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Abstract 

Crossed atomic and molecular beams have been used to study the 

reaction dynamics of ground state and excited sodium atoms. The wide 

variety of systems studied allows us to make some broad generalizations· 

about the effect of electronic excitation upon the reactivity of sodium atoms. 

Crossed molecular and atomic beams have been used to study the 

photodissociation of N02Cl. Insights have been gained into the electronic 

structure and dynamics of the excited state of this molecule . 

1 

Chapter 1 describes the reaction of ground state sodium with ozone at 

a collision energy of 18 kcal/mole. This reaction occurs via the electron 

jump mechanism to give forward scattered NaO as a product. The NaO is 



formed with a great deal of internal energy. No evidence is seen for Na02 

formation. 

2 

Chapter 2 presents measurements of ground state and excited methyl 

iodide. This reaction proceeds via the rebound mechanism to produce 

sodium iodide. The product is back-scattered. Electronic excitation results 

in an increase in the differential cross section at less backward angles. The 

extra energy goes into Nai rotation and vibration. 

Chapter 3 discusses all the electronically excited sodium atom 

experiments done in this laboratory. It is demonstrated that examination of 

electron scattering provides an elementary basis on which to make 

qualitative predictions of the results of electronically excited sodium 

reactions. Predictions based on this model are made for systems not yet 

studied. 

Chapter 4 reports the results of the photodissociation of N02Cl at 248 

and 308 nm. At 248 nm excitation creates a charge transfer state that 

predissociates mostly to Cl atom and N02 in the ground or excited states. 

The 308 nm transition is centered on the N02 group and is vibrationally 

mediatiated by an out of plane bend. The main products are Cl atom and 

N02 in the ground or B2J31 excited state. 

, 

• , 
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Chapter One 

The Reaction Dynamics of Sodium with Ozone 

Introduction 

The reaction of sodium atoms with ozone has been used to model the 

sodium D line nightglow in the mesosphere and in persistent meteor 

trains. 1
-

9 Chapman1 proposed in 1938 that this reaction was the first step 

of a two step catalytic mechanism to explain the origin of the nightglow. 

N 0 N 0 0 AH0
0 = -35 kcal/mole (1) 10 

a<g> + 3<g> ~ a <g> + 2<g> Ll 
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For many years the lack of accurate rate constant data hampered the 

modeling of the sodium layer.6 Attempts were made to estimate a rate 

constant based on the H + 0 3 reaction.7
•
8 The rate constant of 6.5 x 10-12 

cm3/sec is too small to allow the Chapman mechanism to be valid. If the 

rate constant were this small then the three body recombination reaction 

Na + 0 2 + M ~ Na02 + M k = 5 x 10-ao cm6/sec12
•
13 (3) 

would provide a major sink for Na. Additionally, incorrect rate constants 

lead to errors in the prediction of the height of the sodium layer and in the 

seasonal variation of the atmospheric sodium concentration. It was not 

until 1975 that Kolb and Elgin14 pointed out that sodium can react via a 

long range harpoon mechanism. Using a sodium atom ionization energy of 

5.14 eV and an ozone electron affinity of 1.99 eV they calculated a cross-

section of 65A2 for reaction (1) and a corresponding rate constant of 3.3 x 

10-10 cm3/sec at a temperature of 185°K. 

· The first gas phase measurement of the rate constant was performed 

by Husain, Marshall, and Plane in 1985.15 In this experiment the 

resonance absorption of sodium was monitored following the pulsed 
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irradiation of Nal in the presence of ozone. They obtained a value of k = 

4(+4,-2) x 10-10 cm3/sec for reaction 1. 

In 1986 Silver and Kolb16 used fast flow cell methods to measure the 

rate constant. Briefly 10-4 torr of sodium vapor is generated in an oven and 

entrained in a helium flow. This mixture is introduced into a flow cell. 

Ozone is added downstream and the concentration of sodium is monitored 

by resonance fluorescence or laser induced fluorescence. A value (3.1 ± 

0.4) x 10-10 cm3/sec at 295°K was found, in good agreement with the 

expected harpoon mechanism value. 

Using similar methods Ager, Talcott, and Howard17 derived a rate 

constant of (7.3 ± 1.4) x 10-10 cm3/sec at 286°K. They also measure a lower 

limit of 0.95 for k/(k1 + ~). No explanation is given for this disagreement. 

However, it is interesting to note that both groups report the same total 

rate constant for the reaction 

NaO + 0 3 ~ Na +202 (4) 

of 2 x 10-10 cm3/sec which agrees with the harpoon model prediction in 

which the ionization potential of NaO is 6.5eV. 18 
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This chapter presents a crossed molecular beam study of the N a + 0 3 

reaction. Center of mass angular and translational energy distributions for 

the products are derived. These distributions are used to understand the .. 

dynamics of this reaction. ~j 

Experimental 

These experiments were carried out in a crossed molecular beams 

machine that has been described previously. 19
-

22 A supersonic beam of 

sodium atoms is crossed orthogonally by a supersonic beam of ozone under 

single collision conditions at a 3mm x 3mm x3mm collision volume. The 

collision chamber is liquid nitrogen cooled and pumped to 1 x 10-7 torr. (Fig. 

1) Product is observed by a triply differentially pumped quadrupole mass 

spectrometer which has an electron bombardment ionizer and Daly detector. 

The mass spectrometer rotates in the plane defined by the two beams. A 

recent change in the detector pumping scheme is that the ion pumps have 

been removed from all three regions. The Leybold-Heraeus TMP 360 

turbomolecular pump that was formerly on region 3 now pumps region 1. 

Region 2 is pumped by a Seiko-Seiki STP400 a 420 liter/second magnetically 

suspended turbomolecular pump. Region 3 is pumped with a similar 

STP300 340 liter/second turbomolecular pump. The replacement of old ion 
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pumps with pumps that are both cleaner and have a higher pumping speed 

produces a large decrease in background at masses that correspond to water 

, .. or to permanent gases i.e. rnle=l6,17,18,20,28,32 and (especially important 

for this experiment) rnle=40. 

Another step taken to reduce the detector background is the 

installation of a copper cold-finger .with its base attached to the liquid 

nitrogen cold shield. The cold finger is positioned so that the detector 

always views a surface that is at liquid nitrogen temperature. This cuts 

down on the "straight through" background that arises when a molecule 

scatters off the surface opposite the detector and passes through all three 

regions of differential pumping and is ionized in the ionization region. 

These changes produced a large reduction in the background at rnle=39 

(N ao•). A quantitative measure of the reduction was not possible as a 

different High-Q head for the quadrupole mass spectrometer was used after 

the new turbos were installed. However, before the turbos were installed it 

was not possible to take time of flight data at rnle=39 at angles greater than 

Primary Source 

The source of the sodium beam is a resistively heated molybdenum 

oven that will be described in detail in a later publication.23 (Fig; 2) As in 
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the previous stainless steel oven the new oven is divided into three parts.22 

The inlet is a 9 inch long molybdenum tube with an outer diameter of 0.375 

inches and an inner diameter of 0.325 inches. A 0.28 inch long molybdenum 

flow constrictor with a 0.005 inch clearance is placed inside this tube about 

0.5 inches from the entrance to the reservoir. This flow constrictor is 

necessary in order to prevent sodium from backstreaming into the inlet tube 

and clogging it. The constrictor is held in place by a 0.030 inch tantalum 

wire that runs the length of the inlet tube and ends in a hook at the inlet 

tube entrance. 

The reservoir consists of two concentric cylinders. The outer one is 

2.8 inches long with a 1. 75 inch diameter and a 0.30 inch wall thickness. 

The inner one is 2.6 inches long and has a 1.50 inch diameter. Two 0.031 

inch thick semicircular plates are welded to the inside of the inner cylinder 

at the ends to contain the sodium. This double cylinder wall design serves 

to ensure that the sodium reservoir is uniformly heated and is the coldest 

part 

of the oven. 

The inner nozzle tube is 2.50 inches long with a 0.25 inch diameter 

and has a 0.050 inch wall. It is concentric with the inlet tube and reservoir. 

A nozzle cap with a 30° mating surface is welded onto the end of the tube. 

The nozzle diameter is .008 inches. 

li' 
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The entire oven assembly is designed so as to permit the oven to be 

removed and replaced without the necessity of realigning the entire source. 

This is accomplished by rigidly mounting the outer nozzle tube in place. 

The outer nozzle tube is a 2.00 inch long molybdenum tube with an outer 

diameter of 0.50 inches and a wall thickness of 0.062 inches. The last 7/16 

inches of the outer nozzle is turned down to a diameter of 0.440 inches to 

ensure that the nozzle tip is the hottest part of the oven. A cap welded to 

the end of the outer nozzle tube has a 30° mating surface for the inner 

nozzle tube. A 0.25 inch thick 1.368 inch x 1.250 inch tantalum plate is 

welded 0.50 inches from the base of the outer nozzle. This plate is bolted to 

a water cooled copper electrode which is in turn bolted to the aluminum 

support assembly. The electrode is electrically insulated from the support 

assembly by alumina spacers and screw collars. The back of the inlet tube 

is supported by two brackets. These brackets are electrically and thermally 

insulated by ceramic collars which have a 0.003 inch clearance around the 

inlet tube. These collars effectively eliminate the transverse movement of 

the oven. The entire oven is pressed forward by a spring loaded clamp. 

This forces the inner nozzle tube against the outer nozzle tube and 

maintains electrical contact and beam alignment through multiple heating 

and cooling cycles. The second water cooled electrode is just upstream of 

this clamp. The circuit through the oven can be pictured as going from the 
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inlet electrode through the inlet tube, the outer cylinder of the reservoir, the 

inner nozzle, the outer nozzle and the nozzle electrode. The large thickness 

of the reservoir wall as well as its large radiative area ensures that resistive 

heating alone will heat the inlet tube and the nozzle more than the 

reservoir. The temperature of the reservoir can be increased by a radiative 

graphite heater that surrounds the reservoir. It was not necessary to use 

the graphite heater for the sodium experiments. Typical oven conditions for 

sodium were 350 amps at 1.34V a. c. The temperature of the nozzle and 

reservoir were measured with an optical pyrometer. The temperature of the 

nozzle was 1100°C and the temperature of the reservoir was 700°C. At this 

reservoir temperature the vapor pressure of sodium is about 80 torr. 

The oven is typically backed with 500 torr of ultrahigh purity helium 

(99.999%). The Na-He mixture is expanded through the nozzle into the 

primary source chamber. The chamber is maintained at 2 x 10-4 torr. The 

mechanical pump which used to back the primary source diffusion pump 

has been replaced with a SM42/5-50 Leybold-Heraeus roots blower which 

allows us to use the high backing pressure behind the nozzle. 

After the expansion the beam passes through a molybdenum skimmer 

which is 0.30 inches downstream of the nozzle. The skimmer tip has a 

diameter of 0.030 inches. The skimmer is heated to 700°C conductively by 

passing current through four 3116 inch diameter tantalum rods which pass 
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through the body of the skimmer. The typical current and voltage is 95 

amps at 2.2V a.c. The rods are electrically insulated from the skimmer by 

alumina tubes. 

After the skimmer the beam passes through a differential pumping 

region which is pumped to 2 x 10-6 torr. The beam then passes into the 

collision chamber through a collimating slit. The slit is made from four 

9 

razor blades spot-welded together. These slits define the beam to be 3mm 

wide by 3mm high at the interaction region_. The new oven is an 

improvement on the old oven in several respects. Most important is the 

quality of the sodium beam. Using molybdenum instead of stainless steel 

allows us to run the oven at a higher temperature. This leads to an order of 

magnitude increase in beam intensity. The higher backing pressures cut 

the beam spread by almost a factor of two. 

The new oven can be run more reliably. The higher temperature 

used at the nozzle helps prevent sodium and slightly volatile sodium salts 

from clogging the oven. Additionally molybdenum is much more resistant to 

corrosion by sodium than is stainless steel. 24
•
25 

The new oven is easier to use. Previously it was necessary to remove 

the entire oven assembly whenever the oven was removed. This 

necessitated completely realigning the source, a time consuming and often 
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frustrating process. The new oven can be removed even without pulling the 

source chamber from the machine. 

The stainless steel oven could only be used for volatile metals such as 

alkali metals and mercury. Extensive experiments have been done on the 

reaction dynamics of barium atoms using this oven. Also seeded beams of 

transition metals can be created if the oven is made with a boat of the 

appropriate ceramic material is sealed inside.26 Beams of manganese and 

copper have already been made. 

There are two drawbacks of this oven as compared to the steel oven. 

Firstly a full charge of sodium lasts 10-12 hours as compared to 150 hours 

for the steel oven. However since the beam intensity is now much higher 

this is enough time to do a complete run on the experiment. Also since the 

turnaround time is short as discussed above this is not as serious a burden 

as it would have been before. Secondly molybdenum recrystallizes once it is 

heated up. This makes the oven very brittle and extremely sensitive to 

mechanical stresses. This is not a problem if ordinary care is used. More 

serious is that over the long term the oven tends to develop holes and 

cracks. Although these can be patched by welding, eventually the nozzle 

has to be cut off and replaced. It is possible that even this problem can be 

eased by using annealing techniques. 

" 
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Secondary Source 

The secondary source has been described in great detail 

previously.21
•
22 Briefly it is a stainless steel tube wrapped in heating tape. 

(Fig. 3) At the end of the tube is a 70 micron platinum electron microscope 

aperture. This is held and sealed in place with a stainless steel screw-cap 

and a copper gasket. The source is aligned by a "bird-cage" which keys into 

place. The temperature is controlled by a copper block heater with thermal 

coaxial cable hard soldered on. The temperature of the nozzle is measured 

by a chromel-alumel thermocouple referenced to an ice water bath. The 

nozzle temperature used in these experiments was 150°C. 

The ozone used in this experiment was generated by an OREC model 

number 03Vl-O auto ozonator and held in a silica gel trap cooled in a dry 

ice/acetone slush. The trap was transferred to an FTS Systems Multicool 

model number MC-4-60A-1 constant temperature bath and the gas mixture 

was generated by passing helium through the trap kept at -77°C. The ozone 

concentration was monitored by passing the gas mixture through a 1 em 

quartz cell and measuring the absorption at 280 nm. This wavelength was 

chosen rather than the peak of 254 nm. because the gas mixture was too 

opaque at this wavelength. No attempt was made to remove trapped 

oxygen. However, since there is not enough energy for 0 2 and Nato react 
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at the beam energies used this was not a problem. The total stagnation 

pressure of the beam was 240 torr and the mole fraction of ozone behind the 

nozzle was 0.12. The concentration of ozone was kept constant by adjusting 

the temperature of the constant temperature bath and continually 

monitoring the absorption through the quartz cell. The partial pr-essure of 

ozone was constant to within ±3% of the mean value. More importantly 

time of flight measurements of the velocity distribution of the beam· taken 

with the ozone concentration at the extremes of ozone concentration allowed 

during the experiment varied by ±1% from the mean. The gas mixture was 

expanded into the source chamber which was maintained at 2 x 10-4 torr. 

The beam was skimmed by a .023 inch skimmer. After passing through the 

skimmer the beam entered a region of differential pumping which was 

typically maintained at 1-3 x 10-7 torr. The beam was modulated by a 150 

Hz. tuning fork chopper (Bulova) for the angular distribution experiments. 

The chopper was attached to a water cooled copper block that was mounted 

on the front face of the secondary source. The beam passes from the 

differential region into the main chamber through collimating slits. These 

slits define the beam to be 2.8 mm high and 2.1 mm wide when the beam 

reaches the collision region. 
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Data Acquisition 

Data is acquired with programs run on an LSI-11123 computer 

interfaced to a camac crate.22 There are two types of experiments performed 

to paint a complete picture of the reaction dynamics. The first type of 

experiment is the measurement of the product angular distribution. In this 

experiment the ozone beam is modulated by the 150 Hz tuning fork chopper 

on the secondary source. The pulses from the detector are filtered by a quad 

discriminator (Lecroy model 821) and from there fed into a quad scaler. 

(Joerger model 81). Two types of signal are measured, the total signal with 

the ozone beam blocked and the total signal with the ozone beam unblocked. 

The gating is provided by a waveform taken from the chopper. Signal is 

measured with the detector kept at a particular angle for 80 seconds. The 

signal at a particular angle is simply the counts with the chopper open 

minus the counts with the chopper closed. At the end of the countdown 

interval the detector is moved to the next angle in sequence. The angular 

range for this measurement was -15° to -10° and 15° to 80° in 2.5° degree 

steps where 0° is looking straight into the sodium beam and 90° is looking 

straight into the ozone beam .. To correct for long-term drifts the detector is 

moved to 30° degrees after every 10 measurements and data is taken at this 

angle twice. The data can then be normalized by taking a linear 



interpolation based on the time a given angle is measured and the time 

between normalization measurements. 
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The second type of experiment is the time-of-flight measurement of 

the velocity distribution of products. In this experiment a cross-correlation 

wheel with two identical 255 bit sequences is mounted in front of the 

detector and spun at 392 Hz. 27
-

29 The wheels were photoetched by PCM 

Products based on artwork drawn for Lee group specifications. These 

wheels give a resolution of 5 microseconds in the flight time of the reaction 

products. The detector is stationed at a particular angle for about 15 

minutes to measure reaction product flight times. Data 'is accumulated for 

at least a total of one hour at all angles measured. 

Beam velocity profiles are also measured with the time of flight 

technique however, single-shot wheels are used. The peak velocities and 

beam spreads of the sodium and ozone beams are listed in table 1. 

Results and Analysis 

Angular and time of flight distributions were recorded at a collision 

energy of 18 kcal/mole. The newton diagram for this collision energy is 

shown in figure 4. The angular distribution (Fig. 5) is very broad and 

peaked forward of the center of mass. This angular distribution was 

recorded at m/e = 39 which corresponds to NaO+ thus unambiguously 
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identifying the signal as being the result of reactive scattering. The signal 

is strong at all angles. This distribution is diagnostic of a long range 

electron transfer with the forward scattering of the NaO product. 

The time of flight distributions at rnle=39 are shown in figure 6. The 

distributions are fit using program GM an updated version of program 

CMLAB.30 This program fits the data using the forward convolution 

method. It is assumed that the center of mass product flux distribution can 

be expressed as a product of P(E), the center of mass translational energy 

distribution and T(S), the center of mass angular distribution. P(E) and 

T(S) are assumed to be independent of each other. The program uses these 

input distributions to calculate time of flight and angular distributions 

averaging over the two beam velocity and angular spreads and the ionizer 

length. Both distributions are adjusted to get the best fit between the 

measured and calculated energy and angular distributions. 

The P(E) and the T(S) used to fit the data are shown in figures 7 and 

8. One feature of the P(E) that becomes apparent is the unusual behavior 

at low translational energy. The distribution looks as if it has been cut 

away. The explanation is that we are detecting a diatomic product with a 

fragmentation ratio l(NaO•)!I(Na•) that is very sensitive to the internal 

energy of the NaO product. Since NaO usually fragments to Na• upon 

ionization a small change in the fragmentation ratio will produce a large 
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change in the intensity of Nao• detected. We assume in fitting the data 

that Icm(9,E) = P(E)xT(9). However since fragmentation is important this is 

properly written 

Icm(m,9,E) = [Fm(E)xP(E)]xT(9) 

where Fm(E) is the ratio of the number of ions produced at fragment mass m 

to the total number of product molecules ionized as a function of the total 

relative translational energy of the products. In writing this equation an 

extra assumption is made in addition to the usual one about the 

separability of P(E) and T(9). The extra assumption is that for a given 

relative translational energy E the state distributions of the products do not 

change drastically as a function of the center of mass angle 9 such that the 

fragmentation ratio will be angular dependent. If for example NaO were 

backscattered with relative translational energy E and all the available 

internal were in NaO vibration, then it would be expected that NaO 

ionization would strongly favor Na• production. If NaO were forward 

scattered with the same relative translational energy but the internal 

energy of NaO is much less with most of the internal energy stored in 0 2 

then NaO ionization would produce more Nao• than in the previous 

example. It is likely that any such breakdown in this assumption would also 

accompany a corresponding breakdown in the separability assumption. 

Therefore, it is unlikely that, for a given translational energy, there are 
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large enough differences in the NaO quantum states produced as a function 

of the center of mass angle to cause a significant additional error. 

To measure F rn(E) times of flight were taken 45° at both rnle=23 and 

mle=39. This angle was chosen for two reasons. First this angle is very 

close to the center of mass and therefore times of flight taken at this angle 

sample the entire range of translational energies down to below one 

kcal/mole. Second this laboratory angle corresponds to a wide center of 

mass scattering angle for the elastic scattering of sodium off ozone. This 

wide scattering angle would require a low impact parameter collision. Since 

it is known that this reaction has a very large cross-section as discussed in 

the introduction, these low impact parameter collisions will most likely lead 

to reaction rather than elastic scattering. Therefore the rnle=23 time of 

flight at 45° contains negligible contribution from elastic scattering. 

The times of flight at 45° were taken at by alternating between 

rnle=23 and rnle=39 after short intervals. The quadrupole resolution was 

set low to ensure that the transmission function was the same at both 

masses. The time of flight spectra were normalized to their counting time 

and added. The rnle=23 times of flight had to be shifted to be five 

microseconds slower to account for the different ion flight times. The 

\•'• 
" resulting sum is shown in figure 9. The T(S) is derived from the rnle=39 

data. The P(E) derived is shown in figure 10. The salient features of this 
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distribution are shown in table 2. The integrated intensities of the 

normalized mle=23 and mle=39 times of flight were used to normalize the 

areas under the curves for both the mle=39 P(E) and the total P(E). The 

mle=39 P(E) was divided by the total P(E) to obtain F m(E) for m=39. It 

should be emphasized that F m(E) is a function only of the total translational 

energy and thus it is a quantity that averages over the range of 

combinations of 0 2 internal energies and NaO vibrational and rotational 

energies that occur at a given relative translational energy. It is expected 

that Fm(E) should also be dependent on the electron bombardment energy 

which was 200 volts in this experiment. 

Discussion 

The center of mass angular distribution of NaO is very strongly 

forward peaked. Additionally although the translational energy distribution 

extends out to the maximum allowed by conservation of energy the energy 

distribution peaks at low values. These distributions are characteristic of a 

reaction that proceeds via a long range harpoon mechanism31
. This 

. mechanism is possible when the initial covalent surface is crossed by an 

attractive ionic surface. The separation at which this crossing occurs is 

given by 

rCA) = 4.35/(I.P.(Na) - E.A.(03)) = 4.6A 
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where I.P.(Na) is the 5.1 eV ionization potential ofNa and E.A.(03) is the 

1.99 eV electron affinity of 0 3 . This is the distance at which the coulombic 

attraction of Na• and 03 counterbalances the difference between the 

ionization potential of Na and the electron affinity of 0 3. As will be 

discussed later, similar to halogen molecules, 03 can dissociate into 0 2 and 

o-. The Na• then "reels in" an o- and NaO proceeds in the same direction 

as the initial Na velocity thus yielding a forward distribution. If there is 

only a small interaction between the departing NaO and 0 2 molecules then 

this reaction approaches the forward stripping limit. In this limit the 

velocity of 0 2 formed is the same as the initial velocity of 0 3 • Under the 

conditions used in this experiment the stripping limit would result in a 

product translational energy of 7 kcal/mole. Support for this mechanism can 

be found in the large gas phase rate constants previously measured for this 

reaction. 13
-

15 Additionally the proposed charge transfer state N a •o3 has 

been detected in rare gas matrices.32
•
33 

Bates and Ojha34 argued that in the gas phase reaction once the 

electron is transferred from Na to 0 3 a hard collision takes place between 

the Na• and the 03 exciting the internal modes of the anion. Our results 

suggest another possible model. NaO is strongly forward scattered which 
I: . ._ 

implies that Na and 0 3 spend less than 112 a rotational period together. 

This means that the oxygen-oxygen bond must be broken very quickly. In 



20 

the course of this group's work on ground and excited state sodium 

reactions it has been found that the course of a reaction between sodium 

and a given molecule can be predicted in a very rough and broad manner by ·~ 

examining the gas phase electron scattering data of the molecule in 

question.35 The feature that has proved most important is the existence of 

broad low energy dissociative attachment resonances. Such processes have 

been seen in ozone.36
'
37 The processes in question are 

0 3 + e- ~ 0 2 + o- AH= -9 kcaVmole (4) 

AH= 15 kcal/mole (5?8 

The threshold for reaction 4 was found to be at an electron kinetic energy of 

0 eV. The threshold for reaction 5 was 0.4 eV within experimental error. 

The cross-section for o- production was found to be greater than the cross-

section for 02 production at the peaks of the resonances .. The existence of 

the broad zero volt resonance implies that when an electron is transferred 

from Na to 0 3 the 03 will fall apart into 0 2 and o- rapidly and without any 

need for a subsequent hard collision. The bond can then be formed between 
,, 

the Na• and the o- ion. The higher threshold for the production of 02 is "' 

consistent with the fact that no Na02 was seen. Of course at the maximum 



21 

crossing distance, once the electron attaches to 0 3 there is no energy to 

excite the 03 vibrations. However, the 03 is formed in the strong field of 

the Na•. The manner in which this can drive the dissociation in can be 

thought of in two ways. First, the Na• creates a 6. 7 x 107V/cm field at a 

distance of 4.6A. As pointed out by Birely and Hershbach this can initiate 

the field-induced dissociation of 03.39
,
40 Additionally, as the electron is 

transferred the Na•-o- coulombic interaction can provide the energy 

necessary to dissociate the 03. This interaction represents the nascent Na-

0 bond. 

The Bates and Ojha model might still be consistent with the data. It 

is possible for Na•--03 to have a strong collision after electron transfer 

occurs at long distance and for the reaction to be complete in less than one 

rotational period. However it seems likely that 0 3 will behave like a . 

halogen and dissociate without the hard collision. 

The fact the translational energy distributions are so broad might 

indicate strong coupling between the departing NaO and 0 2• The NaO 

formed by the "harpoon" with high vibrational energy can relax with the 

energy going into translation as the molecules separate. 

Normally it is difficult to make conclusions about the distributions of 

excess energy between two product molecules and the partitioning of the 

internal energy between vibrational and rotational degrees of freedom in 
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crossed molecular beam experiments that make only angular and time of 

flight distribution measurements. For all but the lightest molecules in 

triatomic reactions the rovibrational energy levels are too closely spaced to 

be resolved. These conditions are true in this experiment. However, the 

fragmentation pattern results do allow us some qualitative insights into the 

internal energy distribution. If all the internal energy went into 0 2 the 

Fm(E) would be flat. The fact that it is strongly dependent on the product 

translational energy means that there is considerable variation in the 

internal excitation of the NaO bond. In other words, 0 2 formed might not 

contain as much variation in the internal excitation. At very low 

translational energies the Fm(E) turns slightly upward in favor of m/e=39. 

If NaO is formed in· a state with electronically excited character then it can 

fluoresce during the 125 microsecond flight time and thus incre~se the 

probability of N ao• production upon electron impact ionization. NaO . 

fluorescence from an electronically excited state has been found by Gole and 

coworkers in anNa+ 0 3 flame at 6700A.'u·42 The high background of 

m/e=32 and m/e=16 in the detector precluded us from making any 

measurements of the 0 2 distribution. However our proposed mechanism 

allows us to make predictions of what the measured distributions would be. 

The bond length in ozone is 1.278A and the bond angle is 116.8° whereas 

the bond length in 0 2 is 1.208A.38 If the dissociation of 0 3 is initiated by a 

... 
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rapid electron transfer then 0 2 might have substantial vibrational and 

rotational excitation. Hapgood observed persistent IR emission in a meteor 

train which he assigned to emission from excited oxygen (B 1l:~ ~ X3l:~).43 He 

hypothesized that the source of the excited oxygen as being due to reaction 

2 of the Chapman mechanism. This experiment implies that the first step 

may also give rise to this emission. 

Conclusions 

The reaction of Na + 0 3 yields only NaO + 0 2• It occurs via a long 

range electron transfer with the NaO forward scattered. Although the 

translational energy distribution extends out to the maximum allowed by 

energy conservation there is a great deal of energy in the internal modes of 

the products a substantial amount of which is in NaO vibration. 
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Table 1 

Beam Parameters 

peak velocity (em/sec) beam spread v/llv 

2.80 X 105 11.3 

1.43 X 105 10.4 
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rnle=39 

rnle=23 + rnle=39 

Table 2 

P(E) Features 

<Etrans> 

28.7 kcal/mole 

22.4 kcal/mole 
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Epeak 

38 kcallmole 

10 kcal/mole 
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Figures 

Figure 1: Schematic of the crossed molecular beams apparatus. 

Figure 2: Schematic of the seeded supersonic metal atom source. (1) Teflon 

insulator, (2) Ceramic Collar, (3) Outer reservoir cylinder, (4) Na 

reservoir, (5) Graphite resistance heater for reservoir, (6) Copper 

containment and support can, (7) Inner reservoir cylinder, (8) Copper 

cooling water line, (9) Tantalum plate, (10) Water cooled nozzle 

electrode, (11) Inner nozzle tube, (12) Outer nozzle tube, (13) 

Molybdenum skimmer, (14) Skimmed sodium beam, (15) Primary 

source wall, (16) Reservoir end plates, (17) Molybdenum flow 

constrictor (18) Stainless steel support (19) water cooled inlet tube 

electrode, (20) Springs to force entire oven forward, (21) Tantalum 

wire, (22) Inlet tube. 

Figure 3: Schematic of the secondary source. 

(1) nozzle cap, (2) inlet tube heating tape, (3) "birdcage" keying 

device, (4) Copper block nozzle heater, (5) Copper pre-heater, (6) 

thermocouple, (7) skimmer. adapted from reference 22 
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Figure 4: Newton diagram for the reaction Na + 0 3 --+ NaO + 0 2 

Ecou = 18 kcal/mole 

Figure 5: Laboratory angular distribution at rnle=39. The points are the 

measured distribution. The line is the best fit to the distribution. 

Figure 6: Time of flight distributions at rnle=39. The dots are the data. 

The lines are the best fit to the data. 

Figure 7: P(E) rnle=39 used for best fit 

Figure 8: T(9) rnle=39 used for best fit 

Figure 9: Time of flight for the sum of rnle=23 and rnle=39 

__ total calculated fit. ----- contribution from mle= 23 

_ _ contribution from rnle=39 

Figure 10: P(E) derived for the sum of rnle=23 and rnle=39 

Figure 11: Fm(E) Fragmentation ofNaO to Nao• as a function of total 

translational energy. 
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Chapter 2 

The Reaction of Ground State and Electronically Excited 

Sodium Atoms with Methyl Iodide 

Introduction 

43 

The reactions of alkali atoms with alkyl halides are possibly the most 

studied family in reaction dynamics. The angular distribution of K + CH3I 

was the first ever measured in a crossed molecular beam experiment. 1 This 

reaction was the prototype for the rebound mechanism that has been found 

for all alkali atom plus alkyl monohalides and pseudohalides.2
-

12 

Bernstein13
-

16 and Brooks17 have done a series of classic experiments 

in which a beam of alkyl halides are selected by a hexapole field for 

<KM/J2+J> where J is the total angular momentum quantum number, K is 

the projection of J upon the symmetry axis and M is the projection of Jon a 

space fixed axis. By changing the orientation of the dipole moment 
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Bernstein, Brooks and coworkers were able to determine the steric opacity 

function for this reaction. In agreement with chemical intuition they found 

that in order for reaction to occur the alkali atom must approach the iodine 

end of the molecule. The reaction probability is zero if the atom approaches 

the methyl end. 

There have been a number of crossed beam studies of alkali atoms 

and methyl halide molecules.1
-

12
•
18

-
21 All the angular distributions are 

peaked in the backwards direction with respect to the alkali atom. This is 

consistent with orientation studies. If for those collisions that lead to 

reaction the preferred orientation of the methyl iodide molecule is with the 

iodine atom facing the incoming sodium atom then the reaction product will 

most likely be scattered in the backwards hemisphere. This effect will be 

the most pronounced for low impact parameter collisions. As th:e collision 

energy of the alkali atom plus methyl halide systems are increased the 

alkali halide product becomes less backwards scattered. 

The product translational energy distributions are typically broad and 

the peak of these distributions for this family of reactions increases linearly 

with the collision energy. For the reaction ofNa and CH3I (dE'.p'dET) = 0.73 

where E'T is the product translational energy and ET is the collision 

energy. 10 This is the same value as was found for K + CH3f·19 as well as for 

K and Rb + CH3Br.9 The value for Rb + CH3I was 0.5. 
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The translational energy dependence of the total reactive cross 

section of Na + CH3I22 as well as K and Rb + CH3I has been 

measured.6
•
19

•
20

•
23

-
25

• All three systems behave similarly. The Na cross 

section rises from an estimated threshold at 0.05 eV to a maximum at 0.14 

eV. The K cross section peaks at 0.18 with a value of 38A2
• It drops rapidly 

to less than a factor of two of this value by 0.3 eV and declines slowly to "h 

of the peak value by ,1.0 eV. The Rb cross section declines from a value of 

38A2 at the lowest energy measured to a shallow minimum at 0.9 eV at 

which energy the cross section is 35% of the maximum. The cross section 

increases to 40% of the maximum at 1.7 eV, the highest energy measured. 

The cross section of K + CH3Br has been measured to be 3A2 5
• It has 

a threshold of 0.2 eV and appears to increasing up to a maximum at 0.9 eV 

the highest energy measured. Rb + CH3Br has a threshold of 0.1 eV. No 

obvious maximum was seen below 1.4 eV.9 

Bulk rate constants have been measured for alkali metal plus methyl 

halide systems.26
-

28 They confirm two trends. ForM+ CH3X the cross 

section increases through the sequence F < Cl < Br <I and Na < K < Rb. 

See Table 1. 

Fluendy etal. has looked at the inelastic collisions of high energy 

potassium atoms with alkyl halides especially methyl iodide.29
-

31 They 

measured the energy loss spectrum of K and assigned peaks either to 
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electronic excitation of K or the vibrational or mainly electronic excitation 

of RX. They modelled their results in terms of an electron transfer 

either into the cr* orbital on the e-I bond or a higher energy orbital. This 

transfer was followed by the subsequent recapture of an electron either from 

the excited orbital, the highest occupied molecular orbital in the neutral 

molecule or from an inner orbital.'" Recapture in one of these last two cases 

created an excited eH3I and appeared as a translational energy loss of K. 

There is a large body of theoretical work that has been done on M + 

eH3X systems.32-s1 Each of the phenomena discussed above has been 

addressed at least obliquely by theory. 

The primary model for these systems is that an electron jumps from 

the alkali atom to the methyl halide. The lowest available molecular orbital 

in methyl halides is the cr* antibonding orbital on the e-X bond. If an 

electron is transferred into this orbital the e-X bond will break forming 

nascent eH3 + x-. The x- will bond with the M• to form MX. To describe 

the dynamics of this system Kuntz, Mok and Polanyi proposed the DIPR 

(Direct Interaction Product Repulsion) model.34
•
35 In this model after the 

electron is transferred there is a monotonically decreasing e-X repulsion 

which operates predominantly along the e-X axis. They ran simulations in 

which either the charge was allowed to migrate from ex- to e-x or it was 

fixed on the X. In the free ml.gration case the angular distributions were 

forward scattered a la M + X2• However in the fixed case, the one 



applicable to methyl halides the angular distributions are backwards 

scattered. 
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The angular distributions have been the subject of many 

studies.36
•
46

-48·
50

•
51 There is an orientation dependent barrier that is a 

minimum for the head on collision and rises until the methyl end cuts off 

the possibility for reaction. The cones of reactance and non-reactance are 

what yield the backward scattering. As the collision energy is increased the 

more repulsive initial angles are accessed. This, combined with the 

impulsive effects of a high energy collision would result in more forward 

scattering as well as a greater release of translational energy with an 

increase of the reagent collision energy. 

There are several models extant which try to explain the maximum in 

dependence of the reactive cross section upon collision energy and the post

maximum decline. Shin proposed a model in which reactant trajectories are 

reflected back into the reagent valley.37
•
39

•
43 LaBudde etaJ36 proposed a 

model in which the post-maximum decline was due to the recrossing of 

trajectories from the ionic to the covalent potential. Gonzalez Urena 

proposed a transition state model in which the transition state moved as a 

function of collision energy. As the collision energy increased the transition 

state would move into the product valley. 

The experiment Na(38,3P,4D) + CH3Br was performed in our 

laboratory. 18
•
52 The only product found was NaBr. In the ground state the 
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product was strongly back-scattered. Most of the available energy went into 

product translation with the distribution going out to the maximum 

allowable by conservation of energy. As the electronic energy of Na 

increased there was more scattering in the forward direction. The 3P 

translational energy distribution was virtually the same as the 3S 

distribution. The 4D translational energy distribution was broader, 

extending to both higher and lower energies. 

Experimental 

Beam Sources 

These experiments have were performed using two crossed seeded 

beams. The laser used to excite the sodium atoms passed through the 

collision region in the third perpendicular direction (fig. 1). The sodium 

beam was generated with the old stainless steel oven which has been 

described previously. The oven has three separately heated chambers. (Fig. 

2) The sodium reservoir was heated with thermal coaxial cable·to a 

temperature of 525°C. 

The upper part of the oven has a rrlini-conflat flange. The inlet tube 

has a mating flange and the two flanges are sealed with a nickel gasket. 

Seed gases were introduced through the inlet tube. This part of the oven 

._, 
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was radiatively heated by a tungsten ribbon wound around ceramic support 

posts. The operating temperature of the top oven was 550°K. 

A He-N a gas mixture at a total pressure of 450 torr was expanded 

out a 0.007" nozzle. The nozzle tube was heated by thermal coaxial cable to 

a temperature of 630°K. After the expansion the beam was collimated by a 

stainless steel skimmer. To prevent clogging the skimmer was heated by 

thermal coaxial cable. The beam was defined by 0.53 mm x 

1.90 mm collimating slits on the primary differential wall. This yielded a 

1.1 mm high by 3.0 mm wide beam at the crossing center. This reduced 

height was necessary to reduce the transverse doppler broadening of the 

beam when Na was optically pumped. 

The secondary beam was made in a similar manner to what was 

described in chapter 1. For the experiments conducted at a collision energy 

of 23.9 kcallmole 500 torr of helium was bubbled through CH3I kept at 

20°C. For the 28.4 kcallmole experiment the 500 torr of helium was 

bubbled through CH3I kept at -26°C. In both cases the nozzle temperature 

was 201 °C. 

Optical Pumping 

The Na(32P312 f-- 328 112) transition was pumped by the output of a 

Coherent 699-21 cw single frequency ring dye laser. The dye used was 

Rhodamine 6G. The laser was pumped at 5145A by a Spectra-physics 171 



argon ion laser. It was possible to get 900 mW of power at 5892A when 

pumping with 6W at 5145A. With effort over 1000 mW was possible. 

However at these powers saturation effects occurred so that the laser was 

typically run at 200 mW. 
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The laser light entered through the main door of the machine. It 

propagated counter-parallel to and 10 inches below the secondary beam. 

The laser light was reflected up through the scattering center and 

perpendicular to both beams. This arrangement minimized the longitudinal 

Doppler broadening in the sodium beam. 

Fluorescence was monitored at an angle of -12.5° from the Na beam. 

The monitor was used to ensure that both the laser and the Na beam were 

stable. It was possible to fix the laser frequency at the peak of the Na 

transition by locking the frequency to the peak of the fluorescence using a 

lock-in stabilizer. 

There are two ports on the machine that allow. the laser to pass at a 

45° angle with respect to the Na beam. About once an hour a fraction of the 

laser light would be split off and allowed to pass through the 45° while the 

laser would be scanned. The fluorescence from the 45° crossing would be 

Doppler shifted from the fluorescence from the orthogonal crossing. The 

size of the shift would give us the peak velocity of the beam. The ratio of 

the width of the Doppler shifted peak to the amount of the Doppler shift 

would give us the speed ratio of the beam. 

.. 
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The Na 38 and 3P energy levels are shown in figure 3. The laser was 

tuned to excite Na from the F=2 hyperfine level of the ground state to the 

F=3 hyperfine level of the 32P312 excited state. Since the selection rule for 

fluorescence is LlF = 0,±1 atoms in the F=3 hyperfine level of the 32P312 

excited state can radiatively decay only to the F=2 level of the 328m ground 

state. Thus we have an isolated two level system. 

The fluorescence lifetime of the 3P state is 16.9 nanoseconds.53 This 

means that a sodium atom can cycle through the ground and excited states 

many times as it passes through the collision region. The residence time in 

the collision region for a sodium atom for the beam conditions used in this 

experiment is one microsecond. This cycling causes the Na beam to become 

polarized if polarized light is used.54
•
55 

Data Acquisition 

Data is acquired in the same manner as described in chapter 1 with 

the following changes. The gate generator drives a stepping motor to block 

and unblock the laser at a rate of 3Hz. There are now 4 detector channels. 

These are Laser on, secondary beam on (ON.); Laser on, secondary beam off 

(ON_); Laser ofT, secondary beam on (OFF.); and laser ofT, secondary beam 

off (OFF_). For a given measurement at a particular angle the laser on 

signal is given by 

ONSIG = ON. - ON_ 



The laser signal due to the presence ofNa· in the beam is 

EX= ON81a- [(1-f)OFFsiaJ 

f 
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where f is the fraction of Na electronically excited. Since it was not possible 

to find an angle at which there is no excited state signal but there is ground 

state signal it is hard to determine f. In these experiments a value of 0.2 is 

assumed.52 

Results and Analysis 

The reactions 

Na(38) + CH3I ~ Nal + CH3 MI = -13.8 kcal/mol56 (1) 

Na(3P) + CH3I ~ Nal + CH3 MI = -62.3 kcal/mol (2) 

were studied. Both reactions (1) and (2) were studied at a 23.9 kcal/mole 

collision energy. Reaction (1) was also studied at 28.4 kcal/mole. The beam 

parameters are shown in table 2. The newton diagrams are shown in 

figures 4 and 5. Due to poor kinematics lower energies were not tried. 
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The angular distributions are shown in figures 6 and 7. 

These angular distribution were measured at rnle = 23. It is apparent the 

distributions at both energies are back-scattered. Electronic excitation of 

Na leads to no change at the most back-scattered angles. At more forward 

angles there is significant increase in signal. The statistics achieved here 

are better than what was achieved in the Na + CH3Br experiments with 

only 114 the counting time. (Unfortunately that still translates into 18 

hours.) Time of flight measurements were not done as the difference 

between the ground state signal and the excited state signal was so small 

, compared to the signal to noise ratio that it would have rendered those 

experiments intractable. 

The angular distributions were fit using program GM. The fits to 

the angular distributions are shown in figures 8-10. The center of mass 

angular distributions derived [T(9)] are shown in figures 11-13. As expected 

these T(9)'s are more forward scattered than those measured for Na + 

CH3Br. The 28.4 kcaVmol T(9) is more forward scattered than the ground 

state 23.9 kcaVmole distribution. The amount of forward scattered Nai is 

significantly greater for the excited Nathe for ground state Na. 

The center of mass translational energy distributions [P(E)] are 

shown in figures 14-16. The ground state distributions for 23.9 and 28.4 

kcaVmole are nearly the same. What is more surprising is that the P(E)'s 

for the ground and excited state reactions at 23.9 kcaVmole are similar 
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maximum translational energy releases in spite of the fact the excited state 

reaction has 48.5 kcal/mole more energy available to it. In fact the 

translational energy distribution for the electronically excited sodium atom 

reaction peaks 10 kcal/mole lower than the ground state distribution. 

The similarity of the energy distributions in consistent with the 

model of an electron transfer from N a to CH3I. If after the electron transfer 

occurs the interaction between CH3 and I- is governed only by the repulsion 

between the two then this interaction should be unchanged when going from 

ground state Nato excited Na. Furthermore if the interaction between CH3 

and I- is unchanged, then the final velocity of CH3, and by conservation of 

momentum, the final velocity of Nal would be the same for both the ground 

and excited states. For small impact parameters electronic excitation would 

lead to vibrationally excited molecules scattered in the backward direction. 

For higher impact parameter collisions this would lead to rotationally 

excited molecules scattered in the more forward directions. The lowering of 

the peak of the translational energy distribution with increasing electronic 

energy is analogous to what was seen in Na(38,3P,4D,5S) + HC1.57
•
58 

Increasing the electron transfer distance allows the methyl radical to 

separate from the I- ion before the Nai bond is formed thus lowering the 

repulsion between the radical and the closed shell molecule and trapping 

the extra electronic energy in the internal energy of Nal. 
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The increase in forward scattering is consistent with what is 

predicted by the DIPR model.34
•
35 For molecules in which there is ·no charge 

migrati~n increasing rx, the electron transfer distance, leads to more 

forward scattering. The fact that the CH3I reaction is more forward 

scattered than the CH3Br reaction is consistent with the intuitive feeling 

that the larger I atom is easier to attack than a Br atom: Additionally the 

DIPR model predicts an increase in forward scattering for lower C-x

repuls1on. Herschbach59 modified the DIPR model to approximate this 

repulsion. The DIPR-DIP (Qistributed as in Photodissociation) uses 

photodissociation data to model the repulsion and generate energy 

distributions. From photodissociation data it is possible to predict that the 

C-r- repulsion should be lower than the C-Br- repulsion and therefore the 

CH3I reaction should be more forward scattered than the CH3Br reaction. 

An alternative explanation is that increasing the electron transfer distance 

means that the cone of acceptance for CH3I increases. This would occur 

because an excited sodium atom would not have to climb as far up the 

repulsive wall outside the cone of acceptance as would a ground state atom. 

The biggest difficulty with this experiment is the lack of time of flight 

data. It is predicted that the T(9) and the P(E) might be coupled. 

Comparing the ground and excited state laboratory angular distributions it 

is seen that both distributions are identical at the most backwards angles. 

This suggests that the center of mass angular and energy distributions 
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might similar for extreme back scattering. If this is true then the lower 

translational energy component of the excited state distribution appear only 

at the more forward angles. It is impossible to test this without time of 

flight experiments. There would also be the obvious benefit of more 

accurate energy and angular distributions especially at high translational 

energies. 

Since this experiment was done major improvements have been made 

in the machine as discussed in chapter 1. The new molybdenum oven has 

provided a large increase in primary source intensity. The new turbo 

pumps caused a large reduction in the detector background. These 

improvements should make it possible to get angular distributions better 

than those presented here with less than 4 hours counting time and very 

probably less than 1 hour. The improved signal to noise ratio should make 

TOF measurements quite feasible. 

Conclusions 

The reactions of Na(3S,3P) + CH3I proceed via a rebound mechanism. 

The electronic energy is most likely channelled into the internal energy of 

Nai. There is an increase of scattering to forward angles with the increase 

of electronic energy. Both of these features are predicted by the DIPR 



model. The next step if this system were revisited would ,be to do time of 

flight measurements to see if there is coupling between the center of mass 

angular and translational energy distributions. 

57 
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Table 1 

Kinetic data for M + CH3X reactions 

Reactants T(°K) k(cm3molecule-1sec-1
) 

Na + CH3F 804 (2.8 ± o.2) x 10-15 

Na + CH3Cl 801 (2.32 ± o.l2) x 10-13 

Na + CH3Br 817 (9.9 ± 0. 7) X 10-12 

K + CH3F 822 (3. 75 ± 0.52) X 10-14 

K + CH3Cl 817 (2. 7~?> x 10-12 

K + CH3Br 804 (1.64 ± o.13) x 10-11 

Rb + CH3Cl 788-820 (7.1 ± o.7) x 10-12 

Rb + CH3Br 782-871 (2.5 ± 0.3) X 1Q-ll 
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Table 2 

Beam Parameters 

Beam velocity em/sec v/D.v Econ 

Na/He 3.1 X 105 6.0 Both 

CH3I @+20°C/He 7.0 X 104 10.4 23.9 kcaVmole 

CH3I ®-26°C/He 1.5 X 105 11.1 28.4 kcaVmole 
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Figures 

Figure 1: Schematic of the crossed molecular beam machine 

Figure 2: Schematic of the stainless steel seeded supersonic sodium atom 

source. (1) Noble gas inlet tube, (2) Molybdenum flow constrictor, (3) 

Mating mini-conflat flanges with nickel gasket, (4) Top oven, (5) 

Stainless Steel Nozzle heat shield, (6) Nozzle thermocouple, (7) 

Nozzle disc with .007' nozzle, (8) Nozzle thermal coaxial cable 

heaters, (9) Nozzle tube, (10) Stainless steel sodium reservoir heat 

shields, (11) Sodium reservoir, (12)Sodium reservoir thermocouple, 

(13) Sodium reservoir thermal coaxial cable heaters, (14) Sodium 

oven support rods. 

Figure 3: Hyperfine structure of the NaeP312 f-
2S112 ) transition 

Figure 4: Newton diagram for Na(3S,3P) + CH3I ~ Nal + CH3 at a collision 

energy of 23.9 kcaVmole 

Figure 5: Newton diagram for Na(3S) + CH3I ~ Nal + CH3 at a collision 

energy of 28.4 kcaVmole 
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Figure 6: Nai rnle=23 laboratory angular distribution for Na(3S,3P) + CH3I 

at a collision energy of 23.9 kcal/mole 

Figure 7: Nal rnle=23 laboratory angular distribution for Na(3S) + CH3I at a 

collision energy of 28.4 kcal/mole 

Figure 8: The best fit to the Nal laboratory angular distribution for Na(3S) 

+ CH3I at a collision energy of 23.9 kcal/mole. The solid line shows 

the fit to the data. 

Figure 9: The best fit to the Nal laboratory angular distribution for Na(3P) 

+ CH3I at a collision energy of 23.9 kcal/mole. The solid line shows 

the fit to the data. 

Figure 10: The best fit to the Nal laboratory angular distribution for Na(3S) 

+ CH3I at a collision energy of 28.4 kcal/mole. The solid line shows 

the fit to the data. 

Figure 11: Center of mass angular distribution for Na(3S) + CH3I ~ Nai + 

CH3 Econ = 23.9 kcal/mole 
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Figure 12: Center of mass angular distribution for Na(3P) + CH3I-+ Nai + 

CH3 Econ = 23.9 kcal/mole 

Figure 13: Center of mass angular distribution for Na(3S) + CH3I-+ Nal + 

CH3 Ecoll = 28.4 kcal/mole 

Figure 14: Center of mass translational energy distribution for Na(3S) + 

· CH3I-+ Nai + CH3 Econ = 23.9 kcal/mole 

Figure 15: Center of mass translational energy distribution for Na(3P) + 

CH3I-+ Nal + CH3 Ecoll = 23.9 kcal/mole 

Figure 16: Center of mass translational energy distribution for Na(3S) + 

CH3I-+ Nal + CH3 Econ = 28.4 kcal/mole 
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Center of Mass Angular Distribution. 
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Center of Mass Angular Distribution. 
Na(3S) 28.4 kcallmole 
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Translational Energy Distribution. 
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Translational Energy Distribution. 
Na(3S) 28.4 kcal/mole 
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Chapter 3 

Predicting the Outcome of Excited State Sodium Reactions 

Introduction 

When the studies of the reactions of excited sodium began one of the 

goals was to see how putting in a large amount of energy into the reactants 

and changing the potential surface the reactants begin on would affect the 

course of the reaction. The simple harpoon relation 1 

a - 1t •( 14.4 )2 
I.P.-E.A 

where I.P. is the ionization energy of the donor atom in eV and E.A. is the 

electron affinity of the electron acceptor in e V predicted that the cross 

sections should grow rapidly with electronic energy and approach infinity 

when the ionization energy approached the electron affinity. One difficulty 

with this model is the value of the electron affinity. There are three 

commonly used definitions for the electron affinity. One value is the 



86 

vertical electron affinity. This value is the energy difference between the 

neutral potential curve and the anionic potential curve taken at the 

equilibrium bond distance of the neutral molecule. These values tend to 

underestimate the value of the ground state cross section. A second value 

that can be used is the adiabatic electron affinity which is the energy 

difference between the minima of the neutral and anionic potential curves. 

The third value used is the reactive electron affinity. This is similar to the 

vertical electron affinity but is taken at the outer turning point of the 

neutral molecule.2 This produces a result intermediate between the two 

other electron affinities. 

All three models suffer from the same problem. As the electron 

excitation of the donor atom increases the cross section should approach 

infinity. One reason the cross section does not go up as rapidly is that as 

the crossing radius between the covalent and ionic surfaces increases the 

overlap between the electronic wave function on the donor atom and the 

electronic wave function on the acceptor molecule decreases. There are a 

number of methods of calculating the coupling constant.3.4 These methods 

suffer the problem of either requiring knowledge of the anionic potentials to 

calculate the proper coupling constants or requiring the proper value of the 

electron affinity. 

When these stuaies began it was hoped to see a reaction that did not 

occur in the ground state "turn on" in the excited state. Although 

• 
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enhancements were seen in the reactivity of systems in which there was a 

small signal seen in the ground state, no non-reactive systems turned 

themselves on with the exception of Na(42D) + 0 2• Additionally the 

enhancements seen were much smaller than those predicted by harpoon 

models.5 
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Table 1 is a listing of all the sodium atom systems studied in our 

laboratory. The Na electronic energy levels for which signal was seen are 

shown in bold face. As can be seen some systems remained non-reactive 

even when 100 kcaVmole of electronic energy was added. The ground state 

thermodynamics of each system are shown in Table 2.6 As can be seen 

there is no simple correlation between Mf and reactivity. 

A very broad range of systems has been studied. What is desired is a 

freshman chemistry level model that will in a broad way predict the 

reactivity of Na* + AB systems. In particular an experimentalist would like 

a way of predicting which systems will not react. A great deal of effort 

went into studying the non-reactive systems listed. It was necessary to be 

certain that the lack of signal was due to the system being studied and not 

an error in the setup of the experiment. If it is possible to predict whether 

or not reactive signal will be seen then we will have a guide to help us 

decide which systems ought to be looked at. 

The analogy between long-range electron transfer and dissociative 

attachment in electron scattering in electron scattering has been previously 
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noted.5
•
7 Electronically excited sodium atoms can be thought of as a source 

of low energy electrons. In a sufficiently excited atom one might consider 

the interaction between the excited atom and the molecule to be 

independent of the ion core. If a molecule AB has a low energy dissociative 

attachment resonance leading to A- + B then transfer of an electron from 

Na* to the molecule should be facile resulting in Na•A- + B products. 

Dunning and coworkers8
•
9 have studied the collisions of potassium atoms in 

high Rydberg states. They found for the reaction: 

K(nd) + C2Cl4 ~ Cl- + K• + C2Cl3 12SnS100 

that the cross section rises until n=40 and the levels off. The authors show 

that this behavior is what is expected if the Rydberg atom collision 

corresponds to s-wave of free electrons. This demonstrated that collisions of 

sufficiently excited atoms with molecules can be thought of as collisions 

between a molecule and a low energy electron with the ion core acting as a 

spectator. For most of the cases discussed below it is those molecules with 

low energy dissociative attachment resonances that will be reactive. 

Comparison of Reactive and Electron Scattering Data 

Cl2 

Cl2 has a zero e V resonance for Ct production with a cross section of 1 x 

10-16 cm2
•
10 This large dissociative cross section at zero eV is in line with 

the large reactive cross sections. 

·• 
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Hydrogen Halides 

Dissociative Attachment Resonances 

e(eV) a(cm2) 

HF/(F-) >2.411 N.A. 

HCl/(Cl-) 12 0.84 2.7x10-17 

HBr/(Br-) 13 0. 2.7x10-16 

HI/(!-) 13 0. 2.3x10-14 

The large thermodynamic threshold for dissociative attachment to HF is 

consistent with the fact that no reaction was seen for this system. The 

lower threshold for attachment to HCl is consistent with the fact that we 

saw reaction for this system. The signal seen for HBr was much larger 

than that seen for HCl. HI was not studied but according to the 

dissociative attachment data the reactive cross section should be enormous. 

Methyl Halides 

Dissociative Attachment Resonances 

e(eV) a(cm2) 

CH2Cli( Cl-)14 0. a<lxl0-19 

CH3Cli(Cl-) 0. a<lxl0-20 

CH3N0i(N02 -) 0.6 N.A. 

CH3II(l-) 0. 3x10-17 



CH3Br/(Br-) 

CH3CN/(CN-) 

0. 

0. 

2x10-18 

cr<lxl0-21 
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The only methyl halides in which reaction was unequivocally seen were 

CH3I and CH3Br. In these systems the resonance energies are all very low 

but the magnitudes of the cross sections vary. CH3Cl reaction was seen but 

the signal was not strong enough to take an angular distribution. These 

data are consistent with the molecular beam studies of Goldbaum and 

Martin for K atom reactions15 and the data presented in Table 1 of Chapter 

2 of this thesis. 

Oxygen and Ozone 

E(eV) cr(cm2) 

0. N.A.(see chapter 1) 

Threshold 4.5 Max 6. 7 1.3x10-18 

Of the systems studied the 0 2 system is the most difficult to 

understand. Reactive scattering was seen only when Na is excited to the 

42D512 state.5
•
17

'
18 The 528 112 state did not react even though it has nearly the 

same electronic energy. It is important to note that in addition to the 

dissociative attachment resonance 0 2 has extensive transmission resonance 

structure corresponding to both elastic and inelastic scattering of electrons. 

This reactive system can nonetheless be explained in terms of electron 

scattering data. When an electron is transferred from Na* to 0 2 into a state 
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corresponding to a transmission resonance a long lived Na•02 complex is 

formed. Since the ground state reaction is strongly endothermic the 

complex decays back into the Na(32S) + 0 2 channel. Any electron transfer 

into a state corresponding to a transmission resonance will yield the 

quenching channel rather than the reactive channel. Thus in order for 

reaction to occur the electron must not be transferred at long range. When 

the sodium atom is excited to the 42D level with the d orbital polarized 

perpendicular to the relative velocity vector and undergoes a collinear 

collision with 0 2, the electronic state of the Na*-02 system has L\ symmetry. 

This enables the excited electron to avoid being transferred to 0 2. If the 

N a • can undergo an impulsive collision the electron can be transferred at 

close range to the c( anti bonding orbital of 0 2 yielding the repulsive 2~ 

state of 0;. 19 It should be noted that short range effects of this type are 

really beyond the scope of this simplistic model. 

Other Oxygen Containing Molecules 

E(eV) ·a-(cm2) 

N0j(0-)2o 1.61 N.A. 

NOj(NO-) 3.11 N.A. 

NOj(Oa) 4.03 N.A. 

H20/(H-)21 7.0 1.2x10-21 

H20/(0-) 7.0 l.Ox10-19 



H 20/(0H-) 

N20/(0-) 

C0/(0-)22 

6.5 

2.3 

4.4 

1.3x10-18 

1x10-17 

1.43x10-19 

The reaction of ground state sodium with N02 yields NaO +NO. 
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This reaction proceeds via a long lived complex. Since this reaction is only 

slightly endothermic the complex can decay to NaO +NO. No evidence of 

transmission resonances was found in the literature. However since the 

highest occupied molecular orbital in N02 is the half-occupied 6a1 orbital it 

is likely that such resonances exist. These resonances would most likely 

attach smoothly to the o- dissociative attachment resonance at 1.61 eV. 

This comparatively low lying resonance rationalizes the reactivity of N02 

and the NaO product. 

H20 and C02 did not react because the resonances at 4.4 and 6.5 eV 

are too high to contribute to reactions. Signal was seen for the very 

exothermic N 20 reactions however the signal seen was very weak. The fact 

that the resonance is at 2.3 eV makes it appear that the only reason that 

we can see a reaction is the large cross section for this resonance. 

11£H.2 

e(eV) 

3.8 

·• 

.. 
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3.8 

These molecules have high energy dissociative attachment resonances with 

minuscule cross sections. This is consistent with the fact that no long range 

electron transfer reaction was seen with this system. 

Predictions 

If this model is valid then it should be possible to predict the outcome of 

experiments on systems that have not been tried. 

E(eV) cr(cm2
) 

, NF :/(F-)23 0. 2.1x10-18 

SF/(F-?4 2.4 5.8x10-18 

SF sf( F-) 0. 4.5x10-16 

SF/(SF;-) 0. 4x10-14 

SOj(Q-) 4.5 8x10-18 

SOj(S-) 4.0 (2.5 eV onset) 3x10-19 

SOj(SQ-) 4.6 1x10-17 

CSj(S-)25 2.5eV onset N.A. 

COS/(8-)26 1.15 N.A. 

(CN2)/(CN-)27 2.7 (1.5 eV onset) 10-14_10-15 
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The reaction Na* + NF3 ~ NaF + NF2 should occur because NF3 has a 

low lying resonance with a large cross section. There should either be no 

reaction or only a small reaction with CS2 because the resonance is too high 

in energy. There is the possibility of see the reaction Na· +COS~ NaS + 

CO because the resonance is only at 1.15 eV. The new sodium oven 

discussed in chapter 1 might allow this experiment to be successful. The 

S02 should not react because the onset of its lowest energy resonance is 2.5 

eV and because that resonance has a small cross section. There should only 

be a weak reaction with the pseudohalogen (CN2)2 due to its high 

dissociative attachment threshold. It is possible that a sensitive experiment 

might see the reaction 

Na(42D) + (CN2)2 ~ NaCN + CN* because the peak of the resonance has been 

correlated with the process 

(CN2 )2 + e- ~ CN- CN*en) 

There are two likely reaction channels for N a • + SF 6 • The most 

important one would correlate to the enormous cross section for electron 

attachment to SF6 producing SF;;. The angular distribution for this channel 

should have substantial forward-backward character for very high electronic 

energies. There should also be a substantial amount of the channel 

Na· + SF6 ~NaSF5 + F corresponding to the zero energy dissociative 

attachment resonance. This channel should have a forward-scattered 
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angular distribution. As a practical matter unless NaSF5 can be detected at 

the parent mass or at a mass other than rnle=23(Na•) or rnle=42(NaF•) this 

channel is likely to be overwhelmed by the NaF channel. 

Vinyl Halides and Halobenzenes28 

Vinyl Chlorides 

E(eV) 

C2Cl/(Ct) 0. 

C2Cl3H/(Cl-) 0.6 

1, 1-C2Cl2H/( Cl-) 0.8 (broad) 

trans-C2Cl2H/( Cl-) 0.9 (narrow) 

cis-C2Cl2H/(Cl-) 1.1 

C2ClH/(Cl-) 1.3 

The first four compounds should be reactive and produce NaCl. The 

signal should decrease as you move down the table. There are no absolute 

cross sections published for these resonances but it may be possible to see 

reaction if the cross section is large enough. 

Vinyl Monohalides 

C2H3I/(l-) 

C2H3Br/(Br-) 

E(eV) 

0. 

0.9 



CJI3Cll( Cl-) 

CJI3F/{F-) 

1.3 

2.2 

From this data one would predict crr CJI3l>>CJI3Br>C2H3Cl. There 

should be no reaction with C2H3F. 

Halobenzenes and paradihalobenzenes 

e(eV) 

C6H5l/(l-) 0. 

C6H5Br/{Br-) 0.8 

C6H5Cl/{Cl-) 1.0 

p-C6H,I/(I-) 0. 

p-6H,Br /(Br-) 0. 

p-C6H,Cl/(Cl-) 0.4 
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This data suggests that reaction with p-C6H4I2, C6H5I, p-C6H4Br2 and p

C6H4Cl2 should be easily seen. There should also be a reaction with C6H5Br 

and C6H5Cl but with a smaller cross section. No resonances were seen with 

either C6H5F or p-C6H4F 2 so these molecules should not react. 

It is interesting to consider what other phenomena this model 

predicts. There are isotope effects in the dissociative attachment of 
.. 
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hydrogen halides. 13 In particular cr(HI/r-)/<J{DI/I-)==2. Therefore there 

should be an isotope effect in the reaction 

Na(3S,3P,5S,4D) + HI(DI) ~ Nai + H(D) 

This effect should increase with increasing electronic energy. 

Conclusions 
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It has been shown that there is a strong correlation between the 

reactive scattering of Na· and electron scattering. In particular reactive 

scattering of Na· will be seen with a molecule if that molecule has a 

dissociative attachment resonance below -1.5 eV with a cross section 

greater than lxl0-18 cm2
• The new oven may lower the latter number. 

Additionally if a molecule has a low lying transmission resonance then that 

molecule will react if the ground state reaction is exothermic or mildly 

endothermic. 

In short comparison with electron scattering subsumes the problems 

of the proper electron affinity, the potential curves of the ions, and the 

coupling constants. 

Some weaknesses in this model should be pointed out at this time. 

This model only addresses long range electron transfer. If the reaction is 

impulsive, if the reaction proceeds via a neutral-neutral adduct, or if the 

electron transfer is a gradual one occurring smoothly over a range of M*-AB 
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distances and configurations then this model is no longer applicable. 

Additionally we are exciting only the n=4 and n=5 electronic energy levels. 

The electron still has a high expectation value for its kinetic energy. We 

are not yet in the regime where the interaction of the ion core may be 

entirely ignored. This is a very simple construct designed to give a 

qualitative feel for a wide range of reactions. It is not intended to be a 

substitute for more sophisticated theoretical methods.29 

. .. 

.. 



Molecule 

HCl 

HBr 

CH3Cl 

CH3Br 

CH31 

Cl2 

N02 

C02 

H20 

.. 

Table 1 

N a· Systems Studied 

(continued on the next page) 

Levels Studied 

Reactive Levels 

Underlined 

3S13P 15S14D 

3S13P 

3S,3P 

3S13Pa4D 

3S13P 

3S13P 

3S13P15Sa4D 

3S,3P 

3S,3P,4D 
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Product 

NaCl 

NaBr 

N.R. 

NaBr 

Nal 

NaCl 

NaO, Na02 

N.R. 

N.R. 
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Table 1 Continued 

Molecule Levels Studied Products 

NO 3S,3P,4D N.R. 

N20 3813P14D NaO 

D2 3S,3P,4D N.R. 

02 3S,3P ,5S,4D NaO 

03 38 NaO 

CH3CN 3S,3P N.R. 

CH2Cl2 3S,3P N.R. 
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Table 2 Thermodynamic Properties6 

Energy(eV) 

Na (328 112) ~ Na (32P312 ) 2.1 

~ Na (42D512) 4.3 

~ Na (528 112) 4.1 

~ Na• + e- 5.14 

Na (328 112) + HCI ~ NaCI + H 0.20 

+ HBr ~ NaBr + H 0.0 

+ HF ~ NaF + H 0.56 

+HI~ Nal + H 0.05 

+ CH3Cl ~ N aCI + CH3 -0.60 

+ CH3Br ~ NaBr + CH3 -0.89 

+ CH31 ~ Nal + CH3 -0.60 

+ CH2Cl2 ~ N aCI + CH2Cl -0. 60( est.) 

+ CH3CN ~ NaCN + CH3 0.80 

+ N20 ~ NaO + N2 -0.90 

+NO ~NaO+N 4.0 

+ N02 ~ NaO +NO 0.3 

~ Na02 + N 2.8 

.. + H20 ~ NaO + H2 2.5 

~NaOH +H 1.5 



Table 2 continued 

+ Cl2 ~ N aCI + Cl 

+ 0 2 ~ NaO + 0 

+ C02 ~ NaO + CO 

+ D2 ~ NaD + D 

E(Ev) 

-1.7 

2.5 

2.9 

2.5 

102 
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Chapter 4 

. The Photodissociation of N02Cl at 248 and 308 nm 

Introduction 

Compounds of the type N02X especially N02Cl and HN03 (N02-0H) 

are important to the study of ozone in the atmosphere and to the study of 

photochemical smog. 1
-
9 HN03 is a major sink for OH and N02 both of 

which can destroy ozone catalytically. The photodissociation cross sections 

and the probabilities and natures of the photodissociation channels are 

required to model the effect of these compounds on the ozone layer and in 

the chemistry of smog. 

The structure of N02Cl is shown in figure 1.10 N02Cl is a molecule of 

C2v symmetry. The absorption spectrum is shown in figure 2. 11
•
12 The 

assignments shown are based on an analogy to the HN03 spectrum13
'
14 and 

are taken from Oh15
• The transition at 248 nm is a n~1t· transition whereas 



_ .. 

107 

the 308 nm transition is a cr~1t· transition. Both transitions are located on 

the N02 moiety. 

There has been very little work done on the photodissociation of 

N02Cl. Nelson 12 measured the quantum yield of Cl atom _at 351 nm to be 

0.93 ± 0.15 and the quantum yield of 0 atom to be less than .02. 

In a series of experiments that are complementary to the work 

reported here Oh15 and Sisk16 measured the _photolysis induced fluorescence 

(PIF) of N02Cl at 193, 248, and 266 nm. They found that the quantum 

yield for electronically excited N02 (N02* = A~2, B2B2) is 0.03 ± 0.03, 0.70 ± 

0.20 and 0.90 ± 0.50 respectively. The decrease in the N02* yield at high 

energy is attributed to the formation of the NO + 0 + Cl channel. This 

channel may be arrived at in three ways 

1) The secondary dissociation of N02 

N02Cl + 193 nm ~ Cl + N02(X,A,B) ~ Cl + NO + 0 

2) The secondary dissociation of NOCl 

N02Cl + 193 nm ~ NOCl + 0 ~ NO + 0 + Cl 

3) The three body dissociation of N02Cl 

N02Cl + 193 nm ~ NO + 0 + Cl 

By dispersing the fluorescence from N02* Oh and Sisk obtained internal 

energy distributions for N02* (figure 3). 

There is much more data available for the photodissociation of N02Cl 

analogues especially HN03 •
17

-
27 Johnston etal. 19 studied the 
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photodissociation of HN03 at wavelengths ranging from 200 nm to 300 nm. 

They concluded that the photodissociation occurred through the channel 

HN03 + hv ~ OH + N02 

with a quantum yield of one. A later measurement by Jolly etaP2 found a 

quantum yield of 0.89 ± 0.08 for N02 at 222 nm. 

More recent measurements have uncovered other channels. 24
-

27 In a 

series of measurements Stuhl and coworkers discovered that the channel 

HN03· + 193 nm ~ HONO + 0 

occurs. They concluded that HONO is formed in the triplet state. They 

were also the first to observe the production of N02 •• However they 

concluded that this was a minor channel. Nelson etal26 found that the 

quantum yield for OH at 193 nm was .42. They did not identify what the 

other channels were. 

The photodissociation of HN03 at 193 nm was studied in our 

laboratory. The analysis of the data is incomplete but the HONO channel 

has been tentatively identified and the quantum yield is on the order of 0.5. 

HN03 was also studied at 248 nm. This data is unanalyzed but there is no 

evidence of HONO formation at this energy. 

Crim and coworkers have studied the vibrationally mediated 

photodissociation of HN03 • 
28

-
32 By using a 755 nm photon to excite the 

third OH stretching overtone and a 355 nm photon to dissociate the 

molecule they were able to compare the dynamics of a vibrationally excited 

•. 
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molecule with that of a vibrationally cold molecule excited with an 

energetically equivalent 241 nm photon. They found that both excitation 

schemes deposited over three-quarters of the available energy into N02• 

Direct photolysis resulted in more N02 internal energy than vibrationally 

mediated photodissociation. The two-color experiment directed more energy 

into translation. This was ascribed to the fact that direct photodissociation 

accesses a potential energy surface that correlates to electronically excited 

N02 whereas vibrationally mediated photodissociation will more often excite 

a potential energy surface that correlates to ground state N02 • 

August etal33
•
34 has done some highly detailed studies of correlation 

effects at 280 nm. They found the value of~' the anisotropy parameter to 

be 0.4, 1.0 > ~ > -0.5 Simple consideration of the symmetries of the 

molecular orbitals involved in this electronic transition shows that this 

should either be a perpendicular or forbidden transition. The authors 

resolve this conflict by pointing out that Walsh's rules predict a pyramidal 

configuration for the excited state. If the excitation is mediated by the 

0-N-O(H) out of plane bend then the vibronic transition will become 

parallel. 

The photolysis of N20 5 has been studied by several groups. 11
•
35

-
37 It 

was found that the quantum yield of N03 was one at all wavelengths. Oh37 

found that by changing the wavelength the relative contributions of the 

following three channels changed 



N20 5 + hv ~ N03 + N02 

N20 5 + hv~ N03 + N02 • 

N20 5 + hv~ N03 +NO+ 0 
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The third channel was predominant at 248 nm with a quantum yield 

of 0. 72 and non-existent at 305 nm. The second channel rose from a yield of 

.03 at 305 nm to .25 at 266 nm. The energy distribution of N02• was 

smooth. The presence of the channel 3 is ascribed to the secondary 

dissociation of N02•• Oh argues that the N02 was formed entirely in the ~1 

state. 

Butler etal38
'
39 studied the photodissociation of CH3N02 at 193 nm. 

They concluded that the photodissociation occurs by two channels 

. • 2 
CH3N02 + hv ~ CH3 + N02 B2 

~ CH3 +NO+ 0 

The NO+ 0 channel occurs via the secondary dissociation of N02•• They 

found that the anisotropy parameter for the photodissociation was ~=-0.3 

There has been some theoretical work done on the structure of N02-X 

compounds. 13
•
14

•
40

-4
7 Most of this work has been done on calculations of the 

ground state. The generally accepted electron configuration is 

are out of the 4b2, 6a1, and 1a2 orbitals and into the unoccupied 3b1 orbital. 

By analogy with the diabatic correlation diagram published by Sinha32 the 

1a2, 4b2 and the excited 3b1 orbitals on N02Cl would correlate with the 1a2, 
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4b2, and the excited 2b1 orbitals on N02• The 6a1 orbital carries the bonding 

on the N-Cl bond and correlates with the singly occupied 6a1 orbital on N02 

and the singly occupied o orbital on OH. 

Different calculations have suggested different views of the N02Cl 

molecule. Destro etal46 suggest that both N and Cl carry a positiv~ charge 

implying that the ground state has charge transfer character. Kleier14 

found that R-N02 molecules have singlet biradical character. Marynick44 

calculated the lowest triplet levels for a series of R-N02 compounds .. 

Although the calculated splitting was very sensitive to the basis set, he 

found that the splitting was proportional to the electronegativity of the 

atom attached to the nitrogen. His best calculation gave a splitting of 3.75 

eV for HN03 and 3.99 eV for FN02• This implies that some of the excited 

molecules may have triplet character. 

The best calculation to date was done by Bai and Segal43
• They found 

that the first excited state was bent with the 0-H bond twisted 90° from the 

plane of the ground state HN03 molecule. The lowest excited state 

adiabatically correlates with ground state N02 and the next two excited 

states adiabatically correlate with N02" B2B1• This calculation was in 

agreement with the argument of Auguse4 that the forbidden electronic 

transition is made into a parallel vibronic transition by an out of plane 

bending vibration. 
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Frost and coworkers48 have measured the photoelectron spectrum of 

N02Cl, N02F, and HN03• They confirm the assignments in general for 

HN03 and FN02• For ClN02 that the highest occupied molecular orbitals 

were the plt and Po orbitals on the chlorine atom. These would have B2 and 

B1 symmetries respectively and would correlate to the 3b2 and 1b1 orbitals 

in HN03 • These high energy nonbonding orbitals on chlorine imply the 

possibility of a charge transfer absorption. 

Experimental 

The experiment was performed on the same machine that was 

discussed in chapters 1 and 2. Several modifications were made to do 

photochemistry (figure 4). Light from a Lambda-Physik EMG-103 MSC 

excimer laser was focused to a .25cm x .35cm rectangular spot where it 

intersected the N02Cl beam. The experiment was performed in a coplanar 

geometry in which the laser intersected the molecular beam orthogonally in 

the plane of the detector's rotation. Two pieces of wire mesh were used in 

the 248 nm experiments to cut down on two photon effects. Measurements 

inside the machine showed that 13 mj/pulse were delivered to the scattering 

center. The absorption cross section at this wavelength is 1 x 10-18 cm2
.
11

•
12 

This means that we photodissociate 17% of the molecules in the beam. At 

308 nm 20 mj/pulse was focussed to a .35cm x .27 em spot. The absorption 
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cross section at this wavelength is 1.4 x 10-19 cm2
• This means we dissociate 

4.6% of the molecules in the beam. 

The N02Cl was synthesized by Daniel Oh of the Johnston group. The 

synthesis is described in his thesis and in reference 49. Briefly, dried HCl 

was passed through a mixture of 25 ml 90% nitric acid, 60 ml 95% sulfuric 

acid and 70 ml 30% fuming sulfuric acid. The product was collected in a 

trap at 196 °K. The product was distilled from 175 °K to 77 °K to remove 

Cl2 the predominant impurity. For the 308 nm experiments special care 

was used to remove Cl2 as Cl2 absorbs at this wavelength and interfered 

with the rnle=35 signal. 

The molecular beam was formed by bubbling helium through nitryl 

chloride held in a cold trap at -63 °C. The mixture was expanded through 

a heated .003" nozzle. In place of the usual defining slits a second skimmer 

was used to define the beam to a 2 mm diameter at the intersection region. 

The beam parameters were measured in the same manner as described in 

chapter 1. The beam conditions and parameters are shown in table 1. 

A pulse from the laser controller triggered the multichannel scaler. 

Signal was measured at one microsecond resolution. the laser was run at 75 

- 100 Hz. Typically 200,000 shots were measured at each angle and mass. 



Results and Analysis 

248 nm 

rnle=35 

114 

The times of flight taken at rnle=35 (Cl+) are shown in figures 6-11. 

The data was fit by the forward convolution method using ROTDET.FOR a 

specially modified version of CMLAB2.FOR50 that was altered to analyze 

data taken the rotating detector geometry. The translational energy 

distributions, P(E)'s, are point form and freely adjustable. The angular 

distribution is of the form 

T(8) = 1 + 2~P2[cos(8)] 

where P2 is the second legendre polynomial, e is the angle between the 

electric vector of the exciting light and the recoil direction of the products in 

the center of mass frame of reference, and ~ is the anisotropy parameter 

and ranges from -0.5 for a perpendicular transition to +1.0 for a parallel 

transition. 

The possible channels are listed below and in table 2. 

They are illustrated in figure 5. 

Channel Kcal/mole51 

N02Cl ~ N02 (X
2A1) + Cl(2P312) 33.9 

~ N02 (A 2J32) + Cl(2P 312) 61.8 

~ N02 (B
2B 1) + Cl(2P 312) 76.4 
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-+ NO (X21t) + ClO (X2.l:) 43.0 

-+ NOCl (X) + oeP) 68.9 

-+NO (X21t) + oeP) + CleP312) 107.1 

The spin-orbit splitting of Cl is 881 cm-1
• This splitting cannot be resolved 

in this experiment 

The fits to the times of flight are included in figures 6-11. The 

translational energy distribution P(E) is shown in figure 12. Three clear 

channels can be identified. The high translational energy component can be 

ascribed to the production of Cl atom and ground state N02• The bulk of 

the signal is ascribed to the production of Cl atom and excited N02• There 

is some structure in the excited state fit. This can be the production of the 

A2B2 and B2B1 states. These peaks are so strongly overlapped that they are 

not separated into components. Each of these times of flight has a low 

energy tail. This was fit with a distribution ascribed to the production of a 

minor 0 + NOCl channel. The mle=35 (Cl+) TOF's are the best 

distributions to make measurements of branching ratios and energy 

distributions. Since the product being detected is an atom there are no 

complications from an internal energy dependent ionization cross section or 

fragmentation pattern. The quantum yield for the production of N02 • is 

0.66. This compares favorably with the results of Oh discussed in the 

introduction <l>(N02*)=0.7 ± 0.2. The quantum yield for ground state N02 is 

0.32. The yield of NOCl is 0.022. The ~ parameters for the three channels 
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are 0.97, 0.95 and 0.78 respectively. These results are summarized in Table 

3. The ~ parameters are those which allow the best fit at the most angles 

at rnle=35. Due to the mediocre signal to noise of the experiments the 

counting time at each angle was about one hour. This was longer than the 

lifetime of a gas fill of the laser. Since the laser power would decline 

significantly during the course of a measurement the integrated time of 

flight distributions were not reliable measurements of the angular 

distributions. 

rnle=46 (N02j 

The time of flight distributions taken at rnle=46 are shown in figures 

13-17. A different P(E) (figure 18)was used to fit these distributions. This 

is necessary because the highly excited N02 * has an energy dependent 

fragmentation pattern. Since N02 produces mostly NO+ upon electron 

impact ionization the N02+ fraction produced is highly dependent upon 

internal energy. This would result in a loss of N02+ from vibrationally 

excited N02• 

Another factor present is the possibility of spontaneous secondary 

dissociation from highly excited N02 * 

N02Cl + 248 nm ~ Cl + N02* ~ Cl +NO+ 0 

This channel should occur for all relative translational energies below 8 

kcallmole. 
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mle=30 (NQ•) 

These distributions are fit with the same energy distributions and 

anisotropies used to fit the mle=35 times of flight (figures 19-23). The only 

difference between these fits and the mle=35 fits is that the contribution of 

N02 • has been increased by a factor of 13% to reflect the different ionization 

cross-sections of ground state and excited N02• The effect of secondary 

dissociation was examined at this mass. Even for the most extreme and 

unrealistic secondary distributions used the contribution of secondary 

dissociation was very small and did not change the calculated distribution. 

Since the energy available is very small the velocity of NO produced by 

secondary dissociation is not going to be very large. 

mle=16 (Q•) 

The signal to noise ratio at rnle=16 was so poor that the full power of 

the laser was used. This would result in 84% of the molecules dissociating. 

The distributions are shown in figures 24-27. Their are four components in 

the fit. The peak is from ground state and excited N02• The tail is o• 

production from NOCI and the leading edge is the momentum matched 

oxygen atom contribution. The P(E)'s and anisotropies are the same as 

those used to fit mle=35. The only change is in the relative contributions of 

each channel which reflects the differing ionization cross sections and 

fragmentation patterns of the different channels. 
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The leading edge of these TOF's shows the effect of two photons being 

absorbed. This is not a surprise as the absorption cross section of N02 • is 

expected to be quite large. Two photon effects were seen in other 

experiments. 15
•
16 

rnle=51 and rnle=65 

Signal was looked for at rnle=65 which corresponds to the parent 

mass of NOCl but not found. An attempt was made to detect ClO+ however 

no signal was seen either. 

The extremely parallel nature of the N02 + Cl channels is difficult to 

explain. The transitions out of what are thought to be the three highest 

orbitals are either perpendicular or forbidden in C2v symmetry. August34 

measured a 13 of 0.4, 1 > 13 > -0.5 for HN03 at 280 nm. As discussed in the 

introduction they invoked the mediation of the out of plane bending of the 

excited molecule to produce a parallel vibronic transition. This cannot 

explain our results. The anisotropies measured are much to high to result 

from the deformation of the molecule. An alternative can be found in the 

results of Frost48
• By measuring the photoelectron spectrum of N02Cl he 

found that the highest occupied molecular orbitals were the non-bonding p 

orbitals on the chlorine atom. The Pa orbital lying in the plane of the 

molecule has B2 symmetry. Excitation of one electron out of this orbital into 

the b1 would result in a state of A2 symmetry. This pure electronic 

transition would be forbidden. The P~r orbital which is perpendicular to the 
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plane of the molecule has B1 symmetry. This excitation would lead to a 

state of A1 symmetry. This would be the parallel transition that is needed 

to explain these results. 

These considerations suggest the following picture of the 248 nm dynamics. 

A parallel charge transfer transition excites an electron off the chlorine · 

atom into the antibonding orbital on N02• This state would have 

predominantly c1•-N02- character. T~e excited state undergoes rapid 

predissociation to Cl and N02 (X,A,B). 

These experiments suggest three new measurements to be taken. An 

accurate determination of the angular distribution would be useful to 

confirm or refute the anisotropies determined. A measurement of the 

rnle=16 distribution at low laser powers would be useful in confirming the 

presence of the 0 + NOCl channel at this wavelength. It would also make 

it easier to fit the high energy part of this distribution thus making it easier 

to disentangle the contributions of NOCl and N02 • in the rnle=30 and 

rnle=35 spectra. Thirdly it would be useful to study the photodissociation of 

N02F. This molecule has a similar structure to N02Cl and has the same 

number of valence electrons but the nonbonding p electrons on the fluorine 

atom are at a lower energy. The ordering of the orbitals for this molecule is 

expected to be more like that of HN03• 

A motivation for this experiment was to provide data for comparison 

with photolysis induced fluorescence experiments. 15
•
16 The agreement 
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between the excited state N02 plus Cl energy distribution is quite good 

(figures 28,29). However the PIF experiments are insensitive to the 

production of ground state N02 and cannot take account of the production of 

other channels. It also has difficulty with the secondary dissociation of 

No2·· 

308 nm 

The time of flight distributions taken at rnle=35 are shown in figures 

30 through 35. The two major channels are Cl + N02 ()(2 A1) and Cl + N02 •• 

There is no structure present in the excited state distribution. The 

maximum translational energy for the excited state is 22 kcal/mole. The 

energy available for the production of the B2B1 excited state of N02 is 16 

kcallmole. The narrowness of the distribution suggests that most of the 

excited product is in this state. As in the 248 nm experiment NOCl + 0 

occurs as a minor channel. 

The P(E) used to fit these distributions is shown in figure 40. The 

quantum yield for the production of excited state N02 is 0.28. The yield for 

ground state N02 is 0.70 and the yield ofNOCl is 0.015. The anisotropies of 

these channels are 0.6, 0.6 and 0.4 respectively. These results are 

summarized in table 4. 
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The momentum matched time of flight 

distributions taken at mfe=30 are shown in figures 36-39. The same 

translational energy distributions and anisotropies were used to fit rnle=30 

data as was used to fit rnle=35 data. The relative contribution of the 

excited state N02 distribution was increased by 10%. This is very similar to 

the 13% enhancement used to fit the 248 nm data. 

The dynamics of the photodissociation are likely to be analogous to 

the 280 nm photodissociation seen by Auguse4 and discussed by Bai43
• A 

perpendicular or forbidden electronic transition becomes an allowed parallel 

vibronic transition. The lowest excited surface adiabatically correlates to 

the ground state of N02• Production of excited N02 results from excitation 

to the second excited surface which is called the 21A' state in HN03 and 

correlates to the B2B1 state of N02• 

·Conclusions 

The excitation of N02Cl at 248 nm generates a short lived charge 

transfer-state that predissociates primarily to Cl atom and both ground 

state and excited N02• This charge transfer state is not seen in other 

N02-X molecules studied because of the unusually high energy of the 

nonbonding 1t electrons on the Cl atom. The 308 nm excitation on the other 
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·and is mediated by the out of plane bending motion of the excited molecule. 

This photodissociation generates mainly chlorine atom and the ground and 

excited B2B1 states of N02 

Substituent effects can have a dramatic effect on the electronic 

structure of X-N02 molecules. Different substituents alter the orbitals 

available for excitation and hence the change the dynamics of excited 

X-N02• The photod1ssociation of N02F would be an extremely interesting 

experiment to compare and contrast with these studies. 
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Table 1 

Beam Parameters 

0 

A. stag. bath nozz. temp. V0 em/sec vof!J.v 

press. temp. 

248 nm 325 torr -63°C 105°C 1.08 X 105 9.1 

308 nm 325 torr· -63°C 18°C 9.76 X 104 9.4 
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Table 2 

Possible Photodissociation Channels for N02Cl 

Channel Kcallmole51 nm 

N02Cl ~ N02 (X2Al) + CieP312) 33.9 835 

~ N02 (A2J32) + CleP312) 61.8 462 

~ N02 (B2Bl) + CleP312) 76.4 376 

~NO (X21t) + CIO (~l:) 43.0 665 

~ NOCl (X) + oeP> 68.9 415 

~ NO (X21t) + oeP) + CleP 312) 107.1 270 
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Table 3 

248 nm channels 

NO* N02 NOCI 2 
.. 

<I> 0.66 0.32 .022 

~ 0.97 0.95 0.78 
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Table 4 

308 nm channels 

No2• N02 NOCl 

ct> 0.28 0.70 .015 

~ 0.60 0.60 0.40 . 



Figures 

Figure 1: The Ground State Structure of N02Cl. 

132 

Figure 2: The Ultraviolet absorption Spectrum of N02Cl. The assignments 

are taken from reference 15. 

Figure 3: The Translational energy distribution of Cl + N02* derived from 

photolysis induced flourescence experiments taken from reference 16. 

This distribution is changed from an internal energy distribution to a 

translational energy distribution to facilitate comparison with time of 

flight (TOF) results. 

Figure 4: Crossed laser-molecular beam machine used in this experiment. 

For more details see chapters 1 and 2 and references therein. 

Figure 5: Energy Diagram of N02Cl. Energies are taken from reference 51. 

Figure 6: Time of flight distribution taken at rnle=35 (Cl+) for photolysis at 

248 nm with the detector 10 degrees from the N02Cl beam. The 

open circles are data points. The chain dashed line (leading edge) is 

the Cl + ground state N02 channel. The dashed line which makes up 
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the bulk of the peak is Cl + excited N02. The slow part of the peak is 

0 + NOCl. The heavy straight line is the sum of the channels. 

Figure 7: 248 nm rnle=35 20 degrees 

Figure 8: 248 nm rnle=35 30 degrees 

Figure 9: 248nm rnle=35 40 degrees 

Figure 10: 248 nm rnle=35 50 degrees 

Figure 11: 248 nm rnle=35 60 degrees 

Figure 12: Translational energy distributions P(E) derived from rnle=35 and 

rnle=30 data. The distributions are normalized to have an area of 

one. 

Figure 13: 248nm rnle=46 (N02 +) 10 degrees 

Figure 14: 248nm rnle=46 20 degrees 

Figure 15: 248nm rnle=46 30 degrees 



Figure 16: 248nm rnle=46 40 degrees 

Figure 17: 248 nm mle=46 50 degrees 

Figure 18: P(E)'s derived from mle=46 

Figure 19: 248nm mle=30 (NO+ from N02 fragmentation) 10 degrees 

Figure 20: 248nm rnle=30 20 degrees· 

Figure 21: 248nm rnle=30 30 degrees · 

Figure 22: 248nm rnle=30 40 degrees 

Figure 23: 248nm rnle=30 50 degrees 

Figure 24: 248nm rnle=16 (Q+ from 0 atom and N02 and NOCI 

fragmentation) 10 degrees 

Figure 25: 248nm mle= 16 20 degrees 

Figure 26: 248nm rnle=16 30 degrees 
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Figure 27: 248nm mle=16 40 degrees 

Figure 28: Translational energy distributions derived from mle=35 times of 

flight and from photolysis induced fluorescence. The areas under 

the TOF P(E) curves are normalized to the branching ratios. 

Figure 29: P(E)'s derived from rnle=46 TOF and the P(E) derived from PIF. 

Figure 30: 308nm mle=35 10 degrees 

Figure 31: 308nm rnle=35 20 degrees 

Figure 32: 308nm rnle=35 30 degrees 

Figure 33: 308nm rnle=35 40 degrees 

Figure 34: 308nm mle=35 50 degrees 

Figure 35: 308nm mle=35 60 degrees 

Figure 36: 308nm mle=30 10 degrees 
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Figure 37: 308nm rnle=30 20 degrees 

Figure 38: 308nm rnle=30 30 degrees 

Figure 39: 308nm m/e 30 40 degrees 

Figure 40: Translational energy distributions derived for 308 nm photolysis 

from mle=35 and mle=30 data. 
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