band changes the index of 

refraction of the thin film which can disturb the beam propagation if the recombination 

time of electron-hole pairs is sufficiently large. At high laser powers nonlinear 

coupling can occur which affects the efficiency of the CARS process. 
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Another problem with nonlinear optical techniques as a tool for surface studies is 

the lack of a theoretical understanding of surface nonlinearities. It is not yet clear how 

the microscopic properties of various surfaces are related to their surface nonlinearities. 

Such an understanding will be very useful in making nonlinear optical effects more 

effective as surface probes. This is a challenging problem whose solution will require a 

close collaboration between experiment and theory. 
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APPENDIX A 

The CARS process is a special case of four-wave mixing and involves the 

interaction of three input electric fields 250• In such cases the induced polarization can 

be written as, 

(A.I) 

Where E = E(r,t). In order to obtain the X(3) dependences on various dipole 

moment terms we should proceed through the density matrix formulation251• Thus the 

expectation value of the polarization is given by; 

< P > = Tr< pP > = E < ilp Pli > (A.2) 

Where p is the density matrix and the Ii> are a complete set of states. The 

equation for the density matrix is the Liouville equation252• 

~_1.. at - ih [H, p] (A.3) 

(A.4) 

Ho is the unperturbed Hamiltonian of the atom-field system, Hi is the interaction 

Hamiltonian and Hr is the relaxtion Hamiltonian. In the electric dipole approximation, 
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(A.5) 

The time evolution of P due to relaxation Hamiltonian gives US253 

aPr at = -"I(p - po); where Po = (A.6) 

The "Iii elements of the matrix represent the relaxation rate for the population in 

level i while "Iij is the rate at which Pij relaxes to zero; po is the equlibrium population 

level. By expanding the density matrix in powers of the interaction Hamiltonian and 

thus the electric field, and equating terms of the same orders, we can obtain; 

8P?j. I [H n-l] at = - (lWij + "Iij) p?j + in i' P ij (A.7) 

Where (Ho)ij Ei ~Ej. The solution of Equation (A.7) can be 

given as 

pij (t) 
t 

1.. J ei(wij - i"tij)(t' - t) [H. p(n - 1) ] .. dt' 
in l' IJ 

-00 

(A.8) 

The integration of Equation (A.8) yields terms with deminators of the form; 

----=----:-.-, where W can be any single field frequency to first order, any 
Wij + W - l"lij 

combination of two single frequencies to second order and so on. In CARS, two 

electric fields of frequencies w1 and w2 interact and the resultant field is given by 
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(A.9) 

Where * means complex conjugation. In order to model the interaction of this 

field with a simple dipole we choose a system with three energy levels, as shown in 

Figure 2.1. Two levels, g and r low in energy and are closely spaced, to represent the 

vibrational level of a dipole, and the third level, u, is much higher in energy to give a 

nonzero transition dipole moment to interact with the higher visible frequencies wl and 

W2• Then we can write, 

[ 
0 Al2 Al3 

1 Hi 
An 0 AZ3 (A.10) 
Al3 AZ3 0 

Where Aij = -Wij .E(t), and the dipole moments Ware assumed to be induced, 

thus Wjj = 0, and real and there is no permanent dipole moment. 

Now several assumptions are made, namely that the output photon w3(=2wl - wz) is 

in resonance with (wl - wz) and the only energy level in resonance is WZl • Also the 

third energy level is assumed to be far away from the ground state so that P83 is very 

negligible while PYI and Pg2 are still finite. By sustituting Eq. (A.10) into the Eq. 

(A.6), since pO is known, and iteratively inserting p(n-l) into the Eq. (A.S) for pn one 

can eventually obtain p to the desired order of pertubation. So the final result can be 

written as follows:39 

< P CARS > = N Tr< PCARS W > 
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Where p3 is the third order correction to the density matrix, and lLij = ILji (since I)' 

is real). The Eq. (A.I 1) can be simplified by ignoring terms which have no resonances 

with the relevant energy levels. The terms which have no resonance are p312 and p3 21' 

They are present as the nonresonanant background term. Thus only the terms with 

dipole moments between a lower level (1 or 2) and the highest level (3) are considered. 

Since the two lower levels are closely separated it can be assumed that these dipole 

moments have the same size and direction, ie., -,r 13 = -,r 23 = IL. For example one term 

of p3 can be given by39, 

, [[1""..::J[1"" . .:,J 
+ 

(-,r 13' E 2) (-,r 23' E 1 • ] 
] + [(p 22) w + w - if W23-wcif23 23 2 23 

, [[1"" . .:: )[1"". ,:,J (-,rZ3' £2) (-,r13' £1") ]1 (A.12) (p 11) w + w - if + 
W31-w1-if31 31 2 31 

=+ NfFl 
< P CARS > = 81i 3 



280 

From the Eq. ( A.I) one can write the Fourier transform of ¥(r,t) as: 

(A.l4) 

X(3) (-w W W -w) = ~ [ 1 ] 
CARS l' l' l' 2 € 4fz3 W - (w -w ) -i ... o 21 1 2 '21 

(A.15) 

By including the nonresonant background terms the total expression for X(3) can 

be written as:250 

(A.l6) 
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APPENDIX B 

Modes of a Planer Optical Waveguide. 

In this Appendix the derivation of the modes of a planer optical waveguide is 

presented. Maxwell's equations the free space' can be written as:37 

'II.ff=O [a£ 1 'II x H = Eon2 at ' 

:md 

'11.£=0 'II x £ = -~o [a! 1 (8.1 ) 

Where ff = ~oH. Separating the time and space dependence of the fields we cnn 

write the fields in the following form; 

ff or £ = A eiwt e- i,1y (B.2) 

Then we have 

(B.3) 

(B.4) 

or 

(8.5) 

(B.6) 

and 
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(8.7) 

~Z E = _ [ W~~Z] E. (8.8) 

Thus we can obtain the wave equation as: 

(8.9) 

8y assuming the y-dependence of the fields we can rewrite ~2 in the following 

form. 

;:::t2 _;:::tZ ~ 
v .- V t + ay2 (B.IO) 

;:::t2 
V t represents the transverse or x,z part of the operator. Thus the wave equation 

can be written in the form; 

(8.11 ) 

Now, using the Maxwell's equations, we can obtain the following relations, 

(i€ n2w)E = ~ + i,Bl-J o z ax '''x (8.12) 

(8.13 ) 

(8.14) 

Where ~ is the unit vector in the propegation y direction. By applying the 

following necessary boundary condition for the dielectric waveguide; 



(€lE\ - €2E2) . i1 = 0 or €lEIn = €2E2n; Normal D continuous, 

~lHl - J'2H 2) . i1 = 0 Or HIn = H2n (forJ'1=J'2); Normal if continuous; 

=> => => 
E It = E 2t; for Tangential E continuous 

Hlt = H 2t ; for tangential H continuous; 
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we can obtain the required results for the propagation of normal modes. For the TE 

modes, which have the characteristic such that Ey = 0, we obtain 

;:::t => aEz aEx 
v t • E t = az + ax = 0 (B.15 ) 

or 

(B.16) 

Simillarly the derivatives of other components of the electric field are given by 

(B.17) 

(B.18) 

and 

(B.19) 

Now we can apply these results to the particular waveguide geometry shown in the 

Figure 2.7. We can simplify the calculations by assuming there is no variation of field 

quantities in the x direction, thus 

aE ax = O. etc., (B.20) 

This is not a restriction and the modes are as general as before since the geometry 

of the waveguide allows us to rotate the axes in x-y plane until this condition is 
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satisfied39• Applying this condition to the above equations one obtains, after some 

algebra: 

82E 
__ x _ (~2 _ €_IL n2w2)E 
8z2 fJ oro X 

o 

or 

82E __ x + (n2k2 _ (32)E 
8z2 x o 

Similarly for Ez we have: 

8Ez 
8z = 0; (i€on2w)Ez = i(3fIx and i(3Ez = i/LowfIx; 

thus, 

and E = /Low J.J 
Z (3"x 

giving the result 

(B.21) 

(B.22) 

(B.23) 

which, when substituted into the Equation (B.lI), corresponds to the wave equation 

\7
2 E' = O. Knowing that Ey = 0 and the variation of Ex in the x direction is zero, 

then Ez is a constant eletrostatic field. The guided mode's field should go to zero as z 

-+ + 00; therefore E~ and consequenly fix must be zero. Thus the results are; 

and the desired wave equation is 

82E 
8zt + (n2k2 - (32) Ex = O. (B.24) 

Guided modes have the characteristic that there is no transverse flow of energy. 

Energy flows only in the y-direction. This limits the value of (n2k2-(32) to positive 

values within the film such that v'n2k2-(32 is real where k is the vacuum wave vector of 

the field. Therefore the field distributions of the TE modes can be written as, 

E = A e-6(z-h) x for z ~ h (B.25) 



Ex = A cos(K:(z-h» + B sin(K:(z-h» for h ~ z ~ -h 

Ex = [A cos(2K:h) - B sin(2K:h)] e"l(II+h) for -h ~ z 

Where li2 = (f32 - n2 k2 
sup , 
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(B.26) 

(B.27) 

nsub are the indices of refraction of superstrate, film, and substrate respectively, and 2h 

is the thicknes of the waveguide. Using these results we can obtain the relevent 

equations for the H field as, 

H =_LE 
z J1.ow x 

H = JL A e-6(z-h) for z ~ h 
y J1.ow 

• 2 

Ry = -~ (A sin(K:(z-h» - B cos(K:(z-h))) for h ~ z ~ -h 
J1.oW 

Ry = .b... [A cos(K:(z-h» - B sin(K:(z-h))) e"l(II+h) for z ~ -h 
J1.oW 

(B.28) 

(B.29) 

(8.30) 

(B.31 ) 

Boundary conditions require that H be continuous at z=h and z=-h; thus liA 

-K:B. 

[K: sin(2K:h) - 'Y cos(2K:h)]A + [K: cos(2K:h) + 'Y sin(2K:h)]B = 0 (B.32) 

By using these results we can obtain an eigenvalue equation for K:; 

tan(2K:h) = K:<:t + li). 
K:2 - 'Yli 

(B.33) 

This eigenvalue equation limits the value of f3 to descrete values, and since B is the 

wave vector' of the guided mode, only descrete guided modes can propagare within a 

waveguide. The power per unit length in the x direction can be given by39; 
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(8.34) 

Integration of the above equation results in the relationship between power flow P 

and the amplitude A as presented bellow. 

(8.35) 

Where the term [2h+;+ i] is known as the "effective thickness" of the waveguide 

as seen by the guided wave. 
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