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ABSTRACT 

This dissertation presents results on the study of the temperature and internal state 

dependence of ion-neutral reactions. The free jet flow technique is used to measure rate 

coefficients for several reactions at ultralow collision energies near I K. The technique, 

and the unique considerations of free jet flow are considered. The method of analysis of 

the data obtained from the free jet reactor is also presented. The measurement of reaction 

rate coefficients for several fast reactions is reported. These studies demonstrate the utility 

of the technique as various types of reactions which occur at the collision rate are studied. 

Reactions which do not occur at the collision rate have also been studied. Several slow 

reaction rate coefficients of the atomic ion Ar+ are measured, and the data acquired from 

the free jet flow reactor aids in the elucidation of the reaction mechanisms for these 

systems. The slow reaction between C2H2 + and H2 is also considered, and a theory to 

account for its unusual temperature dependence is presented which depends heavily on the 

formation of a long lived collision complex. The experimental rate coefficients for three 

body association reactions of the rare gas atomic ions Ar+, Kr+ and Xe+ are presented. 

The experimental results in this case show very large rate coefficients which cannot be 

explained satisfactorily by any current theories. Using resonantly enhanced multiphoton 

ionization to create quantum state specific ions, the measurement of rate coefficients for 

selected vibrational states of molecular ions and spin orbit states of atomic ions are 

reported. Observed effects for vibrational excitation of molecular ions and spin-orbit 

excitation of atomic ions are discussed. Finally, the production and subsequent dynamics 

of negative ions by electron attachment is examined. The electrons are produced from a 

high resolution source by using two color resonantly ehhanced multiphoton ionization 

spectroscopy on a suitable precursor. 



A) Overview: 

CHAPTER 1 

INTRODUCTION 

II 

Chemistry is a science which attempts to explain both the structure and cooperative 

interactions of matter. The science is divided into several subdisciplines, one of these 

subdivisions being reaction dynamics. Chemical reaction dynamics specifically examines 

the most basic properties of chemical reactions and transitory species. The ultimate goal in 

chemical reaction dynamics is to completely understand chemical reactions on a 

microscopic quantum state specific level. This is a herculean task for a reaction which has 

a large numbers of atoms, involves a multistep mechanism, and/or occurs in a condensed 

phase. For this reason, chemical dynamicists have for the most part chosen to study 

relatively simple reactions in the gas phase. This choice of studying the simplest systems 

allows the most detailed experimental information on the reaction to be obtained, and also 

makes possible the development of an accurate theoretical framework. 

In practice, the dynamicist wishes to understand the state-to-state cross section from 

an initial state i to a final state f (afi) for a simple reaction. This detailed cross section is a 

function of the collision energy between the reacting species (E). The state-to-state cross 

section is related to a rate coefficient by [I], 

(l.l ) 

where kfi(E) is the state specific rate coefficient for the reaction, vr is the relative collision 

velocity of the reactants, and the brackets represent an average over all collision energies. 

If this state specific rate coefficient is averaged over the final product states (f), 



kj(E) = L kn(E), 

f 

l~ 

( 1.2) 

the rate coefficient for each initial reactant state results (kj(E». Finally, averaging this 

quantity over a Maxwell-Boltzmann distribution of E and summing over all initial states 

leads to the bulk phase rate coefficient as a function of temperature, 

(J.3 ) 

where fj (T) is the fraction of reactants in the initial state i at a temperature T. 

To date, most dynamics experiments have varied one or several experimentally' 

controlled parameters and examined changes in either the final product energy 

distributions (product state, angular, or kinetic energy distributions) or the total rate 

coefficient. Still, even with the great technological advances of the last 30 years, and 

many very elegant experimental approaches, there is much to learn about how chemical 

reactions occur on the microscopic level. If the fundamental properties which drive these 

reactions were better understood, it would most certainly help us to fully understand 

chemical reactivity and to best use chemistry to our advantage. 

A veraging effects are the largest problem affecting the quality of output from all of 

these experiments. If a reactant species is prepared in a certain state, it can collide with 

another molecule in a variety of states or over many impact parameters, orientations, or 

translational energies. In this way, the effect of the specific state preparation in one 

reagent can be lost as it is averaged over the distribution function for the other species. 

However, these types of experiments are state-of-the-art at the moment and do allow one 

to draw many important conclusions regarding fundamental chemical reactivity. This 

dissertation will specifically explore the dependence of the total rate coefficient on several 



13 

variables. The incoming reactant translational energy will be controlled to a very high 

precision. The ultranarrow kinetic energy distribution sharply reduces the thermal velocity 

averaging effects and allows definite conclusions to be drawn. Since there is a narrow 

kinetic energy distribution in the reactants, our approach will also be well suited to state 

specific studies of the reactants. The effects of reactant electronic and vibrational 

quantum numbers are also measured. Finally, for some reactions. the rotational energy 

effects of the reactants will also be explored. 

B) lon-Molecule Reactions: 

The dynamics of ion-molecule reactions will specifically be addressed in the followir..g 

chapters. Ion-molecule reactions have been chosen as the focus of this study for several 

reasons. First, ions are simple to work with experimentally due to their electronic charge. 

Single ions can be detected routinely, as opposed to the relatively high densities usually 

necessary to detect neutral molecules, therefore the signal to noise ratio for any experiment 

is greatly enhanced. The second large advantage to working with ions is the ability to 

produce internal state selected reactants with high purity. The multiphoton ionization 

scheme. which will be discussed in detail later, can be used to create molecular (or atomic) 

ions in specific vibrational (electronic) states. Third, ion-molecule reactions have practical 

importance in both the photochemically driven chemistry of the atmosphere [2] and in the 

synthesis of molecules in interstellar gas clouds [3]. Finally, although the reaction dynamics 

of ion-molecule systems have been well studied both experimentally and theoretically for 

nearly 30 years, they are still not fully understood. No general predictability is available, 

for in some reactions long range forces seem to dominate, while in others short range 

forces control the chemistry and reactivity. 
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The kinetic energy dependence of the rate coefficient of ion-molecule reactions is one 

aspect of the dynamics which has been well studied. Traditional flow tube methods allow 

the study of reactions from liquid nitrogen temperatures (77 K) to slightly suprathermal 

temperatures near 500 K [4]. Higher energy collisions have been studied in the past by 

applying an electric field to accelerate the ions in drift tube experiments [5]. Recently, ion 

beam techniques have produced highly energy resolved beams from about 30 meV to 

10 eV [6] for the study of reactive cross sections. 

These studies have demonstrated a great amount of variation in the collision energy 

dependence of the rate coefficient for many reactions. This vast quantity of data on 

kinetic energy dependence of ion-molecule reactions has been obtained for the most part 

by varying the collision energy over a factor of 300 (0.03 to 10 eV). If the collision energy 

is decreased by another factor of 300 to a translational temperature of about I K (10- 4 

eV), will simple extrapolation of the higher energy data explain the data, or will 

mechanisms change? This question is important to answer for two reasons. First, for 

fundamental reasons, one would like to understand the energy dependence of the rate 

coefficient of simple ion-molecule reactions. The study of reaction dynamics in the limit 

of zero translational energy will lead to information on the microscopic mechanisms of 

basic ion-molecule reactions. Furthermore, temperatures in interstellar molecular clouds are 

typically less than 50 K and approach 5 K in certain environments, therefore the low 

energy behavior of the rate coefficient is important to understand, if these clouds are to be 

modeled, and the presence of large organic molecules in these clouds is to be understood 

[3]. 

The experimental problem we wish to address in this dissertation is the measurement 

of state specific ion-molecule rate coeficients as the translational energy approaches zero. 
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There are several possible results which could arise from low translational energy collisions. 

First one must consider the difference between ion-molecule reactions and neutral-neutral 

reactions. Figure 1.1 shows two common potential surfaces for simple ion-molecule and 

/// AS' 
/// 

____ J~/ 

A++B 

\ 
\ 
\ 
\ 
\ 
\ 
\ 
\ 
\ 
\ 

\ 
\ 
.. '-----

Figure 1.1: Schematic potential surfaces for a neutral-neutral reaction (top) 
and an ion-molecule reaction (bottom). Since the ion-molecule collision 
complex is bound it will have a much longer lifetime than the neutral 
collision complex. 

neutral-neutral reactions. In an ion-molecule reaction the reaction intermediate typically 

lies lower in energy than the reactants or products. while in a neutral-neutral collision it 

nearly exclusively lies at a higher energy. and is unbound along the product channel. In 

the case of ion-molecule reactions. since the intermediate is bound with respect to the 
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reactants it is possible to form a long lived collision complex. These two different types of 

intermediates can lead to much different reactivities. 

The temperature regime below the liquid nitrogen barrier of 77 K has not been well 

studied. The major experimental difficulty in examining reaction dynamics at low energy 

is the condensation of gases at low temperatures. Simple cooling of a flow tube to liquid 

helium temperatures will not give reliable rate coefficients down to 4 K since gases 

condense at these temperatures. BOhringer and Arnold have developed such a device, and 

obtain temperatures to about 30 K [7], however recent results from this laboratory 

regarding results of three body association reactions strongly suggest problems with this 

approach at these low temperatures. Dunn and co-workers have developed a liquid helium 

cooled ion trap in which rate coefficients can be measured to II K [8]. At these low 

temperatures, this technique is limited to study of reactions of Hz or He since any other 

gas will condense on the cooled surfaces present. The ion trap is best suited to measuring 

rates of slow reactions which occur at about I % of the collision rate or less. Gerlich and 

co-workers have used a merged ion beam apparatus to obtain collision energies to near I 

meV (about 8 K) [9]. The difficulty with this technique is the large breadth and non

Maxwellian nature of the actual ion velocity distribution function. The very low energy 

collisions comprise only a small fraction of the total and must be deconvoluted out of the 

experimentally obtained cross sections. Rowe and co-workers have devised a method in 

which reaction occurs inside a low density gas beam, the CRESU technique [10]. This is 

an equilibrium medium in which the relative velocity distribution inside the beam is very 

cold (8-80 K). The major limitation of this technique is the vast pumping speeds, and gas 

volumes required to run the continuous gas beam. The experiment is actually performed 

inside a wind tunnel at an aeronautical center in France. 
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Our approach to this problem is similar to the equilibrium beam method. The 

molecules are expanded in a free jet, and undergo very low energy collisions with their 

neighboring molecules, characteristic of the free jet, thereby resulting in not only an 

ultralow energy velocity distribution for the collisions, but an extremely narrow one as 

well. The following chapter will discuss the free jet flow reactor technique in depth, 

including its advantages and disadvantages over other techniques. The later chapters in 

this dissertation will disscus a variety of results obtained in the flow reactor and their 

significance. 



A) Free Jet Flow Reactor: 

CHAPTER 2 

EXPERIMENTAL 
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We have chosen to measure state specific ion molecule reaction rates at low 

translational energies by integrating two powerful techniques, the free jet expansion and 

resonant laser multiphoton ionization. The free jet provides cooling of neutrals to 

translational temperatures which are unattainable by normal cryogenic methods. The 

problem of condensation of gas is avoided by not thermally cooling the molecules in an 

absolute sense, but by creating a very low energy relative velocity distribution. The 

molecules are expanded in a free jet where they all have nearly the same velocity with 

only a very narrow spread. The width of this velocity distribution is related to the 

translational temperature of the jet, which is typically less than I K for atomic free jets. 

By directly looking at the intrajet collisions which occur, we can study reaction dynamics 

at translational energies of less than I K. In addition, due to the great rotational cooling 

which spectroscopists have used to great advantage in the free jet, a very low energy 

rotational distribution is present also. 

I) Ion Preparation 

Traditionally, ion chemists have used non-selective ionization techniques to produce 

ions. Electron bombardment or collisional ionization and one photon vacuum UV 

ionization have been the two most common sources. There are two major problems with 

both of these techniques. First, they are non-selective, ionizing all species present whose 
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ionization potentials lie below a characteristic energy. Secondly, since the available energy 

form these sources usually greatly exceeds the ionization potential, they produce a 

distribution of internal quantum states in the ion. Since our technique cannot selectively 

remove unwanted ions from the experiment and since we want to study quantum state 

specific reactions neither one of these techinques is generally suitable, although narrow 

bandwidth coherent vacuum UV ionization, tuned to the ionization threshold, can be 

useful to produce cold ground state ions in certain circumstances. The ion source we have 

chosen for most of our work is resonantly enhanced multiphoton ionization (REMPI) [II]. 

REMPI provides both the specificity and the state selection necessary for our experiment. 

It works in the following manner. First a neutral molecule is irradiated with laser light 

whose wavelength is tuned to some mUltiple (typically 2 to 4) of the resonant wavelength 

required for a particular Rydberg transition. The species then absorbs this multiple of 

photons and undergoes a transition to the selected Rydberg excited state. The Rydberg 

state of the neutral can be qualitatively described to have the core geometry of the ion 

with one electron in an outer hydrogen-like orbital. When another photon is absorbed, the 

process is designed to take the molecule above its ionization potential and the outer 

Rydberg electron is removed. The nomenclature for a REMPI process is 'n + m 

ionization', where n is the number of photons to reach the Rydberg state and m is the 

number of photons to ionize. Usually, n is 2, 3 or 4, and for the best state selectivity 

results m must equal I to avoid accidental resonances with higher lying neutral excited 

states which perhaps have valence character. Since the Rydberg state's geometry was 

essentially that of the ion, the Franck-Condon factors will strongly favor Av=O 

(vibrationally adiabatic) transitions. The distribution of vibrational states produced can be 

quantitatively monitored using photoelectron spectroscopy, and the state specific effect is 
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found to work quite well. In this way, the vibrational state of a molecular ion can be 

selected [12]. The number of rotational states produced during the ionization event 

depends on the ionization process, the molecule itself, and the laser. The bandwidth of the 

laser and the rotational spacing of the molecule determine how many rotational levels of 

the neutral are initially excited. Then, the selection rules for coherent multiphoton 

ionization of a Rydberg state (~ j = ± I per photon) will lead to the observed distribution 

of rotational states in the ion. In the case of atoms, similar arguments hold for producing 

the various spin-orbit states. Here, the ionizing transition occurs electronically 

adiabatically with respect to the core configuration, producing an ion with the electronic 

core configuration selected in the intermediate state. Since REMPI is a resonant technique, 

it can select the neutral of interest out of all the other species which may be present in the 

medium, and mass selection of the reactant ions is therefore not necessary. The laser 

system used to produce the ions consists mainly of two separate tunable sources. The first, 

is an excimer pumped (XeCI, 308 nm) dye laser system. This combination produces 

tunable radiation from about 340 to 700 nm in 25 ns pulses. Frequency doubling in a 

KDP crystal allows generation of tunable ultraviolet radiation from 260 to 340 nm. The 

second laser source is a Nd; Y AG (second harmonic 532 nm, third harmonic 355 nm) 

pumped dye laser. The 532 pumped system produces tunable visible radiation from 540 to 

800 nm in 5 ns pulses. Again, frequency doubling provides wavelengths from 270 to 350 

nm. Sum frequency mixing of the visible radiation and the Nd: Y AG fundamental at 1064 

nm produces tunable radiation from 350 to 390 nm. Wavelengths between 390 and 540 nm 

can be produced by pumping the dye laser with the third harmonic of the Y AG at 355 

nm. Finally, vacuum ultraviolet photons can be produced by frequency tripling the output 

from the dye laser in properly phase matched rare gas mixtures [20]. Currently, 
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wavelengths from liD to 120 nm have been used in our laboratory. These energies are 

large enough for direct one photon ionization of many polyatomic organic molecules. 

2) The Flow Medium 

The free jet kinetic method we use has similarities to the CRESU, but the smaller 

nozzle, and its pulsed nature greatly reduce the pumping speed necessary to run the 

experiment. This fact allows us greater freedom of choice in buffer gases, (for example, 

the CRESU could never run a Dz buffer) and reduces the overall cost and size of the 

machine required. The free jet flow reactor which is used for all the experiments 

presented here is depicted in schematic form in Figure 2.1. The principles behind the 

operation of the machine are given below. 

The relative amount of species in the gas flow into the nozzle chamber is regulated by 

mass flow controllers. A gas mixture normally consists of a buffer gas, an ion precursor 

gas and a reactant gas. For these experiments absolute flow control is unimportant and it 

suffices that these controllers only be calibrated relative to each other. This calibration is 

performed in the lab by flowing gases into a standard volume. Measurement of the ratio 

of times to fill the standard volume, provides the relative flow rates directly. All three 

gases are simultaneously mixed at a point immediately following metering, allowing for 

easy adjustment of the stagnation concentration of any species. This active mixing ensures 

the homogeniety of the gas mixture behind the valve orifice. To compensate for the small 

flow rates encountered in the present experiments, in certain circumstances, partial 

diversion of the bulk flow to a secondary pump is used to control stagnation pressure. 

The thermal conditions provided by free jet expansions have been well studied by 

many groups, and elegant theories for jet flows have been developed [13-19]. In practice, 
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Figure 2.1: A schematic of the free jet flow reactor. 

to get a pulsed free jet expansion which behaves according to the theories which have been 

developed is not a trivial matter. The valve must be driven under demanding conditions, 

and even then, only a small portion of the entire gas pulse which emerges will behave 

according to these theoretical predictions for the experimental stagnation conditions of 

backing pressure and nozzle diameter. 

In our case. a free jet is formed by expanding a gas mixture into a vacuum chamber 

through an electrically driven solenoid pulsed valve (General Valve series 9). These 
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nozzles are far superior to the piezoelectrically driven nozzles which we used previously. 

The solenoid driven valves are not without their shortcomings, but their lifetimes are much 

longer and their performance more stable. The nozzles we use are specially shimmed by 

the manufacturer to provide a relatively long time span of nozzle limited flow. Nozzle 

limited flow is defined as occuring when the flow of gas through the nozzle is limited only 

by the diameter of the nozzle orifice, it occurs for only a small portion of the total time 

during which the nozzle is 'open'. It is imperative to obtain nozzle limited flow if flow 

theories are to be applied to determine the number density and the temperatures within the 

free jet. Nozzle limited flow is obtained for these specific nozzles only if they are driven 

at a large overvoltage for a relatively long pulse width. Under our experimental 

conditions, we observe nozzle limited flow when a 300 V pulse is applied to the solenoid 

for a time of at least 400 1-'5. These conditions are demanding on the physical parts of the 

nozzle, and the lifetime of both the nozzle armature and the sealing poppet are greatly 

shortened by these extreme conditions and must be changed regularly. 

The conductance of gas through the nozzle is determined independently by measuring 

the flow rate of gas through the nozzle. Figure 2.2 shows experimentally determined 

pulsed jet density profiles for our valve as determined by two separate methods. Two 

ionization techniques have been used here, first, laser based multiphoton ionization, and 

second, electron bombardment mass spectrometry. The figure shows the temporal ion 

intensity, and therefore is directly proportional to the neutral density. The delay time is 

the nozzle to laser delay (delay I), therefore these figures map out the time dependence of 

the relative gas pulse density as it emerges from the nozzle. It can be seen that there is a 

small central core inside the gas pulse during which the gas density is constant, this is the 

region of gas flow in which quantitative kinetics can be performed. It must be pointed out 



AI 
U 
Z 

: 
u 

1.0 

.6 

S 1.0 
z 
o 
u 

..a 

.6 

.4 

.2 

o 

o 

" 
o 

G 

o 

100 200 

70", 

300 
t(jlD, 

o 

o 

o 

o 

400 

o 

o 

o 

CD 

o 

o 

500 

Figure 2.2: Pulsed jet density profiles. The upper profile was determined 

by laser ionization, while the lower figure was determined by electron 

impact ionization. Each method shows a long time ZDne of constant gas 

density, within which kinetic experiments can be performed. 
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that the appearance of a level gas density profile does not guarantee nozzle limited flow. It 

is possible for the nozzle to show a flat topped gas profile, by not fully opening, therefore 

exhibiting an effective nozzle diameter smaller than the physical orifice size. This can 

occur if the nozzle sealing poppet is interfering with the outgoing gas flow. Therefore, to 

assure nozzle limited flow and to apply present flow theories, the nozzle conductance must 

be measured directly. The convolution of the observed nozzle pulse profile (which has 

more than one open cycle) with a direct measurement of repetition rate and gas flow leads 

to the absolute nozzle conductance. 

3) The Kinetic Aow and Timing 

This gas mixture is allowed to emerge from the free jet nozzle and flow for a short 

variable time (about 300 jJS, delay I). At this point, where the time required is for the the 

ideal portion of the jet to reach the laser focus, the tunable dye laser fires. The laser 

produced ions are then allowed to travel downstream for a second variable time (10-300 

jJS, delay 2). The vacuum chamber in which the newly born ions flow is multiply J.'-metal 

shielded against the Earth's inherent magnetic field. Since it is also vital that no stray 

electric potentials be present in,:k!: the chamber, it is coated with graphite to minimize any 

patch potentials which may exist on bare metal surfaces. The main chamber measures I m 

x 0.4 m )( 0.4 m, and is pumped by a ten inch diffusion pump. When the nozzle is 

operating, the base pressure inside the main chamber is about I x 10- 5 torr. The time of 

flight tube (1.4 m )( 0.1 m dia) is differentially pumped by a four inch diffusion pump, 

and the pressure at the detector is always less than I x 10-6 torr. Both pumps use Santovac 

5 as the pumping fluid to reduce backstreaming and to ensure clean operation. The nozzle 

sizes we employ allow repetition rates from two to ten Hz to be used, depending on the 
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buffer gas and the stagnation pressure. 

After delay 2, a stainless steel repeller plate is pulsed with a high voltage (800 V) 

square wave (10 JjS) having the same polarity as the ions of interest. This fast rising (50 

ns) pulse forces some of the ions into 2. mass spectrometer where they are detected. Figure 

2.3 shows a more detailed view of the free jet, ionization region, and entrance aperture to 

Figure 2.3: A detailed view of the ionization/reaction zone as described in 

the text. I, pulsed jet valve; 2, pulsed ion ejection repeller plate; 3, mass 

spec entrance aperture; 4, time of flight mass analyzer. 
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the mass spectrometer. The time it takes the ions to travel in the jet from the ionzation 

point to a point directly perpendicular to the mass spectrometer aperture (delay 2) is the 

reaction time within the jet. This region consists of a field free environment in which the 

ions flow along with the neutral jet under no external forces. The ions here can be 

described by the same translational distribution function as that for their neighboring 

neutrals until they are ejected and detected. The initial ion packet produced by 

multiphoton ionization can be approximated as a point source due to the focused laser light 

which is necessary for ionization. This point will rapidly expand as the neutral species in 

the free jet undergo the geometric expansion of the free jet as they proceed away from the' 

nozzle exit plane. Furthermore, due to the finite translational temperature which these 

ions possess they will also spread out along the jet axis itself. When the repeller ejects the 

ions from the jet, this 'large' ion packet is projected onto the entrance aperture to the mass 

spectrometer. In a kinetic experiment where the ions have been allowed to flow 

downstream for a long time, the area of the entrance hole (0.5 cm2) will be much smaller 

than the physical extent of the ion cloud. This fact, along with the proper tuning of delay 

2, leads to detection of only a small centralized volume of the ion packet traveling along 

the jet centerline. It can be shown from trajectory calculations of the ions, that primarily 

due to the small entrance aperture, detection of a 3 mm vertical section of the gas pulse is 

achieved. The large spacing between the repeller and entrance aperture plates along with 

their minimal height ensures they do not disturb the free jet expansion. Therefore any 

chemistry that occurs between laser ionization and ejection will not be perturbed by the 

physical characteristics of the mass analyzer. 
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4) Ion Sampling 

The analyzer used for separation and detection of the ions is modeled after the two 

field Wiley-McLaren time-of-flight (TOF) design [21]. The operating principles of this 

design have been used for over 35 years. In the ideal case for TOF spectroscopy, all ions 

which have the same mass reach the detector at the same time. Wiley and McLaren 

observed that there were two major limitations to the resolution of a time-of -flight mass 

analyzer. The first is the inherent velocities of the ions with respect to the TOFaxis. 

These will slightly change each ion's arrival time at the detector. The second is the spatial 

extent of the ion cloud, ions which are initially close to the repeller acquire a higher' 

acceleration voltage and travel with a higher velocity than those which are farther away 

when the repeller pulse is fired. Their solution to the second problem was the two stage 

accelerator. In the free jet experiment, even though the ions are expanding parallel to the 

TOFaxis, and thus posses finite velocities along the axis upon repulsion, it can be shown 

that this is a very small effect in a free jet and is not the limit of our experimental 

resolution. The largest factor in decreasing the resolution of the mass spectrometer in our 

experiment is the large spatial extent of the ion cloud in the detection region. We have 

therefore chosen the Wiley-McLaren arrangement for this reason, as it provides optimum 

space focusing of the ions. 

The repeller region provides the first acceleration stage, the energy acquired by the 

ions here depends on their spatial location with respect to the plate, and is usually about 

400 V. The second accelerator ramp, which is approximately twice the length of the first 

accelerator stage, is present inside the mass spectrometer nose cone. The function of this 

ramp is to accelerate all the ions to a constant energy without defocusing them, therefore a 

smooth voltage ramp is used. If the ratio of the two accelerator voltages is tuned properly, 
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the ion cloud is 'space focused' as the ions which are initially closer to the detector acquire 

less energy than the ones initially farther from it. Our mass spectrometer does have two 

minor modifications from Wiley and McLaren's 1955 design. First, a deflector has been 

installed as the very first shielded element in the nose cone of the mass spectrometer, its 

purpose is to remove the downward jet velocity component from the ions. The deflector 

itself physically consists of two stainless plates mounted parallel to the jet flow direction. 

Second, a three element Einzel lens is present after the final accelerator ramp and provides 

for secondary focusing of the ions onto the detector to provide a larger detection 

efficiency. After passing through the Einzel lens, the ions enter a 1.2 m drift tube (20 

mesh Molybdenum screen tube) which is floated at the final acceleration potential, 2 kY. 

Here, the ions are allowed to drift in a field free region and mass separate. The ions are 

detected on a multichannel plate which is biased at 2.2 kY. The polarity of the entire 

detection apparatus can be inverted so either negative or positive ions may be detected. 

The ion signal is then pre-amplified (lOx) and detected in real time on a 125 MHz 

transient digitizing signal averager. In this manner, the mass spectrum of all ions can be 

collected simultaneously, and no gated detection is necessary. The resolution of the mass 

spectrometer is only about 200 at m=30 amu, but is more than sufficient for our purposes. 

Figure 2.4 shows a mass spectrum obtained for the reaction of Kr+ with H2• It shows 

clearly that with proper tuning, unit mass resolution can be obtained for ions having 

masses near 90 amu. 

A novel feature of the mass spectrometer is its ability to translate along the jet axis, 

parallel to the ion flow direction. The flight tube is mounted on a flange which slides on 

o ring seals, and can be driven at 5 em/min while keeping a pressure of 5 x 10-8 torr 

inside the flight tube. The flow distance over which chemistry is monitored is typically 
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Figure 2.4: Mass spectrum obtained when Kr+ ions are expanded in an H: 

buffer. The observed ions are the various Kr+ isotopes and the KrH+ 

product ions. 
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5-15 cm. Since the free jet travels with a constant beam speed over the entire extent of 

this experiment, the flow distance can be directly converted into a flow (or reaction) time 

just as in the old style flowing afterglow experiments [4]. One method of measuring the 

speed of the ions in the free jet over this region, makes use of the translating ability of the 

mass spectrometer. An example is shown in Figure 2.5. At each succesive vertical position 
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Figure 2.5: Experimental determination of ion speed in the free jet for 

No+ in Ar. As the distance the ion travels to the mass spectrometer 

aperture is increased, the optimum arrival time is determined. The slope 

of the plot is the ion packet's average speed. 
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of the mass spectrometer, the optimum delay time is determined by maximizing the ion 

signal for a non-reactive system, in this case, NO+ in Ar. A linear relationship between 

the two variables is obtained, the slope being a measure of the terminal jet flow speed. If 

chemical reactions occur within the jet, arrival profiles can become distorted and cannot 

be used for such determinations due to the reactive loss of parent ions late in the ion 
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packet. 

The actual process of ejection of ions from the jet must now be considered. To ensure 

that the mass spectrum which is obtained at the end of the flight tube is representative of 

the ion distribution in the free jet, no fragmentation or chemical reactions can OCcur 

during the extraction step. To meet these conditions, the ions must not undergo any 

collisions as they are pulled from the jet. The high extraction voltage reduces the collision 

cross section for the high energy ions and downstream in the free jet the low pressure 

further reduces the likelihood of a collision. Taking a typical cross section for an ion

neutral collision and integrating over the extraction length (or trajectory), we can estimate' 

that as an upper limit 1 % of the ions undergo a collision during the ejection process. 

Furthermore, Johnson and coworkers, using an identical extraction geometry and a 

reflectron have measured rotationally resolved spectra of NOz + ions both before and after 

ejection from the free jet [22]. The temperatures they measure are the same inside the jet, 

and in the flight tube after extraction. This indicates that no rotationally inelastic 

collisions of ions with the buffer gas, which will cause rotational heating, have occured 

during the extraction process. 

5) Kinetic Considerations 

Rate coefficients are measured by one of several possible methods. For the first 

method. starting at a point near the nozzle, the mass spectrometer is moved downstream, 

and by increasing the time (delay 2) for application of the repelling field. such that delay 2 

equals the flow distance divided by the average jet speed (t=z/v), the reactive ion packet 

can be directly followed in time. From the temporal mass and density distributions 

obtained, a rate coefficient can be determined. In a second method. the mass spectrometer 
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is moved to some convenient position downstream of the laser, thereby fixing the reaction 

distance. This distance is chosen to be at a point where a good balance exists between the 

amount of reaction observed and the total ion signal. Since the number density in the jet 

continuously drops off as the distance from the nozzle is increased (the jet expands), if the 

nozzle position is varied with respect to the laser focal point, the initial neutral density at 

the point of ionization is varied also. This varying initial density will manifest itself in the 

extent of reaction observed at the point downstream where the ions are detected. For 

experimental reasons, this method allows the kinetics to be studied over a much greater 

extent of reaction, which can lead to more precise rate coefficient measurements. A third 

method employs fixed ionization and detection distances, and varies the stagnation 

concentration of the neutral reactant. These methods all have direct analogies in classical 

rate measurement techniques in flow systems. The translating mass spectrometer method 

corresponds to the classical variation of reaction time while the others correspond to 

variance of the reactant molecule density or flow rate at fixed reaction time for 

determination of the rate coefficient. 

To insure that the ions remain cold after ionization occurs, the initial ion density must 

be well below the space-charge limit. Assuming a 10 % throughput on the mass 

spectrometer, we can estimate the initial ion density to always be less than 106 cm- 3, 

which is well below the space charge limited density for a net neutral plasma and modestly 

below that for a unipolar ion ensemble. This fact has been independently verified in this 

laboratory by mapping out the arrival distribution intensity of ions at the mass 

spectrometer. Mathematical modeling, using a one dimensional diffusion mechanism, 

shows that the translational temperature of the ions is that of the surrounding neutrals [23]. 

Therefore, REMPI under our conditions (typically, I GW/cm%, 0.5 cm- 1 bandwidth, 3+1 
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photon process, 10 14 cm- 3 precursor density) produces ion densities well below the space 

charge limit, and appears to lead to no measurable perturbations in the local thermal 

conditions. 

Another possible source of acceleration of the ions would be any residual charge, or 

baseline bias on the repeller plate. The maximum uncertainty in the absolute zero of the 

potential on the repeller plate is ± 4 mY. If an ion of mass 26 was accelerated by this 

potential, it would obtain a maximum velocity of 600 cm/s normal to the jet flow axis 

during its time in the field. This stray field induced velocity leads to a maximum 

temperature uncertainity of 0.07 K. This error is small when compared to the translational 

temperature of 0.5 to 10K, corresponding to the random relative translational temperature 

in the jet. 

B) Free Jets: 

A free jet is a non-equilibrium medium. The density and temperature both drop with 

increasing distance from the nozzle. The degrees of freedom in the cylindrical flow field, 

including parallel and perpendicular translation, as well as rotational and vibrational 

internal motion, all have distinctly different, though not independent, moments with 

respect to the distribution function. These properties would seem to prevent the success of 

kinetic experiments performed inside the expanding jet. However, several groups have 

created accurate theoretical models for free jet expansions which are corroborated by a 

variety of experimental measurements [13-19]. Our group has also recently shown that 

within the framework of these models, meaningful kinetic measurements can be made in 

this environment [24-31]. 
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All of the jet flow models have several points in common for flat nozzle geometries. 

A pure single component free jet is accurately described as a spherically symmetric 

expansion originating from a distinct point near the nozzle exit plane. The expanding gas 

undergoes a rapid acceleration upon initial exit and soon reaches a terminal bulk speed. 

This terminal jet speed is reached within a few nozzle diameters downstream of the exit 

plane and after this point, the density along the center streamline (perpendicular to the 

nozzle plane) is found to be accurately described by this relation: 

2 

N (z) = No (:0) . (2.1) . 

Here, No is the stagnation density behind the nozzle, z is the distance from the nozzle and 

Zo is a reference distance directly proportional to the size of the nozzle orifice, RN , where 

(2.2) 

The proportionality constant, a, has been numerically determined to be 0.802 for a 

monoatomic gas and 0.591 for homonuclear diatomic gases [32]. 

Our group has developed a microscopic model for free jet expansions of atomic and 

diatomic molecules. This model involves solving the generalized Boltzmann equation for 

the expansion and accounting for the flow of heat between all of the different energy 

baths which are available [19]. The discussion of this model is beyond the scope of this 

dissertation and the reader is referred to references [33] and [34] for more information, but 

the results are easy to apply. Figure 2.6 shows a temperature profile for an atomic 

expansion acquired by modeling the free jet in this manner. The most important point to 

be made about the translational temperature in the jet is the fact that the medium rapidly 

becomes thermally anisotropic in the relative motion along the parallel and perpendicular 

directions with respect to the bulk flow direction. The temperature in the parallel 
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Figure 2.6: Temperature profile for a pure atomic expansion determined by 

the solution to the generalized Boltzmann equation. The upper curve is the 

parallel translational temperature, the lower curve is the perpendicular 

translational temperature. In this case, the gas is Neon, the backing 

pressure is 400 torr and the nozzle diameter is 0.05 cm. 

direction (along the jet axis) soon falls out of equilibrium with the perpendicular direction, 

and is found to cool at a slower rate. This effect can be easily explained if the center 

streamline itself is examined. After the jet reaches a point downstream where the density 

has dropped enough that neutral-neutral collisions have basically ceased (S nun), cooling 
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can no longer occur from a collision mechanism. Therefore, the temperature along the jet 

axis, the parallel temperature, freezes out at a constant value. The additional cooling in 

the perpendicular temperature occurs from a geometric mechanism. Any molecules which 

possess small velocities perpendicular to the center streamline simply leave the streamline. 

Since the net movement of atoms is expansion away from the center streamline, more 

atoms will be lost from this streamline than will enter it from adjoining streamlines. In the 

limit of an infinite distance from the nozzle the perpendicular temperature of any 

molecules remaining must be zero K. Therefore the perpendicular temperature continues 

to drop toward zero as the distance from the nozzle increases. 

This temperature disequilibrium present makes it necessary to calculate an average 

translational temperature if a measurement of any physical property is made in an atomic 

jet. It is necessary to average the translational temperature over all three degrees of 

freedom, two perpendicular and one parallel to determine the effective translational 

temperature at which the measurement was taken. This average is given by 

(2.3) 

where Til is the parallel temperature, Tl is the perpendicular temperature and Te!! is the 

effective temperature at that point in the jet [35]. 

Expansions of pure diatomic species are slightly more complicated since these 

molecules possess energy in both rotational and vibrational degrees of freedom when they 

are initially expanded. These molecular free jets are more difficult to model because of 

the coupling of the molecule's rotational and vibrational energies to the translational 

distribution function in the free jet. This extra energy relaxes during collisions and the 

energy content in these degrees of freedom decreases as the jet expands. This results in a 

corresponding increase in the translational temperature of the free jet. As is the case for 
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the paraJlel temperature, the rotational temperature is basically constant after a short 

distance from the nozzle since neutral-neutral collisions no longer occur. Figure 2.7 shows 
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Figure 2.7: Temperature profile for a pure diatomic expansion (N2). The 

upper curve is the rotational temperature, the center curve is the parallel 

translational temperature, the lower curve is the perpindieular translational 

temperature. In this case the nozzle diameter is 0.03 em and the backing 

pressure is 500 torr. The profile is obtained by solving the generalized 

Boltzmann equation including coupling between the rotational and 

translational degrees of freedom. 
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a temperature profile for a typical diatomic molecule. The vibrational temperature is not 

shown, but because of the inefficient relaxation of high energy vibrational modes, it is 

probably between 100 and 300 K. Fortunately, at 300 K there is very little population in 

the first vibrational state since it lies at a relatively high energy, and these excited 

vibrational states will not be important to our experiment. Rotations freeze out before 

parallel translations because the relaxation occurs only once out of every few collisions, 

while translations relax with near unit collision efficiency. Finally, by the identical 

mechanism present in an atomic jet, the perpendicular temperature drops off towards zero. 

There are a few other effects unique to free jet expansions which must be considered 

if the thermal conditions are to be understood. Usually, at least two different species are 

expanded in the jet. If these species have different masses their thermodynamic terminal 

beam speeds will differ. This effect is known as velocity slip. Obviously, if the two 

species are traveling at different speeds there exists a velocity gradient between the two 

species and there will be an increase in the total relative translational energy of these two 

species. Velocity slip was first observed in early experiments when free jets were used to 

accelerate neutral species for high energy crossed beam scattering studies. A theoretical 

model to describe this phenomena has been developed by two groups [36,37]. They 

characterize the velocity slip in terms of a parameter which depends on the difference of 

the particles mass and their interaction potential. Historically, these considerations have 

been important when using continuous nozzles of very small orifice diameter and low 

backing pressure, where velocity slip is significant. However, with pulsed nozzles, much 

larger nozzle diameters and higher pressures are used. In this case, calculations of the 

velocity slip show that the large number of collisions which occur early in the jet lead to a 

much reduced velocity slip. In most cases, the collisional energy contributed by velocity 
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slip is insignificant in comparison to the parallel temperature already present. For 

example, their velocity slip model predicts the average collisional energy due to velocity 

slip to be less than 0.1 K, for an expansion of acetylene neutrals in an Hz buffer. This is 

much less than the parallel component of translational energy and allows us to fully neglect 

velocity slip in the data analysis. 

The velocity slip describes the difference between the mean parallel speeds of species 

of unequal mass in a jet. A much less understood phenomena concerns the difference in 

the translational temperature, or the width of the velocity distribution function which these 

species possess. Basically, this effect describes the fact that not only will two different 

species have unequal terminal velocities, but that the distribution of velocities about the 

terminal value will also be different. For atomic gases, a similar formalism has been 

developed to that used to describe velocity slip which describes the temperature slip [38]. 

Temperature slip is again characterized by a parameter which depends on the difference in 

mass of the two species, the interaction potential between them and the gas density in the 

jet. The extension of this formalism to molecular systems has not yet been performed. 

The application of these relationships, although approximate, suggest that thermal slip in 

mixed molecular flows remains a minor perturbation to the energetics of collisions between 

molecular partners downstream. For example, using the case of CzHz in Hz again, and 

estimates for the mixed molecular interaction obtained from the experimental Cs values 

and theoretical predictions, one calculates that the thermal slip contributes 1 K in the 

translational component of the collisional energy. This calculation applies to a jet 

containing 0.5 % C2H 2 in Hz at 600 torr stagnation pressure through a 0.05 cm nozzle. 

This suggests that uncertainity in the component of the total collision energy contributed 

by velocity and temperature slip will be minor compared to the uncertainities in rotational 
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temperature and the precise coupling of the rotational exoergicity to the translational 

distribution functions. For this reason, as well as the total lack of theoretical and 

experimental results regarding thermal slip in molecular systems, we have neglected slip 

considerations in our kinetic analyses to date. However, it is clear that much more work is 

required in the consideration of mixed jet flows for non-atomic species if the techniques 

we employ are to be improved. 

One other problem, that of neutral cluster formation must be mentioned. This 

problem can arise, particularly when expanding polar species in the jet. Cluster formation 

in the jet causes difficulties in two significant ways. First, if the clustering of the neutral 

reactants is substantial, then the measured rate coefficient will be significantly affected by 

the decreased concentration of the monomer in the reaction zone. In addition, the cluster 

will most likely be reactive with the ion, in many cases yielding identical product ions. It 

will be difficult to separate out the reaction component of interest, typically that of the 

monomer neutral. Secondly, cluster formation in the jet can release appreciable energy 

into the surrounding gas and cause significant deviations in the local thermal conditions. 

Many studies have been made of clustering phenomena in free jets [39]. Criteria with 

regard to stagnation conditions have been set which will lead to production of relatively 

cluster free jets for a variety of non-polar gases. We have currently chosen to avoid 

problems associated with reaction kinetics :-n highly clustered jets by working with mainly 

non-polar species under these stagnation conditions. It is possible to work with polar 

molecules, but only under certain conditions. They must be expanded in very dilute 

mixtures and the stagnation pressure dependence of the measured rate coefficient must be 

carefully monitored since the pressure dependence for the clustering is much different 

than that for a bimolecular reaction. It is possible to monitor the amount of neutral cluster 



42 

formation by a monitor charge transfer reaction. Choosing a neutral molecule (monitor) 

whose ionization potential lies between that of the monomer and the dimer allows 

determination of the dimer concentration. This is accomplished by ionization of the 

monitor molecule and subsequntly detecting the exothermic charge transfer reaction to 

form the dimer cation. 
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The kinetic analysis of data obtained in a free jet is more difficult than in a bulb 

experiment because of effects from cooling, thermal anisotropy and expansion. Since the 

jet is expanding, the number density is continuously decreasing along the kinetic zone, 

therefore the concentrations of all species is dependent on their position in the expansion. 

Furthermore, since the temperature is not constant in the free jet expansion, if the rate 

coefficient is temperature dependent it also changes continuously during an experiment. 

Another factor which needs to be considered is the thermal anisotropy of the jet. This 

effect means that a rate coefficient with a negative temperature dependence will lead to 

faster reaction in the perpendicular direction than in the parallel direction because the 

perpendicular temperature is always lower than the parallel temperature in the kinetic 

zone. This anisotropy must be accounted for when reporting rates derived from free jet 

data, and these effects must be properly incorporated into any method which converts such 

data into rate coefficients at any average temperature [35]. 

The experimental method of data acquisition and analysis will be reviewed below. 

Assuming a simple bimolecular reaction, for example, 

Ar+ + N z --~>N/ + Ar . (3.1 ) 

The rate of loss of Ar+ is given by, 

- d(~t) = k (Ar+) (N z) + (Ar+) f(t) , (3.2) 

where f(t) accounts for the loss of ion density due to the expansion of the jet. The neutral 

density in the beam is distance dependent (equation (2.1», and the beam velocity is a 
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constant, so we can now convert the independent variable from t to z, and assuming only 

geometric loss for the f(t) function 

_ d(Ar+) _ k (Ar+) (N2i ) Z02 + C(Ar+) 
dz - v~ Z 

(3.3 ) 

where N2i is the number density behind the nozzle orifice (stagnation density) of the 

reactant molecule N2• The proportionality constant C accounts for the expansive losses of 

reactant ions as detected by the mass spectrometer. Integration of equation (3.3) from Zj to 

zt, where Zj is the point of ionization, and zt is the point where the ions are repelled, 

yields 

(3.4) 

This equation holds as long as Zj is much greater than zO' which it is during our 

experiments. Under conditions where reactive loss is negligible (for example (N2j ) = 0), 

then the only loss process for the ions is expansion, and, 

(3.5) 

where the subscript u represents unreactive conditions. In equations (3.3) through (3.5), C 

for an ideal expansion would be 2. However, observation of C = 2 would only be the case 

for an ideal density detector. Our detector does not meet this criterion due to its finite 

entrance aperture size and nonideal space focusing. This phenomena is of little concern 

since the entire expansion term will cancel in the final analysis. Subtraction of equation 

(3.5) from (3.4) leads to an experimentally useful kinetic expression. 

(3.6) 

Since the initial density of ions is the same in both unreactive and reactive cases, that is 
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(3.7) 

equation (3.6) reduces to the final kinetic expression 

(3.8) 

The ion intensity at the point, Zr can be compared for reactive and unreactive cases, and k 

is determined by fitting a straight line to equation (3.8). Using the reaction monitoring 

method in which the mass spectrometer position is varied, the left side of equation (3.8) is 

plotted against I/Zr' the slope of the line is directly proportional to k. If the mass 

spectrometer position is held constant, and the nozzle position is varied, the extent of, 

reaction is plotted against I/Zj - I/Zr' since both Zj and Zr change as the nozzle is moved. 

Again, the slope is directly proportional to k. Finally, one can hold both Zj and Zr 

constant, vary (N2i ) and determine k. 

As previously mentioned, temperature dependent rate coefficients are not constant 

over the region of the experiment. Theoretically, if a rate coefficient varies over the 

course of an experimental kinetic run, curvature in the kinetic plot suggested by equation 

(3.8) will be observed. In many cases, this curvature is less than the experimental error. 

In those reactions where the rate strongly changes over the measurement region, 

deconvolution techniques have been developed to overcome these problems [35]. In 

addition, if the rate coefficient is strongly temperature dependent, then the rate of reaction 

will be strongly spatially anisotropic. This is to say that collisions occuring with initial 

trajectories parallel to the flow axis will have a different probability for reaction than 

those occuring perpendicular to the flow. A smooth angular dependence of reaction 

probability connects these two cases. Therefore, the experimentally observed rate 

coefficient obtained from equation (3.8) needs to be corrected for these effects before it 
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can be related to reactions occuring in bulk, isotropic media. This problem is addressed in 

a very detailed manner elsewhere [35], and will not be further discussed here. The cases in 

which temperature dependent rate coefficients are important in the free jet will be 

discussed in depth later. 

Product branching ratios are very simple to measure. The intensity of each product 

ion is measured at Zc, and the ratio is determined. This ratio must be extrapolated back to 

the time of the laser ionization event (t=O) to account for the differing amounts of kinetic 

energy acquired by the product ions. This correction is necessary because of the different 

velocities of the product ions. Ions which are formed translationally hot will escape from 

the free jet and will not be detected by the mass spectrometer, while those ions which are 

initially formed with a lower energy translational energy distribution will all be detected, 

this leads to a skewing of the branching ratio towards the products produced with the 

lowest velocity. The extrapolation to time zero accounts for the differing kinetic energy 

releases into products and allows accurate product branching ratios to be measured. 

The analysis for a termolecular reaction is the same as for the bimolecular reaction 

above. For example, consider a simple association reaction which could be studied in the 

free jet 

(3.9) 

The final integrated rate law obtained in this case is: 

(3.10) 

where k3 is the three body rate coefficient, and the distances are now cubic. The rate 

coefficient is again determined by a linear fit, this time to the distance function in 

brackets. There is an experimental difficulty with the form of equation (3.10) however. 



47 

Since the primary reaction of interest is the reaction of the ion with its parent neutral, it is 

quite impossible to run this reaction under 'unreactive' conditions. For an association 

reaction however, there is a special property which allows us to transform this equation to 

an experimentally amenable form. The exothermicity of the reaction is very small due to 

the nature of the association reaction. The stabilization step is expected to channel into 

high vibration-rotation states of the complex, therefore the kinetic energy release per 

reactive collision is expected to be very small [40,41]. With this assumption, the product 

ions formed will also remain in the free jet, and can be detected in the mass spectrometer 

with essentially the same efficiency as the reactant ions. The sum of the reactant and 

product ions will then be equivalent to the 'unreactive' intensity at that point, 

(3.11 ) 

So the final kinetic expression which is actually used to analyze the acquired data for this 

reaction is, 

(3.12) 

and only one experimental run is now neccessary to measure the rate coefficient. 

Usually for bimolecular reactions unreactive runs are possible, but there are two 

particular cases where problems also arise. The first is the obvious one, that is a 

bimolecular reaction which occurs between the ion and its parent neutral, for example, 

(3.13) 

The kinetics in a case like this can be determined in several ways. If the reaction rate 

coefficient seems to be temperature independent the backing pressure can be varied, the 

change in reactivity can be observed, and is then directly related to the rate coefficient. 

This method must be used with care since the temperature across the kinetic zone will vary 
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quite dramatically as the pressure is changed. The assumption of temperature independency 

greatly weakens this approach and limits its use only for qualitative studies. A more 

general and effective method is usually to vary the initial concentration of the neutral 

reactant at the same stagnation pressure, as mentioned above. This will lead to only a 

small perturbation in the thermal conditions of the jet, and still leads to very simple 

analyses. The third method is similar to that for three body association reactions, where 

now the bimolecular product ion intensity is measured also. If the product ions are 

collected with the same efficiency as the reactant ions then the sum of the product and 

reactant ions is effectively the 'unreactive' ion intensity. Care must be taken when using 

this technique for bimolecular reactions since the kinetic energy release into the products is 

not universally small. If there is a large kinetic energy release into the products and they 

are allowed to escape from the jet before they are detected it will lead to an observed rate 

coefficient lower than the actual one. This can be checked by observing the deviation of 

the total ion signal from the predictions of a spherical free jet expansion model. One must 

be certain that the ions are not escaping from the jet by studying reactions with small 

exothermicities or by using high pressure jets which will quickly translationally relax the 

product ions formed. If the sum of ions technique is being used it is imperative to include 

the sum of all the ions present. A good example is the bimolecular reaction (3.1) which 

could very possibly be followed by the termolecular association of the product Nz + ion 

with a neutral Nz. In this case the sum of the ions must include Ar+, N/ and N,/. Many 

times second, third or even higher order consecutive reactions are seen to occur and all of 

the ions must be included in the sum if the rate coefficient obtained is to be accurate. 

A second case when the rate coefficient for a bimolecular reaction is not simple to 

determine is when the reaction is so slow it needs to be performed in a complete buffer 
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gas of the reactant. and therefore cannot be done under 'unreactive' conditions. A good 

example of this is the slow reaction 

(3.14) 

which due to its rate coefficient cannot be accurately studied (over a significant extent of 

reaction) without using H2 as the buffer gas. Here, the only effective way of analyzing 

the data is the sum of the ions technique. The same cautions apply here as above, and 

therefore this technique cannot be used for all reactions. In the case of reaction (3.14), the 

low reaction exothermicity coupled with the very low product pair mass combination 

makes such analysis possible. 

One other method of measuring rate coefficients should also be mentioned. Relative 

rate coefficients can be determined by measuring the branching ratios for products of two 

competing reactions. The different magnitudes of kinetic energy release into each channel 

release can lead to accelerated product ion loss from the detection region of the mass 

spectrometer and therefore bias the ratio towards the product with the least nascent 

velocity. Extrapolation of the branching ratio to zero reaction time nulls out this bias and 

allows determination of the true ratio of the rates. In this way, if one rate coefficient is 

known accurately, many others can be easily determined. 

The most difficult kinetic situation to analyze in the free jet is when bimolecular and 

termolecular processes compete simultaneously, 
k2 

NO+ + CH3I --~~ CH3I+ + NO 
k3 

NO+ + NO + Ar --~~ (NO)/ + Ar. 

(3.15) 

(3.16) 

In this case there is a competition between the two channels which is pressure dependent. 

Close to the nozzle the termolecular channel is relatively large, but as the distance from the 

nozzle is increased, the relative intensity of the bimolecular channel increases rapidly. The 
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fitting of the experimental data can be further complicated if the two rate coefficients 

have differing temperature dependencies. 

Using the same treatment as above for the pure bimolecular and termolecular cases, we 

can easily derive the expression for the loss of NO+ ions via these dual mechanisms as, 

(3. J 7) 

In theory, the 

C [_1- - _1_] and the rate coefficients k. and k3 could z Zj3 Zr3' .. 

experimental data could be fit to the equation, C [1 _ .1] + 
1 Zj Zr 

be extracted from the two 

determined fitting parameters, C1 and Cz. For this method of analysis to be effective 

there are a couple of conditions which must be met. First, the reaction must be performed 

in a pressure regime of the jet where the amount of bimolecular and termolecular 

reactivities are comparable. In this way the two coefficients obtained in the fitting process 

are of approximately the same order of magnitude, and the fit will not be skewed or 

statistically biased. Second, the rate coefficients can not have strongly differing 

temperature dependencies across the reaction region. If they do, then the branching ratio 

between the two channels, 

(3.18) 

is not simply a function of the number density in the free jet, in other words, the ratio of 

C 1 and C2 is not a constant. The fitting process is only valid if kz and k3 are constant 

across the reaction wne. This is most easily assured by choosing a reaction zone of 

constant effective temperature, forcing the two obtained fitting parameters to be constant 

also. In the specific example given above, the rate coefficients probably will be constant 
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over 3 kinetic run, however if the branching ratio is not constant, alternate methods of 

deconvoluting the two channels which account for the rapidly changing rate coefficients 

are necessary. These methods must be designed for the specific reaction system of interest. 

We now need to consider which reactive situations are most likely to lead to 

experimental observation of rate coefficients which strongly vary across the kinetic zone. 

Temperature dependence of the rate coefficient will lead to observation of non-linearity in 

the fits to equations (3.8) and (3.10). First, we must recall the thermal conditions which 

are present in the free jet. The rotational temperature of the reactant is basically constant 

across the kinetic zone since neutral-neutral collisions have effectively stopped where we 

perform reactions. The average translational temperature however is dropping 

continuously, albeit rather slowly along the region where kinetics are measured. The slow 

drop in average translational temperature is due to the fact that since the neutral-neutral 

collision rate is near zero, the parallel translational temperature is basically frozen at its 

terminal value, the perpendicular temperature is very much lower than the parallel 

temperature, therefore the average temperature will depend mostly on the parallel 

temperature. Therefore, to experimentally observe a rate coefficient which varies across 

the region of an experiment it must be strongly dependent on the translational energy of 

the collision. A further restriction is added when the relative magnitudes of the rotational 

and translational energies are considered. The rotational energy brought into the collision 

(20 K) is much larger than the translational energy (1 K). Therefore, to observe a 

changing rate coefficient, the rotational energy dependence of the reaction must be very 

weak. Otherwise, the reactivity of the collision complex formed will be most strongly 

governed by the rotational energy content brought into the collision. Most of this energy 

will have originated from the neutral molecule's rotational energy, and the small absolute 
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changes in the translational energy (even though the relative changes are large) would not 

be expected to playa large role. The first place one might look to find position dependent 

rate coefficients in the free jet, and therefore non-linear kinetic plots, is in three body 

association reactions. These reactions are well known to have very strong negative 

temperature dependencies. However, for molecular systems the lifetime of the 

intermediate collision complex, which determines the rate coefficient, depends on the total 

collision energy. So, these reactions will be governed primarily by the reactants' rotational 

energy, and although a strong temperature dependence will be observed between successive 

kinetic runs as the rotational energy is varied; during a single kinetic run the rate 

coefficient will be basically independent of z (the position in the jet). However, if the 

reagents have no rotational energy, the lifetime of the complex will depend strictly on the 

translational energy, and then curvature in the kinetic plots will be observed. A good 

example of this is the association reaction of an atomic ion with an atom to form a 

diatomic cation, 

Kr+ + Ar + Ar --~~KrAr+ + Ar. (3.19) 

In this case, the kinetic plot is not linear since the rate coefficient is changing rapidly 

across the kinetic zone where the rate coefficient is measured. The rate coefficient is 

determined by fitting the curve and then taking the derivative of this curve at various 

points along the expansion. The derivative is then directly proportional to the rate 

coefficient. These reactions will be discussed in depth later. 

One more important matter which now must be addressed is the assignment of a 

'temperature' to the experimentally obtained rate coefficient. If the results obtained in the 

free jet are to be applied to natural environments such as interstellar clouds this correlation 

is vital. Because all of the degrees of freedom are not at equilibrium in the jet the 
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determination of an average translational temperature is a complicated exercise. There are 

basically two ways of interpreting the collision event. The first, which is not used in this 

work, usually applies to three body molecular association reactions. Here, the translational 

and rotational energies are averaged together to produce a net average collision energy 

which can then be equated to a kinetic temperature. This assumes total statistical energy 

randomization in the collision complex. The second method recognizes the disequilibrium 

present in the free jet, and keeps the different collision energy sources separate. This is 

the method of choice here because of the type of reactions which have been studied. 

Reactions of ions with H% neutrals and with atoms are a primary focus of this work. In 

the first case, it seems that rotational energy is unimportant, and for atoms, no rotational 

energy exists. Due to these facts, in this dissertation all rate coefficients will be reported 

as a function of translational energy only, however recognizing that the rotational energy 

which is present in the neutral reactant species exists, is larger than the translational 

energy, and may be a dominating force in describing the reaction. What this amounts to is 

what this experiment really is, a beam experiment where all the degrees of freedom are not 

at equilibrium. Therefore what is reported is really a cross section as a function of relative 

collision velocity with the neutral reactant having some small finite rotational energy. 

Therefore, this measured cross section has a very high resolution velocity, but is averaged 

over the rotational ensemble of the neutral reactants. The rotational energy of the ion is 

always assumed to be zero. This is due to the experimental method of creating it. It is 

prepared in a low rotational state since a low j line transition is pumped in the REMPI 

transition. The rotational relaxation of the ion will be very fast due to the strong 

interaction potential with the buffer gas, and the molecule will be completely rotationally 

cooled to j=O after only a few collisions. 
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The average translational temperature is determined in the following manner. First, a 

temperature profile is calculated using the generalized Boltzmann model for the expansion 

[19). This profile is an average of both the parallel and perpendicular temperatures (eq 

2.3). This profile must then be averaged not only over the physical range of the 

experiment, but also over the neutral density of the jet. The neutral density weighted 

average is necessary to account for the fact that more collisions occur closer to the nozzle, 

at higher collision energy than do farther away, at lower temperature (35). If the 

theoretically obtained free jet temperature profile is T(z) then the average temperature 

over a kinetic experiment from Zj to lor is, 

( T(z) dz 
ZZ 

Tave. trnna = -------

( dz 
ZZ 

(3.20) 

This is the correct expression for a bimolecular reaction, whereas a density weighting of 

Z-4 is used for a termolecular reaction. So, any translational temperatures refered to 

henceforth are properly averaged over first, parallel and perpendicular degrees of freedom, 

second the geometric range (Zj - lor) of the experiment, and third over the ion-neutral 

reactive collision frequency. 

One question remaining is the reliability of the experimentally measured rate 

coefficient. The ion signal itself has a substantial shot to shot fluctuation due to the nature 

of the ion source. The ionization laser (typically a frequency doubled dye laser) power 

varies by approximately ± 20 % on a shot to shot basis. The REMPI process is a 

multiphoton process, so the ion intensity will be directly proportional to the square or cube 
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of the laser power. The shot to shot observed ion signal then depends on the square or 

cube of the power variation and the variance in the ion signal on a single shot is about 

± 75 %. Usually the ion signal is averaged for 100 to 500 shots depending on the absolute 

signal intensity, leading to an averaged error of about 10 %. The other possible random 

errors are the measurement of the ionization and detection distances Zj and Zr. The 

ionization distance (Zj) precision is about ± 0.5 mm. This is a a very small error when 

ionizing far from the nozzle, but can be substantial (10 % at Zj = 5mm) when ionizing near 

the nozzle. The experimentalist must be aware of this fact when running kinetics close to 

the nozzle in the high density region. The detection distance is much less precise, perhaps 

as large as ± 0.5 cm because of the finite size of the mass spectrometer aperture. The 

measurement of constant velocity arrival profiles at the mass spectrometer suggests that the 

entrance path into the mass spectrometer does not shift very much as either the mass 

spectrometer or the nozzle is moved. This uncertainty can lead to an error in Zr of as 

much as 15%. Fortunately, this distance is much less important than Zj in the kinetic 

analysis of a rate coefficient, and will only lead to a small perturbation of the measured 

rate. 

In the end, the day to day repeatibility of the measurement of a rate coefficient under 

identical conditions is about 25 %. This is most likely due to the above stated random 

errors and also the fact that the pulsed nozzle may not behave exactly the same over 

extended periods of time. Consecutive runs under the same experimental conditions 

usually agree to within 10 %. Kinetic analyses which involve curve fitting procedures are 

slightly less repeatible. To be safe, we have chosen to report measured rate coefficients 

with errors of ± 50 %. This error bar will not only encompass the error in the 

measurement of the rate, but the error in the assigned temperature for the rate coefficient. 
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CHAPTER 4 

COLLISION LIMITED BIMOLECULAR ION-MOLECULE RATE COEFFICIENTS 

A) Introduction: 

The simple Langevin theory of ion-molecule reaction rates assumes that all bimolecular 

ion-molecule reactions are governed purely by a long range ion-induced dipole potential 

[42,43]. The model assumes that the attractive potential between an ion and a neutral is 

large enough to effectively bury any barriers which arise from covalent chemical and/or 

stereochemical interactions. Therefore the only possible barrier remaining on the surface is 

the centrifugal barrier. This is a potential barrier which results from the rotational energy 

between any two colliding particles which have an impact parameter greater than zero [43]. 

In the Langevin framework only collisions which have enough translational energy to 

surmount the centrifugal barrier are considered to result in capture collisions. 

Mathematically, it is then simple to derive a capture cross section. A capture collision rate 

coefficient is obtained by averaging this capture cross section over a Maxwellian velocity 

distribution at the temperature of interest. The calculation of an actual rate constant can 

only be completed if the reaction efficiency is known. Since the density of states 

corresponding to exothermic product channels is quite high at the internal energy of the 

collision complex, exothermic reactions would be expected to dominantly compete with 

non-reactive back dissociation to reactants. Therefore, it is typically assumed that the 

reaction efficiency is unity, and all capture collisions result in chemical reaction. Within 

the Langevin model then, the reaction rate is equal to the calculated collision rate 

coefficient, 



57 

kLangevin = 2.34 X 10-9 If cmJ /sec . (4.1 ) 

Here. Ct is the polarizability of the reactant neutral in cubic angstroms and J.' is the reduced 

mass of the ion-molecule colliding pair in amu. Substituting typical values for the 

polarizability and the reduced mass we find that kLangcvin is usually on the order of 

magnitude of I x 10-9 cmJ/s. This number is always a useful estimate for the collision 

rate coefficient for an ion-molecule reaction. The most important aspect of this equation 

is the abscence of any dependence of the capture rate coefficient on the temperature. This 

equation holds for all collisions between an ion and a non-polar neutral molecule or atom .. 

One then predicts that simple exothermic reactions for systems which display an ion

induced dipole potential will proceed at very near the collision rate and the rate coefficient 

will be independent of temperature. 

There has been a great quantity of experimental data collected on ion molecule rate 

coefficients and their temperature dependence [44.45]. This data does not show 

temperature independent rate coefficients only. but instead a greatly varied behavior. 

Many of these rate coefficients can be explained by slightly modifying the Langevin model 

to include other long range potential forces such as ion-dipole or ion-quadrupole 

interactions. The inclusion of these orientation angle dependent forces in the potential 

increases the attractive potential. increasing the collision cross section. and also leads to a 

negative dependence of the rate coefficient on collision energy. The negative energy 

dependence arises from these attractive orientation angle dependent potentials. The 

increased attractive potential will increase the capture collision cross section. thereby 

increasing the reaction rate coefficient. 
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We have measured the rate coefficients of several fast reactions at low temperature in 

our flow reactor. A fast reaction is defined as one which occurs near or above the 

Langevin predicted rate coefficient. Therefore they appear to proceed with near unit 

efficiency at the collision rate coefficient. These reactions are the gas phase equivalent of 

diffusion limited reaction rate coefficients in solution, which occur as soon as the two 

reactant particles diffuse together. In general, all of these behave as the simple capture 

collision model would predict. Although these reactions are not noted for their interesting 

dynamics, they have been useful in characterizing the performance of the flow reactor and 

the free jet itself. A summary of all the fast reaction rate coefficients is given in Table 

4.1. 

B) Atomic Ion Reactions 

I) Ar+ + CH. 

As has been discussed, through the REMPI technique, rare gas ions can be produced in 

their ground spin-orbit state. In the case of Argon, we have used 4+1 REMPI through the 

3p6(1P3/z} 4p state [47] to produce Ar+ 1PS/ 2 ions, and have studied their reactivity. The 

reaction of Ar+ with methane is a good example of a simple Langevin reaction. The 

reaction is, 

Ar+ + CH4 ----S>S>CHz + + Hz + Ar 

--~~CH3+ + H + Ar 

(4.2) 

a dissociative charge transfer reaction. The mechanism would appear to be very simple, 

first, an electron hops from the CH. to the Ar+ via a short range curve crossing to produce 

an excited CH/. The ionization potential of Argon is 15.76 eV while that for methane is 

12.51 eV. Therefore, after the charge transfer occurs the methane ion which is formed 

can have 3.25 eV of internal energy. This is enough energy to fragment the molecule, and 
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Table 4.1 

Fast Bimolecular Reaction Rate Coefficients 

Reactants" k(T) refs. 

Ar+ + CH
4 0.5 II 10.1 II 48 

Ar+ + CzHe 0.5 8.1 10.7 12 51 

Kr+ + COz 0.5 12 6.2 7.1 53,54 

NH3+ + NH3 68 21.0 12 63-65 

NH3+ + CH4 
7.5 3.9 13 63,65,66 

C2H2+ + CzHz 14 14.0 12 71,72 

C 2Hz+ + CH
4 16 8.8 12 72-74 

C 2H/ + C ZH 4 15 13.8 14 72,75,76 

C 2H2+ + NO II 1.2 8.9 78 

all rate coefficients are· in units of 10-10 cm3/s 

(a) Product ion distributions are discussed in the text 

(b) Temperatures are relative translational energies only, rotations are not in equilibrium 

with translations 

(c) k(300) is the average of all room temperature data. 
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since only fragment ions are observed, the curve crossing point must be in a dissociative 

region of the CH4 + potential surface. Both CH~ + and CH
3 
+ fragments are 

thermodynamically accessible, and they are both observed. The CHz + channel is 16.4 

kcal/mol exothermic and the CH3 + channel is 49.8 kcal/mol exothermic. On this basis 

alone one might predict that the CH3 + channel is favored since its density of states will be 

large with respect to the other channel. 

Previous studies have shown that the branching ratio is 85: 15 CH/:CH/ at 300 K 

[48]. Dissociative photionization of the methane neutral supports this general trend with an 

observed branching ratio of 65:35 at 15.76 eV [49]. Theoretical calculations for the' 

statistical fragmentation of the CH/ excited state predict a ratio of 90: 10 [50]. Our 

experiments are complicated by the fact that the product ions subsequently react with CH4 

to form CzHn + ions, and make it difficult to obtain a quantitative product branching ratio. 

However, qualitatively we measure a branching ratio of 80:20, and can say that the 

branching ratio is nearly the same as it is at room temperature. The fact that the 

branching ratio remains basically constant over such a large translational energy range 

suggests that there is first a short range charge transfer to a dissociative or predissociative 

state of methane followed by fragmentation and that the mechanism is highly independent 

of incoming translational energy. The relative magnitude of the observed product 

branching indicates that the fragmentation of the methane ion formed is nearly statistical. 

Furthermore we do not observe the reaction channel, 

Ar+ + CH4 J) ArH+ + CH3 ' (4.3) 

which is 34.8 kcal/mol exothermic. If a long lived complex was formed during the 

collision of these two particles one might expect this channel to compete favorably with 

the other two. The fact that it does not indicates that an intimate collision complex 
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([Ar·.CH .. r ) may not be fonned, even at low translational energies. Therefore it appears 

that the short range charge transfer occurs before a collision complex forms. Another 

possible explanation to the abscence of this product is a barrier in the exit channel of the 

potential surface, but this product (ArH+) is not observed at higher collision energy either, 

so this possibility seems unlikely [51]. Figure 4.1 shows the observed energy dependence 
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Collision Energy (eV) 

Figure 4.1: Collision energy dependence of the rate coefficient for the 

reaction Ar+ + CHf,' This is a classic case of a Langevin reaction, as it reacts 

at the collision rate, and is energy independent. The free jet data is depicted 

as diamonds, the circle is a flow tube result{48], squares are from a drift 

tube [51]. 
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for the reaction. It depicts Langevin behavior, the rate is near the Langevin prediction 

and energy independent from 0.25 eV to less than 10-4 eV. Since the rate coefficient is at 

the Langevin predicted limit the charge transfer cannot be occuring via a long range 

electron transfer. A long range electron transfer is defined as one which occurs before the 

centifugal barrier to a reaction. If there was a long range curve crossing which was 

leading to the electron transfer, the observed rate coefficient would be expected to be 

larger than the Langevin rate coefficient. We observe only a Langevin rate coefficient and 

therefore believe a shorter range interaction is occuring in this case. 

2) Ar+ + C2H& 

Another example of a charge transfer process is the reaction between Ar+ and the next 

higher order saturated hydrocarbon, ethane, 

Ar+ + C2He ----!»products . (4.4) 

Table 4.2 shows the relevant products which are observed, and their exothermicities. 

Figure 4.2 shows a representative kinetic plot for this reaction, it is obtained by taking two 

consecutive runs, the first without any ethane present, and the second with a small amount 

of ethane in the expansion. The measured rate coefficient for this reaction is 8.1 x 10-10 

cmJ/s at Ttrnna = 0.5 K. The measured rate coefficient at room temperature is 1.07 x 10-9 

cm3/s which is about 88 % of the Langevin value [51]. There seems to be a very slight 

decrease in the rate coefficient as the collision energy decreases, however due to the lack 

of any data in the intermediate range between 0.5 and 300 K it is difficult to be certain as 

to the significance of this observation. 

As can be seen from Table 4.2, there are a large number of product channels for this 

reaction which are energetically accessible. These include a great variety of product ions. 
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Figure 4.2: Kinetic plot for the reaction of Ar+ + C1"o' The y axis is the 

extent of reaction (reactive intensity divided by the unreactive intensity), the 

x axis is related to the initial neutral density and the slope is proportional to 

the rate coefficient. 

At higher collision energies near 0.2 eV in a drift tube, 98% of the product ions observed 

contain two carbon atoms [51). We observe the same basic product ions at low 

temperature, however their relative distribution is slightly different. Table 4.2 shows the 

observed products in both the drift tube experiment and in the free jet experiment, also 

included in the table is the quasi-equilibrium theory (QET) prediction [52]. This 
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calculation was performed for the statistical dissociation of a propane ion with 4.24 eV of 

Table 4.2 

Ar+ + C2Ha Product Distribution 

Products LlHrxn a drift tubeb free jet QETc 

CZH5+ + H + Ar -76.9 3 15 2 

CZH4+ + Hz + Ar -90.2 10 25 22 

CzH/ + H + Hz + Ar -30.4 50 40 48 

CzHz + + 2 Hz + Ar -29.5 35 20 22 

CH3+ + CH3 + Ar -49.4 2 6 

(a) Enthalpies of reaction are in kcal/mol 

(b) Drift tube data from reference [51] 

(c) Quasi-equilibrium theory calculations from reference [52] 

internal energy. QET is a statistical unimolecular (equivalent to the RRKM model) theory 

where it is assumed that all the energy is randomized among all the internal modes of the 

ion, and that fragmentation occurs according to the relative densities of product states at 

the internal energy of the ion. The table clearly shows that all three distributions show the 

same shape in the product ion distribution. The most abundant product ion observed in all 

cases is CzH/, while the CzH./ and CzHz+ are nearly equal in intensity and about half the 
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intensity of the primary product ion. There are slight differences in the experimentally 

obtained product distributions, but the general shape of both product ion intensity 

distributions agree and since they also agree with the statistical QET prediction, support 

the idea of a decay of a statistical complex. This is what one might expect from the 

previous discussion of CH4 + dissociation. Here, the ion already has 4.24 eV of internal 

energy and a small change in translational energy of only 0.1 e V will not change the newly 

born superexcited ion's behavior significantly. The fact that the product distributions 

agree with the statistical calculations and also with the product ion yield from direct 

dissociative photo ionization of CZH6 seem to indicate that the Ar+ ion itself is of little . 

importance in the reaction, it is simply a source of energy. This is supported by the fact 

that the exothermic product ion ArH+ is once again not observed at any translational 

energy. Therefore, it would appear that the mechanism here is very similar to that for 

Ar+ + CH4• The electron hop must occur at relatively short range again, since the 

observed rate coefficient is not greater than Langevin. Then, the hot CZH6 + ion which is 

formed statistically fragments to several products. 

3) Kr+ + COl 

Using 3 + I REMPI through the 4p5(ZP3/ Z)7s state [47] of Kr, we can produce ground 

state Kr+ zPS/ 2 cations. Another bimolecular charge transfer reaction we have studied is 

the charge transfer reaction with COz' 

Kr+ + COz --~s>COz + + Kr . (4.5) 

This reaction is only 5.2 kcal/mol exothermic, therefore fragmentation of the product ion 

is not possible in this case. Figure 4.3 shows an example of a kinetic plot for this reaction 

obtained using the sum of the ions technique. It is important to note that the scatter in the 
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Figure 4.3: Kinetic plot for the reaction of Kr+ + CO2• This plot was 

obtained using the sum of ions technique. 
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data is considerably less in this method than in the consecutive reactive and unreactive 

runs method (Figure 4.2). This is primarily due to the fact that in the sum of ions 

technique the laser power is an absolute constant for each point in the kinetic run. In the 

alternative method the laser power can vary from the unreactive data to the reactive data 

for each point, leailing to a larger scatter in the data. The rate coefficient we obtain for 

this reaction is 1.2 x 10-9 cm3/s at 0.5 K, and the only product ion observed is CO2+. 
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The Langevin predicted collision rate coefficient for this system is 7.1 x 10- 10 cm3/s, 

so our observed rate is slightly above this. In an ICR trap and a flow tube at 300 K the 

rate has been measured to be 6.2 x 10-10 cm3/s [53,54]. There is therefore also a slight 

negative temperature dependence observed for this reaction. It is possible for a molecule 

such as CO2 which has a quadrupole moment to show a negative temperature dependence 

in the collision rate coefficient [55-57]. If the anisotropic charge distribution in the 

molecule can align itself with the ion, the attractive potential, and therefore the collision 

rate coefficient will increase. This locking effect has been observed by Castleman and co

workers [58] via trajectory studies of Na+ ions colliding with N2 and CO2, For CO2, we 

can calculate a maximum collision rate of 8.7 x 10-10 cm3/s, if we assume 100 % locking, 

which is still less than we experimentally observe at low translational energies. However, at 

both temperatures where this reaction has been studied, the rate coefficient is Langevin 

within the reported error bars, so we cannot determine if the quadrupole is increasing the 

rate coefficient. Another possibility to produce a reaction rate which is over Langevin is 

the OCClJrrence of a long range electron transfer before the centrifugal barrier which does 

not require a Langevin capture collision to react, and will therefore show a super-Langevin 

rate coefficient. If we assume a Landau-Zener model for curve crossing, the long range 

electron transfer mechanism can only increase the rate coefficient at low energy if the 

curve crossing occurs to a surface which is crossing from above [43]. Since the 

polarizability of Kr is less than that of CO2 this would seem to be an unlikely situation at 

long range. Even an excited vibrational state of COz + which might have an energy near 

the Kr+ + CO2 threshold cannot be reactive to a first approximation because the Kr+ + 

COz ion-neutral potential surface will drop off much faster than the CO2 + + Kr surface. 

Therefore, curve crossings can only occur from below, and at low translational energies 
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these will lead to no reaction, and it seems unlikely that this reaction proceeds by this 

mechanism. 

C) Molecular Ion Reactions: 

I) NH3+ + NH3 

The powerful REMPI technique can also be used to create stable molecular radical 

cations in their ground vibrational states. In this manner we can investigate the reactivity 

of molecular ions which are created in their vibrationless ground state. As a first example 

we will look at some fast reactions of the ammonia cation NH/. Conaway and co

workers have used 2 + I photo ionization through the NH3 C state to create NH3 + cations in 

selected vibrational modes [59]. In fact, they have shown, by measuring the kinetic energy 

of the released photoelectrons, that the NH/ cation is formed with 100 % purity in the 

ground vibrational state when the C state 00
0 origin is pumped as the intermediate 

resonance. 

The first example of a fast reaction is the bimolecular atom transfer process between 

ammonia cation and ammonia neutral, 

(4.6) 

This reaction is important because it is the first one we have studied where the dipole 

moment of the neutral is substantial. 

The dipole moment of NH3 is 1.47 debye, and this is predicted to have a large effect 

on the collision rate, especially at low translation energies [46, 60-63]. There is a much 

larger attractive potential possible between an ion and a dipolar molecule, than one without 

a dipole. The potential is also anisotropic since it depends on the orientation angle 

between the dipole and the ion, 
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Vion dipole = ~ + ~~s¢, (4.7) 

where C and D are constants, <P is the orientation angle between the dipole and a point 

charge and r is the ion-molecule distance. There are two important effects of the dipole. 

First, if the dipole is oriented correctly, it will be an attractive potential. Classically, as the 

time the two particles interacts increases, the dipole will orient itself to its lowest energy 

configuration, therefore, as the translational energy of the collision decreases, the collision 

rate coefficient sharply increases. Second, since the potential is anisotropic, depending on 

the orientation of the ion and the dipole, the collision rate coefficient is also very sensitive 

to the rotational state of the ion. This effect can be explained with another classical 

argument. At low translational energy, if the neutral's rotational energy is very high the 

ion can only '~e' a spherical molecule and will have no additional attractive potential due 

to the dipole moment, in this case the actual potential for the system is the same as for an 

ion-induced dipole. However, if the rotational energy is low the ion-molecule potential 

will be very anisotropic, and the attractive part will increase thereby increasing the 

collision rate coefficient. These ideas have been worked out theoretically by several 

groups, and methods for the calculation of collision rate coefficients have been devised [46, 

60-62]. 

Figure 4.4 shows the translational temperature dependence for reaction (4.6) from 

300 K [63-65] to less than I K. The figure shows the rate coefficient increasing as the 

translational energy decreases, as one expects. Experimentally, these rate coefficients are 

fairly difficult to obtain since one needs to be concerned with ammonia clustering when it 

is expanded in the free jet. These rates were all measured with extremely small 

concentrations of ammonia expanded (less than I %) in the jet to keep clustering to a 

minimum. The line through the data in the figure is purely a mathematical fit and is not a 
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Figure 4.4: Temperature dependence of the rate coefficient for the reaction 

of NH3 + + NH3• The high temperature data (circle) is the average of several 

room temperature measurements (refs [63-65]), diamonds are the free jet 

data. The dashed line is the Langevin limiting rate, while the solid line is 

purely a straight line fit to all the data. 

theoretical prediction of the rate coefficient. It must be remembered that this increasing 

rate is due not only to the decrease in the translational energy but also the greatly 

decreased rotational energy. This reaction is difficult to compare to theory since the effect 

of rotational energy is so important and the translational energy and rotational energy are 
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not at equilibrium in our experiment. In fact, the reason that the observed negative 

temperature dependence at low energies is not as steep as the theories would predict is 

because the rotational temperature is not varying greatly across these points. We can 

obtain a good estimate of the rotational temperature of the NH3 from the rotationally 

resolved REMPI spectrum. This leads to a rotational temperature of about 15 K. With an 

approximate rotational temperature we can compare this reaction to a theoretical 

prediction. The adiabatic invariance theory of Morgan and Bates [60] predicts a rate 

coefficient of about a factor of two higher than our experimentally measured results. This 

discrepancy cannot be presently explained, but future studies of other reactions of ions 

with dipolar species should clarify differences such as this. 

2) NH l + + CH .. 

Another atom transfer reaction is the reaction of ammonia cation with methane, to 

produce protonated ammonia, 

(4.9) 

There is an especially large difference between the rate coefficients obtained 

experimentally in a flow tube [63] and those obtained in an IeR [65,66] at 300 K for this 

reaction. None of these experiments indicate what the difference might be, and problems 

such as this are relatively rare. Both techniques do however agree that the reaction is not 

very efficient at room temperature, occuring on only about 30 % of all collisions, the 

average rate coefficient being about 4 x 10-10 cm3/s. 

Figure 4.5 shows the rate coefficients we have measured at low translational 

temperatures. Under the conditions present in the free jet we see a relatively large 

enhancement in the rate coefficient by a factor of two, where the average value is 
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Figure 4.5: Low energy rate coefficients for the reaction of NH3+ with 

CH4 • Diamonds represent the free jet data, circles are the room temperature 

measurements [63,65,66]. 

7.7 X 10-10 cm3/s. However, even though the rate coefficient has increased, it is still not 

quite to the Langevin limit. We observe an average rate coefficient which is about 60 % of 

the calculated collision rate coefficient. Without any data at all between 300 K and our 

low temperature data, and since there is a such a large scatter in the 300 K data, it is 

difficult to say very much about the mechanism for this reaction. Since there is a sharp 

negative temperature dependence observed, and since there is no permanent dipole 
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moment in the reactant neutral, one possible mechanism for enhancing the rate coefficient 

is the formation of a long lived collision complex [67]. If a long lived complex were 

required for this reaction then the rate coefficient would be rather small at room 

temperature since the collision complex lifetime is relatively short. As the collision energy 

and the rotational energy both decrease in the free jet, the lifetime of the collision 

complex will increase, thereby increasing the reaction efficiency. This effect has been 

seen for many reactions previously, where it occurs at higher relative energies and negative 

energy dependecies are observed [68]. The further study of this reaction will require a 

detailed statistical calculation on the [NH3···CH4]+ collision complex, which has not yet 

been performed. 

3) C2 H2 + + C2 H2 

Anderson and co-workers have shown via photoelectron spectroscopy that acetylene 

neutrals can be photoionized to produce vibrationally state selected cations [69-70]. Here 

we have used two techniques to exclusively produce vibrational ground state ions. Again 

the vibrational ground state ions can be produced with 100 % state purity. There are two 

transitions we have used to form our ions, the first is a 3+ I REMPI through the G1IIu 

state [69], and the second is a 2+ I REMPI through the lllg Rydberg state [70]. We have 

studied several fast reactions of acetylene cation in the free jet flow reactor. The first 

reaction that was studied was the reaction with the parent neutral 

CzHz+ + CzHz ---?~C4H/ + Hz 

--~~C4H/+H 

(4.10) 

This reaction has been well studied at room temperature and the rate coefficient has been 

found to be about 1.4 x 10-9 cm3/s [71, 72]. The Langevin rate coefficient for this 
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example is 1.19 x 10-9 cmJ/s. so the reaction appears to be occurring on every collision. 

The measured product branching ratio at 300 K is 35:65 C4Hz+: C 4HJ+. In the free jet at 

translational temperatures of about I K we observe a rate coefficient of 1.4 x 10-9 cml/s. 

The product branching ratio at low translational energy is almost the same as at 300 K. 

about 40:60. These facts simply show that the reaction occurs on every collision over a 

large energy range. The fact that the observed rate is slightly above the Langevin 

prediction over the entire energy range cannot be easily explained. Since the system is 

symmetric. a long range electron transfer will not increase the rate coefficient above the 

Langevin limit. Furthermore, the quadrupole of the CzHz neutral cannot be a major factor 

either, because there is no observed negative temperature dependence in the rate 

coefficient. 

4) CsHs + + CH .. 

The reaction of acetylene ion with methane has also been studied, and the observed 

products are, 

CzHz + + CHi ---?lI>ClH4 + + Hz 

--~>ClH5+ + H , 

(4.11 ) 

The reaction products look very similar to those for the reaction with acetylene. In both 

reactions there is an association to form a larger complex which then transfers either an H 

atom or an "2 molecule to form a stable ion. Previous studies of this reaction have 

measured the rate coefficient to be 8.8 x 10-10 cm3/s [72-74J. This is about 75 % of the 

Langevin rate which is 1.2 x 10-9 cm3/s. At low relative collision energies we observe the 

rate coefficient to be 1.6 X 10-9 cml/s, slightly above the Langevin rate. The room 

temperature branching ratio is 20:80 Cl H/:C3H6+. We observe the same branching ratio 
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at low energy, so the basic reaction mechanism would appear not to have changed. The 

methane neutral has tetrahedral symmetry, so it has no anisotropy in its electron 

distribution nor any dipole moment to increase the collision rate coefficient above the 

Langevin value. The observed negative temperature dependence may be due to the 

formation of a long lived complex again, although this will not explain the rate coefficient 

which is 33 % above the Langevin limit. In this case, it is also possible that a Landau

Zener type mechanism could be occuring to a curve crossing from above. This is because 

the polarizability of the acetylene neutral is larger than that for the methane neutral. If 

the curve crossing occured at a distance greater then the centrifugal barrier, the rate 

coefficient could increase as the temperature decreased. Unfortunately, the fact that the 

ionization potential of methane is 1.2 eV greater than that of acetylene makes a long range 

curve crossing seem unlikely. 

5) CJ"J + + CJ",\\ 

The reaction of acetylene cation with ethylene is of interest since there are several 

product channels which are energetically possible. 

Cz"% + + C%". --~~ Cz". + + Cz"z 

--~,. C3"3 + + C"3 

--~,. C."5+ + H 

(4.12) 

Here there would seem to exist a possible competition between three totally different types 

of reaction mechanisms. First there is the simple charge transfer to form Cz"/' there is a 

carbon-carbon bond forming process to make C3H3+' and the association/H atom loss 

product C.H5 + as in the previous two reactions. The experiments on this reaction at 300 

K are in great disagreement as to the product distribution. The first study, in a flow tube 
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found the major product ion to be the C 3H/ ion, and also observed very little of the 

charge transfer product (less than 5 %) [75]. The second study, five years later in an ICR 

found a different product distribution [72]. In this case the C3H3 + ion was observed to be 

the most favored also, but over 30 % of the products were in the charge transfer channel. 

Finally, a second ICR experiment measured the charge transfer channel to be nearly 65 % 

of the total product intensity [76], contrary to the two earlier studies. The rate coefficients 

of all these workers are fairly consistent and the average is 1.38 x 10-9 cm3/s, close to the 

Langevin value of 1.4 x 10-9 cm3/s. The inconsistent data for the branching ratio 

indicates the difficulty of obtaining quantitative branching ratios for a complex reaction 

such as this. 

At the very low energy in the free jet we observe the reaction to proceed at slightly 

above the Langevin value, at 1.5 x 10-9 cm3/s, in agreement with the earlier data, and as 

one would expect for a reaction occuring at the collision rate. If we assume full locking of 

the polarizability, we can calculate a rate coefficient of 1.51 x 10-9 cm3/s, this value is 

perfect agreement with the rate coefficient measured, possibly indicating we have locking 

onto the largest moment of the polarizability at lower temperatures. The product 

distribution which we measure is slightly different from all the previous measurements. 

We see the maximum product intensity of about 55 % for the C3H3 + ion and also observe 

25 % charge transfer product C:H4 +, agreeing most closely with the results of Kim and co

workers [72]. Our results have been extrapolated back to time zero to account for the 

consecutive reactions of the product ions which can occur. The different results are 

summarized in Table 4.3. The results from a dissociative photoionization study of C4He 

are also shown [77]. Since the collision complex formed in this case is made up of ten 

atoms, we assume that a long lived collision complex is formed. This long lived C4He + 



Table 4.3 

C 1 H 1 + + C 1 H .. Product Distribution 

Products flowtube a 

CzH .. + + CzHz <5 

C3H3 + + CH3 70 

C .. Hs++H 30 

(a) reference [75], flow tube 

(b) reference [72], ICR 

(c) reference [76], ICR 

34 

43 

23 

64 

20 

16 

18 

35 

55 

(d) reference [77], dissociative photoionization of C4H6 

free jet 

25 

55 

20 
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complex is formed with 3.7 eV of internal energy. This is enough energy to fragment the 

ion. In this case, there is really no competition between charge transfer and 

association/reaction, but only a statistical decomposition of a species above its dissociation 

limit. If a statistical dissociation is occurring, our results should agree fairly well with the 

observed product ion distributions found in dissociative photoionization studies of C4H6 
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neutral. Our results do not correlate very well to the photoionization results. This is 

puzzling because other studies at higher collision energies indicate that the C4H/ ion 

isomerizes many times before it fragments [50], and therefore should decay statistically. 

Again, because of the disparity of results at 300 K, it is difficult to say if the mechanism 

is statistical or not over the entire range of translational energies. 

6) CsH:a+ + NO 

A final example of a fast molecular charge transfer reaction is the reaction between 

acetylene cation and NO, 

(4.13 ) 

The exothermicity for this reaction is not large enough to fragment the NO+ ion, so it is 

the only product observed. At 300 K in a flow tube the rate coefficient for this reaction 

has been measured to be 1.20 X 10-10 cm3/s [78], and is only about 13 % of the Langevin 

rate of 8.9 x 10-10 cm3/s. At low energy we observe the rate to increase dramatically to a 

value slightly above Langevin of 1.1 x 10-9 cm3/s. Before discussing the absolute 

intensities of these rate coefficients, we must consider the spin statistics of this system. 

The CzHz + and NO are both doublets, after charge transfer however, two singlets are 

formed. The reactant spin states correlate to a 3~ state, two 3E states, a 1~ state and two 

1E states. Only 2 of these 16 total states correlate to the symmetry of the products 1E. If 

spin was totally conserved throughout the reaction then the maximum rate coefficient 

should be only 1/8 of the collision rate, or 1.2 x 10-10 cm3/s. This value is in good 

agreement with the room temperature measurement, but is at odds with our low 

temperature result. There are two reasons why the reaction may speed up as the relative 

collision energy decreses. First, are the effects of the dipole moment and the polarization 
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anisotropy of the NO. Even though the dipole is rather small, it can still lead to a 

substantial increase in the collision rate. A calculation of the collision rate at a 

translational energy of I K, with a rotational temperature of 30 K yields a collision rate 

which is 1.45 times Langevin using the simple rotationally adiabatic model of Morgan and 

Bates. If polarization locking is included in the model, the collision rate will increase to 

about 1.75 times the Langevin limit. In light of the slow 300 K reactivity and the spin 

conservation, this does not explain our fast observed rate, and we must consider other 

factors which are slightly more subtle. The lifetime of the collision complex will increase 

as the total collision energy decreases. This can lead to an increased reaction efficiency if 

the complex facilitates the breaking of the spin symmetry rules (curve crossings) which are 

necessary for the charge transfer to occur. These curve crossings can occur in two distinct 

ways. First, they can occur at rather long range, so in a Landau-Zener model once again 

they remain on the lower surface. Or the curve crossings could occur further in on the 

surface in the attractive well of the collision complex, here the number of times the curve 

crossing is sampled is greatly increased due to the long lived complex. Either one of these 

mechanisms, or a combination of both could easily increase the reaction efficiency by the 

factor of five which would be necessary to obtain the experimentally observed rate 

coefficient. The breaking of spin symmetry rules at low collision energies has already 

been observed in the reaction of N 2 + with 02 at low temperature and in several reactions 

at 300 K [30]. 
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D) Conclusion: 

The fast reactions of ions at low temperatures do not all seem to proceed by the exact 

same mechanism. There are several important factors at very low translational energy 

which are only small effects at room temperature. The dipole and quadrupole moments of 

molecules may greatly accelerate the rate coefficient at low temperature. These 

asymmetric electron distributions will increase the attractive potential at these very low 

collision enegies. At the very low collision energies in the free jet any Landau-Zener 

curve crossing will always remain on the lowest surface since the crossing probability 

decreases as the velocity decreases. This means that only curve crossings from above can 

be observed at low collision energy, this limits the possibilities of curve crossings and long 

range electron transfers for many reactions. 

The rare gas argon and the molecular neutrals NH3 and CzHz have all been detected in 

interstellar gas clouds [3J. Therefore, modelers may wish to use these rate coefficients in 

simulations of dense cloud chemistry. There is however an important point which must be 

re-emphasized if Table 4.1 is to be used to model synthesis in molecular clouds. These are 

not equilibrium measurements. Although the translational temperatures are very low, they 

are not in equilibrium with rotational energy. Due to this fact, these rate coefficients 

cannot be applied to an interstellar model without careful thought as to the effect of 

reactant rotational energy on the reactivity. This is especially important for reactions with 

molecules having dipole moments, or for cases where the reactivity seems to be limited by 

the lifetime of the collision complex. 
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CHAPTER 5 

SLOW BIMOLECULAR ATOMIC ION-MOLECULE RATE COEFFICIENTS 

A) Introduction: 

Reactions which have relatively small rate coefficients and/or positive temperature 

dependencies are difficult to describe with the capture collision models used in the 

previous chapter. In these cases, the forces described by the potential surface in the region 

of the collision complex must be carefully considered since they can dramatically modify 

the dynamics. This requires a more complex reaction theory and must be coupled with 

extensive experimental information for a complete understanding of such reactions. 

Studies of the translational energy and internal state dependence of these types of ion

molecule reactions are important to provide information about the microscopic dynamics 

of such collisions. The free jet flow reactor provides us the opportunity to study many 

slow reactions in depth as the limit of zero translational energy is approached. This unique 

experiment has allowed us to acquire experimental information which is not available by 

any other means. The combination of our free jet technique with data from room 

temperature flow tubes and higher energy drift tubes and ion beam experiments allows the 

study of reactivity over a translational energy range of six orders of magnitude (10- 5 - 10 

eV). The extreme low energies provided by our technique allow an excellent opportunity 

to compare experiments with theory and to possibly observe new reaction mechanisms 

which may only occur at these extremely low collision energies where the lifetimes of 

collision complexes are very long. Furthermore, the rate coefficients measured at the low 

collision energies which are produced in the free jet, when taken in their proper context, 

can provide an essential data base for interstellar gas cloud models. 
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Many simple charge transfer reactions of rare gas cations have been the subject of 

intense theoretical and experimental scrutiny. A good example of this is the charge 

transfer reaction 

(5.1 ) 

which has been well studied in the past. The rate coefficient has been measured using 

several techniques at varying translational energies from 4 x 10-3 to 100 eV [79-83]. The 

CRESU, flow tube, drift tube and ion beam techniques have all been used to study this' 

reaction. The rate coefficient is seen to exhibit a minimum at a translational energy near 

0.3 eV (near 2250 K). Above this energy the rate coefficient rapidly rises, and at collision 

energies below this, the rate coefficient is seen to increase also. We have measured the rate 

coefficient of this reaction at very low translational energies near 10-4 eV (l K). Figure 

5.1 shows the observed translational energy dependence of the rate coefficient. Our data 

supports the general temperature dependence determined in the previous experiments, and 

extends the translational energy range of the experiments. Since all of the data is from 

four very different types of experiments, one must again be careful when comparing the 

results due to the different rotational distributions in the neutral 02 reactant. It has been 

experimentally shown in a variable temperature drift tube that the rotational energy of the 

neutral species can have a large effect on the reaction rate coefficient of given system [84]. 

For example if the rate coefficient increased with decreasing translational energy, a 

corresponding increase in the rotational energy of the neutral may wash out the 

experimentally observed change in the rate coefficient due to the translational energy. 
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Figure 5.1: The translational energy dependence of the rate coefficient for 

the charge transfer reaction Ar+ + 02' Squares are from ref [80] drift tube, 

circles are from ref [79], flowing afterglow, triangles are from ref [82], 

CRESU, diamonds are from the free jet flow reactor. 

An explanation for the increasing rate coefficient with increasing energy in this case 

can be proposed by using the model of Laudenslauger and co-workers [48]. They have 

suggested that Franck-Condon factors may be important to charge transfer reactions, 

expecially in the case of the reactions of rare gas ions. Therefore one must consider the 

relative intensities of the Franck-Condon factors for the transition from 02 (v=O) neutral 
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to °2+ (v=n) ion. These authors have also pointed out that resonant charge transfers are 

favored, so in this case we must consider the Franck-Condon factors for a transition from 

02 to °2+ (v= 19). This is a very unfavorable situation indeed, as the Franck-Condon 

factor for this transition is so small, it hasn't been experimentally determined [81]. 

Therefore a relatively low rate coefficient would be expected for this system for room 

temperature collisions, as is observed. The increase in the rate comes as the relative kinetic 

energy of the coltision is increased thereby allowing access to the first electronically 

excited state of the 0:+ ion. For the rate coefficient to show the sharp increase, the 

Franck-Condon factors for the low vibrational levels of the 02.+ a4IT state must be much 

higher than those for the X state. The photoelectron spectrum of 0: clearly shows that 

this is true, as there are no observed ions produced at the v= 19 level of the ground state, 

but a long progression of vibrational states is obseved for the a4 IT state [85]. Therefore, a 

minimum in the rate coefficient is predicted at the endothermicity of the reaction 

Ar+ + 0: ~O/ (a4ITu) + Ar . (5.2) 

This idea has been experimentally verified by Lindinger and co-workers who have shown 

via monitor ion techniques that the 02.+ is produced in the electronically excited state [86]. 

From consideration of the high energy data then, this reaction is described well by a direct 

mechanism where charge transfer occurrs primarily to resonant vibrational states in the 

0:+ manifold. 

Now we must turn to the area of most interest here, that is, the low energy portion of 

the rate coefficient curve. The model above, for a direct reaction, predicts that the 

reaction will remain relatively inefficient as the collision energy decreases. This is due to 

the propensity to channel products into the near resonant 0:+ X :E (v=19) state. Instead, 

what is observed is a steadily increasing reaction rate coefficient. This suggests a 



85 

breakdown in the direct resonant charge transfer model. 

The actual product state distribution as a function of collision energy from 50 to 1700 

me V has been measured recently in an elegant experiment by Scherbarth and Gerlich [81 J. 

They used laser induced predissociation of the 0z + product ions to determine the product 

Quantum state distribution of the 0/. They see the internal energy content of the 0/ 

steadily decrease as the translational energy decreases. Furthermore, they observe mostly 

production of 0%+ (v=O), indicating that the Franck-Condon factors which have been used 

to explain the higher energy data are not important at low collision energies. These 

authors propose a model which involves the formation of a long lived collision complex.' 

The theoretically derived potential surface shows a seam in the surface which can lead to 

curve crossing in the ArOz + collision complex to a dissociative surface which then forms 

Ar + 0/ [81 J. So, once again, at low energy, this charge transfer reaction is really not 

what one would think of as the typical long range electron hop. The efficiency with 

which this curve crossing occurs is directly related to the amount of time the collision 

complex spends in the region of the potential surface near the seam. If the lifetime of the 

complex is long enough, the curve crossing can occur at unit efficiency since once it 

crosses it goes to a dissociative state and therefore cannot cross back. This mechanism 

Qualitatively explains the low energy behavior of the rate coefficient. At higher collision 

energies, Scherbarth and Gerlich have shown that a4II state population does occur, 

increasing the reaction rate coefficient [81 J. 

OUf data supports the long lived complex mechanism theory at low energy. However, 

there is a slight discrepancy between our data and the long lived complex theory regarding 

the absolute magnitude of the rate coefficient. First, we need to consider spin statistics 

again. The ground state Ar+ ion is a doublet and 0% is a ground state triplet, therefore 
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there are many spin states which can exist for the Ar02 + collision complex. Theoretical 

calculations show that only one sixth of these states are bound, while the others are 

repulsive [81]. If the curve crossing seam exists in the repulsive region of these five 

surfaces, which the calculations suggests, the simple model predicts that if the curve 

crossing above is proceeding at unit efficiency the rate coefficient should be about 1/6 the 

collision rate, or 1.17 x 10-10 cm3/s. Figure 5.2 shows the low translational energy data for 

our technique and the CRESU, and includes the theoretical limit. Both low temperature 

experiments observe rate coefficients slightly higher than this limiting value, while Gerlich 

has unpublished results that suggest a plateau in the rate coefficient at low translational 

energies in the merged beam experiment near the theoretically predicted rate coefficient 

[87]. Furthermore, we observe a reaction rate coefficient significantly faster than that 

measured in the CRESU. There is a possible explanation to the difference in the CRESU 

and the free jet, and it involves a curve crossing mechanism which depends on 

translational energy only. To see an increase in the reaction rate above the predicted limit, 

it is necessary to form long lived complexes more than 1/6 of the time. This can be 

accomplished if there is a curve crossing from a repulsive state to the bound state. This 

crossing must occur at long range and must be facilated by low translational energies. 

These can occur in the small bound wells which exist at long range on the 'unbound' 

repulsive surfaces. These curve crossings would be more efficient in the free jet than in 

the CRESU and in both cases the rate coefficient would proceed at greater than the 1/6 

limiting value. This is simply a manifestation of the fact that during the collision process, 

the spin quantum number may not be rigoriously conserved, since a new quasi-molecule 

has been formed. A similar effect has already been seen by both our group and the 

CRESU for the charge transfer reaction beteween N/ and 02 [30,88]. In this case, the rate 
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Figure 5.~ Low translational energy rate coefficients for the charge 

transfer reaction between Ar+ and Os. Diamonds represent the free jet 
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coefficient proceeds at 45 % of the Langevin predicted rate, where the statistical prediction 

is 33%. There are many other examples known where these type of pure spin arguments 

break down, especially under low collision energy conditions (89). 
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2)Ar+ + HI 

The ion-molecule reaction between Ar+ and Hz has also been extensively studied both 

theoretically and experimentally. There are a two primary reasons why this system is of 

interest. The possible reaction channels are, 

Ar+ + Hz --~>ArH+ + H (5.3) 

--~>Hz+ + Ar 

where there exists a competition between an atom transfer and a charge transfer channel. 

This reaction is relatively easy to model theoretically since it has only three atoms in the 

collision complex and the diatomics in molecules potential (DIM) surface has been used for 

most of the calculations done in the past (90). It is also very interesting theoretically since 

the reactants Ar+ + Hz correlate only to the endothermic process Ar+ + H + H. The 

exothermic products Ar + Hz + and ArH+ + H both correlate to Ar + H+ + H. Therefore, 

in a purely adiabatic model, this system is totally unreactive. To reproduce the 

experimentally observed reactivity, the model must include curve crossings (nonadiabatic 

transitions) and mixing of states. 

Experimentally, the reaction cross section has been studied over a very wide range 

again, using ion beam, flow tube and drift tube techniques, from 4 x 10-3 to 30 eV, and 

the relative product branching ratio has been measured as a function of collision energy 

[79,80,82,91-95). What is observed is very interesting indeed. The cross section is seen to 

increase as the relative collision velocity decreases. The Langevin model predicts that the 

reactive cross section should rise as the collision velocity to the -112 power. Instead what 

is observed is a cross section which increases at about v- O•4 (92). Figure 5.3 shows the 

reactive cross section for this reaction for collision energies of less than I eV. Since the 

increase of the cross section is less than v-liz, the convolution of this data with a 
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Figure 5.3: Low collision energy cross sections for the reaction between 

Ar+ and H2• The solid line is the high resolution ion beam data, ref (95]. 

The triangles are from the CRESU, ref (82], diamonds are from the free 

jet flow reactor. 
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Maxwellian velocity distribution shows a steadily decreasing rate coefficient as the 

translational energy decreases over this large range of collision energies. This behavior is 

rather unusual for an ion-molecule reaction. The product branching ratio for this 

experiment is seen to be dominantly in favor of the atom transfer channel. The ion beam 
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data measures a branching ratio of about 2 % charge transfer to 98 % atom transfer 

[91,92,94]. There also appears to be a slight increase in the relative amount of charge 

transfer product as the collision energy increases [94]. Under our conditions in the free jet 

it is difficult to measure an absolute branching ratio due to the secondary reactions which 

interfere in this system. For example, Hz+ can react with either Hz or Ar, and the ArH+ 

product can also react with Hz. Therefore, if we assume that the reactions of ArH+ and 

Hz + with Hz occur with equal rate coefficients, by measuring the ratio of ArH+ to Hz + we 

can estimate the branching ratio. Obviously this is a gross approximation, but if both 

reactions are fast at low temperature as they are at room temperature it should be good to 

a factor of about five. Analysis of the product intensities in this manner leads to a 

qualitative branching ratio of about 3 % Hz +, which agrees with the high energy data. 

Before considering the low energy data we must consider free jet expansions of H
2

• 

Due to the unique nature of the Hz molecule, free jet expansions containing Hz are a little 

complicated. Hz exists in two separate nuclear spin/rotation forms, ortho and para. These 

two forms will not interconvert in the free jet and will keep their equilibrium room 

temperature ratio of 75 % ortho and 25 % para. The rotational spacing is also vary large 

(B= 60 em-I), leading to a slow relaxation rate, and high rotational energies. In the free 

jet, it has been shown that under our conditions about 95 % of the Hz is in the two lowest 

rotational levels [96,97]. This is confirmed in our experiment by observed rotational line 

strengths in the REMPI spectrum of Hz. There is a gross disequilibrium which exists 

between the nuclear spin/rotation states however, with I part in j=O (para Hz) and 3 parts 

in j= I (ortho Hz). Therefore, the rotational energy of the Hz (120 cm -1 in j= I) could be 

very important in any reaction since 75 % of all the Hz molecules possess at least this much 

rotational energy. Experimental measurements of the rotational 'temperature' for Hz 
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expansions predict values of between about 150 and 220 K for the expansions which we 

use [96,97]. This large disequilibrium between rotational energy and translational energy 

must be accounted for in the final analysis of the data. It also must be pointed out here 

that in the CRESU experiment, the same problem exists, as the Hz cannot change its 

nuclear spin/rotation state simply by collision. In their 20 and 30 K measurements of rate 

coefficients they also have a distribution which is primarily 25 % j=O and 75 % j= I. This 

great rotational disequilibrium which is present in the low temperature experiments must 

be considered when the results of these studies are compared to those for higher 

temperature experiments. Now the theoretical models for this reaction may be considered. 

Originally, the guided ion beam measurements were fit to a threshold model, 

predicting a threshold energy of between 2 and 15 meV [92]. This was interpreted as a 

threshold in the exit channel of the potential surface leading to the ArH+ product. This 

model fit all of the higher energy experimental data down to the flow tube measurements 

at 300 K. However, the threshold model fails miserably at very low collision energies, 

predicting a much faster drop-off than is observed experimentally. 

The lower energy data from the CRESU and the free jet cannot be explained by this 

threshold model, so a better theory needed to be developed. Rebrion, Marquette and 

Rowe did not attempt to do so in their publication [82]. They simply fit the observed 

experimental data to a capture collision model which depended on the orientation angle of 

the quadrupole of the Hz. This slightly modified capture collision theory is termed the 

frozen rotor model. Here, one assumes an orientation angle for the Hz molecule, calculates 

the potential and solves the problem as in the Langevin problem. Since this potential is 

slightly repulsive for a ¢F=O orientation, as the collision energy decreases, the collision rate 

coefficient decreases also. In this manner they can reproduce the observed rate coefficient 
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at 70 K. but this is nothing more than simply a fitting exercise and leads to no useful 

insight into the reaction dynamics. Even though the frozen rotor prediction fits well at 70 

K. it shows significant deviation from their data at 20 and 30 K. Figure 5.4 shows the low 

energy data «300 K) and both simple theoretical predictions which fit the high energy 
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Figure 5.4: The sub 300 K data for the reaction of Ar+ with H2• Circles 

are the flow tube data. ref [79]. triangles are the CRESU data. ref [82]. 

diamonds are from the free jet. Dashed line is the frozen rotor model with 

¢-43 degrees. Solid line is the threshold model with a barrier of 2 meV. 

data reasonably well. 



93 

Baer and Nakamura have used a three dimensional quantum mechanical study (in the 

infinite order sudden approximation) of the system on the previously calculated DIM 

potential surface to predict the reaction cross section and the product vibrational state 

distributions [98,99]. However, their calculation was only done at one translational energy 

(0.6 eV), and no specific velocity dependence is predicted. Although they have fair 

agreement with experiment, they is no general utility from their theory. Tanaka and co

workers have derived a simple curve crossing theory to try to explain their experimental 

results in the coincidence experiment. Their very simple model suggests that an important 

facet of the reaction may be a long range surface hopping from one of the Ar+ + Hz states 

to the Ar + H/ surface [91]. If this surface hopping occurs before the centrifugal barrier, 

the reaction can proceed from this point, now as an Hz + + Ar collision to form ArH+. 

They predict a small activation barrier for this process to occur, reproducing the energy 

dependence of their measured cross section. This theory qualitatively fits their data, but 

once again, extrapolation of any theory with a barrier in excess of I meV will not lead to 

agreement with the CRESU or the free jet data. 

There are two other possible mechanisms which could be invoked to explain the fact 

that reactivity is observed at low energy above that which is predicted by a threshold or 

barrier model. The first one is gas phase quantum mechanical tunneling. If a long lived 

triatomic ArHz + collision complex was formed, perhaps an H atom could tunnel through 

the very small barriers which have been theoretically proposed and could lead to product 

formation above that which is predicted by a simple Arrhenius model. The second 

possibility is that the excited rotational states of the Hz are the primary contributors to the 

observed reaction rate coefficient. If the excited rotational states are driving the reaction 

at low collision energy, the observed reaction rate coefficient will decrease as the Hz is 
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rotationally cooled. In both the CRESU and the free jet the population of Hz j~ 1 is 

steadily decreasing in each experiment as the relative collision energy is decreased. We 

unfortunately cannot rule out this possibility of either of these mechanisms by studying the 

Ar+ + Hz system, but can address it in another manner. 

The evidence against both tunneling and a reaction due to excited Hz rotational states 

is the isotopically substituted reaction, 

Ar+ + Oz --~>ArO+ + 0 (5.4 ) 

---.>Oz+ + Ar. 

If quantum mechanical tunneling was dominant a large isotope effect will be observed 

between reactions (5.4) and (5.3). This is due to the fact that tunneling is much more 

efficient for particles of lighter mass [100]. In fact, what we observe is simply a reaction 

that proceeds at slightly less than the hydrogenated example by a factor of 80 %. This can 

be very simply explained as the difference in the reduced mass of the collision complex in 

each case. This predicts a decrease in the rate coefficient of 71 %. Therefore, the actual 

reaction efficiency appears to be the same for both the hydrogenated and deutrated cases. 

This fact actually gives us one more important piece of evidence regarding the reaction of 

Hz (j~ I) presented above. Oz has very different nuclear spin statistics than Hz. In the 

free jet, again most of the Oz will be present in the two lowest rotational states, but now 

the relative distribution will be 2 parts in j=O as compared to I part in j=l. The fact that 

the reaction efficiency is the same for both reactions (5.3) and (5.4) is solid evidence that 

the rotational state of the Hz is not an important factor in the dynamics of this reaction. 

Future studies with HO, which does not have any nuclear spin degeneracy, could further 

validate this point, as most of the neutral species will be present in the j=O ground state. 
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A possible explanation for the interesting behavior of this reaction may come from the 

very recent work of Tosi and co-workers [93,95]. They have measured the cross section 

for this reaction under very high energy resolution. Resonances are observed in the cross 

section which are interpreted as points of crossing for vibrational states of the Hz + ion 

(Figure (5.3)). This interpretation is similar to Tanaka's model since it considers resonance 

effects in the entrance channel which lead to a charge transfer, and are then followed by a 

bimolecular reaction. Figure 5.5 shows a schematic of the potential surfaces for the 

reaction. This theory is supported by the observation of structure in the reactive cross 

section of this system. Tosi's model can be used to explain all the higher energy data, and 

seems to be at the moment the most plausible explanation. However, this model does not 

explain the low energy reactivity which we observe. This is because the curve crossings 

for the ground state Ar+ will probably not depend sensitively on the collision velocity of 

the particles since the v=2 crossing is deep in the attractive part of the well, and therefore 

should not depend on the relative collision energy. Furthermore, a resonant charge 

transfer model will not explain why the reaction efficiency is the same for the reaction 

with 0z' and as will be discussed in chapter 8, it cannot explain the excited state rate 

coefficients observed for Ar+ zp liz ions with Oz. Unfortunately we do not yet have a 

good explanation for this reaction mechanism at all collision energies. The current theories 

available have not specifically considered the very low collision energy data, and none of 

them fit it satisfactorily. Currently very high quality ab initio calculations are being 

performed on this system and may lead to a better insight to the reaction mechanism [10 1]. 
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Another reaction which might appear to be easy to explain at first glance is the charge 

transfer reaction between Ar+ and NJ , 
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(5.5) 

Once again this reaction has been studied intensely both experimentally and theoretically, 

and in this case appears to be better understood than the previous example. Figure 5.6 
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Figure 5.6: Experimentally measured energy dependence for the charge 

transfer reaction of Ar+ with Ns' Circles are flow tube data, ref [102], 

triangles are CRESU data, ref [82], diamonds are free jet data. 

shows the observed translational energy dependence of the rate coefficient for the reaction. 

At 300 K, the rate coefficient is very small (about 1 x 10-11 cm'/s) [79,102,103]. Drift 

tube experiments show a steadily increasing rate coefficient up to 3 eV collision energy 
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[80, 103]. In a variable temperature flowing afterglow, the measured rate coefficient was 

seen to decrease, and then increase again to a rate coefficient near the room temperature 

value at 80 K, with a minimum betweell 80 and 300 K [102]. Our data, along with the 

CRESU [82] show an increase in the rate coefficient as the temperature further decreases. 

This data can all be explained by considering curve crossings and the thermodynamics of 

this reaction. The important energetic point to note here is that charge transfer to form 

Nz+ (v=O) is exothermic by 0.18 eY, while the charge transfer to form N/ (v=1) is 

endothermic by 0.09 eY. 

Indirect chemical methods, crossed beam scattering experiments and direct LIF 

probing of the Nz + product ions have been used to determine the product state distribution 

for this reaction [103-105]. These measurements have shown that the Nz+ (v=l) 

(endothermic) product is favored at energies of greater than 300 K. Once again, this is 

quite contrary to the idea of a long range charge transfer dominated by the Franck

Condon factors. In this system, the Franck-Condon factor for Nz (v=O) is about ten times 

larger than that for N/ (v=l) [106]. Therefore the simple direct model would predict 

transitions to v=o to dominate. This is not observed for collision energies of up to 20 eY 

[106]. Many theoretical calculations have been done on this system to attempt to explain 

this intriguing behavior [106,107]. The non-statistical product distribution is believed to 

be caused by the shape of the potential surfaces. According to Clary and Sonnenfroh's 

calculations, there are very strong interactions between the Ar+(ZP3/ 2 ) + Nz (v=O) and Ar + 

N z + (v=O) channels that separates the adiabatic surfaces for these two channels by a large 

amount, therefore reducing the probability of surface hopping, and reacting [107]. On the 

other hand, the Ar+(ZP3/ 2 } + Nz (v=O) and Ar + N/ (v=l) surfaces are pushed very close 

together, therefore the curve crossing efficiency here is much larger, and the rate 
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coefficient into this state is larger. At lower collision energies however, this transition is 

not energetically accessible, and charge transfer can only occur into the N/ (v=O) state. 

At collision energies below 80 K charge transfer can occur only into the N/ (v=O) 

state since only about 3 x 10-3 % of all the collisions have enough energy to reach the v= I 

state. If the reaction rate increases as the temperature decreases then there must be some 

mechanism which is increasing the probability of the inefficient curve crossing occurring. 

This mechanism is probably the formation of a long lived complex. The formation of a 

long lived complex is made more difficult by the angular anisotropy in the potential for 

this reaction. In the entrance channel for the Ar+ + Nz perpindicular approach (C:!'v)' the 

potential is repulsive, while for the collinear approach (Coov ), the surface is strongly 

attractive. It is possible that under the low translational temperatures present in the jet, 

these species may be able to preferentially orient themselves to the Coov geometry. Then a 

long lived three atom complex can form since it is locked into the attractive part of its 

phase space. The long lifetime of this intermediate collision complex formed would then 

be expected to facilitate the electron transfer process as has already been observed for N2 + 

+ Oz. The exact process by which the curve crossing is enhanced may be the following. 

The longer the complex lifetime, the more times it samples the curve crossing seam during 

any collision, increasing the transition probability per collision, and therefore increasing 

the reaction rate coefficient. This idea is reinforced by the fact that we do not see a 

strong negative energy dependence over the collision energy range of our experiment, this 

is most likely due to the fact that the rotational temperature of the N2 buffer is not 

changing by a great amount over our varying stagnation conditions, therefore the lifetime 

of the collision complex will remain nearly constant, as will the rate coefficient. 
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C) Conclusions: 

The study of these inefficient reactions of atomic ions with diatomics has demonstrated 

the large effect that translational energy can have on the reaction rate coefficient. In the 

case of the reaction with °20 , the long lifetime of the collision complex enhances an 

inefficient curve crossing, increasing the rate coefficient as the translational energy 

decreases. This suggests that Franck-Condon factors are not important in low energy 

charge transfer reactions, especially if they do not occur at long range. Similar effects are 

observed for the reaction of Ar+ with Nz where the steep observed negative temperature 

dependence at low temperatures again suggests that a long lived complex again increases 

the curve crossing efficiency and therefore the reaction rate coefficient. The case of the 

atom transfer reaction of Ar+ with Hz is a little more puzzling, here the rate coefficient 

monotonically decreases over a very large decrease in the translational energy. Currently 

there are no theoretical descriptions which fit all the data well, and this reaction awaits 

further study. Perhaps a better understanding of this system could be obtained by 

experimentally measuring the product state distribution in the ArH+ product ion. If a 

non-statistical distribution was observed it might cast some light onto the low energy 

mechanism of this unusual reaction. 
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CHAPTER 6 

SLOW BIMOLECULAR REACTIONS OF MOLECULAR IONS WITH MOLECULES 

A) C%H% + + H%: 

As we have seen in the previous chapter, there are many examples of reactions which 

do not proceed at the Langevin rate coefficient. In this chapter we will examine two 

reactions of molecular ions which do not occur at the collision rate coefficient. A good 

example of this type of behavior is that manifested by the reaction: 

(6.1) 

This system has been well studied using several techniques. The rate coefficient at 300 K 

is 1.0 X 10-11 cm3/s [108]. The Langevin rate coefficient is 1.54 x 10-9 cm3/s, therefore 

the reaction is very inefficient, taking place on only about one of every ISO collisions at 

300 K. When the reaction was studied in a drift tube at 80 K, no reaction was observed 

[109]. Recently, the rate at 80 K has been measured in an ion trap and found to be about 

10-13 cm3/s [110]. At higher collision energies, using an ion beam method, the cross 

section for the reaction was seen to increase with increasing collision energy from 0.05 to 

0.8 eV [III]. Finally, vibrationally state selected studies of the initial vibrational state of 

the acetylene cation showed that as vibrational energy was increased in the carbon-carbon 

stretch mode, the cross section increased also [111-114]. All of these data support a 

positive temperature dependence of the rate coefficient. Appearance potential 

measurements from direct one photon ionization of ethylene show the onset of the CzHz + + 

Hz fragmentation channel about 0.1 eV before that of the CzH/ + H channel [115,116]. 

This leads to a calculation of the heat of formation of the C ZH 3 + ion of 268 ± I kcal/mol, 

resulting in a calculated reaction endothermicity of about 2 ± I kcal/mol at 0 K for 

reaction (6.1). A reaction endothermicity of this magnitude can be used to simply explain 
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the positive energy dependence. The logical explanation was that of a simple Arrhenius 

type mechanism expected for an endothermic process, where the high energy tail of the 

thermal velocity distribution drives the reaction over the barrier [III]. Similarly, one 

might expect CzH/ vibrationally excited states to aid in overcoming the endothermicity. 

If this view is correct, no reactivity for ground state CzHz + should be observed in the 

extremely low translational energy environment of a free jet. 

If acetylene cations are prepared in their vibration less ground state via the two 

resonant MPI processes discussed earlier, we do observe reaction with Hz to form C
Z
H3 + in 

the free jet [69,70]. When acetylene is coexpanded in an Hz buffer, the bimolecular rate 

coefficient is observed to be 2 x 10- 11 cm3/s at a translational temperature of 1.6 K. The 

observed rate coefficient is also strongly temperature dependent over the measured range, 

and is proportional to approximately T-Z from 1.2 to 2.6 K as can be seen in Figure 6.1. 

This data suggests that the bimolecular reaction is indeed exothermic and establishes an 

upper limit to the heat of formation of CZH3 + to be 265.9 kcal/mol [27]. The termolecular 

association reaction to form CzH. + is also simultaneously observed and its rate coefficient 

is about 4 x 10-24 cm6/s at I K. The large value of the three body association rate 

indicates that the CzH. + collision complex has a relatively long lifetime. From the 

measured three body association rate coefficient we can estimate the lifetime of the 

collision complex in the following manner. A simple model for three body association 

reactions in general can be given as, 

kc 
ka(M) 

AB+ t --~!P AB+ + M , (6.2) 

where kc is the collision rate, k-l is the inverse lifetime of the collision complex and kg is 
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Figure 6.1: The measured translational temperature dependence of the rate 

coefficient for the reaction between C2H2 + and H2 in the free jet flow 

reactor. triangles are ions produced via 3+1 MPI, squares are ions 

produced via 2+1 MPI and circles are ions produced by one photon VUV 

ionization 

the stabilization rate. In this model the observed three body rate coefficient k3 in the low 

pressure limit is, 

(6.3) 
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Therefore we can estimate the lifetime of the collision complex from the experimentally 

observed three body association rate coefficient 

k3 
r = kk' (6.4) 

C D 

where r is the statistical average unimolecular decay lifetime of the complex. In this 

specific case kc is 1.54 X 10-9 crn3/s, we assume ks to be the Langevin collison rate 

coefficient between the CzH/ and Hz, 1.53 x 10-9 cm3/s. Using the measured k3 given 

above we determine r to be 1.7 JlS at I K collision energy. If the unbound collision 

complex lives for over a microsecond it is logical to assume that any bimolecular reactions 

going through this intermediate will behave statistically since we have a six atom collision 

complex with many modes over which the energy can be distributed. 

All of these observed rate coefficients must be considered very carefully because of 

the unusual rotational properties of Hz which have been mentioned previously. Since this 

reaction rate coefficient is so small, we must be certain that excited Hz rotations are not 

driving the reaction. This is necessary if we are to interpret our results to imply that the 

reaction is in fact exothermic. There are three pieces of experimental evidence which 

suggest that the bimolecular product formation is not due to reactivity of excited neutral 

Hz rotational states. First, the two body reaction rate coefficient is faster at a 1.5 K 

translational temperature than it is at 300 K. Under our conditions, as has already been 

mentioned, the rotational temperature of the Hz is between 150 and 200 K [96,97]. If the 

reaction rate coefficient has increased, as we have decreased the degree of rotational 

excitation, the excited rotational states cannot be the sole reactive species. Second, a strong 

negative translational temperature dependence is observed in the bimolecular rate 

coefficient. The total translational collision energy applicable to the reactive collisions in 

Figure 6.1 varies between about 1 and 3 cm-l. This is a very small variation when 
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compared to the 120 cm- 1 of rotational energy brought in by an Hz (j=I) neutral. It is 

highly implausible for a collision complex which already has a relatively large amount of 

internal energy to show a large effect in its reaction rate through a less than I % variation 

in its total energy. It therefore becomes very difficult to explain the negative translational 

temperature dependence if the 75 % ortho-Hz (j=l) is the primary reactive species. Third, 

the same experimental conditions which decrease the translational temperature in the jet 

will also most efficiently rotationally relax H2• This means that as translational energy is 

decreased in our experiment, the number of excited rotational states are decreased also, 

approaching the minimum attainable rotational distribution of 25 % j=O and 75 % j=1. 

Again, the observed negative temperature dependence in the free jet experiment suggests 

that excited rotations (j~ I) cannot be contributing effectively to the rate at low 

temperatures since the observed rate increases as the population of excited Hz rotations 

decreases. 

Besides considering excited Hz rotations as a source of the experimentally observed 

reactivity, we must also be sure that no vibrationally excited ions are causing the reaction 

to proceed. The carbon-carbon stretch mode in acetylene has been shown previously to 

accelerate the rate of this reaction, and in our case the vibrational energy is enough to 

overcome the proposed reaction endothermicity. The transitions with which we have 

produced CzHz + (G1IIu , lAg) have been well studied, and the photoelectron distributions 

have been measured to determine the state distribution of the ions produced. Anderson 

sees almost 100 % production of purely v=O cations in both cases [69,70], however, we still 

cannot rule out the possibility of there existing 2 or 3 % of ions in excited vibrational 

states which would lead to the observed reaction. As will be discussed in chapter 8, we 

can create CzHz + ions with I quantum in the C-C stretch (vz)' This vibrational energy 
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(about 1820 cm- 1) is much more than would be necessary to surmount any proposed 

barrier or endothermicity. In this case we observe only a small acceleration (less than two 

times) in the measured bimolecular rate coefficient. This small effect is probably due to 

rapid vibrational relaxation of the cation. Therefore, we must assume that if we are 

producing a small impurity population in the liz mode of CzH/, it is relaxing faster than 

effective reaction, and not significantly affecting our interpretation. This idea is also 

supported by the fact that we have used three separate laser based methods for the 

ionization process (see Figure 6.1), and obtain consistent results in all cases. Since all three 

of these methods would produce different amounts of impurity excited vibrational states 

this is powerful evidence against the observed reactivity being due to vibrationally excited 

states of the ion. 

There is one other possible mechanism for formation of an excited state for the ion. 

This is the absorption of another laser photon by the v=O ion to form an electronically 

excited state. Again we can rule out this possibility from the fact that with three different 

laser wavelengths we see the same results. It would not be possible to see transitions 

occuring to the same excited electronic state at the wavelengths used. In addition, 

consistent results over many runs at different laser powers and focusing conditions are 

observed, further ruling out electronically excited ion processes. 

The experimentally observed rate coefficient at Ttra/lll = 1.5 K is slightly larger than 

that observed at room temperature and since the rate coefficient has a positive energy 

dependence at higher energies, it has clearly gone through a minimum at some 

intermediate point. Since the Hz neutral does not have a permanent dipole, the large 

observed negative temperature dependence at low collision energies suggests a mechanism 

which is dependent on the lifetime of the CzH/ collision complex. A possible mechanism 
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IS 

(6.5) 

where kc is the bimolecular collision rate coefficient, k-1 is the unimolecular dissociation 

rate of the collision complex back to initial reactants, and kf is the unimolecular 

decomposition rate coefficient to products. The total lifetime of the collision complex (r) 

is then given by the inverse of the sum of the rate coefficients out of the complex 

T = I 
k-1 + kr . (6.6) . 

Similarly, assuming the steady state approximation, the reaction rate coefficient is simply 

given by the product branching ratio for the complex, times the speed with which these 

reactive complexes are formed 

kz = kc k kr k 
-1 + f 

(6.7) 

The microscopic rate coefficients kf and k-1 are functions of the total internal energy of 

the collision complex, and therefore dependent on the initial total energy of the collision. 

This simple expression can account for the observed temperature dependence of the rate 

coefficient. First, let us assume a barrier exists on the potential surface, Figure 6.2 shows 

a schematic of the potential surface. At collision energies in excess of the barrier height, 

kf and k-1 will both be large, but since the reaction is exothermic kf is expected to be 

much larger than k-1' and kz will approach kc in an Arrhenius manner. We therefore have 

a model of a thermally driven exothermic reaction which possesses a barrier at high 

collision energies. As the relative collision energy decreases, kr will rapidly drop off at the 

edge of the barrier, sharply reducing the bimolecular rate coefficient. However, if a 



108 

\ ! 

Figure 6.2: Schematic potential surface for the bimolecular H atom transfer 

reaction between C2H2 + and H2• The important points of the proposed 

mechanism are discussed in the text. The shaded in areas show a 

Maxwellian collision energy distribution for C2H2 + + H20=O) for 2 and 

300 K. 

tunneling mechanism were present, kr can increase again with respect to k_ 1. This can 

occur if the rate of change of the tunneling efficiency (kr) with energy is less than the rate 

of change of the collision complex lifetime (effectively 1/k_1) with energy. At very low 
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collision energies, the lifetime of the CZH4 + t complex increases rapidly with decreasing 

collision energy, decreasing k-l drastically. The increase of the collision complex lifetime 

at low energies is a common theme in our work. The incoming reactant pair finds itself 

over a strongly attractive potential well with a very high density of states. The state 

density in the incoming channel is low compared to that of the reactive complex and the 

available phase space leading to back-dissociation is small. With these long lifetimes, 

tunneling through the barrier can begin to compete effectively with reactant dissociation, 

producing reaction products. 

The model given above in equation (6.5), can be implemented by using a statistical 

method for calculating the necessary unimolecular rate coefficients. The statistical model 

we have chosen to use in this case is phase space theory. Phase space theory is a statistical 

unimolecular theory where the angular momentum involved in the collision process is 

conserved [26, 117]. Consider a bimolecular reaction to proceed via the following 

mechanism, 

A+B 
< 

ABt ---?!I>products , (6.8) 

where ABt is the collision complex formed. Then, in the phase space formalism the 

microscopic dissociation rate coefficient of the ABt complex at a given internal energy E 

and total angular momentum J, is given by, 

E J r(Etr,J) pv(E-Etr)dEtr 
Etr t 

(2J) Pv'(E + Eo - BJ3) 
(6.9) 

where r(Etr , J) is the sum of all the rotational-orbital states of the separated fragments (A 
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and B) at a collision energy Etr . Etr includes both the rotational and translational energies. 

Etr t is the minimum value of Etr which can surmount the centrifugal barrier for a 

collision of a given orbital angular momentum. py(E-Etr } is the vibrational density of 

states of the fragments at the internal energy (E-Etr ) energy, and py'(E + Eo - BF) is the 

vibrational density of states of the complex at that internal energy, Eo being the binding 

energy of the complex with respect to the reactants and B being the rotational constant of 

the complex. Finally, 2J is the rotational degeneracy of the complex having total angular 

momentum J (actually 2J + I, but approximated as 2J since J is large). To calculate the 

unimolecular dissociation rate of the intermediate we need only average equation (6.9) over 

the collisional impact parameter and the translational distribution function which 

effectively averages over E and J. We have used the phase space model to calculate the 

relative rate coefficients for the unimolecular dissociation processes involved in the 

fragmentation of the CzH,.+t collision complex. 

To be able to calculate the rate coefficient to proceed into the product channel, we 

must make some assumptions about the tunneling efficiency of the complex. The 

calculation can be done analytically if we assume a one dimensional potential barrier of the 

Eckhart form [l18] 

A exp(~) 

I + exp(2~X r V(x} = (6.10) 

in this model there are two adjustable parameters for the barrier, the height (A) and the 

frequency of the imaginary vibrational mode across the barrier (proportional to L). Our 

model of the reaction assumes that the collision complex may beat against the potential 

wall of the barrier several times as it explores its phase space, and that there exists a finite 
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probability of transmission through the barrier to products each time it samples this area. 

The transmission probability through the barrier for the Eckhardt potential is found to be 

[100] 

peE) = I _ Cosh(2?r(a-b» + Cosh(21!'d) 
Cosh(2?r(a+b» + Cosh(211'd) , 

(6.11 ) 

where a, band d are constants which depend on the nature of the barrier, through the 

constants A and L. Coupling this tunneling formalism to the phase space model, we can 

determine the unimolecular tunneling rate coefficient at any incoming translational 

temperature. The tunneling model presented above is equivalent to a steady state 

concentration of the local phase volume at the barrier which decays to products with a 

characteristic lifetime which depends on the tunneling efficiency through the barrier. 

Now, if we include the back-dissociation rate of the collision complex, calculated from 

equation (6.9), we can calculate a rate coefficient for the bimolecular reaction using 

equation (6.7). Figure 6.3 shows the data for this reaction from 1.5 to 500 K translational 

energy and the statistical theoretical fit. The barrier used in the calculation had a height 

of 3.0 kcal/mol, an imaginary frequency of 425 cm- 1 and the reaction exothermicity was 

set at -0.7 kcal/mol. The vibrational frequencies used in the calculation were taken from 

the QET calculations on the dissociative photoionization of C 2H4 by McKeen and Taylor 

[119]. As a check of our calculation the dissociative photo ionization breakdown curve for 

ethylene was also calculated, and since the tunneling correction has no effect on the high 

energy behavior of the system, and our vibrational frequencies come from a calculation of 

the breakdown curve, we can reproduce the experimental data quite well. This statistical 

fit to the data is very good considering the very crude nature of the one dimensional 

tunneling model which we have used for a complicated polyatomic system. 
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Figure 6.3: Statistical theoretical fit to the data for the H atom transfer 

reaction between C1Hl + and Hl . Solid line is the phase space theoretical 

fit, circles are from a flow tube (108) diamonds are from the free jet, 

triangle is the ion trap value (110). 

The statistical model also supports the notion of the lack of reactivity of the excited Hz 

rotational states. Calculations for the lifetime of the CJ H4 + t collision complex indicate 

that the lifetime for a collision resulting from a CJH/ with Hl(jDI) is 5000 times shorter 

than that for a corresponding collision of C1HJ + with Hl(j-o) at 2K translational energy 

due to the extra 120 cm-1 of internal energy in the former case. From the preceeding 
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phase space results one then would predict that the following neutral rotationally state 

specific rate coefficients should be observed at low translational energy for the bimolecular 

reaction, 

k(€) = k(€) , Hz (j=0) 

k(€) = 0 , Hz (j>O), 

(6.12) 

here, k(€) represents the rate coefficient as a function of collision energy. What this model 

then amounts to is the fact that any collisions between acetylene cation and Hz (j~ I) lead 

to predissociation of the collision complex and not to reaction. This is because the collision 

between acetylene and Hz (j=O) will be long lived and can tunnel through the barrier, 

while the collisions with Hz(j~ I) will be relatively short lived and will dissociate back to 

products before they can tunnel through to products. This idea can be tested by using 

para enriched Hz in the experiment. If the Hz(j=O) is the primary reactive species, an 

expansion of para enriched Hz should react faster than a corresponding one of normal Hz. 

Molecular hydrogen which is nuclear spin equilibrated over a carbon catalyst at 80 K has 

approximately a I: I ratio of ortho to para. If the above model is correct, one would 

predict the observed rate to increase by a factor of two when this hydrogen is used relative 

to those results obtained from normal Hz experiments where only about 25 % of the Hz is 

in the j=O state. Using REMPI spectroscopy of Hz we can measure the relative rotational 

distributions in the two lowest rotational states of Hz after it has expanded [120]. We find 

that after equilibration over a charcoal substrate at 80 K we get complete conversion to the 

Boltzmann distribution of ortho/para Hz at the substrate temperature. The results of the 

experimental measurements are shown in Figure 6.4. From the figure it is clear to see that 

we do not observe any enhancement in the bimolecular rate coefficient as the j=O 

population of Hz is increased. This suggests that perhaps the reaction is not totally 
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Figure 6.4: Results of the measured rate coefficients for para enriched H: 

for the reaction between C2H2 + and H2• The data points represent the 

ratios of the measured rate coefficients (para enriched/normal) for the two 

types of H2 used. The upper plot is for the tennolecular reaction, the 

lower plot is for the bimolecular reaction. 
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statistical, and that the H2 rotational energy is different from the other energy present in 

the collision. Figure 6.4 also shows that there is no effect on the termolecular association 

rate coefficient for this system either. This is a very important result as well since the 

termolecular rate coefficient is a direct measurement of the collision complex lifetime, and 
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it does not seem to depend on the rotational state of the Hz molecule contrary to the phase 

space calculations. One possibile explanation is that the reaction is rotationally adiabatic. 

that is the Hz rotational energy remains separated from the rest of the energy involved in 

the collision. In this case, the Hz (j= I) collisions would then in effect. react on the same 

potential surface as the Hz (j=O) collisions, but on a surface displaced upwards by 

120 cm -1. There is some theoretical support for this type of non-statistical rotational 

energy as it has been predicted in the similar reaction of NH/ + Hz [121]. 

It should be pointed out here that in our general reaction model for this reaction, the 

barrier need not be purely chemical potential in nature. A dynamical barrier could 

produce the same general form of the temperature dependence. If at higher collision 

energy a direct mechanism such as spectator stripping was occuring, and it was in 

competition with a more intimate complex formation mechanism at low energy, the same 

basic form of the energy dependence of the rate coefficient could be observed. Therefore, 

the tunneling step does not have to be specifically quantum mechanical tunneling through 

a real chemical potential barrier. It could be interpreted as reorientation to some prefered 

geometry whereby the reaction can take place. At higher collision energies, the lifetime of 

the complex is shorter and the complex may predissociate before it samples a given area in 

its phase space. It the context of a dynamical barrier model the ratio of the rate 

coefficients for para to normal Hz will depend on the nature of the barrier and the actual 

dynamics present in the reaction. 

There is much experimental support for a long lived complex model in the case of the 

CzH/ + Hz reaction. This argument is supported by both the observed negative 

temperature dependence of the rate coefficient and the large three body association rate 

coefficient. Further support comes from the study of isotopically substituted reactants. 
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We have studied the reaction of CzHz + with Dz. What is observed is a rapid nearly 

statistical HID exchange. the following processes being observed 

CzHz + + Dz s>CzHD+ + HD (6.13) 

---?>CzD/ + Hz . 

The bimolecular reactions to create ions of the form CzHzD+ are predicted to be more than 

an order of magnitude slower than these scrambling reactions. therefore even though some 

of these ions are surely formed they are a very small part of the iotal reactivity. Although 

the exact vibrational frequencies for all of the ions involved are not known. from 

theoretical calculations one can estimate these reactions to both be exothermic [122]. We 

observe a rate coefficient for this reaction of 4.1 x 10-10 cm3/s at 2 K. This is about 36 % 

of the Langevin predicted collision rate coefficient. This indicates that a CzX/ complex 

is formed in which the lifetime is long compared to the time required to sample its full 

configuration space and to forget its initial identity. If the complex behaved purely 

statistically. the reaction rate coefficient would be 75 % of the collision rate, 

(8.5 x 10- 10 cm3/s) so we are about a factor of two below this limit. However, this 

deficiency is still very small, especially when one considers that similar isotope exchange 

reactions for small polyatomic ions such as as NH/. NH/. PH/ and HzO+ are all at least 

three orders of magnitude slower than the acetylene case. Since we do observe a relatively 

fast isotopic scrambling we will consider the complex to behave statistically. 

The analogous reaction 

( 6.14) 

---?:> CzHz + + Dz • 

is a slightly different situation. This reaction is probably slightly endothermic. considering 

the calculated vibrational frequencies for the ions present. Still. we observe a rate 
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coefficient for total scrambling of 1.8 x lO- lO cm3 Is in the free jet. In this case there is a 

slight problem due to the overlap of masses for m=28 amu. A bimolecular reaction can 

form CzHzO+ in this case and cannot be detected mass spectrometrically. Once agin, from 

the measurements of the bimolecular rate coefficients of CzH2 + + Hz and CzOz + + 0z' we 

predict this rate coefficient to be very much slower than the observed scrambling rate, 

which in this case, has a reaction efficiency of about 12 %. Since it is impossible to 

observe endothermic reactions in the free jet due to the low translational energy, the 

reactivity in this case is most likely driven by the excited rotational states of the Hz which 

exist in the expansion. Therefore, reaction (6.14) is probably exothermic for Hz neutrals 

with j~ I. Since about 75 % of the H2 molecules are in j~ I, and the total statistical 

scrambling efficiency is predicted to be 75 % in the case of this four atom scrambling 

process, the predicted rate coefficient would be about 56 % of the Langevin collision rate, 

or 8.4 x lO- lO cm3/s. The observed reaction efficiency is probably less than this because 

the average complex lifetime for j=1 is less than that for j=O. The fact that we do see 

substantial (20 % of the statistical prediction) scrambling suggests that the reaction may 

form a long lived complex even with a large amount of internal energy. This is suggested 

in the coincidence experiments of Honma and co-workers who measure extensive isotopic 

scrambling for this system even at collision energies of 2 eV [123,124]. If this is true, 

collisions with H2(j"" I) still may form a long lived intermediate even if the excess 

rotational energy brought into the collision is directly coupled into the collision complex. 

Still, it is not clear whether the collision complex which limits the rate of the reaction is 

actually an excited ethylene cation or a loosely bound complex as has been suggested by 

the theoretical dynamical calculations of Lorquet and co-workers [125-127]. Certainly, 

room temperature measurements of the rate coefficients and temperature dependencies of 
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these reactions would be of help in determining the detailed mechanism of the decay of 

the collision complex. 

We have also studied the totally deuterated reaction 

C2D/ + Dz >C2D/ + 0 , (6.15) 

to help to further elucidate the reaction mechanism. Here, we measure an atom transfer 

rate coefficient which is approximately 3 times slower than that for its fully hydrogenated 

analog. This large isotope effect is in excess by more than a factor of two of that 

predicted from simple reduced mass effects. This strong dependence on the mass suggests 

a quantum mechanical tunneling origin, since the tunneling efficiency for the reaction 

should depend strongly on the mass of the tunneling particle. However, from the 

vibrational frequencies available for these species [122], we calculate that the fully 

deuterated reaction should be 1.4 kcal/mol less exothermic than reaction (6.1) due to zero 

point vibrational effects. The large isotope effect could therefore be due to the decreased 

exothermicity since the hydrogenated reaction is so nearly thermoneutral. Unfortunately, 

we cannot yet distinguish between these two possibilities for this system. Once again, 

measurement of the rate coefficient for this reaction at room temperature and below 

should help to clarify these dilemas. 

Our low translational energy data allows us to reinterpret all of the high energy data 

for this reaction in terms of the tunneling model. The barrier height in the exit channel of 

the surface of about 0.13 eV will account for the slow reaction at room temperature, and 

the positive energy dependence observed at high collision energies. This barrier must be 

located in the exit channel of the potential surface since we see facile three body 

association to form CzH. +. Furthermore, this barrier, be it dynamical or energetic must 

also be masking the true appearance potential for the CzH3 + ion in the photoionization of 
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ethylene. This problem seems likely when one considers the theoretical predictions for the 

structure of the C1H/ ion [122,128,129]. There has been considerable disagreement in 

the literature over the lowest energy structure of the ion. The two possibilities are the 

classical structure (H2C-CH+) or the bridged structure (HCHCH+) where the central 

hydrogen atom bonds to both carbon atoms. Recent coulomb explosion experiments [130], 

along with spectroscopic studies [131] have demonstrated that the ground state structure is 

the bridged form. Since the most recent theories now predict a barrier between the two 

forms [122], when the ethylene cation dissociates, it probably goes through the classical 

form and must surmount the barrier on the potential surface to reach its lowest energy 

bridged configuration. 

The tunneling through the barrier cannot be observed in the photo ionization 

experiment due to instrumental limitations. If we assume the exothermicty of reaction 

(6.1) is 1.5 kcal/mol, the resolution necessary to pump an etyhlene ion state in the region 

below the C2H2 + + H2 threshold, but above the C2H3 + + H threshold is less than 0.5 

angstroms. The best experiment to date had a resolution of only 1.6 angstroms, making it 

very difficult to observe such a narrow resonance [116] especially since this experiment 

was performed on ethylene neutrals with a 300 K internal energy distribution. The other 

problem with observing this ion production channel is that at this energy there is very little 

phase space available to go to products, therefore the unimolecular decay into the C2H3 + 

state is very slow and the ion may internally (radiatively) or externally (via collisions) relax 

before tunneling through the barrier. Historically, there are problems with deriving 

thermodynamic data from dissociative ionization, and this example is yet another example 

of this phenomena. Our upper limit to the heat of formation is however supported by two 

other dissociative photoionization experiments. The first, by Reinke is the dissociative 
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photoionization of CZHJCl [132], which predicts a heat of formation of 265±2 kcal/mol, in 

agreement with our value. The second is the same experiment, by Stockbauer, with CzHs 

[49]. Here the appearance potential for CzH/ + H + Hz occurs at lower energy than 

CzHz + +Hz +Hz. In both of these cases, the different structure of the precursor neutral 

must faciliate the formation of the CZHJ + ground state molecular ion. 

B) NH3+ + H 2: 

Another example of a slow H atom transfer from molecular hydrogen is the well 

studied reaction 

NH/ + Hz ---+>NH/ + H. (6.16) 

The rate coefficient is very small at room temperature, and the positive temperature 

dependence measured at higher temperatures yields an activation barrier of 0.09 eV 

[133-135]. Dunn and co-workers have measured the rate coefficient for this reaction 

down to II K, and sees the reaction rate coefficient increase at low temperature, with a 

value of about I x IO- n cm3/s in this region [136]. Isotopic studies by these workers again 

suggest the possibility of Quantum mechanical tunneling as the dominant low energy 

mechanism [137]. We have also studied this reaction at temperatures near 2 K, however 

the reaction rate coefficient is still very small here, and we can establish an upper limit of 

3 x 10-11 cm3/s. All of the experimental data is summarized in Figure 6.5. Our measured 

upper limit is consistent with Dunn's data, and the fact that the NH5 + collision complex is 

not nearly as strongly bound as the CzH/ collision complex. 

Herbst and co-workers have performed a theoretical calculation on this system [121]. 

They completed a phase space calculation on a Quantum mechanically calculated potential 

surface of the reaction intermediates to derive the temperature dependence of the rate 
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Figure 6.5: Experimentally determined temperature dependence of the rate 

coefficient for the reaction between NH3 + and H2• Circles are flow tube 

data, refs [133-135, 138], triangles are ion trap data, ref. [137], diamond 

shows upper limit in the free jet experiment. 

coefficient. Their prediction shows the correct qualitative behavior in the temperature 

dependence of the rate coefficient, but the absolute magnitudes are about an order of 

magnitude lower than actually measured. Both Herbst's and Dunn's groups conclude from 

the observed energy dependence of the rate coefficient, and the large isotope effect 
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measured for the fully deuterated case that the mechanism involves the formation of a long 

lived NHs+ collision complex. This complex then is able to either unimolecularly fragment 

back to reactants, or tunnel through a barrier to products. This model is further supported 

by the observation of a three body assisted mechanism to form the NH .. + product. It is 

assumed that this mechanism involves a three body stabilized NHs + which is metastable 

with respect to NH .. + + H, but stable with respect to NH3 + + Hz and eventually tunnels 

(predissociates) through the lower portion of the barrier [138]. 

There is one important difference between this reaction and the acetylene case, that is 

the isotope scrambling experiments. We have also studied the scrambling reaction 

NH3 + + Dz ,. NH2D+ + HD ( 6.17) 

--~~ NHD2 + + Hz . 

Once again this rate coefficient is below the detection limits of our technique. This is 

entirely consistent with Dunn's measurements, since he establishes an upper limit to this 

reaction of 4 x 10-14 cm3/s at 12 K [137]. The fact that this reaction is slow seems to 

indicate that in this case the NHs + complex which must be formed is not totally 

randomized, that is, unlike the acetylene case all the hydrogen atoms are not equivalent. 

This may be due to the fact that the binding energy of the CzH/ cation (60 kcal/mol) is 

so much larger than the binding energy calculated for the NH6 + (about 1.5 kcal/mol) 

intermediate [121]. The theoretical calculations suggest that the intermediate in the 

ammonia reaction is probably just a loosely bound NH3 +··Hz cluster species which will not 

interchange hydrogen atoms. In this case there are two distinct and separated varieties of 

hydrogen atoms and most likely the barriers to fluxional randomization of the molecule are 

in excess of kT. In the acetylene case, the intermediate must have a much higher binding 

energy. The CzH .. + intermediate exists above its dissociation limit and is highly internally 
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excited. Since the ion is so strongly bound any barriers to the exchange of hydrogen atoms 

must be less than kT, and the exchange process can occur rapidly. 

C) Conclusion: 

The studies of ion-molecule atom transfer reactions with molecular hydrogen show a 

greatly varied behavior. At room temperature the rate coefficients of many exothermic 

reactions are not observed at all, or are very slow. This chapter demonstrates that through 

the formation of a long lived collision complex it is is possible for reaction rate coefficients 

which are slow at room temperature to greatly increase as the temperature decreases. The 

mechanism seems to involve tunneling through a barrier which is facilitated by the 

formation of the long lived collision complex. This result is very important to models of 

interstellar gas clouds since the primary molecular species present is Hz. For example, 

reaction (6.1) would have previously been thought to not proceed in the interstellar media. 

Now it is predicted to be an important source of neutral acetylene in dense molecular 

clouds when reaction (6.1) is followed by dissociative electron attachment to the CzH/ 

ion. The future studies of other reactions of molecular ions with Hz may prove this 

mechanism to be relatively general, altering the current models of synthetic cycles in these 

cold interstellar environments. 
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CHAPTER 7 

ATOMIC ASSOCIATION REACTIONS 

A)Introduction: 

The most fundamental chemical reaction where the bonding structure is changed is an 

association reaction. This is the process of formation of a chemical bond. In the case of 

charged species, 

(7.1 ) 

an unstable collision complex is formed above its dissociation limit, and is then stabilized. 

The excess energy in the unstable AB+ t species can be removed in the stabilization step 

by one of two important mechanisms, either radiative or collisional. The first mechanism 

(radiative) occurs when emission of a photon from the metastable AB+ t stabilizes the 

collision complex. The formation of a stable AB molecule in this manner is termed 

radiative association. Radiative association is believed to be very important for the 

formation of small molecular ions in interstellar gas clouds where gas densities are very 

low [3]. In general, radiative association rates are very slow however (occurring 10 

typically lout of every 106 collisions), and collisional stabilization is more common 10 

most environments. The collisional method is termed three body association and occurs 

when a collision with a third particle removes the excess energy from the AB+ t complex. 

Three body association reactions are important to study for two reasons. First, they are 

especially important in atmospheric chemistry [2]. Second, as demonstrated earlier, the 

three body rate coefficient can be used to obtain an estimate of the lifetime of the collision 

complex. This estimate can be used in turn to determine radiative association rate 

coefficients since they can be represented as a collision rate coefficient times the ratio of 

the unimolecular lifetime to the radiative lifetime. These indirect determinations are of 



125 

great use to modelers of interstellar gas clouds since radiative association rates are 

extremely difficult to directly measure in the laboratory. 

The long lifetimes of ion-molecule collision complexes at low collision energies have 

been discussed at great length previously in this work. This long lifetime leads to very 

efficient three body association. Other work from this laboratory has shown that three 

body mechanisms for association of four atom collision complexes are purely statistical 

[25,26], indicating long lived collision complexes are formed. The reason these collision 

complexes can exist for such a long time when they are not bound is because they are 

metastable. This property originates from the fact that only one vibrational mode is 

unbound and many other vibrational states which are bound do exist. Since the ion

molecule complex is strongly bound, the density of states in this region is very high. 

Therefore a long lived complex can form because the ratio of bound to unbound states is 

so large and the molecule's phase space is totally randomized. 

Now let us consider the major topic of this chapter, the association reaction of an 

atomic ion with another atom. In this case, the initial collision occurs and leads to the 

production of a transient species AB+ t (v, J) where this quantum state lies above the 

dissociation energy of the molecule AB+. This state is not bound, therefore the only path 

it can take is to bounce off the repulsive wall of the potential and dissociate back to 

reactants since there is no other available vibrational or rotational phase space. In this 

model the lifetime of the collision complex is about one vibrational period ($I psec). 

During its trip over the bound diatomic well it can however undergo a collision with a 

third particle. If this collision causes the AB+ t ion to undergo a vibration/rotation to 

translation energy transfer, the stable molecular ion AB+ will be formed. The problem of 

this energy transfer step has been addressed theoretically and a resulting energy 
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distribution of the relaxed diatomic that is very close to the dissociation limit of the 

molecule is predicted [40,41]. In the case of a diatomic collision complex, its lifetime is 

several orders of magnitude less than that for a molecular system [40]. From these facts 

we would expect all atomic ion-atom reactions to proceed via direct mechanisms and to 

show a weak, if any, temperature dependence. The experimental rate coefficients around 

300 K are low, near 10-31 cm3/s [139-144]. The temperature dependencies which have 

been observed are usually weaker than T-1 [139, 140]. Several workers have proposed 

different theoretical models to describe the experimentally observed room temperature rate 

coefficients [145-152]. Investigation of the low energy behavior of these three body 

atomic association reactions should give us new insight into these processes. Low 

temperature stabilization collisions probably will decrease the probability of fragmenting 

the collision complex, therefore stabilization efficiencies should approach unity. Also, the 

increased temperature range may lead to a better understanding of the higher temperature 

data by extending the mechanistic predictions over a large range of translational energy. 

B) Experimental Measurements: 

In the free jet we can create the atomic ions Ar+, Kr+ or Xe+ via the REMPI 

technique. The procedure for creating Ar+ and Kr+ ions in thier zp 3/2 ground states has 

already been discussed in chapter 4. The Xe+ ions were formed via 3+ I REMPI through 

5p6(ZP 3/2)9s state [47]. This intermediate state is ionized with retention of the core 

configuration leading to the production of ground state ions. In this work, all of the 

expansions are pure atom or mixed atom jets so the translational temperatures which are 

achieved are very low, and there are no other sources of internal energy present. Under 

our conditions temperatures between about 0.3 and 3 K were attained. In pure atomic 
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nows the translational temperatures do not have any extra uncertainities due to reactant 

neutrals being seeded into the free jet. In the case of mixed nows we must be concerned 

with velocity and temperature slip. For these experiments these problems can be ignored 

if only a small percentage of the ion precursor gas is expanded in the reactant gas. Then, 

the strong interaction potential between the ion and the buffer coupled with the slow 

reaction rate guarantees that the ion will have the same velocity distribution as the buffer 

gas when it reacts. The ion precursor neutrals will expand with a slightly different 

velocity and temperature, however we have not studied the reactions of theses species to 

avoid any complications from slip considerations. 

The measurement of the three body reaction rates are complicated by the strong 

translational temperature deoendence of the rate coefficient. As was discussed in chapter 

3, this is a perfect example of when a rate coefficient will vary across the kinetic 

measurement region. Due to this fact, all of the data were not fit to a straight line, but to 

a curve. The curve was obtained from a numerical fit to the data, the derivative of this 

curve was then used to determine the rate coefficient at varying points along the 

expansion. The first reaction which was studied was 

Ar+ + Ar + Ar SvAr/ + Ar . (7.2) 

This reaction had been previously studied at low temperatures in this laboratory, but we 

wished to extend the experiments from this system to others [29]. The temperature 

dependence is shown in Figure 7.1. The results show a rate coefficient which has sharply 

increased with decreasing temperature in contrast to the direct mechanism proposed earlier. 

The previous authors suggested that this steep temperature dependence might be the result 

of a potential energy transfer mechanism, first derived by Mahan [lSI]. 
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Figure 7.1: Observed temperature dependence for the rate coefficient of 

the association reaction Ar+ + Ar + Ar. Circles are flow tube results 

[139,140,142,144] dots are the free jet data . 

The Mahan mechanism is a classical mechanism which can explain fast association 

reactions between an atomic ion and its parent neutral atom. The key portion of this 

theory is the existence of a resonant charge transfer channel between the atomic ion and its 

parent neutral. If this charge transfer happens to take place when the neutral is near 

another atom such that the attractive potential energy between them after the electron 

leaves is greater than their relative kinetic energy, a bound molecular dimer ion is formed. 
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To use the model one needs the resonant charge transfer cross section as a function of 

collision energy. Unfortunately the energy dependence of this parameter is neither well 

understood theoretically, or measured experimentally at low collision energies. From 

estimates of the resonant cross section by Mahan, Randeniya and Smith predicted that the 

three body rate coefficient due to this resonant mechanism might rise somewhere close to 

the experimental observations [29]. 

The Mahan mechanism only takes place for atomic ions reacting in their parent neutral 

buffers, therefore an obvious test is to measure an association rate such as 

Ar+ + Ne + Ne --~~ ArNe+ + Ne. (7.3) 

This reaction does not have any resonant charge transfer channels open to it, and therefore 

the Mahan mechanism will be inoperative. Figure 7.2 shows the observed rate coefficient 

for this reaction. The observed rate is about twenty times slower than for the resonant 

case. We also studied the reaction of Ar+ with He, but the reaction was too slow to 

observe, and we could only assign an upper limit of 5 x 10-30 cm3/s. Since the charge 

transfer from Ar+ to Kr is exothermic the clustering of this species could not be observed, 

therefore, we next studied the reactions of the Kr+ ion. 

For the reactions of Kr+, the Mahan mechanism will predict that the reaction of Kr+ 

with Kr neutrals will be much faster than with Ar, Ne or He. Figure 7.3 shows a 

surprising result of these studies. The observed reaction rate coefficient of Kr+ with Ar is 

nearly the same as that for Kr+ + Kr. This observation casts serious doubt on the Mahan 

mechanism. As a final test the association reactions of Xe+ were studied. The results of 

these measurements are shown in Figure 7.4. There seems to be no special significance for 

the existence of a resonant charge transfer channel in this d3;ta either. The reaction with 

the parent neutral is slightly faster than the other two, but the effect is not very large. 
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Figure 7.2: Measured temperature dependence for the three body 

association reaction Ar+ + Ne + Ne. Square is a calculated 300 K rate, ref 

[145], dots are the free jet data. 

The reaction medium for this experiment is a free jet, and free jets are well known for 

their efficient production of neutral clusters [39]. Therefore, before going any further we 

need to verify that our observation of diatomic molecular cations is due to the three body 

associa tion reaction 

A+ + A + A --.... "A2+ + A, (7.4) 

and not the exothermic bimolecular charge transfer to a dimer, 
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circles are higher temperature flow tube data [140-143]. 
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(7.5) 

or, in the case of mixed diatomic ions, the exchange reaction 

(7.6) 

We have three separate types of evidence against processes (7.5) and (7.6) being important. 

First, we do observe temperature dependent rate coefficients which lead to curvature in 

the kinetic plots for the data. This curvature can be be very well accounted for by using a 

temperature dependent rate coefficient which varies along the free jet as the temperature 

drops. Figure 7.5 shows an experimental data set for the association of Kr+ and Ar and a 

fit to the experimental data. If the data is worked up in a bimolecular fashion, we again 

see curvature. There are two problems with this observed curvature in a bimolecular plot. 

First, it shows a strong postitive temperature dependence, with the rate increasing as the 

translational temperature increases, this is a very unlikely occurence. Second, the fact that 

the data is curved at all is very unlikely. as one would expect the bimolecular rate 

coefficients for reaction (7.5) and (7.6) to be temperature independent across the kinetic 

measurement zone. 

The second piece of evidence against neutral clusters is the pressure dependence of the 

rate coefficient. By studying the reactions in different regions of the free jet we can 

produce the same thermal conditions with different stagnation pressures behind the nozzle. 

The stagnation pressure dependence of the fraction of neutral clusters in the jet will be 

very severe. Theory and experimental measurements suggest that the fraction of neutral 

clusters in the jet depends on po6/3 [153]. Since our experiments are done in the region of 

the jet where neutral-neutral collisions have basically ceased, the fraction of neutral dimers 

is a constant throughout the kinetic run. What we observe is no significant dependence of 

the measured rate coefficient on the backing pressure at a constant translational 
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temperature. If clusters were the dominant source of reactivity we would expect to see the 

measured rate coefficient increase with increasing pressure. 

The third experimental test for neutral dimers might be termed a monitor ion 

technique. The idea is simple. An ion is chosen which has an ionization potential between 

the atom and the atomic dimer. Then the process, 
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(7.7) 

is exothermic and can be observed, while the reaction 

(7.8) 

is endothermic and is not observed. The intensity of the Az + ion can then be measured, 

and if a Langevin reaction rate coefficient is assumed, we can estimate the fraction of 

neutral dimers present in the jet. There are two cases where this experiment is relatively 

easy to complete. The first is uses N/ as a monitor for Arz. The second uses 0/ as a 

monitor for Xez. The assumption of a Langevin rate coefficient for the charge transfer 

reaction is a good one because if the exothermic charge transfer reactions of N/ and 0z+ 

to diatomics at room temperature are studied they are all seen to be near Langevin unless 

there are spin conservation effects to consider. The results of these experiments are 

Table 7.1 

Monitor Ion Determination of Neutral Clusters 

Reaction 

Ar+ + Ar 

Xe+ + Xe 

fc:lU4ter 

2.7 X 10-5 

2.2 X 10-4 

k3c1uster /k3expt 

.088 

.091 

fcluater values are averages of several experimental runs at varying pressures 
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presented in Table 7.1. The middle column in the table shows the derived fraction of 

neutral dimers in the free jet and the final column in the table shows the percentage of the 

experimentally observed reactivity which can be credited to the neutral dimers. It is 

clearly shown, that at least for these two examples, the amount of the observed reactivity 

due to neutral clusters is less than 10 %. From all of the evidence presented above, we feel 

that all the atomic ion association reactions are primarily three body associations, and that 

van der Waals clusters contribute only a minor perturbation. 

From our observed rate coefficients at low temperature it would appear certain that 

the Mahan mechanism is not the dominant mechanism at low colIision energies. Therefore 

we must consider some other theories for atomic ion-atom association. RusseII has recently 

published a full quantum mechanical model of the dimerization process for He+ ions in He 

[146-1481. Unfortunately this model is very complex and not easily extendable to other 

systems. Dickinson and co-workers have presented a model which accounts for the three 

body association reactions occuring though rotational scattering resonances [1491. The 

number of resonances observed depends on the potential between the ion and the neutral 

and the incoming collision energy and impact parameter. Using the steady state 

approximation, these scattering resonances are in equilibrium with the reactants, and the 

rate coefficient depends on this equilibrium constant and the stabilization efficiency. The 

Dickinson theory predicts a temperature dependence near T-3/4. Chatterjee and Johnson 

have very recently proposed an estimating formula for atomic ion association of dissimilar 

atoms based on the mobility of the ion and an electrostatic model [1451. This semi

empirical model is very good at reproducing the experimentally observed data at 300 K, 

but is not specifically designed to determine these rates as a function of energy. Two 

other models which primarily consider the electrostatic interaction potential of the species 
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were presented by Smirnov [150], and Niles and Robertson [151]. Smirnov's model shows 

reasonable agreement with the experimental data at 300 K, and predicts an energy 

dependence of the rate coefficient of about T-s/4. Niles and Robertson's model is very 

similar, except it predicts a slightly stronger temperature dependence of about T-l. The 

disappointing part of these last three models is the lack of physical insight into the 

problem. They all use experimentally determined parameters such as ion mobility to 

determine rate coefficients and basically just attempt to fit their theory to experiment. A 

good model is difficult to develop for these systems since it is very difficult to measure 

these very slow association rate coefficients, leading to a large amount of scatter in the 

previously reported rate coefficients. Also, since the temperature range over which these 

reactions have been studied has been fairly limited in the past, it has been difficult to 

obtain a unifying picture of the reaction mechanism. Our extension of this temperature 

range will most certainly lead to a better understanding of the problem. Table 7.2 shows 

the observed rate coefficients for all the atomic association reactions at I K, and also 

includes the temperature dependence including the data at 300 K, assuming a temperature 

dependence of the rate coefficient of the form k3 = cr-n . 

What we have found is that many of these atomic association reactions proceed 

relatively fast at low collision energies. The temperature dependence is also very strong, 

and if the data is examined carefully, it does not seem to fit a simple T-n temperature 

dependence, as it appears the temperature dependence at low energy is stronger than at 

higher energies. The most fundamental theoretical model which applies to all the systems 

we have studied is the rotational resonance theory of Dickinson and co-workers [149]. 

Unfortunately, when it was developed, they did not have the low temperature data to 

consider. The model for the stabilization step in the mechanism uses a simple gas kinetic 



Table 7.2 

Atomic Association Rate Coefficients 

Reaction 

Ar+ + Ar 

Ar+ + Ne 

Ar+ + He 

Kr+ + Kr 

Kr+ + Ar 

kil K) 

9.5 

.26 

<.5 

18 

20 

Kr+ + Ne <.3 

Kr+ + He <I 

Xe+ + Xe 

Xe+ + Kr 

Xe+ + Ar 

18 

23 

13 

Xe+ + Ne <3 

n 

1.0 

.8 

1.2 

1.2 

1.I 

1.3 

1.3 

Reaction rate coefficients are in units of 10-29 cm3/s 

n is derived from a fit of the I K data with the 300 K measurement to k=CT-n 

138 
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collision cross section. In fact, an ion-molecule cross section is probably better to use, and 

it is also probably necessary to include a collision energy dependent stabilization efficiency. 

This is due to the fact that at higher collision energies fragmentation of the metastable 

dimer complex probably competes effectively with stabilization, while at low energy the 

fragmentation efficiency probably drops off sharply. This effect may also account for the 

apparent deviation from the simple T-n rate laws which are predicted. It should be noted 

that there is no fundamental reason to expect T-n behavior in the rate coefficient. The 

T-n ideas are simply a carryover from models of molecular association, and the result of 

oversimplified theories. Dickinson and co-workers point out in their paper that the model 

did not agree very well for reactions of the heavier rare gas ions, Kr+ and Xe+. They 

suggest that non-resonant collisions must be considered also in this case. They found that 

non-resonant collisions are probably most important at high temperatures and high reduced 

mass [149]. Again, this may be part of the reason for the curvature evident in the plots of 

the energy dependence of the rate coefficient. 

Our new data does require that the mechanism for three body atomic association be 

reconsidered. The previous models do not reproduce the experimental results near I K. If 

an ion-molecule collision cross section is used in the Dickinson model for the stabilization 

step, including a temperature dependent stabilization efficiency, the lower temperature 

data can be approached, but the rate coefficients predicted for the room temperature data 

are too low. The answer to this problem may be a change in the mechanism at higher 

temperatures where non-resonant collisions become more important. The combination of 

these two ideas will produce a rate coefficient which is slow at room temperature and has 

a relatively strong negative temperature dependence. 
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C) Conclusion: 

The result of observing relatively fast atomic ion-atom three body association rate 

coefficients at low temperatures is important to the study of radiative association reactions. 

These rate coefficients may be faster than originally thought due to the mechanism of the 

collision complex formation. At the moment we cannot determine whether these fast 

atomic association reactions are due to a few collisions which have a very long lifetime and 

form scattering resonances or if all of the collisions have some modest lifetime which leads 

to the observed k3• Several of these reactions have not even been studied at room 

temperature, and only a few have any temperature dependencies measured at all. Once 

again, the measurement of the rate coefficient for these reactions at temperatures between 

I and 300 K should be of great assistance in determining the detailed mechanism for these 

reactions. Obviously, a more careful analysis of the finer details of these three body 

association reactions needs to be considered. Because of the multiple electronic states 

which correlate to the separated atomic ion plus atom limit, one needs to consider all of 

the possible non-adiabatic transitions to and from these states, and their effect on the rate 

coefficient. Recently full Quantum scattering calculations have been carried out for the 

neutral-neutral recombination of H atoms in Hz [154, 155]. The complete understanding of 

these three body atomic systems which appear on the surface to be so simple may not be 

acheived until these types of calculations are done on the analogous atomic ion systems 

over a large range of collision energies. 
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CHAPTER 8 

EXCITED STATE SPECIFIC CHEMISTRY 

A) Introduction: 

The idea of controlling the product distribution or the rate of a reaction by controlling 

the internal energy states of the reactants has been the dream of chemical reaction 

dynamicists for 30 years. Experimentalists have continually searched for, and in some 

cases found, 'mode specific' effects in molecular reactants [156], and electronic effects in 

atomic reactants [91]. The study of state specific chemistry has been especially rich in the 

field of ion chemistry. This is most likely due to the ease of producing excited states of 

ions. Using traditional one photon sources and the coincidence technique, collisions of 

single state selected ions can be studied [157]. This very difficult experimental technique 

has produced a wealth of results. The last ten years have produced the REMPI techique, 

and through its use, nearly pure ion beams of a single vibrational state of a molecular ion 

can be formed. The work of both the Anderson [158] and Zare [159] groups has shown 

that this ion formation technique can be combined with molecular beam experiments to 

study ion-molecule reactions in great detail. The goals of these studies are to find out 

more about the intimate dynamics of the processes occuring during a chemical reaction. In 

the most ideal cases,· a change in the rate coefficient or the product distribution as a 

function of the state of the reactant provides us with information regarding the most 

fundamental properties of the reaction. We have already shown earlier in this work that 

the effect of translational energy on the reactivity is very large, and provides us with new 

insights into the reaction mechanism. Now we will explore some different forms of 

reactant energy, namely vibrational and electronic energy. 
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Since we use REMPI to produce our ions it is possible to produce a packet of Ions 

which are highly state selected. In theory this allows us to study the rate coefficients of 

state selected cations. However, our kinetic technique is much different from most other 

state specific methods, which are designed for single collision conditions. The purpose of 

a single collision experiment is simple. The identity of an excited s'.ne may change after it 

collides with another particle, so to be certain that the reactions observed are due to the 

excited state of interest, single collision conditions are used. What this actually means 

experimentally is that the pressure in the collision region is low enough that about 90 % of 

the ions do not undergo any collisions at all before they are detected, ensuring that any 

reactions observed are due to the specific Quantum state selected ion of interest. In the 

free jet flow reactor we have very different conditions. All of the ions which are formed 

will undergo several collisions before they are detected. Even if most of these collisions 

are with an inert buffer gas they still may perturb the ion's initially prepared Quantum 

state. Therefore we have one additional effect which the other experiments do not need to 

address, that of excited state collisional relaxation. Because of the effects of collisional 

relaxation, all our experimental data on excited Quantum state specific reactions must be 

carefully analyzed, and in some cases only Qualitative conclusions can be drawn. Further 

detailed study of these reactions in this laboratory by slightly modified techniques will lead 

to a more precise determination of these rate coefficients. 

B) Molecular lOll!!: 

I) Vibrational Relaxation of NO+ (v): 

In the free jet, a vibrationally state selected cation can undergo several collisions 

before it is repelled and detected. Therefore we have attempted to measure the rate of 
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vibrational relaxation in molecular ions via the monitor ion method. The monitor ion 

method has been used in flow tubes to measure vibrational relaxation rate coefficients for 

several small molecular ions [160-163]. The idea of the experiment is as follows, a monitor 

neutral molecule is chosen whose ionization potential lies between the two vibrational states 

one wishes to study. Then, the observed intensity of the monitor ion is directly 

proportional to the poulation of vibrationally excited ions. The monitor ion method must 

be used with care since the rate coefficient for the charge transfer reaction may not be 

Langevin. Our study was on the greatly studied ion, NO+. The ionization potential of 

both CzH3I and CzCI. lies between the v=O and v=1 states so both neutrals have been used 

as monitors, although we have primarily used CzCl.. The REMPI/PES spectrum for NO 

formed via 2+1 REMPI through the EZE(v=l) has been measured by Zare and co-workers 

[159]. They find 90 % production of the NO+ ion in the v= 1 state. The radiative lifetime 

has also been measured for the v=1 state, and is 90 ms [164], which is very long with 

respect to our experimental time scale which is on the order of 50 J.IS. For this reason we 

have neglected the radiative relaxation of NO+( v= I). We studied the competing relaxation 

and relaxation channels for v= I, 

NO+ (v=l) + He ----5>5>NO+ (v=O) + He 

NO+ (v=l) + CzCl4 >CzCl/ + NO 

realizing that the reaction 

NO+ (v=O) + CzCl. ----5»CzCl/ + NO 

(8.1 ) 

(8.2) 

(8.3) 

is endothermic and cannot be observed in the free jet. By measuring the relative 

intensities of the NO+ and CzCl. + ion signals, and assuming a Langevin reaction rate 

coefficient for reaction (8.2), we can derive the rate coefficient for reaction (8.1). The 

assumption of the Langevin rate coefficient is a reasonable one for the charge transfer 
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reaction from an ion to a polyatomic neutral. These reactions are very fast in general 

because of the large number of states which are accessible for the charge transfer. In the 

case of the monitor reaction, the charge transfer is also nearly resonant, usually leading to 

a Langevin reaction rate coefficient. In this case we feel the Langevin estimate is a good 

approximation because we obtain nearly equivalent results with two separate monitor 

neutrals. It has been previously demonstrated that the monitor neutral CHlI, does not 

react with NO+(v= I) at the Langevin rate [164], and our studies using this neutral as a 

monitor confirm this as we do not observe any production of CHlI+ when NO+(v=l) ions 

are formed. 

Figure 8.1 shows the different mass spectra obtained when NO+ is pumped into either 

the v=O or v= I states using C%Cl .. as the monitor. Unfortunately, as can been seen from 

the figure, the data anaylsis is not quite as simple as equations (8.1) to (8.3) might indicate. 

There are two complicating factors which make the data analysis for this problem rather 

complicated. First, due to the extremely low temperatures in the free jet and the 

polyatomic nature of the monitor neutrals, we see fast three body association reactions of 

NO+ with the monitor. The relative intensities in the figure suggest, as expected that 

NO+ (v=O) clustering is much more efficient than NO+ (v=I), this is however another 

disappearance channel of NO+ which must be added into the data analysis. The second 

problem is the fact that since we do not have selective ion injection, ion parent neutral 

species are present in the experiment, therefore the reverse of reaction (8.3) can occur. 

This problem experimentally manifests itself as an increase in the experimentally observed 

relaxation rate coefficient as the pressure of the expansion is increased due to the increased 

NO+ /monitor ratio observed. Because of these problems we cannot report a precise rate 

coefficient for the relaxation process yet. However, from our data we can say that the 



Figure 8.1: Ion distributions obtained in the monitor ion experiment when 

No+ is prepared in the vo=() state(top) or the v-I state (bottom). The ion 

signals are due to the ions NO+, C20/ and [NO·<:2C1.j+. 
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relaxation rates of NO+ (v=l) is very fast in all the relaxing gases we studied, He, Ar and 

N2 • We observe rate coefficients near the Langevin limit for all three of these reactions. 

This is a little surprising since the reaction rate coefficients at 300 K are measured to all 

be less than I % efficient [162]. 

If one considers the translational energies involved in these collisions, and the 

vibrational relaxation model of Ferguson, the data can be rationalized. Ferguson invokes 

the idea of a long lived collision complex which then can either randomize its internal 

energy, or back dissociate [165]. If it dissociates before its vibrational energy is 

randomized, the internal vibrational mode does not relax. On the other hand, once the 

vibrational energy flows into the internal modes of the collision complex it will dissociate 

very quickly. This idea is supported by experimental evidence that the quenching rate 

coefficient is seen to rise exponentially as the binding energy of the intermediate complex 

is increased [165]. Under our thermal conditions a collision between even NO+ (v=O) and 

He may have a lifetime on the order of hundreds of picoseconds, even though the binding 

energy of the collision complex may be less than 0.1 eV. The lifetime of a collision 

between NO+ (v= l) and He will be shorter, but until the vibrational energy is randomized 

into the collision complex, it traverses the same potential surface as the V=O reaction, 

which is simply displaced upwards by the vibrational frequency of the NO+ ion. A 

schematic potential surface for this process is shown in Figure 8.2. Once the vibrational 

energy is randomized in the collision complex, it dissociates. The fact that we observe fast 

relaxation at low collision energies suggests that the lifetime of the complex on the upper 

surface in Figure 8.2 is long enough to randomize the internal vibrational energy at 

collision energies near I K. This simple model is supported by the observed negative 

temperature dependence in the quenching rate coefficient for the relaxation reactions, 



NO+(v=O)+He ~ --,. 
Figure 8.2: Potential surfaces for the vibrational rellUation of a diatomic 

molecule. The surfaces show are vibrationally adiabatic. As soon as the 

complex internal energy is randomized, it crosses to the true v=O surface 

and dissociates. The arrows show the system entering on the v..,1 surface, 

and dropping to the va{) surface. The initial vibrational energy is released 

in the kinetic and rotational energy of the fragments. 

147 

suggesting that as the lifetime of the collision complex increases the quenching efficiency 

increases also. 
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2) Vibrational State Effects in Ion-Molecule Reactions: 

Anderson and co-workers have shown that the molecular cation CzH/ can be 

prepared with a selective amount of vibrational energy in the carbon-carbon stretching 

mode (vz) [69-70]. By pumping through the Vz v=1 state of either of the neutral 

intermediates previously discussed, we can explore the effects of this extra 1820 cm- 1 of 

internal energy on the reactivity of the ion. The first example is a very simple one 

involving the reaction of CzHz + with CH4• There are several possible product channels 

open in this case 

CzHz+ + CH4 --~:.CzH/ + CH3 

--~:,C3H/ + Hz 

--~:,C3H6+ + H . 

(8.4) 

As was described earlier in chapter 4, we observe no formation of CZH3 + with the ground 

state CzHz + reactant at a translational energy of about I K. When we selectively pump the 

V z mode to produce v=1 cations, we see a significant amount of CzH/ formed. In this 

reaction we have changed the product distribution by changing the internal energy of the 

reactants. We cannot report an absolute branching ratio for v= I collisions due to the 

unknown amount of CzH/ v=l relaxation, but the observed CzH/ signal is about 25 % of 

the total product ion intensity. This rather large effect has a very simple explanation. The 

Stony Brook group has shown that the product channel to produce CZH3 + has a barrier to 

it [J 66]. The extra energy in the CzHz + ion initially must allow the system to surmount the 

barrier, or increase the 'tunneling' efficiency and open up this new product channel. An 

interesting possibility is whether this reaction channel is similar to the CzHz + + Hz system, 

the question being, is the proposed mechanism for that reaction general for many X-H 

species? 
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Another case which shows a significant vibrational effect IS the product branching 

ratio in the CzHz + + Hz reaction 

CzH/ + Hz !I> CzH/ + H (8.5) 

ko(M) 

----!>!I> CZH
4 
+ + M . 

The ratio of the bimolecular to termolecular products will be very sensitive to the initial 

internal energy state of the ion. One would expect that for a statistical complex, the three 

body association rate coefficient would effectively go to zero, but that the bimolecular rate 

would sharply increase due to the fact that the 1820 cm- 1 of internal energy brought in by 

the reactant ion is about twice the height of the activation barrier for the bimolecular 

reaction. A competing vib(ational relaxation process will now moderate the bimolecular 

reactive rate 
k2(v=l) 

CzH/ (liz v=l) + Hz ---s.,. CZH3+ + H (8.6) 

We observe, as expected, an enhancement in the CZH3 + production over the association 

reaction, and observe a decrease in the three body rate coefficient. Figure 8.3 shows the 

different ion distributions observed when the vibrationally excited ion is formed. These 

observations are consistent with the assumption of no three body reactivity in v= I, and the 

CzH. + production then only comes from those CzHz + reactants which have been 

vibrationally relaxed. 

If we use a simple model and assume that collisions occur at the Langevin rate 

coefficient, and that the three body rate coefficient for v=l collisions is zero, we can 

monitor the amount of v=O present by the amount of CzH. + produced. We assume the 

three body reaction rate coefficient for v=l ions is zero for three reasons. First, we expect 



C2H2+ 

Figure 8.3: Ion distributions observed for the reaction of CsH/ + Hs' The 

top mass spectrum shows v=O acetylene cation, while the lower figure 

shows acetylene cation produced with lis val. Especially note the relative 

intensities of the CSHl + and CSH4 + product ions. 
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the internal energy of the complex to randomize, when it does it will dissociate. Second 

the relaxation rate coefficient appears to be very fast from the data, again indicating the 
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complex is relaxing before it can be collisionally stabilized. Third, phase space calculations 

again suggest that the excited state complex will dissociate before it can react. This 

primitive model allows us to obtain a rough estimate of the atom transfer rate coefficient 

for v:t v= I, kz( V= I) = 5 X 10-10 cm3/s and a large value for vibrational relaxation kYr' of 

I x 10-9 cm3/s. Two important points need to be made here. First, although the 

experimentally observed CZH3 + /CzHz + ratio has only increased by a small amount, the 

bimolecular rate coefficient for vibrationally excited ions is about 15 times faster than that 

for the ground state ions. Presumably, this is due to the extra 1820 cm- 1 in internal 

energy which allows the CzH. + collision complex to cross over the barrier. Second, the 

actual measured effect in the rate coefficient (about a factor of two) is so small because 

about 2/3 of all the collisions result in vibrational deactivation of the molecule. Other 

studies of vibrational deactivation of diatomic ions in flow tubes show a very slow 

relaxation with hydrogen molecules [165]. The energy dependence of these relaxation rate 

coefficients has not been well studied, but as suggested by the NO+(v) studies, it appears 

they may accelerate greatly as the collision energy decreases. Because of this, relaxation, 

which is usually ignored in higher energy experiments, is probably very important in any 

attempts to quantitatively study low energy molecular ion state specific experiments. 

C) Atomic Ions: 

Earlier, the method of creating atomic ions in their 2PS/2 ground state was discussed. 

The atomic ions can also be produced with a large portion of their population in the zP1/ 2 

excited spin orbit state by pumping through an intermediate Rydberg state with that core 

configuration. The reactions of the various spin orbit states of rare gas ions have been 

studied in the past, usually in coincidence experiments, but never before using REMPI. 
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We have studied the low collision energy rate coefficients for two reactions of Ar+ 

cation in both of its spin orbit states. The reactions of the ground state cation has been 

discussed in depth in chapter 5. The first reaction is the charge transfer process, 

(8.7) 

Koyano and co-workers have observed a smaller reactive cross section for the 2Pl/2 

reaction [167]. They measure a ratio 0(1/2)/0(3/2) of about 0.6 for collision energies from 

0.2 to 10 eV. The ratio is collision energy independent within the experimental error. 

Futrell and co-workers supported this measurements by studying the reaction in a crossed 

beam scattering experiment where they found that the Ar+(2P1/ 2 ) was more prone to relax 

to the lower spin orbit state than react [104]. Our results are quite different, we measure a 

relative rate coefficient, k(l/2)/k(3/2), between the two species of 1.6 ± 0.4. This still 

means the reaction is only about 20 % efficient for the excited state. It must be 

remembered once again that we are not certain just what the spin-orbit relaxation rate 

coefficient in the free jet is, therefore this ratio is a lower bound to the actual value. 

However, the fact that we observe such a large effect suggests that the relaxation rate may 

not be very important. The observation of an increased reaction rate in the 2p 1/2 state is 

interesting since just the opposite effect was observed at higher energies, where relaxation 

was favored. There are no good theoretical predictions of the energy dependence of the 

ratio, but the low translational energy must make the curve crossing which leads to 

relaxation inefficient, while the N/ (v=l) state now becomes energetically accessible. This 

idea is consistent with the potential surfaces of Clary and Sonnenfroh, which show a small 

barrier to the curve crossing to the Ar+(2P3/ 2 ) state, and a very close interaction at rather 

long range with the Ar + N/ (v=l) state [107]. 
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The reaction 

Ar+ + Hz ---S>l>ArH+ + H (8.8) 

---S>SlHz+ + H, 

has already been discussed at great length. The state specific cross section for this reaction 

has been measured in one photon experiments, by two groups [91,94]. They both observe 

a cross section ratio for 0(1/2)/0(3/2) of about 1.7 over an energy range from I to 10 eV. 

In this case, the reaction is faster for the zPl/2 state, although the ratio is independent of 

collision energy over the measured range once again. Figure 8.4 shows two kinetic plots 

we have acquired using the two different spin orbit states of Ar+. The different slopes 

clearly show the different reactivity between the two Ar+ species. In this case the 

enhancement is more substantial than for Nz and we observe a ratio of the rate coefficients 

k(l/2)/k(3/2) of 2.9 ± l.v. Once again, we can only report this value as being a lower 

bound to the absolute ratio since we do not know the spin-orbit relaxation rate coefficient 

with either Ar, Hz or Ne (the buffer) The fact that the observed rate coefficient is so 

large, and the difference between the two states is Quite substantial again indicates that the 

spin-orbit relaxation may be relatively unimportant. Studies of the measured rate 

coefficient as a function of buffer gas and concentration of neutral argon show that the 

relaxation is a minor effect in this experiment. In the case of the reaction with deuterium 

we observe a slightly smaller enhancement in the rate coefficient of k(l/2)/k(3/2) = 

1.7 ± 0.5. This is again consistent with the high energy coincidence data where the ratio of 

the reactivity of the two states was measured to be about 1.3 [91]. 

Although this reaction has been well studied theoretically, most studies omit the spin

orbit nature of the atomic ion. Therefore we do not have a good Quantitative theory to 

explain the state specific results. Tanaka and co-workers have worked out a Qualitative 
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two spin orbit states. 
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1.0 

model to explain their results [91]. There is a very close resonance between the Ar+(JP 1/2) 

+ HJ state and the H/(va 2) + Ar state. They claim that this resonance leads to a long 

range electron transfer to form H2 + + Ar. Then the reaction proceeds as the reaction 

between H2 + and Ar would. In this case, the Langevin rate coefficient is about 1.4 times 

larger due to the large polarizability of the Ar neutral. This reaction then proceeds with 
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nearly unit efficiency, leading to the large observed enhancement of the reaction rate 

coefficient. This near resonant state is about 120 cm- 1 above the incoming reactant 

energy, therefore under our thermal conditions it is inaccessible. However, farther in the 

entrance channel on the potential surface these states have shifted enough that the Curve 

crossing is accessible and can occur at low translational energies. Therefore the electron 

transfer may occur and the reaction will proceed on the H/ + Ar surface. Unfortunately, 

as is pointed out by these authors, such a resonance does not exist on the surface for the 

reaction with D 2 • Since there is a large spin-orbit effect on the rate coefficient at both 

translational energy ranges, the vibrational resonant model, although it may be important, 

cannot be the sole source of the enhanced reactivity. 

D) Conclusion: 

The free jet flow reactor can be used with state selected REMPI to study the reaction 

rate coefficients of quantum state selected ions. Future studies in the jet can be done to 

increase the quality of these early experiments. Since we now have two tunable high 

power laser sources, pump-probe experiments are now possible. One possible area to study 

is relaxation phenomena in the free jet. Experiments in this area will lead to information 

on how energy is partioned in the collision complex and further our understanding of the 

statistical nature of low translational energy collisions. The reactions of state selected ions 

will also be studied. It is now possible to run the free jet experiment under near single 

collision conditions to obtain true state specific cross sections. This experiment is possible 

by either repelling the ions from the jet after a short delay [168], or by probing the 

products with a second laser, again after a very short delay [169]. 
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In these early studies we have seen that vibrational relaxation of molecules is very 

rapid in the free jet due to the low translational energy, and the long lived complexes 

which can form. The enhancement of various reaction channels by pumping a 

vibrationally excited state has also been observed. In this way, we can control the product 

branching ratio of a chemical reaction by controlling the internal quantum state of the 

reactants. The fact that for atomic ions the 1/2 state reacts faster than the 3/2 state in all 

of the reactions we have studied is somewhat surprising. Previous studies with Kr+ and 

Xe+ ions have shown that in general the ground state spin-orbit state reacts faster, and the 

excited state relaxes [170]. Whether or not the increased rate coefficients for the 1/2 spin

orbit state of atomic rare gas ions is a general phenomena at low collision energies remains 

to be seen. 
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CHAPTER 9 

ELECTRON A IT ACHMENT PROCESSES 

A) Introduction: 

The method of REMPI to produce state selected atomic and molecular cations has been 

discussed in great detail previously. One element of the ionization process, which may 

conceivably be of expermental utility, has not been discussed, this is the production of 

high resolution monoenergetic electrons. Since the ionizing photon is of very well defined 

wavelength, and therefore energy, the energy of the ejected electron is also well defined 

by the difference in the multiphoton energy and the energy of the ion state produced. 

Unlike typical one photon high energy photoelectron experiments, which look at the 

energy distribution of electrons produced after ionization well past the continuum, in a 

REMPI experiment, the state selectivity produced by the intermediate state in the 

ionization process leads to a narrow distribution of ions produced, and therefore a narrow 

electron kinetic energy distribution. The monoenergetic nature of the electron produced in 

the ionization step is simply governed by the Franck-Condon factors for the ionization 

step, the initial rotational states populated in the neutral and the rotational selection rules. 

Obviously then, if the intermediate Rydberg state is similar in structure to the ion then 

6.v = 0 transitions will predominate, and the electrons produced will all have nearly the 

same energy, the major source of broadening wilI be due to the rotational envelope of ions 

produced from the multiphoton process. This method works very well for molecules with 

strongly bound ions and well defined strongly bound Rydberg states like NO. This is a 

nice source of high energy resolution electrons, but it has two major disadvantages. First, 
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this method is a line source, not continuously tunable since the wavelength of the photon 

must be resonant to a vibration/rotation state in the Rydberg excited state. Second, if the 

Rydberg state is not perfect (producing all ~v=O transitions), then a distribution of 

vibrational states and therefore electron kinetic energies will be produced. 

This source may suffice if the purpose of the electrons is to simply form negative ions 

and observe their reactions, but for many other experiments, a continously tunable source 

of high resolution low energy electrons is required. These can be produced by the 

technique of two color resonant photoionization [171]. In this case, two tunable lasers are 

required, the first excites a molecule to a Rydberg state, and the second laser ionizes the· 

species, during the same laser pulse. It is critical experimentally to assure that no 

ionization occurs from direct multiphoton absorption of photons from the first laser. This 

is most easily accomplished by chosing an intermeoiate state which is n photon resonant, 

but where the ion lies at an energy such that n+1 photons still lies below the ionization 

threshold. After absorbing n photons, an excited molecular species has been formed. As 

the second laser is tuned to the blue, no ions will be formed until it reaches the lowest 

energy state of the molecular ion, here zero energy electrons will be formed. As the 

second laser is scanned farther and farther to the blue the energy of the released electron 

will slowly increase. This method solves the problem of the tunable source since the 

kinetic energy of the electron is varied by simply changing the wavelength of the second 

laser. The problem of not having a tOO % ~v=O transition is solved is this system also. 

The second laser simply tunes just past the v=O resonance, so only V=O ions can be formed. 

The v>O ions are not energetically accessible, so the only breadth in the electron 

distribution which is produced is due to the rotational state envelope which is pumped by 

the two laser pulses, and arises from the rotational selection rules. 
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Cnfortunate1y, other problems can arise when using molecules as the precursor for 

electron production. The most important of these are the excited neutral states present 

above the ionization threshold. These states are primarily of two types, autoionizing or 

dissociative. Autoionizing states are excited neutral states which are coupled strongly to 

the ion states [172]. When they are produced, they will lose an electron (autoionize) to 

form the molecular ion. Since the transition the laser probes is now bound-bound, the 

intensity is usually greater than that of the direct bound-free photoionzation transition, 

leading to a sharp increase in the photo ion yield. The dissociative states work in the 

opposite manner, decreasing the photoion yield, since the excited neutral which is formed 

predissociates rather than ionizing, yielding only neutral fragments. When the second laser 

photon is resonant on one of these states, the photion yield will change greatly as will the 

photoelectron yield. Therefore any experiments involving the energy dependence of the 

electron will have to be corrected for the abnormalities in the so called photoionzation 

efficiency curve (PIE). A molecular precursor must therefore be carefully chosen so that 

its PIE curve looks like a step function, with no ions below threshold, and a flat topped 

ion (electron) yield after threshold. A good example of a simple two color monochromatic 

molecular electron source is aniline, and it is used for some of the experiments which will 

be discussed below. 

The problems of molecular neutral excited states can be avoided by using an atomic 

precursor. The paucity of atomic states near the ionization limit allows for smooth tuning 

across the threshold, producing an ideal electron source between 0 and 1000 em-I. The 

only problem present in atomic systems are the long lived excited atomic Rydberg states 

near the ionization limit. These atoms look like an ion core with an electron in a high 

principal quantum number orbital. This electron is not all that different from a free 
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electron and can undergo facile electron transfer to produce negative ions via the following 

mechanism [173] 

(9.1 ) 

(9.2) 

(9.3) 

where A represents the atomic precursor, and A·· is the two laser excited state. This 

process will be detected as the formation of negative ions below the threshold for the 

precursor ionization and can be accounted for since no free electrons can be produced in 

this manner. This chapter will discuss experiments using all three types of electron sources' 

shown above. 

B) Direct Electron Attachment 

The process of direct electron attachment to a neutral has been well studied in 

electron swarm experiments at low resolution previously [174]. Direct electron attachment 

can only occur when the target molecule has a positive electron affinity, otherwise the 

negative ion formed simply autodetaches to the neutral and a free electron. If this 

criterion is met, attachment occurs when the electron is resonant with a molecular negative 

ion resonant state. There are four general mechanisms by which electron attachment can 

occur, shape resonances, core excited shape resonances, nuclear excited Feshbach 

resonances, and electron excited Feshbach resonances [175]. 

A shape resonance arises from the interaction potential between the electron and the 

neutral [175]. Just like any other collision process, this surface has a centrifugal barrier on 

it, and resonance states will exist depending on the angular momentum of the electron. 

Since an s-wave electron has no angular momentum, no centrifugal barrier is formed, no 
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'resonant' state is formed, and no resonance is observed. The negative ion state which can 

be formed via this mechanism has a finite autodetachment lifetime. Usually these 

lifetimes are on the order of 10-10 to 10-15 sec. Therefore, unless stabilization of the 

shape resonant state occurs by dissociative attachment, we cannot observe these resonances. 

A core excited shape resonance is the same mechanism, however the interaction potential 

comes from the electron and an excited electronic state of the neutral, therefore occuring 

at higher energy. 

Feshbach resonances occur when the kinetic energy of the electron is coupled to 

molecular vibrational modes of the neutral, involving a breakdown of the Born-' 

Oppenheimer approximation [175]. In this case, the electron couples the molecule to the 

negative ion surface, which is not bound with respect to autodetachment. The lifetimes of 

these resonant states are fairly long, usually longer then I JJS, therefore the unstable state 

can be stabilized, usually by a collision with a third body to form a stable molecular ion. 

The lifetime of the electron + neutral metastable state depends on the energy of the 

incoming electron, producing a resonance in the attachment cross section at zero kinetic 

energy. These types of resonances are what we typically observe for direct electron 

attachment in our machine. A electron excited Feshbach resonance is again the same 

mechanism, except that it occurs with a high energy electron through an excited electronic 

state of the neutral. 

A good example of a simple electron attachment process is the formation of the SF 6-

ion. 

SF6 + e- --~~SF6- (9.4) 

In this case, the electron affinity for SF 6 is positive (about 0.5 e V), therefore the negative 

ion states are bound with respect to the neutral state and do not autodetach after they are 
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stabilized. The simple theory of Feshbach resonances described above explains our 

-W -b 

Figure 9.1: Electron attachment cross section for SF 6 at low electron kinetic 

energies. 

observed high resolution electron attachment spectrum. Figure 9.1 shows the 

experimentally observed electron attachment cross section as a function of electron kinetic 

energy from zero to 100 meV. This spectrum is obtained by setting the gate of a boxcar 

integrator on the negative ion peak of interest in the mass spectrum, and scanning the 

second laser to vary the electron kinetic energy. The ions are not observed exactly at time 

zero, but have flowed for about 50 ps before they are repelled into the mass spectrometer. 
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In this case, the electrons were formed via two laser photo ionization of aniline. This 

spectrum shows the expected resonance at zero kinetic energy, and the cross section 

dropping off as electron energy increases. The width of the zero energy resonance in this 

case is 6.5 me V, therefore the energy width of the electrons produced in this method must 

be less than 6.5 meV. The electron attachment to 01 to form 01- follows a very similar 

mechanism. Again the electron affinity is slightly positive, and we observe a zero energy 

resonance and a sharp drop off in ion intensity as the electron energy increases. In this 

case we observe no sharp feature near zero energy, and the cross section drops off much 

more rapidly than it does for SF 6' 

C) Dissociative Attachment 

The mechanism for dissociative electron attachment 

(9.5) 

is very similar to that of direct electron attachment. In this case however, there is a 

dissociative state which can stabilize the negative ion resonant state which is formed by 

fragmenting a bond. A curve crossing exists on the negative ion surface where the 

transient negative ion was formed, this allows the metastable species to fragment and form 

a neutral species and an anionic fragment. 

We have seen several good examples of this type of behavior. The molecule CCl. has a 

small positive electron affinity, but the CI atom has a very large electron affinity (3.6 eV). 

The difference in these affinities is larger than the C-CI bond energy, so fragmentation is 

an exothermic process, even with zero kinetic energy electrons. We observe strictly 

formation of the Cl- anion, with no CCI. - production. Here, the CCl. - state originally 

produced is bound, and the dissociative attachment must be occuring via a predissociative 
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mechanism. The fact that we do not see three body stabilization to the CCl4 - ion means 

that the curve crossing/dissociation must be taking place on a time scale which is fast 

compared to the mean collision time in the free jet. The case of CH3Br is slightly 

different. in this case, the electron affinity is negative, therefore the initial electron 

attachment step cannot take place to a long lived state via a Feshbach mechanism. There 

now exists a competition between autodetachment and dissociation in a shape resonance 

model. The dissociation channel leads to the fragment ion Br-, which we observe with low 

kinetic energy electron collisions. In this case the process is rather efficient, so the 

dissociation is competing efficiently with the autodetachment. Similar behavior is observed 

for other freons where primarily CI- fragments are produced. 

D) Attachment to van der Waals Complexes 

Some negative ions with positive electron affinities cannot be made by simple electron 

attachment. If the ground state geometry of the negative ion differs greatly from that of 

the neutral, the transient negative ion formed does not sample its ground state surface 

when a collision with a free electron occurs. Therefore autodetachment quickly occurs to 

release the excess energy in the negative ion. A good example of this is the CO2 molecule, 

for which the neutral is linear, but the negative ion is bent and CO2-is unbound in its 

linear geometry and therefore cannot be produced via direct electron attachment in the 

Born-Oppenheimer limit [176]. An alternate mechanism to direct electron attachment for 

the creation of these more fragile species is to attach an electron to a neutral van der Waals 

cluster molecule. This species can then release its extra internal energy, not by 

autodetaching an electron, but by evaporating off one or more of its neutral 'solvent' 

molecules [177]. This process, which really amounts to dissociative attachment, will then 
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leave behind a stable negative ion. 

To investigate this possibility we have experimentally examined the electron 

attachment to van der Waals dimer molecules. In a free jet expansion, neutral dimers are 

readily formed for species with reasonable dipole moments, so we chose nitromethane 

(8) 

-W -b 

o 

(b) 

-W -b 

Figure 9.2: Electron attachment cross sections for the monomer CH3N02 

CH3NOS for our first system. Figure 9.2 shows the measured attachment cross sections for 

both the monomer and the dimer anions. The cross section drops off much faster with 

increasing electron kinetic energy for the dimer neutral than for the monomer. This is 
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simply a manifestation of the above mechanism. At low electron energies direct 

attachment occurs to the dimer and a metastable (on our time scale) dimer negative ion is 

formed. As the internal energy of this cluster is increased however, some of these dimers 

fragment more quickly to form monomer anions. These fragment ions are then 

experimentally manifested as a slower decrease in the electron attachment cross section of 

the monomer with energy. It would seem to be a trivial matter to then extract from the 

ratio of the two product ion intensities the lifetime of the dimer ion. However, this 

experiment is not as simple as it would initially appear, since there are four competing 

processes at work. First is the metastable decomposition to form CH3NOz - ions. Second is . 

the bimolecular electron transfer reaction of CH3NOz - with (CH3NOz)z to form the dimer 

negative ion. The third process which is present is three body stabilization of the 

metastable dimer anion to form a stable dimer anion. The fourth process is simple three 

body association of the monomer negative ion with a neutral nitromethane molecule. 

Therefore the observed ion signal is a complicated convolution of several interesting 

procedures which are simultaneously occuring. Theoretically, from the time and pressure 

dependencies of the ion intensities the relative rates for all these processes could be 

determined. However, in practice this is not possible, and we can only draw qualitative 

conclusions. 

We observe similar behavior in the electron attachment to ClCN and (ClCN)z neutrals. 

In this case, two other channels are also open, since we obseve production of not only 

ClCN- and (ClCN)2 -, but also the dissociative attachment products Cl- and CN-. It is not 

clear whether these fragment ions originate from the dimer negative ion or the monomer 

negative ion presently. The time dependence of these negative ions shows a relatively slow 

decay of the monomer anion to form the fragment anions. Again, this is a very 
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complicated system with several channels competing. The two most important ones seem 

to be predissociation of the metastable dimer and three body stabilization. 

E) Conclusion: 

This very preliminary work has demonstrated that a good yield of low energy tunable 

electrons can be produced via two color laser techniques. Obviously, there is much work 

which remains to be done in this area. Future studies should concentrate on sorting out 

the dynamics of the fast electron attachment process itself. The attachment of low energy 

electrons to higher order clusters and a more detailed study of the various processes which 

are present merit experimental investigation. Once the negative iOlls are produced, their 

low energy reactivity can also be studied. Very few negative ions are believed to exist in 

interstellar clouds due to the intense radiation fields which are present, however the 

dynamics of negative ion reactions have not ever been studied at low energies and are 

certain to provide some interesting results. Finally, photodetachment!photodissociation 

experiments on the newly produced negative ions could be very simply done in the present 

beam machine with the new laser system and perhaps should be attempted, especially on 

the negative cluster ion systems. 
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