
INFORMATION TO USERS

This reproduction was made from  a copy o f a docum ent sent to  us for microfilming. 
While the most advanced technology has been used to  photograph and reproduce 
this docum ent, the quality of the reproduction is heavily dependent upon the 
quality o f the material subm itted.

The following explanation o f techniques is provided to  help clarify markings or 
notations which may appear on this reproduction.

1 .T he sign or “ target” for pages apparently lacking from the document 
photographed is “ Missing Page(s)” . If  it was possible to  obtain the missing 
page(s) or section, they are spliced into the film along with adjacent pages. This 
may have necessitated cutting through an image and duplicating adjacent pages 
to assure com plete continuity .

2. When an image on the film is obliterated with a round black mark, it. is an 
indication o f either blurred copy because o f movement during exposure, 
duplicate copy, or copyrighted materials tha t should no t have been filmed. For 
blurred pages, a good image o f the page can be found in the adjacent frame. If 
copyrighted materials were deleted, a target note will appear listing the pages in 
the adjacent frame.

3. When a map, drawing o r chart, etc., is part o f the material being photographed, 
a definite m ethod o f  “sectioning” the material has been followed. It is 
custom ary to begin filming at the upper left hand com er o f a large sheet and to 
continue from left to right in equal sections with small overlaps. I f  necessary, 
sectioning is continued again—beginning below the first row and continuing on 
until com plete.

4. For illustrations that cannot be satisfactorily reproduced by xerographic 
means, photographic prints can be purchased at additional cost and inserted 
into your xerographic copy. These prints are available upon request from the 
Dissertations Custom er Services Departm ent.

5. Some pages in any docum ent may have indistinct print. In all cases the best 
available copy has been filmed.

University
Micixjfilms

International
300 N. Zeeb Road 
Ann Arbor, Ml 48106





8401909

S a u s a ,  R o sario  C.

CARBON DIOXIDE LASER INDUCED CHEMISTRY OF VANADIUM 
OXYTRICHLORIDE AND DICHLOROSILANE

C ity U n ive rs ity  o f New York Ph.D. 1983

University
Microfilms

International 300 N. Zeeb Road, Ann Arbor, Ml 48106





PLEASE NOTE:

In all c a s e s  this material has been iilmed in the best possib le way from the available copy. 
Problems encountered  with this docum ent have been  identified here with a check mark V .

1. G lossy pho tographs or p a g e s _______

2. Colored illustrations, paper or p rin t______

3. Pho tographs with dark background

4. Illustrations a re  poor c o p y _______

5. P a g es  with b lack marks, not original copy_______

6. Print show s through  as  th ere  is tex t on both s id e s  of p ag e______

7. Indistinct, broken or small print on several p a g e s  ^

8. Print exceeds margin req u irem en ts______

9. Tightly bound copy with print lost in sp ine_______

10. C om puter printout pages with indistinct p rin t______

11. P a g e (s )_____________lacking w hen material received, and not available from school or
author.

12. P a g e (s )_____________seem  to  be  missing in num bering only a s  text follows.

13. Two pages n u m b ere d _____________ . Text fol lows.

14. Curling and wrinkled p a g e s _______

15. O ther____________________________________________________________ _

University
Microfilms

International





CC>2 Laser Induced Chemistry of Vanadium 
Oxytrichloride and Dichlorosilane

by

Rosario C. Sausa

A dissertation submitted to the Graduate Faculty in 
Chemistry in partial fulfillment of the requirements for 
the degree of Doctor of Philosophy, The City University o 
New York.

1983



This manuscript has been read and accepted for the 
Graduate Faculty in Chemistry in satisfaction of the 
dissertation requirement for the degree of Doctor of 
Philosophy.

date Chairman of Examining Committee

sen.

date Executive Officer

Supervisory Committee

The City University of New York



Abstract
Infrared CC^ laser induced chemistry of vanadium 

oxytrichloride (VOCl^) and dichlorosilane (Sil^Cl^) was 
studied both on and off resonance and the results, along 
with the unique characteristics of each method, discussed.

Multiphoton excitation of VOCl^, under collisional 
and collision-free conditions, resulted in dissociation 
via its ground electronic state and in a visible fluor­
escence. The photodissociative pathways leading to 
product formation were found to be both pressure and laser 
fluence dependent. Low pressure and laser fluence led to 
the formation of VOCI2 while high pressure and laser 
fluence favored VO. The prompt fluorescence was also 
studied as a function of pressure and laser fluence, and 
was shown to arise from a spontaneous one-photon 
radiative decay from an electronic state belonging to the 
VOCI2 fragment.

A similar study conducted on S i l ^ C ^  revealed that 
SiCl2 + H2 were its photodissociative products under 
collisionless conditions. The observed ultraviolet 
luminescence was attributed to the electronically excited 
SiCl2 fragment.

The reaction mechanisms leading to product formation 
as well as models for populating a fragment's electronic 
state were proposed and discussed in conjunction with 
present multiphoton excitation and dissociation theory.

Dielectric breakdown and laser combustion methods 
were used to produce various vanadium oxides and silicon 
containing films from VOCl^ and Sil^C^- The products, 
which were finely divided particles of very large surface 
area and high purity, may be used in numerous industrial 
applications.
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CHAPTER 1 - A BRIEF OVERVIEW

The laser, an acronym for light amplification by 
stimulated emission of radiation, provides the most 
coherent, manifested in both monochromaticity (temporal 
coherence) and uniphase wavefront (spatial coherence), 
directional, and controllable radiation source available. 
Laser radiation, ranging from the infrared to the ultra­
violet region of the electromagnetic spectrum, may be 
used for studying new methods of molecular excitation 
that are not possible with "classical" light sources. 
These new methods, which include single, double, and 
multiple photon absorptions, are indispensible for 
studying the nature of chemical bonds, perhaps the most 
central question in all of chemistry, as well as photo­
physical and photochemical processes.

The Russian announcement of successful CC^ laser 
isotope separation of SF^ species in 1973 [1,2], 
verified by American scientists within a few months [3], 
spawned the belief that an era of mode selective 
chemistry had arrived. Chemists, and physicists alike, 
envisioned that high powered lasers, tuned to specific 
vibrations occuring in molecules, could violate the laws 
of statistical thermodynamics by breaking particular 
selected bonds which were not necessarily the weakest. 
This, coupled with the projected synthesis of novel



compounds and more efficiently produced industrial 
chemicals, triggered a growth in the past ten years of 
laser induced chemistry in which infrared lasers and, in 
particular, pulsed CC>2 lasers have played a major role.

The widespread use of the C p u l s e d  laser in 
inducing many chemical reactions is attributed to its 
large output power of high intensity in short duration.
In addition, its lasing action at wavelengths between
9.6 - 10.6 y, a region where many molecules absorb,
and high efficiency, up to 207, conversion of pumping to 
radiant power, make it, undoubtedly, the most important 
gas laser from both an industrial and scientific point of 
view [4,5].

There are two basic mechanisms by which an infrared 
laser can induce a chemical reaction. The first, 
multiple photon absorption (MPA), requires a resonance 
between the laser radiation and an absorption band of the 
molecule. Once this resonant condition is satisfied, the 
molecule may then absorb sufficient infrared photons 
within its ground state manifold to reach the continuum 
and thus dissociate.

The multiple photon absorption process is presented 
in Chapter Two and is applied in the "collisionless" and 
collisional dissociation of vanadium oxytrichloride 
(VOClg) and dichlorosilane (Sil^C^) • The collisionless 
photodissociation is accompanied by an observable



electronic luminescence which is attributed to 
electronically excited S i C ^  and VOCI2 radicals. The 
electronic luminescence induced by multiple photon 
excitation is not addressed by statistical theories, such 
as R.R.K.M. (Rice, Ramsberger, Kassel, and Marcus)[6], 
nor predicted a priori by currently accepted models of 
infrared multiphoton chemistry [7,8]. According to these 
theories, photodissociation from the ground state 
potential energy surface typically accompanies the 
formation of ground state products and is not generally 
expected to yield electronically excited fragments. 
Nevertheless, electronic fragment luminescence, under 
collisionless conditions, has been observed and is 
presented along with proposed mechanisms in Chapter Two.

The second mechanism, laser induced dielectric 
breakdown [9-11], requires no resonant condition and is most 
effective at high pressures since it proceeds by an 
avalanche of electrons resulting from the large A.C. 
electric field of the laser's radiation. A comparison of 
the molecular dissociation of VOCl^ and S i l ^ C ^  with 
resonant and nonresonant radiation was thus studied and 
the results, along with the unique characteristics of each 
method, discussed in Chapter Three.

Both VOCI3 and S il^C^ are prime candidates for gas 
phase studies in infrared laser induced chemistry. First, 
S i ^ C ^  is a gas at room temperature and VOCl^, although



a liquid at room temperature, has a high vapor pressure. 
Second, the strong absorption by their v-^(V = 0) and 
x^CSil^) stretching vibrational modes make them suitable 
for CO2 laser excitation. Third, the use of vanadium 
oxides as catalysts in many organic and inorganic 
reactions, and the use of silicon in the construction of 
semiconductors and solar power conversion cells make 
both VOClg and S i E ^ C ^  important industrial chemicals 
since they can be used as starting material for novel 
synthetic routes.
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CHAPTER 2
ELECTRONIC LUMINESCENCE RESULTING FROM MULTIPLE PHOTON 

EXCITATION OF VOCl3 and SiH2Cl2

2.1 INTRODUCTION
The first reports of infrared multiple photon 

dissociation of molecules also stated that this process 
is accompanied by electronic emission [1-5]. Since then, 
there has been much interest in and speculation about the 
origin of this molecular luminescence. Early infrared 
experiments using continuous wave (CW) C02 laser 
excitation were thought to produce luminescence by simple 
heating of the sample [1,2]. This mechanism, however, 
cannot explain the visible or ultraviolet luminescence 
observed from a pulsed C02 laser at moderate power levels. 
Much of this molecular emission has been attributed to 
radical recombination or, in cases where the pressure and 
laser energy were too high, to dielectric breakdown.
From recent investigations, the electronic luminescence 
has been assigned to either electronically excited 
fragments [6-9] or electronically excited parent 
molecules [10-12]. Whereas the latter, coined inverse 
electronic relaxation, has been observed in a collision­
less regime, fragment luminescence has for most cases 
been observed under conditions where the pressures were 
too high to be collisionless.



We assign the luminescence to the electronically 
excited VOCI2 and S i C ^  fragments formed from the 
collisionless multiphoton excitation of VOCl^ and S il^C^  
This is not predicted, a priori, by currently accepted 
models of infrared multiphoton chemistry and seems to 
violate the general rule that the ground state of a 
molecule correlates adiabatically with ground state 
products.

The results, along with a discussion of a systematic 
study conducted to determine the photodissociative 
products of VOCl^ and Sif^C^, and the origin of the 
luminescence under collisionless and collisional 
conditions, follows this introductory section. Some novel 
as well as existing mechanisms for the above processes 
are proposed and discussed in conjunction with present 
multiphoton excitation and dissociation theory. In par­
ticular, the following questions are addressed:

Why should a molecule dissociate with the 
absorption of infrared radiation? After all, 

the strength of a typical chemical bond is - 100 
kcal/mole while the energy of a 
laser photon is - 2.3 kcal/mole?
Is the multiphoton process coherent all 
the way up the vibrational ladder of 
the molecule's ground state potential 
energy surface?



Was the bond which was excited broken?
Is mode selective chemistry possible? 

and • How is a fragment formed in its electronic 
state by the absorption of infrared 
photons ?

2.2 THEORY
Ordinarily, there exists a one-to-one correspondence

between the number of photons absorbed and the number of
molecules making a transition to an excited state. This
is known as the Stark-Einstein law of photochemistry.
However, in exceptional circumstances, this law is
violated. A high-powered CO2 laser provides a very high

3density of photons, greater than 10 photons per 
molecule*, thus allowing some probability that a molecule 
will absorb more than one photon. Indeed, it has been 
shown experimentally that, under collisionless conditions, 
SF^ absorbs more than 30 photons while remaining 
translationally cold, dissociates,and

* For a COj laser with an output of 1 J of
energy at a wavelength of 10.6 p, there are.
using the equation E - nhc/X, approximately 

195 x 10 photons. The volume of interaction of
the laser beam whose radius is .5 cm and Is focused by a 5-inch lens is obtained from the

2 3equation, v£ - 2/3 »r h, and yields - 7 cm . Since the total number of molecules at a
pressure of 100 mtorr and a cell volume of .25 t is * 8  x 1 0 ^  (calculated by using
PV - nRT relationship, Avagadro's number, and using room temperature) and the fraction of
molecules which interact with the laser radiation la 7/250 (8 x 10*^) or - 2 x 10*^, it
follows then that there are - 10^ photons per molecule.



maintains its isotopic selectivity [13,14].
Using SFg as an example, a model used to describe 

the process of multiple photon absorption and subsequent 
dissociation is shown in Fig. (1) and (2). It is 
evident from Fig. (1) that the ground state potential 
energy surface of a polyatomic molecule can be divided 
into three regions. Region (I) is characterized by 
discrete levels which have a small density of vibrational 
states. Region (II), the quasicontinuum, is characterized 
by a high density of vibrational-rotational states and 
Region (III), the true continuum, is where dissociation 
occurs.

In the first region, vibrational anharmonicity in 
the quantum gaps is a obstacle that a molecule must 
overcome for successful excitation. This anharmonicity 
may be compensated by either rotational transitions or 
vibrational-rotational broadening, a mechanism unique to 
strong laser fields.

The rotational compensation model, termed PQR [16], is 
based on the absorption of laser photons in the sequence 
P branch (v = 0, J -»■ v = 1, J-l) , Q branch (v = 1, J-l -»• 
v = 2, J-l), and R branch (v = 2, J-l -> v = 3, J) . Thus, 
it is rotational compensation of the anharmonicity that, 
according to this model, guarantees the resonance condi­
tion for the first three steps of the vibrational ladder 
(|v>},even at modest power levels.
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Figure (1) - Potential energy diagram: Region I, II, and
III refer to the discrete, quasicontinuum, 
and dissociative continuum regions.
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The vibrational-rotational broadening mechanism 
focuses on the splitting of the molecule's vibrational- 
rotational energy levels by the oscillating electric 
field of the laser radiation. This broadening is a 
result of both the D.C. and A.C. Stark shift. The latter 
is sometimes referred to as power broadening.

For a diatomic molecule (rigid rotor approximation) 
the magnitude of the D.C. Stark shift is given by the 
following expression [15],

AV = (^)(kla.)2 (2.1)

where B is the rotational constant, p the transition e
dipole moment, E 0 the electric field strength, v the 
laser frequency, and h Planck's constant.

The multilevel power broadening, A.C. Stark shift, 
arises because a transition between oscillator levels 
occurs in a time which is short compared to the time in 
which the laser field gets out of phase with the 
oscillator. A normal Boltzmann distribution between the 
levels cannot be obtained; the result is a decreased 
extinction coefficient and a broadening of the absorption 
line. This effect is determined by the Rabi frequency 
and the detuning of v-v0 where v is the laser frequency 
and Vo the oscillator frequency. The Rabi frequency is
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defined as [15]

vR - if, (2.2)

where the symbols have been previously defined in 
equation (2.1). Since the probability of excitation of 
an oscillator is given by the following expression [15],

Pex ' Ĉ > 2 s1"2 (2-3)

it is apparent, then, that significant excitation will 
take place if the Rabi frequency is large compared to the 
anharmonicity of the pumped modes.

Anharmonic splittings inherent in degenerate over­
tones and Fermi resonance between overtones or combination 
bands are other factors which can, to different degrees 
in different molecules, contribute to the compensation 
of the anharmonicity in Region (I).

Region (II), dubbed the quasicontinuum, is 
arbitrarily defined at a critical energy of say,
4000 cm-'*' (v = 3-4) above the ground vibrational state.
At v = 3-4 or thereabouts, the vibrational density of 
states becomes very large, resulting in a quasicontinuum 
of states. In the quasicontinuum, the high density of 
vibrational and rotational states provide all the "fine 
tuning" necessary to match the photon frequency with the
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quantum gap between vibrational levels. Now, further 
absorption by a sequence of one photon processes 
coupled with rapid (subpicosecond timescale) intramode 
energy transfer can promote the molecule to still higher 
vibrational levels until it reaches the true continuum, 
Region (III), and dissociates [17,18],

An elegant experiment performed by Letokhov et a l . 
[19] corroborated the mechanism of multiphoton absorption. 
They dissociated SF^ using two C"0 2 lasers. Low power 
radiation from the first laser pulse excited SF^ three 
steps up the anharmonic ladder. A second pulse, 
completely detuned from an SF^ absorption band, was then 
capable of dissociating the molecule at a much smaller 
threshold power than would be required in a simple 
frequency MPD experiment. Thus, this experiment, which 
has been repeated on other molecules, supports the notion 
of a quasicontinuum in which resonance between the laser 
radiation and a molecular absorption feature is not 
required. Moreover, they obtained optimal isotopic 
separation yields with the first laser detuned 10 cm  ̂ to 
the red from the resonance line. This, they concluded, 
corroborated the PQR mechanism previously described.

From the presented model, several points regarding 
isotope separation (intermolecular selectivity), bond 
selective chemistry (intramolecular selectivity), laser 
pulse requirements, and the role of collisions on the
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multiple photon process can be made.
Isotope separation, as implied in Fig. (1), is 

possible for molecules whose isotopic shift is larger
than the spectral width, Av", caused by power broadening.

Perhaps the most pressing question in multiple 
photon dissociation is that of bond selective chemistry. 
In the case of SF^, uncertainty arises since the molecule 
contains six chemically equivalent fluorine atoms.
However, in a MPD experiment in which SF^Cl was used, it
was demonstrated that the weaker S-Cl bond preferentially 
ruptured to the stronger S-F stretching mode which was 
excited. Similar conclusions have been reached from 
most, if not all, experiments done to date. That is, 
multiple photon dissociation follows the expected 
fragmentation pattern along a dissociation coordinate 
that is weaker than the rest. This fact is readily 
explained by the statistical thermodynamic RRKM theory 
which predicts that the laser energy, initially deposited 
in one particular vibrational mode of the molecule, 
radomizes to other modes of vibrations once a sufficient 
level of excitation is achieved in the quasicontinuum in 
a time of 30 picoseconds [20]. Thus, multiple photon 
dissociation is not bond specific. However, if the 
excitation can be delivered in a very short time, less 
than picoseconds, with sufficient intensity to cause 
bond breakage, there is insufficient time for thermal
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excess energy sharing within the molecule and the
excited bond would rupture. Such times are indeed short,
yet well within experimental ability. The potential
payoff will be tremendous, since bond selective
dissociation will then become a reality.

On the laser pulse requirement, it is evident from
the presented model that the leading part of the pulse
must be intense enough to excite the molecule over the
discrete states into the quasicontinuum, and the remaining

2portion of the pulse must contain enough fluence (J/cm ) 
to excite the molecule beyond the dissociation limit.

Pressure effects which lead to molecular collisons 
complicate the "ideal image" of collisionless dissocia­
tion and must also be addressed. Although it depends 
upon the molecule involved and the level of exciation, 
for relatively large molecules such as SF^, it appears
that intermolecular V-V and V-(T/R) relaxation occurs in 

- ft -4-roughly 10" and 10 sec respectively at a pressure of
1 torr. Therefore, it is necessary to work at relatively
low pressure to avoid scrambling of the vibrational
excitation and thus maintaining unique, non "Bunsen
burner" chemistry. Ronn et a l . [21] have found that the

3 A- 32isotope separation efficiency of SF^ and SF^ is 
progressively lost as the pressure is increased from 
.1 to 1 torr due to scrambling collisions.

A simple calculation shows that SF^ experiences
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approximately 10 collisions per ysec at 10  ̂ torr.

This collisional frequency is small relative to the 
span of a CO2 laser pulse (typically .1 . - 1  ysec) and 
thus collisions play only a minor role [21].

The scope of the work presented in this chapter 
is divided into two parts. The first involves an 
investigation of the multiple photon dissociation of 
VOCl^ and under collisional and collisionless
conditions. The products formed, together with the 
reaction mechanisms involved, will be shown to be 
pressure and fluence dependent.

* The collisional frequency for SF^, as well as VOCl^ and Sif^C^. was obtained by
2using the following kinetic expression [22]; z ^  c •7n(d^) ' v^ ■> (N^/V) col 1 is ions / sec.

The term d^ represents the diameter of the molecules (cm) and ' •> , which is equal to
(8 RT/itM)^, the average speed of the molecules. The symbols R, T, and M stand for the
gas constant (8.31A x 10^ erg/mole-K), temperature (K), and N the molecular weight of
the gas (g/mole) respectively. The average velocity will have units of cm/sec if the 

2 2equality 1 erg « 1 g-cm /sec is used. The term (N^/V), which represents the number of
3molecules per unic volume (cm ), is given by (P^N„/RT), where the relationship PV * nRT ■=

(N/N„)RT is used. The symbol P^ represents the pressure (atm), N. Avagadro's number
2 3 - 1  3(6.02 x 10 mole ), T the temperature, and R the gas constant (82.06 cm atm/mole-K) .

The diameters used for SF^, VOCl-j, and Sil^C^. calculated by taking twice the largest
bond length, are 3.12 x 10 ® cm [23], 4.24 x 10® cm [Table (l), page 28] and

_ g
4.06 x 10 cm [Table (111), page 72] respectively.
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The second part involves the spectroscopic investi­
gation of fragment electronic luminescence arising from 
the collisionless multiphoton excitation of VOCl^ and 
SiP^C^. This, as was pointed out before, is not 
predicted a priori by currently accepted models of 
infrared multiphoton chemistry and thus various 
mechanisms allowing for populating the fragments elec­
tronic states are proposed.

2.3 EXPERIMENTAL
A schematic diagram of the experimental apparatus is 

shown in Fig. (3). A number of lasers were employed as 
excitation sources. For multiple photon absorption and 
dissociation experiments, a home built Rogowski-type 
[Fig. (4) and (5)] pulsed CC^-^-He TEA laser was used 
[24]. Pulsing of this laser was accomplished with a 
trigger generator (model 050C, Tachisto, Inc.) in 
conjunction with a pulse transformer (U.S. Scientific 
Instruments) and a pressurized spark gap (0-30 PSIG,
12-50 kv SG501, Tachisto, Inc.). This laser is capable 
of an energy output of ~ 2.5 Joules per pulse at 
repetition rates of 1-5 pps and can be tuned to the 
rotational lines of the P and R branches of both the
9.6 and 10.6 y region, allowing some 60 discrete 

wavelengths. The pulse shapes, measured by a photon drag
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Figure (3) - A schematic diagram of the experimental
apparatus used for laser induced fluorescene 
studies.



Figure (4) - A photograph of a home-built Rogowski-type C02 TEA laser



J

IaT

© © ©

1 £

H

H Z 7

A
/T SB H

A. High voltage dc power supply (50 kV, 70 mA)
B. Discharge capacitor (50 kV, 0.05 pF)
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Figure (5) - A schematic diagram of the CC^ TEA laser (A) with an energy 
level diagram showing its stimulated emission (B).
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(Rofin 02591) were varied by the amount of ^  present and 
are shown in Fig. (6). In ^ - r i c h  mixtures, the pulse 
duration was ~ 600 nsec at FWHM with a tail extending 
to 1.5 psec while, in lean mixtures, it was ~ 300 nsec at 

FWHM with a 800 nsec tail. For one photon absorption 
experiments, both ^  and KrF lasers were employed. The ^  

laser (NRC model.5-5-150/B) has an output of 150 mwatts at 
337.1 ran with a repetition rate of 60 Hz. The pulse duration 
was 5 nsec at FWHM. The KrF laser (Tachisto TAC system 250) 
has an output of 100 mJ at 248 nm, a repetition rate of 1-10 
pps, and a pulse duration of 10 nsec at FWHM.

Vanadium oxytrichloride (VOCl^), obtained as a yellow 
liquid (purity > 99.957,) underwent a very careful three- 
stage bulb-to-bulb vacuum distillation and freeze-thaw 
cleanout before each set of experiments. To prevent 
photodecomposition from the flourescent lights, VOCl^ was 
always kept in either a dark bottle or in a glass con­
tainer which was wrapped with aluminum foil. In addition, 
all experiments were performed with no room lights on.
VO, obtained from Cerac Corporation with > 99.57o purity,

together with ^ 2 Q 3 ’ V 2°4 ’ and V2°5 ’ obtained froin Alpha/ 
Inorganic Corp. (> 99% purity), were used for comparative 
purposes as commercially supplied. V O C ^  was obtained 
from Varlacoid Chemical Corp. (> 99.5%. purity) and was 
used for fluorescence experiments. V0C1 was prepared by 
heating VOCI2 to approximately 350°C in vacuum while
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Figure (6) - Oscillograms of typical 
short (A) and long (B) 
CO2 laser pulses.
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pumping out the chlorine, a by-product. S i l ^ C ^  was
obtained from Airgenics Corp. with a stated purity of

> 99.97o. The diluent gases Ar, , 0 ^, and CI2 were
Matheson research grade and were used without further
purification.

Dimethyl sulfide (DMS), which was A.C.S. certified
and spectroanalyzed, was obtained from Fisher Scientific
Co. and used as a solvent for VOClg, V O C ^ ,  and V0C1.

Experiments were conducted under both static and
flow conditions. The cells utilized varied in size and 

3 3shape (4 cm - 500 cm ) but were either pyrex or brass 
body with NaCl or quartz windows connected via "0" ring 
joints. In experiments where VOCl^ was used, contamina­
tion was avoided by constructing the cells with teflon 
valves instead of greased taps. CC^ laser focusing was 
achieved by a number of lenses. Both antireflection (AR) 
coated germanium of 10" and 15" focal length and ZnSe
5" focal length were used. At the focal point, the

9 2intensity of the laser radiation was in the 10 W/cm 
range* with a corresponding field strength of 10 V/cm.'v

* The spot radius of a laser beam which has wavelength of 10.6 urn, radius of .5 cm,
and focused by a 5" lens is obtained from the relationship S.R. - >f/irr and yields a

“3 4 2value of - 8 x 10 era with a corresponding area of - 2 x 10” cm . The power associated
with the laser energy, 10^ Watts for 1 J of energy in 1 usee, together with the area of

q  nthe laser beam yields a power density, I, of - 10 W/cm .
** Using Poynting's equation, I » ccE^ [where c, the space permltivity, is equal to 

8.55 x 10 coul^/nt*m^ or 8.55 x 10”^  coul/V>m (1 N/coul - 1 V/m) and c, the speed of
g

light (3.0 x 10 m/sec)] and the equality 1 W - coul-V/sec, one obtains the relationship
-  3 2 21 “ 2.57 x 10 E , where 1 ia in units of W/cm and E in units of V/cm. Hence, by using

q  othis relationship and an Intensity of - 10 V/cm . one obtains a field strength, E, of 
- 106 V/cm.
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Pressure measurements, which were made with a MKS
A 2baratron and/or ionization guage, ranged from 10 - 10

torr. With a MKS baratron, pressure readings could be
-3obtained to the nearest 10 torr while with an ioniza­

tion guage an uncertainty of ±.1 unit could be extracted
-10 -3from various scales ranging from 10 - 10 torr. Low

pressures were achieved by using an oil diffusion
-  6vacuum system (~ 10” torr).

The laser energy, up to 2.5 Joules, was measured by 
a coherent 201 power meter. For comparative purposes, it
was sometimes necessary to convert the laser energy to

2 2 fluence (J/cm ) or intensity (W/cm ) units. This was
accomplished by measuring the burn pattern of the focused
pulse and its duration.

The luminescence experiments were conducted in a
65 cm-long cell in order to avoid any possible "window

9 ofluorescence" and under flow conditions using (~ 10 cm /sec) 
which insured continuously replenished fresh sample. To prevent 
detection of stray light, all luminescence experiments 
were performed at night and the cell used was wrapped 
with black tape, leaving only an entrance window, exit 
window, and viewing area for the phototube uncovered.

The luminescence was viewed perpendicularly through 
narrow band filters (O.C.L.I. ~ 10 nm at FWHM) or a 
monochromator (% meter Jarrel Ash or Spex model 1215) 
with a resolution of 5 nm. Photo detection was achieved 
with a Hammamatsu R955, EMI-9816K13, or RCA 341034
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phototube. The signal was amplified and displayed on a 
Tektronix 7704 oscilloscope. The signal was averaged for 
a minimum of 10 shots and then photographed for analysis. 
The response time for the detector and associated elec­
tronics was less than .1 ysec.

At a given pressure, the rate of rise or fall of the 
fluorescence signal was obtained as 1 / t from a plot of 
emission intensity versus time displayed on an oscillogram. 
From an examination of the formula of an exponential curve,

y = Ae -^ 1" (2.4)

where y is the amplitude at any time t, A the maximum 
amplitude, and k = 1 / t  the decay constant, it's apparent 
that t  is the relaxation time, defined as the t = t 

required for the signal to decay to 1/e of its initial 
value.

Product analysis was carried out by infrared 
absorption (Beckman IR 10 or Perkin-Elmer 267) and/or mass 
spectrometry (Varian CH-7 or AEI-902S). Product and 
reactant peaks were compared prior to and subsequent to 
laser excitation of reactants for a present number of 
shots at predetermined pressures, frequencies, and 
power levels. In addition, a He-Ne laser with an output 
of ~ .5 mW at 6328 A was used as a probe in the detection 
of particulates as a result of their scattering.

UV-VIS absorption and emission spectra were taken with 
a Cary 17 and Cary Fluorolog respectively.
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2.4 RESULTS AND DISCUSSION
A . Vanadium Oxytrichloride

1. UV and IR absorption spectra of
voci3
Vanadium oxytrichloride (VOCl^) is a prime 

candidate for studies in laser induced chemistry. VOCl^ 
is a pale yellow liquid which freezes at -79.5°C and 
boils at 127°C. Its high vapor pressure, 12.4 torr at
25 °C, and strong absorption at 1040 cm ^ , v-^(a^)
fundamental mode, make it suitable for CO2 laser 
excitation.

It is hydrolyzed with extraordinary rapidity 
in moist air and, when it is exposed to the atmosphere, 
a dense yellowish-red cloud of vapor forms in accordance 
with the following equation:

2V0C13 + 3H20 + V 205 + 6HC1 (2.5)

The physical properties of V0C13 are
consistent with its being a covalently unsaturated mono­
mer. Electron diffraction data on the vapor indicate 
that the four bonds to the vanadium are directed almost 
tetrahedrally [Table (I)].

The UV-VIS absorption spectrum of V0C13 in 
the gas phase at approximately 200 mtorr is shown in
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Table I. (A) ' Published bond lengths and angles
of V0C13 [25].

(B) Published rotational constants -of 
V0C13 [26].

VOCl3  (c3v)
A- BOND LENGTHS & ANGLES

r(V -  Cl) A° = 2 .1 2  ±.03
r(V —0 ) A °  = 1 .5 6 1 .0 4
r(CI-CI)A ° - 3 . 5 0 1 . 0 3
r (O -C l)  A° = 3 .0 0 1 .0 4
2$. C I - V - C I  = 111+ 2°

C I - V - 0  -  108± 2°

ROTATIONAL CONSTANTS

A (cm'1) = . 0 3 8
B (c m 1) = . 0 5 8
C (cm1) = . 0 5 8
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Fig. (7b). This spectrum exactly coincides with the one
taken by Miller and White, Fig. (7a), and reveals two
absorption bands whose peaks are centered at 244 nm and
333 nm of about equal intensity. As was pointed out, the
VOCl^ molecule can be considered to have a tetrahedral
shape with a trigonal distortion (C^v ) • As a consequence,
the three-fold degenerate levels corresponding to the
irreducible representations of the tetrahedral molecule
will split. The t^ level gives rise to an a2 and e
representation. Since the a2 representation corresponds
to a non-bonding molecular orbital, its energy will be
higher than that of the e level. The t2 level gives rise
to an a-̂  and e representation. This can be seen in Fig.
(8), a simplified molecular orbital energy diagram of
TiCl^(T^) and VOCl^ ( v) [28]. From Fig. (8), it is
evident that the 333 nm band, which is of lower energy,
corresponds to a ( l a ^ )  (r) ( l ^ )  ^ (5e) ̂  ( i t * )  trasition

2while the 244 nm band corresponds to a ( ^ 2) ( i t )  -►
( ^ 2)^  (6e) ^ (a*,t t * )  transition.

The infrared spectra of VOCl^ has been 
completely determined in the vapor state. The molecule 
has C^v symmetry and, on this basis, there are three 
totally symmetric vibrations (species a^) and three 
doubly degenerate vibrations (species e). All six 
fundamentals are both infrared and Raman active. The 
fundamental modes are given in Table (II).
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Table II. Published vibrational frequencies of 
VOCI2 in the gas phase [29].

MODE DESCRIPTION V(crri')

V,Ca,> V=0 s t re tc h 1042.5

V2(a,) VCI3 sym s t re tc h 409.5

V3(af) VCI3 sym bend 163

v «(e) VCI3 asym stretch 503

V5(e) 1>'co
0

- 0  rock 248

V6(e) VCI3 asym bend 124 .5
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The infrared absorption spectrum of the 
Vi(ai) fundamental mode of VOCl^ at approximately 5 torr 
of pressure is shown in Fig. (9)- Upon higher resolution, 
it is seen [Fig. (10)] that, the v-^(a^) fundamental 
band occuring at 1040 cm consists of P(AJ = -1),
Q(AJ = 0), and R(AJ = 1) branches. This absorption 
spectrum shows a fairly wide potentially absorbing region 
for a tunable CO2 laser. A mapping of such absorptions 
was carried out and is shown in Fig. (11). It can be 
seen that the strongest laser absorption line is the 
P(26) of the 9.6 y band corresponding to the Q branch of 
the VOCl^ molecule at 1041.28 cm ^ . The absorption 
coefficient was obtained from the absorbance vs. pressure

_3
plot in Fig. (12) and yielded ep(26)9 6y = x ^

-1 -1cm torr . No measurable absorption was detected when 
the laser was tuned to the Q or R branch transitions of 
the 9.6 y branch.

Once the strongest absorption laser line for 
VOCl^ was determined, studies in terms of both 
dissociation and luminescence were investigated and are 
presented in the following sections.

2. Multiphoton Dissociation of VOCl^
As in all multiphoton experiments, one is 

faced with the primary question of the mechanism 
responsible for the reactions observed. Anticipating 
such, our experimental logic was designed to test and
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establish the validity of a particular operating mechanism
from the particular products formed and the luminescence

2observed as a function of pressure, fluence (J/cm ), and 
scavenger gas, i.e., C ^ ,  Ar, or .

Prior to presenting our results, it is 
noteworthy to mention the results on the photodissocia­
tion of VOCl^ by J. E. Eberhard et a l . as well as H. G. 
Briggs et a l . Eberhard and co-workers used a CC^ laser 
to estimate the energy of activation of VOCl^ to be 
- 65 kJ/mole [30] . They propose that the initial multi­
photon dissociation event is the detachment of one Cl 
atom and that recombination would occur unless some 
scavenger is present. Thus, they rule out the possibility 
of using VOCl^ as a means of enriching the vanadium 
isotope. It must be pointed out, however, that the 
fluence levels used were very low (~ 1.6 J/cm^). Briggs
and co-workers conducted a flash photolysis study of the

2VOCl^ vapor at a pressure of 146 N/m (~ 1.1 torr) with 
a photoflash energy and duration of 1350 J and 35 ysec 
respectively. Their results yielded an absorption 
spectrum of VO which was formed, they speculate, by a 
stepwise pyrolytic decomposition of VOCl^ via VOCI2 and 
V0C1 [31]. In their work, there was no mention of any 
existing recombination.

Our results on the infrared multiphoton 
dissociation of VOCl^ show that, when the molecule was
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irradiated with unfocused pulsed CC^ laser radiation 
tuned to v-^(a^) vibrational mode, no measurable 
dissociation ocbured. In addition, no measurable 
dissociation was detected when the laser radiation was 
focused and tuned to an off-resonant line. However, 
when the laser was tuned to the P(26) of 9.6 y region, a 
resonant line, and focused, dissociation occured. The 

results are summarized as follows:

a) Pressure > 5 torr and laser energy 
> .2 J.
Under such pressure and laser energy 

conditions, VOCl^ initially dissociates to VO and CI2 
but, then, any further dissociation cannot be achieved 
because VO recombines with CI2 to yield VOCl^• The 
above statement is supported and deduced from the 
following experiments.

i) He-Ne laser scattering.
Initially, when a fresh sample of 

VOCl^ vapor is introduced in a clean cell and irradiated 
with a .5 mW He-Ne laser, no scattering of particulates 
is visually apparent. The VOCl^ sample was then irradiated 
with one CO2 laser pulse. Again, using the He-Ne laser, 
some reflected points were observed due to the 
scattering of the He-Ne beam by the produced particulates 
After some time, ~ 20 minutes (~ 1000 pulses), the sample
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again showed no particle scattering with the He-Ne laser 
[Fig. (13)]. From this experiment, one might instead 
conclude, but wrongly, that VOCl^ completely dissociated. 
Pressure, TR, and mass spectrometric measurements showed 
that VOClg was still present.

ii) Mass Spectrometry
The decrease of the major VOCl^ 

peaks and increase in CI2 peaks in the mass spectrograms 
clearly shows that VOCl^ does indeed dissociate. Also, 
by irradiating numerous cells containing the same number 
of VOCl^ molecules (same volume, pressure, and tempera­
ture) , it was found that no further dissociation occured 
after 1000 shots.

iii) Addition of CI2 and A r .
Addition of CI2 inhibits the

dissociation of VOCl^ while the addition of Argon inhibits 
the recombination of VO + CI2 •

iv) Addition of H 2 .
Addition of H 2 to VOCl^ drives the 

reaction to completion with the formation of HC1 and VO. 
The reaction can be written as follows:

2VOC13(g> + 3H 2(g) 2V0 (s) + 6HC1(g> <2-6)
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Figure (13) - Photographs showing a sequence of 
events. Fig. (A) is a photograph 
of a cell containing VOCl^- Fi.g- 
(B), (C), and (D) are photographs
of the same cell with a Helium- 
Neon laser directed through the 
cell before CC^ laser excitation, 
after one laser pulse, and after 
1000 laser pulses respectively.
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The disappearance of major VOCl^ 
bands and the appearance of HCl bands in the infrared 
absorption spectrum shows the dissociation of VOCl^ and 
the formation of HCl. VO was shown to be the other 
dissociative product from the following facts. First, 
the particulates obtained from the multiphoton dissocia­
tion of VOCl^ and ^  were grey in color as should be.
Other possible dissociative products, VOC^, V0C1,

^ 2 ^ 2 , ^2^4 ’ or ^ 2 ®  5 ’ are §reen> brown, dark black, blue, 
and orange respectively. Second, addition of hydrochloric 
acid to the particulates gave a blue/violet solution 
characteristic of a hypovanadians salt. Third, the 
infrared spectra of the collected particles and of a VO 
standard in KBr pellets were identical.

v) Pressure of the cell.
Monitoring the pressure of the cell 

as a function of pulses shows an increase in slope,
Fig. (14), which is consistent and indicative of VOCl^ 
dissociating to VO and CI2 by the following equation

2V°cl3(g) 2V0(S) + 3Cl2(g) (2.7)

since, for every two moles of VOCl^ molecules that 
dissociate, three moles of CI2 molecules are formed.
The leveling of the graph is indicative that no further 
dissociation is allowed after ~ 1000 shots and
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recombination predominates.
b) Pressures < 1 torr and fluence < .2 J.

At this point, it's appropriate to 
summarize various channels of multiphoton dissociation 
with the following equations

2V0C1- / v 3(g)N
From the above equations, it is seen that monitoring the 
pressure change of a cell containing VOCl^ as function 
of number of pulses can be used to show the dissociative 
products of VOCl^. The pressure change is dependent on 
the stoichiometric relationship of VOCl^ to C ^ .  Since 
VOCI2 , V0C1, and VO are particulates, they do not 
contribute to the pressure change. The pressure change 
is also a function of the number of laser pulses, 
sample pressure, laser fluence, line intensity, irradiated 
volume, cell volume, and the presence of other gases.

The ratio of irradiated volume to cell 
volume would yield a large pressure differential if the 
cell volume is small, assuming that the irradiative 
volume is constant. Thus, in this experiment, a small

2 V O C 1 2 ( s )  +  C 1 2 ( g )  ( 2 . 8 )

2V0C1(S) + 2Cl2(g) (2.9)

2V0(S) + 3C12( } (2.10)



3cell (~ 4 cm ) was specially constructed to achieve 
maximum pressure change. The cell was directly connected 
to a baratron to read any pressure changes and irradiated 
with a laser frequency of P(26) of 9.6 y. Fig. (14) 
shows a plot of pressure change as a function of number 
of laser pulses for various pressures at constant fluence 
(.2 J). At pressures greater than 5 torr, VOCl^ 
dissociates to VO and as was discussed in the
beginning of this section. However, at pressures less 
than 1 torr, VOCl^ dissociates to VOCI2 and CI2 . At 
pressures greater than 1 torr and less than 5 torr, it's 
inconclusive. Either VOCl^ dissociates to V0C1 and CI2 
or there exists a canceling out effect by the 
dissociative products, namely VOCI2 and VO. In either 
case, the result is a zero pressure change. Keeping the 
pressure constant in this range and decreasing the 
fluence yielded a decrease in pressure, indicating that 
VOCl^ is indeed dissociating to V OC^, while increasing 
the fluence yielded an increase in pressure, indicative 
of the production of VO. Again, this experiment is 
inconclusive in terms of whether VOCI2 is produced. One 
can still argue that a zero pressure change is due to a 
cancelling out effect of VOCI2 and VO while an increase or 
decrease of pressure, resulting from an increase or 
decrease of fluence respectively, is due to the production 
of either VOCI2 or VO more so than the other.
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In addition, from Fig. (14), it is seen 
that the addition of to VOCl^ gives rise to a positive 
linear dependence of pressure change on the number of 
laser pulses. From the following reactions,

2V°C13 (g) + H 2(g) - 2VOC12(s) + 2HCl(g) (2.11)

V0C13(g) + H 2(g) * V0C1 (s) + 2HC1 (g) (2'12)

2V0C1,, + 3H„, , * 2V0, . + 6HC1, . (2.13)3(g) 2(g) (s) (g)

it can be seen that the only equation supportive of an 
increase in pressure, as evident from the stoichiometry, 
is equation (2.13). This is consistent with other 
experiments described earlier. We also note that the 
curve doesn't level off as does VOCl^ in the neat. This 
is consistent with the complete dissociation of VOCl^ 
w ithH2 to VO and HCl. The other curves indicate that 
the dissociation of VOCl^ comes to a stop even though 
VOCl^ is not completely dissociated and is consistent 
with the recombination proposed in the previous section.

At this point, one can only speculate 
about the photodissociative pathways in which the 
products were formed. Although the energy is deposited 
in the V = 0 bond, the lowest dissociation channel is 
the preferred route and thus VOCI2 is formed. VOCI2 is
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formed by a one-step detachment of a Cl atom from VOCl^• 
V0C1 can either be formed by a one-step elimination of 
a CI2 molecule from VOCl^ or by the dissociation of VOCl^ 
to VOCI2 followed by the dissociation of VOCI2 to V0C1.
The formation of VO poses the same question. That is,' 
do the Cl atoms detach simultaneously from VOCl^ to form 
VO,or is VO formed by a stepwise fragmentation of VOCl^ 
via VOCI2 and V0C1? With these thoughts in mind, 
experiments concerning the origin of the luminescence 
arising from CO2 laser excitation of VOCl^ were under­
taken and are presented below.

3. Origin of luminescence
Upon focusing the CO2 laser with radiation 

tuned to the resonant P(26) line of the 9.6 p region into 
a cell containing VOCl^, a visible emission can be 
observed across the cell [Fig. (15)]. A spectrum of the 
luminescence at a pressure of 5 torr and a laser energy 
of .3 J is presented in Fig. (16). When the laser output 
was either tuned to an off-resonant line or was unfocused, 
no emission was detected.

The basic phenomena of visible emission 
induced via CC>2 laser excitation of a molecule can be 
explained by a number of mechanisms. First, if the 
fluence level of the laser is large enough to initiate 
optical breakdown, such electronic luminescence is expected. 
Second, such emission can be caused by radical recombina-
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Figure (15) - A photograph of the 
molecular emission 
induced by a CC^ 
laser. [32]
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Figure (16) - An emission spectrum following irradiation of VOCl^ 
by CC>2 laser radiation. The pressure was 5 torr and 
the laser energy .3 J.
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tion. Third, such emission can be due to the production 
of electronically excited fragments. Fourth, such 
fluorescence can arise from the production of the 
electronically excited parent species.

Avoiding the rather obvious regime of high 
fluence and high pressure conditions insures the absence 
of optical breakdown with its associated plasma-like 
emissions. Measurements of the emission wavelengths and 
their dependence on laser fluence, molecular pressure, 
and the presence of scavenger gas should allow for some 
obvious and some not so obvious distinctions between the 
above mechanisms.

a) Multiple photon absorption leading to 
inverse electronic relaxation.
In certain molecules, i.e., C r C ^ C ^  and 

OsO^, mulitple photon absorption leads to emission in the 
visible region due to the process of inverse electronic 
relaxation (IER) [10,11]. A mechanism used to explain 
IER is shown in Fig. (17). In Fig. (17), it is seen 
that, once the molecule has absorbed enough photons to 
reach the excited electronic state whose minimum is 
located below the ground state dissociation limit, 
mixing of highly excited vibrational levels in the 
ground electronic state with low-lying vibronic levels 
of the excited electronic state can result in crossover 
and the excited molecule may fluoresce to its ground
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Figure (17) - A potential energy diagram of a molecule 
capable of IER.
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electronic state.
The arguements and experimental 

evidence presented below are not supportive of emission 
from an electronically excited parent specie.

i) Energetics.
In order for IER to occur, the 

existence of a low-lying excited electronic state whose 
energy is below that of the dissociation limit is a 
necessary condition. When this study began, it was 
believed that the energy required to rupture the VOC^-Cl 
bond was ~ 120 ±10 kcal/mole, estimated by G. Flesh et 
a l . from mass spectrometric studies [33]. Hence, the 
333 nm bond corresponding to an energy of approximately 
83 kcal/mole was at first thought to correspond to a 
low-lying excited electronic state whose energy was 
below that of the dissociation limit. Later work, done 
by J . P. Sung and D. W. Setser [34], estimated the 
dissociation energy to be ~ 86 kcal/mole. From our own 
work, we have estimated this energy as < 83 kcal/mole, 
making the energy of the first electronic state at best 
equal but not smaller than the dissociation limit of the 
ground state. This value was deduced from the fact that 
irradiating a sample of VOCl^ with a nitrogen laser 
(337.1 nm) lead to dissociation. Therefore, the 
dissociation energy of VOCl^ is < A = 337 m or 
83 kcal/mole.



ii) Nitrogen laser excitation.
This arguement, perhaps most 

supportive, c o m e s  from the experiments in which samples 
of VOCl^ (pressure 500 mtorr - 5 torr) were irradiated 
with a N£ laser. The argument is as follows. The 
dissipation of energy, in the form of IER, in a molecule 
in its excited state must be the same whether it was 
obtained via multiple photon excitation (CC^ laser).or 
single photon excitation laser). The energy to reach
the first excited state of VOCl^ (333 nm) corresponds 
approximately to the energy of a photon emitted by a N 2 
laser (~ 337 n m). Since VOCl^ did not emitt any light 
which would correspond to a transition from its excited 
state to its ground state, the visible emission observed

from MPA cannot be a result of IER.
b) Multiple photon absorption leading to 

recombination.
Addition of Ar or H 2 to a sample of 

VOCl^ should diminish or prevent any recombination that 
occurs in VOCl^. The fact that the emission spectrum 
obtained with Ar/VOCl3 and l^/VOCl^ is similar in 
wavelength but larger in amplitude than the emission 
spectrum from VOCl^ in the neat is strongly supportive 
of the arguement that the emission observed is not due 
to any recombination process. A spectrum of VOCl^/I^ 
is shown in Fig. (18).
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c) Multiple photon absorption yielding 
electronically excited fragments.
One must then conclude that the emission 

observed is due to the production of electronically 
excited fragment(s). Anticipating such, studies dealing 
with the behavior of the fluorescence lifetime as a 
function of pressure, measurements of lifetimes, and the 
correlation of the observed emission to V OC^, V0C1, and 
VO emission spectra were carried out. The results can 
be divided either into a high pressure and fluence regime

or a low pressure and fluence regime.
i) High pressure and fluence regime 

(> 100 mtorr and > .5 J).
Fig. (19) is a plot of VO emission 

intensity as a function of wavelengths obtained from a 
table listing the strongest intensities at various 
wavelengths published by Mahanti [35]. Comparing this 
spectrum, whose maximum is at 580, with Fig. (16) clearly 
reveals that the VO specie is not a major contributor to 
the emission obtained when VOCl^ was irradiated with a 
CO2 laser at high pressure.

Gas phase emission spectra of VOCI2 
and V0C1 have unfortunately, to the best of our knowledge, 
never been recorded. However, since the maximum absorption 
bands of VOCl^, taken in the gas phase, only shift by 
approximately 6 nm from those taken in DMS or cyclohexane
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Figure (19) - The gas phase emission spectrum of VO.



solution [28], it was assumed that the gas phase emission 
spectra of VOCl^, V O C ^ ,  and V0C1 would also shift by a 
similar extent from those in solution. Thus, the only 
difference in spectra, if any, would be a slight shift in 
the emission maximum and a broadening due to collisions. 
These assumptions are verified in the results obtained.
The emission spectrum of VOCI2 in DMS solution (~ 10-  ̂ M) 
when excited at 347 nm is presented in Fig. (20) while 
that of V0C1, under the same conditions, is shown in 
Fig. (21). Both graphs appear to be similar 
to each other, having a maximum absorption at 470 nm, and 
to the emission spectrum obtained by exciting VOCl^ via 
a pulsed CC^ laser. This strongly suggests that, at 
high pressure and laser energy, VOCI2 and/or V0C1 are 
the emitting species. It must also be pointed out that 
no emission was observed when a solution of VOCl^/DMS

—  f t(~ 10 M) was excited at 342 nm. This is consistent 
with gas phase studies of VOCl^ when excited with a 
nitrogen laser.

ii) Low pressure and laser energy
regime (< 100 mtorr and < ,5 J).
Fig. (22) is a typical oscillogram 

taken subsequent to VOCl^ excitation by a CO2 laser 
tuned to P(26) 9.6 p at a pressure of ~ 10 mtorr, laser 
energy of .5 J, and a wavelength of 460 nm. The 
amplitude and the time behavior of the emission signal as
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Figure (22) - An oscillogram of the 460 nm 
emission subsequent to CO2 
laser excitation [P (26),
9.6 p] of VOCl^ at a pressure 
of 10 mtorr and a fluence of 
.5 J.
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a function of wavelength, laser energy, and pressure 
were investigated and are presented. Fig. (23) shows a 
plot of emission amplitude as a function of wavelength 
at 20 mtorr and .5 J while Fig. (24) presents the 
variation of the luminescence amplitude with laser 
energy at that pressure. It is evident that the spectra 
shown in Fig. (23), whose maximum is centered at a 
wavelength of 460 nm, is similar to the high pressure 
spectrum. The high pressure spectrum is broader as a 
result of collisions.

In Fig. (24), the emission 
amplitude in the range of .2 - 1.2 J increases with 
fluences, as expected, and the threshold energy for the 
emission can be extrapolated to .2 J. At higher laser 
energy, the emission signal should reach a maximum 
followed by a plateau, upon which further increase in 
laser energy causes no further increase in emission 
signal. This is due to the finite number of molecules 
that interact at the focal region with the laser 
radiation.

The emission risetime is essentially 
equal to that of the laser pulse (~ 200 nsec) and is 
both independent of pressure (< 1 torr) and fluence 
(< 1.5 J ) . At 20 mtorr of pressure, from kinetic theory, 
there are approximately VOCl^-VOCl^ collisions per 
ysec. This, together with the use of a short laser
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Figure (23) - An emission spectrum following the
irradiation of VOCl^ by a CO2 laser tuned 
to the P(26) of the 9.6 y band. The 
spectrum was recorded under flow conditions 
with a cell pressure of 20 mtorr.
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Figure (24) - A plot of emission amplitude versus 

laser energy at a wavelength of 460 
nm and a VOCl^ pressure of 20 mtorr.



pulse, ~ 300 nsec FWHM, establishes the collisionless 
nature of the MPA induced emission. Moreover, at high 
pressures, when collisions do begin to play a role, a 
collisional component of emission signal can be observed.

”No such component was observed at pressures less than 
< 20 mtorr.

The lifetime of luminescence 
signal is independent of wavelength (20 mtorr) and 
fluence (< 1.5 J) but is pressure dependent (< 100 mtorr) 
as shown in Figs. (25), (26), and (27) respectively. It 
must be noted that the terms lifetime and decay time are 
often used interchangeably when the build up of the 
signal, as is true in the present case, is instantaneous 
compared to its decay.

Fig. (25) presents a graph of the 
lifetime as a function of wavelength taken at 20 mtorr. 
The lifetimes, which have a value of ~ 13.8 ysec, are 
independent of wavelength. This is indicative that, at 
a low pressure and fluence regime, there is only one 
existing specie contributing to the emission.

Fig. (27), a Stem-Volmer plot, 
shows the dependence of reciprocal lifetime (rate) to be 
linear with pressure under 60 mtorr. This supports the 
claim of collisionless production of fluorescence by 
MPA. However, at a pressure greater than 60 mtorrs, the 
dependence ceases to be linear as the slope continuously
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Figure (26) - A plot of reciprocal decay time as a function 
of laser energy at a pressure of 20 mtorr and 
a wavelength of 460 nm.
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decreases until a plateau is reached ah ~ 100 mtorr. 
This saturation is due to collisional quenching of the 
electronically excited VOCI2 molecules by cold VOCl^ 
molecules.

The linear portion of the Sterm- 
Volmer plot obeys the relationship

where t  is the lifetime, t 0 the collisionless (mono- 
molecular) radiative lifetime, t  the collisionalq
quenching rate constant, and P the VOCl^ pressure. From
Fig. (28), an expanded version of Fig. (27), the slope
yields a collisional quenching rate constant of 

- 1 - 14.3 x 10 sec torr . The collision-free lifetime 
of the 460 nm signal, also obtained from Fig. (28) by 
extrapolating to zero pressure, was 2.9 x 10̂ " ysec.

The experimental results presented 
in this subsection imply that, at pressures of 20 mtorr 
and .5 J, there is only one existing specie present with 
a spectrum similar to V O C ^ -  This, together with the 
result that VOCI2 is the photodissociative product at a 
pressure less than 1 torr and a laser energy of .2 J, 
strongly suggest that the luminescence is a result of 
only VOCI2 at low pressures and laser energy. Its
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radiative lifetime and quenching rate are 4.3 x 10^ 
sec-^torr-^ and 2.9 x 10^ ysec respectively.

In conclusion, then, VOCI2 is the photodissocia- 
tive and product of VOCl^ at low pressures and laser
energy. It is formed by the detachment of one chlorine
atom via IR MPD and is responsible for the observed 
luminescence. At intermediate pressures and laser 
energy, there exists the possibility that, in 
addition to V O C ^ ,  V0C1 contributes to the observed 
luminescence. If the V0C1 specie does contribute to the 
luminescence, then the zero pressure change that 
resulted from the dissociation of VOCl^ [Fig. (14)] can 
be attributed to the formation of VOCI2 and not a 
cancelling-out effect between VO and VOCI2 as previously 
mentioned. The contribution of VOCI2 to the luminescence 
strongly suggests that V0C1, if formed, is not formed by
the one-step elimination of CI2 from VOCl^ but rather
in a stepwise fragmentation via V O C ^ .  The result that 
VOCl^ dissociates to VO and CI2 at higher pressures and 
laser energy, and the result that the low pressure 
spectrum of VOCI2 is similar to the high pressure spectrum 
recorded when VOClg was dissociated, imply that VO 
cannot be formed in a one-step simultaneous detachment of 
the three chlorine atoms but, rather, a stepwise 
dissociation of VOCl^ via VOCI2 and possibly V0C1.
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B . Dichlorosilane
1. IR and UV absorption spectra of Sil^C^. 

SiH2Cl2 is a colorless gas which melts at 
-122°C and boils at 8.3°C. It autoignites in moist air 
and, when it is exposed to the atmosphere, a dense white 
cloud of vapor forms in accordance with the following 
equation

nSiH2Cl2 + nH20 + (-H2Si-0-)n + 2nHCl (2.15)

The product (l^SiO^ is known to be polymeric prosiloxine.
The molecular geometry of Sil^C^ is given 

in Table (III) while its fundamental modes of vibration, 
together with their assignment, are given in Table (IV). 
Inspection of Table (IV) reveals that the SiH2 bending 
mode at 954 c m " \  V2 (a-j_), falls within the region where 
the CO2 laser emits (9-11 y) . The infrared spectrum of 
SiH2Cl2 taken at a pressure of 5 torr is shown in Fig.
(29) and, upon expanding the scale, it is seen [Fig.
(30)] that the v^(a2) band is composed of two branches.
The P branch is composed of rotational transitions of 
type AJ = 1 and is centered at 947 cm ^ while the R 
branch, composed of AJ = +1 rotational transitions, is 
centered at 960 cm ^ .

An inspection of Fig. (31), an infrared 
spectrum of S il^C^ irradiated by various CC^ laser lines,



Table III. (A) Published bond lengths and
angles [36].

(B) Published rotational 
constants [37].

A ' BOND LENGTHS & ANGLES

r(S i-H )  A° -  1 .459 H Cl\ / 
SiJ

Cl H

r (S i -C l )  A° -  2 .034
H - S i - H  = 110.05°

^ C | - S i - C I  = 109.76°
2f_ H S i -C I  -  109 .25°

B ‘ ROTATIONAL CONSTNTS

A (c m 1) =  .471
B ( c i n )  =  .0 8 6
C ( c m 1) =  .07 4



Table IV. Published vibrational frequencies 
of SiH2Cl2 [38].

MODE DESCRIPTION V(cm')

Ai V, SiH2  sym stre tch 2224

V* SiH2  bend 954

M, SiCI2  sym stretch 527

SiCI2  bend 188

A2  "V5 torsion 710

Bf ^ 6 SiH2  asym stretch 2237

A?7 rocking 602
CO

7>CM
CD rocking 876

V 9 SiCI2  asym stretch 590

a The value represents the intensity minimum of the 
P & R branch.
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reveals that the strongest laser absorption line is the 
P(16) of the 10.6 y, 947.74 cm--*-, corresponding to the 

P branch of the v2^al^ ^anc -̂ Parts of the x^Ca-^) R 
branch, along with its center, could not be mapped since 
they correspond to either weak or n o n - C ^  laser 
transitions. When S i l ^ C ^  was irradiated by the CO2 
laser's P branch transitions of the 9.6 y band at 
pressures less than 1 torr, no signal could be detected.

Fig. (32) is a Beer-Lambert plot of S i B ^ C ^  
using the P(16) line. The plot is linear for pressures
less than 20 torr and yields an absorption coefficient 

-3 -1 -1of 6.59 x 10 torr cm . At higher pressures, the 
absorbance varies exponentially with pressure with over 
95% of the laser energy being absorbed at ~ 40 torr.

The UV-VIS absorption spectra of S i l ^ C ^  taken
by Causley et al. [39] revealed that, in the pressure 

_ 3range of 10 - 2 torr, there were no absorption bands
below 400 nm except for those due to Rydberg transitions. 
The lowest energy absorption was at 151.0 nm and was 
assigned as a np(Si-Cl) a *  transition.

In the next section, the dissociation and 
luminescence results obtained for S i l ^ C ^  upon CO2 laser 
excitation will be presented and discussed.
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2. Multiple photon dissociation of Sil^C^.
Until now, no previous work on the multi­

photon dissociation of S i i ^ C ^  existed. Silane (SiH^) 
and tetrachlorosilane (SiCl^), on the other hand, have 
been investigated. Deutch et a l . have reported on the 
collisional multiphoton dissociation of SiH^ [4-0] . They 
claim that the dissociation, accompanied by a visible 
luminescence, results in the production of a thin 
particle film. They argue that the particles are not 
silicon but, rather, a solid SiH polymer because, upon 
irradiation of 1:1 mixtures of SiH^y^O at total 
pressures of 1 - 15 torr, they do not observe visible 
emission from SiO. In contrast, such emission has been 
observed using the reaction of silicon atoms produced by 
a glow discharge in silane with ^ 0 .  The luminescence 
is attributed to atomic and molecular hydrogen as well 
as SiH. SiCl^ has only a weak absorption band, assigned ■
to the combination band, in the CO2 lasing
region and thus multiphoton dissociation experiments with 
moderate energy levels (~ 2 J) have proved to be fruitless. 
However, SiCl^ has been dissociated by dielectric 
breakdown to yield a silicon-containing film and CI2 [41] 
(Chapter 3) .

As was pointed out earlier, the products 
formed in infrared multiphoton dissociation are 
determined by those formed from the lowest energy pathway
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available to the molecule as predicted by the RRKM theory
of unimolecular reactions. Therefore, it is important
that one carefully study the thermodynamic data of the
prominent pathways for the decomposition of dichloro-
silane when attempting to ascertain the products of
dissociation.

The important reactions of dichlorosilane
under laser excitation, along with the energy needed to
drive them [42], are summarized as follows:

SiH2Cl2

* SiH2 + Cl2 ~ 112 kcal/mole (2.16)

SiCl2 + H 2 49 kcal/mole (2.17)

Si + 2HC1 14 kcal/mole (2.18)

-> Si + H 2 + Cl2 58 kcal/mole (2.19)

From the above equations, one would expect SiH2Cl2 to 
dissociate to Si + 2HC1 since it requires the least 
energy, ~ 14 kcal/mole. However, equation (2.18) 
presumes the formation of HCl and Si. A better under­
standing of the thermodynamics involved can be obtained 
from the following equations:

_ SiH0Cl + Cl D(SiH0Cl-Cl) = 110.7 kcal/mole (2.20) Z z
SiH9Cl9 \

L 1 SiCl2H + H D(SiCl2H-H) = 92.1 kcal/mole (2.21)



The above equations represent the initial bond 
breakage that S i ^ C ^  must undergo if any of the products 
in equation (2.16 - 2.19) are to be formed. It can be 
seen that equation (2 .21) is the lower energy channel 
and, thus, must be thermodynamically preferred. S i H C ^  
may further dissociate to S i C ^  or SiHCl. This is shown 

by the following equations.

where equation ( 2.22) yields the lowest energy route. 
Hence, the reaction in which S i C ^  is formed represents 
the thermodynamic preferred channel of dissociation. The 
above discussion assumes a stepwise fragmentation pattern. 
However, even a one-step molecular elimination favors the 
formation of S i C ^  + ^ . This is evident from the 
following equations:

D(SiCl9-H) = 51.7 kcal/mole (2.22)

SiCIH + Cl D(SiHCl-Cl) = 78.0 kcal/mole (2.23)

124 kcal/mole (2.24)
39 kcal/mole (2.25)

* SiHCl + HCl 67 kcal/mole (2.26)
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These simple calculations reveal that a stepwise 
fragmentation or a one-step molecular elimination of 
S i ^ C ^  thermodynamically favor the production of S i C ^  
and H 2 . If, however, two HC1 molecules could be 
eliminated in one step, then Si and HC1 would be the 
preferred products. This, from previous experience, 
seems unlikely.

The photodissociation of Sil^C^, using 
either a pulsed CC^ or KrF laser as a photolysis source, 
was investigated and is now presented.

When S i l ^ C ^  was irradiated with unfocused 
CO2 laser radiation, tuned to the V2 (a^) band, no 
measurable dissociation was detected. A similar conclu­
sion was reached when S i l ^ C ^  was irradiated with 
focused off-resonant CC>2 laser radiation.

Fig. (33) shows the decrease in the v^Ca-^) 
absorption band as a function of number of laser pulses 
when ~ 1 torr of S i l ^ C ^  was irradiated with a focused 
CC>2 laser radiation tuned to the P(16) of 10.6 \i band.
The decrease in the absorption band and the presence of 
particulates, detected after 1 laser pulse with a He-Ne 
laser, strongly imply that S i l ^ C ^  was photodissociated upon 
CO2 laser excitation. The photodissociative products were 
found to be S i C ^  and ^  as predicted from thermodynamic 
data. Hydrogen was identified by mass spectrometry and S i C ^  
from its emission spectrum. S i C ^  bas a ground state
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Figure (33) “ The infrared spectrum of S i ^ C ] ^  (1 torr) as a function of laser pulses.
The dissociation of Sil^C^ with pulses of .25 J ( - 5  J/cm ) was monitored 
using the x^Cci^) and Vg(b 2 ) vibrational transitions.

83.
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lifetime of 1 msec at 1 p [43] and may polymerize to 
( S i C ^ ) ^  In all the MPD experiments performed, the 
pressure was always less than 1 torr and the laser energy 
less than 1.5 J. Under conditions of higher pressures and/or 
laser energy dielectric breakdown was easily achieved and 
thus avoided.

Fig. (34) shows the absorption spectra of 
S i l^C^ before and after excitation with a KrF laser 
tuned to 247 nm. As is evident from the major S i l ^ C ^  
peaks, no measurable dissociation occured. This was 
anticipated since the above energy neither corresponds 
to an absorption band of S i t ^ C ^  nor is it sufficient to 
drive it beyond the continuum of its electronic states. 
However, vacuum ultraviolet studies by D. E. Milligan 
and M. E. Jacox [44] showed that S i ^ C ^ .  suspended in an 
argon matrix at 14 K, does photodis.sociate and H 2 
together with S i C ^  are its photodissociative products. 
Whether S i C ^  was formed by photodetachment of H 2 from 
S i ^ C ^  or by two successive photodetachment of H atoms 
was not determined.

3. Origin of luminescence.
W h e n . S i ^ C ^  was irradiated with focused 

CO2 laser radiation tuned to an off-resonance line, 
i.e., P(20) of 9.6 p bond, no emission was observed. 
However, emission was observed when the CO2 laser was 
tuned to resonant lines. Fig. (35) is an oscillogram 
taken when S i ^ C ^  was irradiated with a CO2 laser
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Figure (34) The infrared spectrum of SiH9Cl9 (~ 10 torr)
before and after it was excited with ~ 4,000 
KrF laser pulses. Each pulse has a wavelength 
of 248 mm and 100 mj of energy.
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  TIME ( u s e e )

Figure (35) - An oscillogram of the emission 
following CO2 laser excitation 
of SiH2Cl2 at a pressure of 60 
mtorr, fluence of .6 J and a 
wavelength of 330 nm.
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tuned to P(16) of 10.6 y at a pressure of 60 mtorr, laser 
energy of .6 J, and a wavelength of 360 ran.

Presented in Fig. (36) is a spectrum of the 
emission. This spectrum is assigned to the S i C ^  specie, 
since it is identical to previously published spectra [45- 
47].. A plot of the emission amplitude as a function of 
laser energy at 20 mtorr is shown in Fig. (37). It can 
be seen that the emission amplitude, in the energy range up 
to 1.5 J, is linearly dependent on the laser energy 
and has a threshold of .3 J.

The initial risetime of the luminescence 
signal, as in the case of VOCl^, is independent of both 
pressure (< 1 torr) and laser energy (< 1.5 J ) . The 
decay time of the luminescence is independent of laser 
energy (< 1.5 J) and wavelength (38), but is dependent 
on pressure (39).

Fig. (38) shows a plot of decay times as a
function of wavelength at a pressure of 20 mtorr. The
decay times, which have a value of 4.0 ysec, are not 
dependent on wavelength. This suggests that no other

specie contributes to the luminescence assigned to SiC^-
From the Stern-Volmer plot, presented in

Figures (39) and (40), a radiative lifetime of 4.6 ysec and
6 -1 “-Iquenching rate of 2.6 x 10 t sec torr is extracted.

In short, then, irradiation of S i l ^ C ^  with a
pulsed CO2 laser tuned to P(16) of the 10.6 y band yielded
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Figure (36) - The emission spectrum following the

irradiation of S i l ^ C ^  by a CC^ laser 
tuned to P(16) of the 9.6 p band. The 
spectrum was recorded under flow 
conditions with a cell pressure of 
20 mtorr.
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Figure (39) - A  Stem- V o l m e r  plot of the 330 run emission.
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Figure (40) - A Stern-Volmer plot of the 330 nm emiision 
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SiC]^ and ^ . SiC]^ is a short-lived specie and may
polymerize to ( S i C ^ ) ^  The radiative lifetime and
quenching rate of S i C ^  were found to be 4.6 ysec and 

6 *"1 “X2.6 x 10 sec torr respectively. It was not determined 
whether S i C ^  was formed by photodetachment of H2 from 
Sil^C^ or by two successive photodetachment of H atoms.

2.5 CONCLUDING REMARKS
The multiphoton dissociation of VOCl^ and Sil^C^ 

can be explained, as was SFg, by the absorption of 
photons into a region where the molecular states are 
discrete, a second region where they form a quasi­
continuum, and a third where they form a continuum.

The vibrational anharmonicity in the quantum gaps 
presents an obstacle that VOCl^ and S i F ^ C ^  must overcome 
for successful excitation. This vibrational anharmonicity 
is mostly compensated, as shown in Table (V), by the A.C. 
Stark shift in the discrete energy region and by the high 
density of states in the quasicontinuum.

It is the density of states that defines the 
quasicontinuum, determines whether additional photons 
will be absorbed by SiF^C^ and VOCl^, and dominates the 
theory of intramode energy flow. The density of states 
of VOCl^ and Sil^C^, at various vibrational energy, was 
computed by using the Rice-Marcus approximation method 
[52], and is presented in Fig. (41). It is evident from



Table V. D. C. Stark Shift, A. C. Stark Shift, and Anharmonic Constants.

M O L E C U L E M O D E
V|(£rn)

D I P O L E  
M O M E N T  O F

•0| M O D E  ( K o )

R O T A T I O N A L
C O N S T A N T

A N H A R M O N I C I T Y
C O N S T A N T

A.C. S T A R K  
S H I F T  9 

Fl.elcMo'ybm
D . C . S T A R K  

S H I F T * 1 
F i e l d -10*

D X . S T A R K  
S H I F T  

Field • ' l o V c m

S F 6
V  (965) ~  .3 0  D  3 , 0 3 0  c m * 1 5 . 6  c m ' 1 d a r = - ' 5  c m 4 A 7  * 8 x 1 0 c m . A ^ r,w. 0 8  c m

voci3 31(1040) ^  . 3 6  D  k . 0 5 8  c m * 1
•1 6 2.0 c m A R =  ^  6  c m 4

__ *4 -I
A v  "  2 x 10 c m £ V » * . 2  c m 1

S I H 2 C I 2 -V (947)

u
QOCO•*

. 4 6 7  c m -1 CD o

-h
!

a R = ~ 1 0  c m 4 AN? *  2 * 1 0 c m a 7 * *  2  c m ’

* As obtained from reference [15].
b The value was obtained by using the following expression:

The term /r(a)dv Is equal to 1/Cli In (I./I)*dv where I In (I./I)-dv represents 
the area of the inode's Infrared spectrum (cm ^), C the concentration (mole/l), 
and I the cell’s path length (cm). The symbols h. c, N . and v1Q represent 
Planck’s constant (6.63 x 10*27 erg-sec), the speed of light (3.0 x 1010 cra/sec), 
Avagadro’s number (6.02 x 1027 molecules/mole), and the mode s vibration (cm ). 
(1000 is used to convert from liters to cm7) The matrix dipole moment will 
have units of Debye (D) if the equalities 1 erg - g.cm2/sec2, 1 esu - (g^cm* ̂  ) / sec. 
and I D -  10*18 esu-cm are used. For VOClp the area of the spectrum’s 
fundamental mode (1042 cm*1) obtained by weighing a 5X expanded spectrum 
and converting it to cm*1, was 1075 cm*1. The experiment was conducted at room# 
temperature in a 10-cra cell at a pressure of 6.38 torr (C ~ mole/8 * P/RT). 

c See footnote (b)
l In (I./I)•dv - 2338 cm*1, v1Q - 947 cm*1, P - 5.51 torr, and t - 10 cm. 

d As obtained from reference [49].
e The value was calculated by using the experimental valuesof the V p  v2 • and + v2 

frequencies [50] and assuming that both the and \j2 m°des contribute equally to 
the anharmonicity. 

f See footnote (e)
The Vp  Vp  and vibrations were used [51],

g These values were obtained by using equation (2.2) and the following equalities: 
107 erg - I V-Coul, 1 Coul - 3 x 109 esu, and 1 D - 10*18 esu-cm, and v - c/1.

11 Values obtained by using eq. (2.1).
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Figure (41) - A plot of the density of states as a 
function of vibrational energy .a

a The values where obtained by the Rice-Marcus approximation method. This method gives

N(EV) “ (Ev + Ez) ^/(s-l)ljJjhv^ for the density of vibrational states, N(Ev), at 
vibrational energy Ev above the ground vibrational energy state. The quantity, Ez» 
is the zero point vibrational eneqgy and is equal to I (%hv^). s Is the number of

vibrational degrees of freedom, and v^ Is the aet of fundamental vibrational frequencies, 

k The fundamental frequencies of SFg were obcalned from reference [53] and are listed

for comparative purposes. vi(aig) " 22  ̂ cm \  v2(eg) - 64A cm A, vj(f^u> - 965 cm 
(f, ) - 617 cm"1 , v5<f2_) “ 524 cm"1 . v6(f2u) " 363 ^
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Fig. (41) that the density of vibrational states increases 
exponentially with increasing energy. In addition, Fig. 
(41) reveals that S F ^ , which has the most vibrational 
modes, has the largest density of states at high 
vibrational energy. At low vibrational energy, the number 
of low energy fundamentals contribute more to the density 
of states and, thus, S i l ^ C ^  which has the greatest 
number of low energy fundamentals has the lowest density 
of states.

The onset of the quasicontinuum is different for 
different molecules and largely depends on the pressure 
and laser energy conditions. For SF^, it is widely 
accepted that the quasicontinuum begins between 4,000- 
6,000 cm This energy range corresponds to a density

0 / Tof 10 - 10 states/cm . Using this density range, Fig.
(41) reveals that the quasicontinuum of VOCl^ and S i l ^ C ^  
begins between 3,000 - 5,000 cm  ̂ and 7,000 - 10,000 cm , 
respectively. This, of course, assumes that the pressure 
and laser energy conditions are the same for all three 
molecules.

Once VOCl^ and S i l ^ C ^  absorb sufficient photons to 
reach the quasicontinuum, the absorbed energy distributes 
among other vibrational modes. This intrastate 
vibrational energy redistribution can be specified by an 
effective vibrational temperature, T*. T* is then 
increased by a sequence of one photon absorption processes
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until the photodissociation threshold is reached.
In the case of SF^, one cannot be certain that the 

bond which ruptured was precisely the one which was 
excited. In Sil^C^, the bond which was excited was 
indeed the bond which ruptured. However, this does not 
constitute a case of bond selective chemistry since the 
laws of statistical thermodynamics are not violated. In 
VOClg, the bond which was excited (V = 0 stretch) was 
the strongest, but the bond which ruptured was again the 
weakest. These results, as pointed out earlier, are in 
accordance with the RRKM theory of unimolecular 
dissociation.

The multiple photon process raises another important 
question pertaining to laser infrared chemistry. That 
is, can any molecule with a resonant absorption band 
dissociate by CO2 laser excitation? A polyatomic 
molecule can be dissociated because of the relatively 
small vibrational anharmonicity in the lower transitions 
and large density of states in the quasicontinuum. How­
ever, small molecules, such as diatomics, have not been 
found to dissociate by multiphoton excitation. Because 
these molecules have much greater anharmonicity in the 
low-lying levels and possess a small number of 
vibrational degrees of freedom, no quasicontinuum can 
be reached.

As was mentioned earlier, it is presently not known



whether SiCl^ is formed by the photodetachment of from 
SiH2Cl2 or by two photodetachments of H atoms. A simul­
taneous detachment may be explained, as was SF^ or VOClg, 
by Fig. (42a). A sequential detachment, on the other 
hand, may be explained by one of the following mechanisms.

In the first mechanism, S i l ^ C ^  absorbs enough 
photons to reach its dissociation limit where a 
competition between the up-pumping and dissociation rates 
occur In this region, absorption of a few more laser 
photons can continue until levels with very large 
dissociative widths are reached. The dissociation 
lifetimes of these levels increases exponentially with 
excess energy, as predicted by RRKM theory, and 
dissociation becomes the preferred channel. Indeed, 
polyatomics similar to S i l ^ C ^  in size have been found 
to dissociate with an average excess energy of 4 - 6 
laser photons and dissociative lifetimes in the range of 
10 12-10"9 sec [54]. The vibrationally hot fragment, in th 
case SiHCl2 since atomic hydrogen can only accept excess 
energy to its translational degrees of freedom, can then 
be further excited by the remaining portion of the 
laser pulse until it dissociates to SiC^'lFig. (42b)].
It must be noted that absorption of additional photons 
by the vibrationally excited fragment can occur if the 
dissociation of the parent S i l ^ C ^  molecule leaves the 
SiHCl2 radical in its quasicontinuum, where frequency



Figure (42) - Multiphoton dissociation of S il^C^
(A) A one-step elimination of a 
hydrogen molecule. (B) A two-step 
detachment of H atoms by a S i H C ^  
intermediate. (C) A hybrid of A 
and B. Predissociation of S i t ^ C ^ 
to SiHCl2 with subsequent dissocia­
tion to S i C ^ -
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matching is not a requirement for absorption of laser 
photons. Actually, even S i H C ^  fragments that are not 
sufficiently hot to attain their vibrational quasicon­
tinuum may absorb additional laser photons. The Si-H 
stretch present in S i H C ^  retains its frequency of 
~ 954 cm  ̂ in such diverse species as SiHCl^ [55] and 
Sil^B^ [56]. It is then reasonable to assume that this 
is also the approximate value in S i H C ^  and that, 
therefore, the resonance condition between the fragment 
and the laser field can exist even for transitions 
within the discrete region of the vibrational ladder.

In the second mechanism, shown in Fig. (41c), 
S i l ^ C ^  absorbs enough photons to reach its quasicon­
tinuum where a mixing of highly excited vibrational- 
rotational states in the ground electronic state of 
S i l ^ C ^  with SiHCl2 result in crossover and further 
absorption of photons by S i H C ^  causes it to disso­
ciate to S i C ^ .  This mechanism is different from 
the previous one described in that the energy is 
"tunneled” from one ground state potential surface 
to another.
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The bond strengths of SF^-F and VOC^-Cl are 
estimated as being 90 kcal/mole and 83 kcal/mole 
respectively. A simple calculation using the above 
bond strengths together with the energy of one CO2 laser 
photon (~ 2.3 kcal/mole), yields approximately 39 and 36 
as the number of photons needed to dissociate SF^ and 
VOCl^ respectively. The bond strengths of SiC^H-H 
and S i C ^ - H  are estimated as being 93 kcal/mole and 
52 kcal/mole respectively. Thus, S i t ^ C ^  absorbs ~ 63 .
photons before it dissociates to SiC^-

The collisionless production of electronically 
excited fragments by multiphoton is not addressed by 
statistical theories, such as RRKM, which predict that 
the dissociation from the ground state potential energy 
surface typically yields ground state products. Thus, 
vibrational excitation within the ground state manifold 
of the parent molecule is not generally expected to 
yield electronically excited fragments. Nevertheless, 
this photophysical phenomenon has been observed and 
an allowance must be made for the possibility of popula­
ting a fragment's excited electronic states in a 
collisionless regime. Using VOCl^ as an example, the 
following mechanisms are proposed. In the first, VOCl^ 
is vibrationally excited within its ground electronic 
state until it reaches its continuum and dissociation 
to VOCI2 occurs. The VOCI2 fragment is formed, as was
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described with the S i H C ^  radical, in its ground state. 
This is consistent with the general rule that the ground 
state of a molecule correlates adiabatically with 
ground state products. VOCI 2  can then absorb further 
photons until an electronically excited state is 
reached, thus effecting emission.

In the second mechanism, VOCl^, once vibrationally 
excited by MPE, dissociates along a potential surface 
which correlates with the electronically excited VOCI2 
fragment. V O C ^ ,  in turn, relaxes to its ground state 
by giving off a visible photon [Fig. (43a)].

In the third mechanism, VOCl^ is vibrationally 
excited by sufficient photons to reach the fragments' 
electronic state whose minimum is located below the 
ground state disssociation limit. A mixing of highly 
excited vibrational levels in the ground electronic 
state with levels of the excited state results in 

crossover (tunneling) and, thus, provide VOClg an 
alternate pathway in lieu of dissociation. VOCl^ is 
vibrationally excited at one end of the tunnel and the 
predissociation of VOCl^ to VOCI 2  occurs in between. 
V0 Cl 2 > which is electronically excited, emits, as in 
the previous case, a visible photon and, thus, relaxes 
to its ground state [Fig. (43b)].

The first mechanism, although applicable to VOCl^, 
cannot account for the luminescence observed from 
SHI2CI2 upon MPE. The reasoning is as follows. If the
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Figure (43) - Fragment luminescence induced by
MPD. (A) Ground state dissociation 
to a fragment's electronic state 
followed by electronic emission.
(B) Predissociation to an electron­
ically excited fragment followed by 
relaxation to fragment's ground 
state.
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fragment is formed in its ground electronic state, it must 
absorb additional photons to reach an excited electronic 
state. This, as was mentioned earlier, can occur if the 
dissociation of the parent molecule leaves the fragment 
in the quasicontinuum, where frequency matching is not a 
requirement for absorption of laser radiation. The other 
possibility is that the fragment is formed vibrationally 
cold. In this case, the fragment can only absorb further 
photons if it retains a stretching mode which is in 
resonance with the laser radiation. Neither possibility 
is applicable in the case of S i C ^ .  First, S i C ^  is a 
triatomic and thus is not likely to have a qusicontinuum. 
In fact, a simple calculation using the Marcus-Rice 
approximation revels that S i C ^  has only "10" states/cm  ̂

even at 30,000 cm-"*" above its ground vibrational state! 
Second, its parent molecule was excited via its v 2 (S-H) 
bending mode at 954 cm-'*'. No such frequency or any 
other within the C02 lasing region exists in SiCl2 • 
Therfore, whether SiCl2 is formed in Region (I) or (II) 
of its ground state, it cannot possibly absorb additional 
photons to reach an electronic state.

A necessary condition for populating a fragment's 
excited electronic states by the last two mechanisms is 
that the fragment's excited state must lie below the 
ground state of the parent molecule. This is indeed the 
case in V0Cl2 and SiCl2 . The V0C12 luminescence 
corrsponds to an energy of ~ 62 kcal/mole (460 nm) and



is less than the energy required to rupture the V O C^-Cl 
bond. In the case of S i C ^ ,  the luminescence, 
corresponding to an energy of ~ 83 kcal/mole (337 n m ) , is 
also less than the energy required to rupture the 
(SiC^-H.H) bonds. This suggests that one of the last 
two mechanisms may be correct. However, while it is not 
experimentally clear whether the second or third mechanism 
predominates, a simple quantum mechanical probability 
calculation is sufficiently convincing to overwhelmingly 
favor the second.

In conclusion, then, in view of the lack of any bond 
selective chemistry occuring in the infrared multiple 
photon dissociation process, the collisionless production 
of electronically excited fragments may prove to be one 
of the most useful applications. This study has provided 
valuable new information concerning the laser chemistry 
of VOCl^ and S i ^ C ^ .  In addition, it has provided 
spectroscopic data of the VOCI2 and S i C ^  radicals which, 
until now, have been very difficult to generate under clean 
and well-characterized conditions. Research in this area 
is, at present, only in its initial stages and much remains 
to be investigated. In particular, additional experimental 
data on other molecules and theoretical models addressing 
intramolecular energy transfer and multiphoton exciation 
within excited states are still needed.
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CHAPTER 3
INFRARED LASER GENERATED VANADIUM OXIDES AND SILICON 

CONTAINING FILMS BY DIELECTRIC BREAKDOWN

3.1 INTRODUCTION
Reactions carried out by laser induced dielectric 

breakdown (LIDB) offer unique advantages over those 
conducted thermally, by an electric discharge, or by 
multiphoton dissociation (MPD). First, because LIDB 
reactions are carried out in the absence of cell walls 
which introduce complicating catalytic effects, they are 
cleaner with fewer side products than thermal or electric 
discharge conducted reactions [1-6]. Second, LIDB 
reactions, unlike MPD, require no resonant condition 
between an absorption band of the reactant molecule and 
that of the laser radiation. Thus, LIDB can be applied 
to any molecule capable of being put into the gaseous 
state. Third, reactions conducted under LIDB may offer 
an economic advantage over those conducted by MPD [7].
The reactions involving the latter are most efficient 
under low pressure and laser energy conditions while 
those involving LIDB can be conducted under conditions of 
higher pressure and laser energy. Hence, a greater 
quantity of products can be produced per laser pulse.

LIDB is easily achieved by focusing the CO2 laser's 
radiation into a gaseous sample. A simple explanation of
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this process is that electrons, accelerated by the large 
A.C. electric field of the laser, acquire sufficient 
energy by colliding with atoms and molecules to start an 
avalanche of electrons that culminates in a spark of 
ionized plasma [Fig. (1)]. The plasma formed is short 
lived, approximately the duration of the laser pulse, and 
is rich in ionic, neutral, and radical species. The 
above process is repeated for a number of pulses until 
the desired reaction is complete.

Dielectric breakdown may, in addition, initiate an 
explosive chain reaction if the radicals produced by the 
plasma can further propagate the reaction without the aid 
of additional laser pulses. This process, appealing in 
that complete conversion of reactants to products can be 
achieved by one laser pulse, is known as laser combustion 
[8]. An example of such an event is captured by a 
photograph shown in Fig. (2).

With these thoughts in mind, a comparison of the 
dissociative products of VOClg and S i ^ C ^ ,  in the neat 
and in the presence of scavenger gases with resonant and 
nonresonant radiation, was studied and the results, along 
with the unique characteristics of each method, presented 
in the following sections.

3.2 THEORY
The generally accepted model for the mechanism of
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Figure (1) - A photograph of a typical plasm.a produced by 
LIDB.



Figure (2) - A photograph capturing an explosive 
chain reaction induced by LIDB.



CO2 laser induced dielectric breakdown is the avalanche
theory [9]. Electrons, which are accelerated by the
large A.C. field of the laser's radiation, acquire
energy by colliding with atoms and molecules. Once
sufficient energy is acquired, they in turn ionize the
atoms and molecules to produce more electrons which
repeat the process. In this way, an avalanche or cascade
of electrons develops and "breakdown" occurs. The state
of breakdown is arbitrarily defined as the ionization of

_ 3a fraction 6 , usually taken as 10 , of the gas atoms or
molecules in the focal region [10]. Once "breakdown" 
occurs, the ionization growth will continue as long as 
the irradiation continues. There, then, follows the 
development of a plasma, a production of highly ionized 
hot expanding gas, which further absorbs the laser 
radiation. As the electron and ion concentration 
increases, electron-ion and ion-ion interactions contri­
bute to the growth mechanism. The gas will remain heated 
for the duration of the laser pulse which created it, but 
the extinction process of recombination diffusion, and 
radiation loss from excited atoms and molecules remove 
energy from the plasma region and local thermodynamic 
equilibrium with the surrounding gas is re-established in 
a time > 1 ysec. The reactions that proceed under this 
plasma condition are thus related to conventional high 
temperature chemical studies.



A physical picture of the breakdown process can be 
obtained by considering the interaction of a free 
electron with the oscillating electromagnetic laser 
radiation and surrounding gas. A simple formula for the 
rate of energy gained by a free electron can be formu­
lated and a breakdown threshold intensity deduced.

The velocity of an electron as it interacts with an 
electric field can be obtained by setting the difference 
between the force exerted by the field on the electron 
and the frictional force equal to the rate of change of 
the electron's momentum. This is expressed mathema­
tically by the following first order differential 
equation.

F - Fr = F (.3.1)e f a

or -eE - (mv)vm = m ^  (3.2)

In the first term, e is the charge of the electron 
and E, equal to E 0e'lwt where u represents the angular 
frequency, the electric field associated with the laser 
radiation. The second term, (mv)v , represents the rate 
of momentum of the electron due to collisions per second. 
The symbol, v , which represents the collision frequency 
for momentum transfer, is equal to t ^ where Tm
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represents the average time between collisions. In the 
third term, m and v are used to represent the electron's 
mass and velocity respectively.

The solution to equation (3.2) yields the desired 
result*.

T O TfvJ  (3-3>

Since the amount of energy the electron gains each 
time it collides with an atom is equal to its kinetic 
energy, the rate of gain of energy from the electric 
field during the laser pulse is expressed as

de
at (2tn|v|2)vm  (3.A)

Substituting equation (3.3) into the above equation 
results in

* Rearranging equation (3.2) yields dv/dt + v^v = -eE/m where E * E 0e . Letting

a • v , b * -eEo/m, and c * -iu>, one obtains dv/dt + av * bect or v' + p(t)v - q(t) where to
p(t) and q(t) were substituted for a and bect, respectively. An integrating factor which is 
independent of v and of the form l(t,v) ** . efa^t « eat jS used as a multiplicative

factor to solve the first order differential equation. Hence, eaCv' + aveat * becCe or 

(d/dt)(eatv) - be(a+c)c. Integrating yields veac - [be(a+C’it/a+c] + K and bv resubstituting 

for a, b, and c, one obtains v » (-eE0/m)(e /v^-iw + K/e',m^. *®lnce the collisional

frequency (ym ) is large at high pressures and laser field intensity, the second term 

approaches zero and one is thus left with v » -ieE/(w+ivm )m, after multiplying by (i/i) and 

resubstituting E for E„e -iajt
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9 9 9
Ac- e Evm n(t)e E vdc   rn   in ✓ r \“-- o-- 5 “-- 5--- 7"2m (v +w ) 2m(w +v )m m

where n(t) is included since, at any time, t, during the 
laser pulse, n(t) electrons absorb the energy. The 
above expression gives a picture for the inverse 
frequency dependence on the absorption as well as the 
role of collisions.

One can now deduce a simple formula for the 
breakdown threshold intensity by equating the rate at 
which the electrons absorb energy from the field to the 
rate at which they expend it in ionization. The rate of 
energy absorption in ionization is

<af> - <3-6>

where I represents the ionization potential of the gas 
and dn/dt, equal to the ionization collision frequency 
(v^) times the electron concentration (n), the rate of 
generation of electrons. Thus, equating expression (3.5) 
to (3.6), integrating, and using Poynting’s theorem
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yields an expression for the breakdown threshold
intensity

o 9 (t )
2mcel (co +v z) In (-±----) (3.7)I = ______E _5L________ He___

2e v t m

2Here, I represents the laser power density (VJ/m ), c
the speed of light (m/sec), e the free space permittivity

2 2 -3(coul /nt*m ), n^(t ) the final electron density (m ),
and t the duration of the laser pulse (sec) . The symbols
m, 1^, to, e, and vffi, which were previously defined, have
units of kg, Joules, sec coul, and sec ^ respectively.

The angular frequency of the CC^ laser radiation,
which is much larger than the electron atom collision
frequency at a pressure less than 1 atm [1 0 ], is
directly proportional to the pressure. Using this

19approximation and setting n^(T)/n equal to 10 , as
the condition for breakdown [1 1 ], yields

2tmw I
I = (3.8)

e tP

+ 7 7 2 7Substituting, equation (3.5) for dr/dt in equation (3.6) yields n(t)e E v /2m(^’ +v )m m
7 7 7 7lp(dn/dt) or. after rearranging it, dn/n(t) ■ [e +\'m )Ip]<ft. Integrating the last

I t 7 7 7 7 ItA * e v E t/2m(w +v )I n .
0 m tn p i u

7 7 7 2Substituting in the limits of integration yields In [n,(i)/n.] - e v E i/?m(u' +v )l or^ t m m p
2 2 ?  7 2E - 2m(ti> +\'m )Ip In [n(i)/nc)/e v^i . Using Povnting's theorem, I ■ icE , one obtains

2 7 21 • 2m'c(bt )1 In (nr(i)/n0]/e v If one uses the following relationships, 1 J * N*mm p 1 m
7 1 7and 1 W - kgm /sec , 1 will have units of (W/m ).



where the letter, P, represents the pressure.
It can be seen from the above expression that the 

breakdown threshold intensity is dependent on the nature 
of the gas, characterized by its ionization potential, 
pressure, and laser radiation, characterized by its 
frequency and flash duration. In addition to ionization 
potential, threshold pressure conditions are linked to 
the molecular properties of the gas, such as polarization 
and dipole moment [11].

The assumptions made in the above treatment of 
dielectric breakdown are as follows: First, a classical
treatment was used. In the classical treatment, the 
electrons acquire energy by colliding with atoms 
whereas, in a quantum mechanical treatment, they acquire 
energy by inverse bremsstrahlung absorption [12]. The 
classical treatment holds whenever the photon energy is 
much less than the total free energy which is approxi­
mately equal to the ionization of the gas [12]. For a 
CC>2 laser, hv - 1.8 e.v. and I for a gas, say VOCl^, 

is - 12 e.v. [13]. However, the quantum mechanical 
model would be more suitable for breakdown radiation 
approaching the UV portion of the electromagnetic 
spectrum or for breakdown studies of gases with low 
ionization potential. Second, the magnetic field 
effects, also produced by the laser's electromagnetic 
radiation, were ignored since the electron velocities



didn’t approach the velocity of light. Third, in 
equation (3.6), the rate of electron generation, 
recombination, diffusion, and radiative loss processes 
were neglected. Fourth, but not least, the avalanche 
theory presumes the existence of initial electrons which 
are accelerated by the electromagnetic field. The 
initial electrons may be accounted for by either
naturally occuring electrons as a result of cosmic rays,

1 2  3~ 10 - 10 electrons/cm , low ionization impurity atoms
in the sample, low ionization impurities on the cell's
entrance window, or a combination thereof [14].

3.3 EXPERIMENTAL
The laser apparatus, equipment, and compounds used 

were the same as those described in the experimental 
section of Chapter Two. In addition, in order to 
facilitate collection of large samples of microparticles, 
specially designed 500-ml and 1000-ml spherical pyrex 
cells, to which a 35-ml removable glass finger was 
attached by means of an 0-ring joint, were used. The gas 
pressure ranged from .5 - 100 torr and was calibrated 
by either a M.K.S. baratron or a Wallace Tiernan Gauge 
(0 - 100 torr). The accuracy of the Wallace Tiernan 
Gauge was ± .2 torr.

In the case of VOClg, it was necessary to heat the 
cell in order to obtain a vapor pressure exceeding that



122.

of room temperature. The cell was resistively heated to 
a known temperature by means of a variac and the 
pressure calculated by using the following expression.

3
In P ~ 2.08 In T - 2-:-78-^ -M  (3 .9)

The above expression, In P ~ a In T - b/T [15], is a 
version of the Clausius-Clapeyron equation where P, in 
units of torr, represents the pressure and T, the 
temperature, is expressed in units of Kelvin. The 
letters, a and b, are constants whose values were solved 
for by using the experimental points (273 K, 4.4 torr) 
and (298 K, 12.4 torr).

Infrared analysis of samples, both prior and after 
laser irradiation, was carried out using various 
infrared spectrophotometers (see Section 2.3). In 
addition, scanning electron microscopy (SEM) and x-ray 
diffraction (XRD) helped determine particle size, 
composition, and tendency of agglomeration. These 
analysis were performed at the Research Center of the 
International Nickel Corporation (INCO).

3.4 RESULTS AND DISCUSSION
Table (I) summarizes the dielectric breakdown study 

of VOCl^ and SiH^C^. As is evident from Table (I), 
dielectric breakdown of VOCl^ is consistent with the high
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Table I. Dielectric breakdown of VOCl^ and SiH2Cl2 in the 
neat and with scavenger gases.

R E A C T A N T S 1 " ' ...... T Y P I C A L  P R E S S U R E  ( T o r r )
1T Y P I C A LL A S E RE N E R G Y(J)

r -.M A J O R  P R O D U C T S  F O R M E D
i
1 .- ...  ...A >  V O C I 3

V O C I 3 5 1 .0 VO / c i2
V O C I 3  / A r 5 / 2 0 : 1 . 0 V O  /  C l 2

v o c i 3 / c i 2 5 / 2 0 1 .0 N O N E
V O C I 3 / H 2 5 / 2 0 1 .0 V 2 0 3 / H C I /  H 2 0V O C I 3  / o2 5 / 2 0 1 . 0 V 2 ° 5  1 ^ * 2B * S i C I 2 H 2

S i C I 2 H 2 5 1 . 0 ( s i g i 2 )x  h 2

S i C l 2 H 2  / A r 5 / 2 0 1 . 0 ( S i C I 2 )x »2S i C I 2 H 2  / C l 2 5 / 2 0 S i C  l4  H C IS i C I 2 H 2 / H 2 5 / 2 0 1.0 amorphous Si 
HCI.



pressure and laser energy MPD studies in that VO + CI2 
are the initial photodissociative products but, then, 
any further dissociation cannot be achieved because VO 
recombines with CI2 to yield VOCl^. Also, as in MPD, 
addition of argon to VOCl^ inhibits the recombination of 
VO and CI2 while addition of CI2 inhibits the dissocia­
tion of VOCl^. Hence, the production of large 
quantities of VO particles via LIDB is fruitless.
However, when H 2 or O2 was added to VOCl^ and 
dielectric breakdown performed, the reactions were driven 
to completion and yielded V2O2 and V2©^ respectively. 
Whereas dielectric breakdown of SiH2Cl2 in the neat and 
with argon resulted, as in MPD, in the formation of ^  

and (SiCl2)x polymer, in the case of SiH2Cl2 and C ^ ,  it 
was not necessary to induce a chemical reaction. The 
reactants, upon mixing, were spontaneously converted to 
SiCl^ and HCI. Lastly, dielectric breakdown on mixtures 
of SiH2Cl2 and ^  resulted in the formation of HCI and an 
amorphous silicon-containing film having a small concentra­
tion of chlorine. The latter results are encouraging 
regarding its possible use for solar cells. Ovshinsky 
and co-workers [16,17] have reported on the fabrication of 
solar cells based on silicon-containing films with small 
concentration of fluorine. They claim that any 
univalent species, such as Cl, F, or H, would be ideal 
for use in amorphous silicon solar cells.



The pattern in the above cases is that the reactions 
conducted under plasma conditions, are thermodynamically 
controlled and thus similar to high temperature reactions 
A mechanism for the above reactions can be illustrated by 
the following scheme.

+ reactants
D.B. intermediate final

reactant ----- >  plasma ^ ----- ^ products — >  products
thermal reactions quenching

The first phase is the formation of the plasma 
during the laser pulse. Then, the plasma plays a role as 
a heat source to induce the thermal reaction. Finally, 
the products are quenched by collisions with environ­
mental molecules.

The plasma itself, when observed, is composed of a 
small dense inner core surrounded by a less dense region. 
Spectroscopic investigations have shown the inner core to 
be composed of ionic species while the outer core by 
free radicals [18-19]. The fact that ions have shorter 
lifetimes than radicals strongly suggest that most of 
the chemistry is carried out in the less dense region by 
free radicals.

The plasma, which is rich in free radicals in its 
outer sphere, may further propagate the reaction without
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the aid of additional laser pulses. Such an event, a 
branched chain explosion, has indeed been found to be the 
case when dielectric breakdown on different VOClg/l^/C^ 
mixtures was performed. The reactants, in one laser 
pulse, were completely converted to different vanadium 
oxide particulates. The results, presented in Table (II), 
reveal that V ^ 0^ was always formed when the l^/C^ ratio 
was less or equal to two. When the l^/C^ ratio was 
increased, reduction of VOCl^ to compounds which have 
vanadium oxidation numbers less than five took place.

Although the reactions are thought to proceed by 
free radical mechanisms, the pathways leading to product 
formation are presently not well understood. However, 
the results can be mostly explained by Table (III) , which 
lists the set of possible products, along with the oxi­
dation state of vanadium, which can be formed from different 
VOCI2/H2/O2 mixtures by using different concentra­
tions. The only discrepancy between Table (II) and Table 
(III) is that VO is not formed, as predicted by the first 
equation in Table (III), at a ^  to O2 ratio equal to five. 
It was anticipated that larger H2/O2 ratios would eventually 
lead to the formation of VO. However, under such conditions, 
only dielectric breakdown without combustion could be 
induced. An explanation of this result is that, in order 
to have an explosion, a sufficient concentration of free 
radicals must be formed to initiate the chain reaction.
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Table II. Laser induced combusion of different VOCl^/^/C^ 
mixtures.

P R E S S U R E  T o r rV O C l g  h 2  0 2 h 2 / o 2  r a t i o M A J O R  P R O D U C T
20 2 0 4 0 1 : 2 V2 ° 5
20 2 0 2 0 1 : 1 V2 ° 5
20 4 0 2 0 2 : 1 V2 ° 5
20 5 0 2 0 2.5:1 v 2 o 5 / v o 2
20 35 1 0 3.5 1 V 2 ° 3  / v o c i  / V O C I 2
20 40 1 0 4 :1 v 2 o 3  /  V O C I
20 42 1 0 4 .2:1

IIj00 >K1 
w

 
0I CM
>

20 4 0 1 0 5 :1

l“jIj
CO
OCM
>

15 3 0 5 6 :  1 B r e a k d o w n I
15 4 5 7 -  6.4 .1 B r e a k d o w n
10 50 5 1 0 : 1 B r e a k d o w n



Table III. (A) Reactions involving different VOCl-j/H^/C^ concentrations leading
to different product formation.

(B) Products formed by using different l^/C^ ratios in the above 
reactions (A).

A
2VOCI3 5H2 + 0 2 ----- ► 2VO + 6 HCI 4 2H20

2VOCI3 + 4H2 + 0 2 r V20 3 + 6 HCI - H2 0

2VOCI3 + 4 H 2 + 0 2 ----- - 2VOCI + 4HCI 4 2H2 0

2V OCI3 + 3 H 2 + 0 2 — 2VOCI2 + 2HCI 4 2 H 2 0

2 VOCI3 + 5H2 + 2 0 2 ------- 2 V 0 2 ^ 6 HCI 4 2H2 0

2 V O C I3 + 4 H 2 + 2 0 2 ■" ,i,n» V20 S + 6 HCI 4 h 2 o

B.
PRODUCT OXIDATION STATE MOLES Ho/Oo RATIO

OF VANADIUM v o c i3 h2 ° 2
VO + 2 2 5 1 5 : 1

V2 ° 3 +3 2 4 1 4 : 1

VOCI + 3 2 4 1 4  : 1

v o c i2 + 4 2 3 1 3 : 1
v o 2 + 4 2 5 2 2.5 : 1

V2 ° 5 + 5 2 4 2 2 : 1
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However, an increased pressure also produces other 
radicals, ions, or neutral atoms which may hinder the 
combustion process rather than help it. VO was instead 
produced in a chain reaction when mixtures of VOCI3/H2/CI2, 
with typical pressures of 10/20/20 torr respectively, 
were irradiated via dielectric breakdown.

The above reactions occur in one laser pulse and
19utlize a mere 5 x 10 photons (1 J/pulse) costing 

approximately $.02 [7]. The production of V20^, for 
example, is calculated to cost $3.70/gram''. In the 
present market, the price of V 2©^ ranges from $.84/gram 
(purity > 90%,) to $4.30/gram (purity > 99.98%) [20].
This example illustrates the notion that laser chemistry 
can become an economically competitive method for 
producing fine chemicals.

The sizes of the particulates produced by LIDB vary 

depending on the compound produced and conditions 
used, i.e. pressure, focusing lens, energy of laser

* This value is obtained by using equation (6) of Table 111, assuming a 1007. yield of 

X^O^ (.1 g for each 5 x 10 * mole), and using prices of $.25 for VOCI^ (20 torr, 1 t), 

calculated from the price listed in the alpha/inorganic handbook (1981), and $.12 for Hj and 

Oj (90 torr Hj, 20 torr 0^, 1 t), calculated from a listed price in the 1981 Matheson 
handbook.
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pulse, etc. Fig. (3) shows an SEM photograph of V20  ̂

particles collected over an aluminum oxide support. The 
size of the V20  ̂ particles are ~ 1 y .

Vx0y particles are powerful catalysts used for many 
organic and inorganic reactions, an example is the use 
of ^ 2^5 t r̂ie oxidation of SC^ to SO^. This reaction 
is of particular importance since SC^, produced mainly 
from the burning of coal, is a major contributor to air 
pollution. Hence, using as a catalyst to oxidize
SO2 to SO^ before it is let into the atmosphere, and then 
treating SO^ with water to produce sulfuric acid, is one 
route which can lead to cleaner air.

3.5 CONCLUSION
Dielectric breakdown and laser combustion methods 

were used to produce various vanadium oxides and silicon- 
containing films from VOCl^ and S i ^ C ^ .  The photo­
decomposition reactions proceed via the lowest energetic 
channel and thus form the most thermodynamically stable 
products, as in the case of multiphoton dissociation.
The products are finely divided particles of very large 
surface area and high purity. Both dielectric breakdown 
and laser combustion are amenable to large scale 
productions and can be shown to be economically 
competitive with other fine particle decomposition 
processes.
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Figure (3) - SEM photograph of V 2O5 particulates
collected over an aluminum oxide support.
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