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ABSTRACT 

This dissertation presents results on the study of temperature dependence on 

neutral - neutral reactions. In particular OH radical reactions were studied taking 

advantage of the uniform supersonic expansions produced via a convergent-divergent 

Laval nozzle. The relative concentration of the OH radical was followed via laser 

induced fluorescence. The technique and the considerations of the uniform flow reactors 

used are considered. The method of analysis of the data obtained is also presented. The 

measurement of rate coefficients for several reactions is reported. These studies 

demonstrate the utility of this technique as both bimolecular and termolecular reactions 

have been studied in low temperature envirorunents. Specifically, the temperature 

dependence of the rate coefficient for the bimolecular reaction. OH - HBr has been 

investigated at low temperatures (T = 48 - 224 K) using both the pulsed and continuos 

uniform supersonic flow reactors. This reaction shovvs interesting temperature 

dependence, which can be accurately described with two forms of global fits: 

k ( T ) =  1 . 1 1 x 1 0  -11 T 
, -0 91 , ^ -10<} 

> I 

and k(T) = 1.06xl0 - " i  —  
-10.5K 1 

exp 

I T 298 J I 298. 

em's"'. To aid in imderstanding this interesting temperature dependence investigations 

were performed on reactions of OH and OD radicals with HBr and DBr between 120 -

224 K. using the pulsed uniform supersonic flow reactor. Though the rates are measured 

by hydroxyl loss, the lack of observed isotopic scrambling indicates the reaction occurs 

by H/D transfer at all temperatures. The current work provides unequivocal experimental 
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evidence of inverse primar\' and secondar\' kinetic isotope effects (kn/kD < 1) at low 

temperatures. Also reported are measurements of the temperature and pressure 

dependence of the recombination rate of the atmospherically important reaction OH -

NO: in both the pulsed and uniform supersonic flow reactor. Employing fall - off 

behavior analysis, the rate coefficients are compared with the most recent sets of 

recombination rate measurements obtained at higher temperatures and pressures as well 

as various rate recommendations. This current recommendation predicts a 20 % 

reduction in the current JPL recommendation for stratospheric conditions. 



CHAPTER 1. INTRODUCTION 

The study of reaction rates has been of great practical importance in predicting 

how quickly reaction mixtures approach equilibrium, and in understanding the 

mechanism of reactions, or the process by which reactants form products. Chemical 

kinetics is the study of the rate at which changes occur in chemical systems. Unlike 

equilibrium thermodynamics, where the initial and final states of a chemical system are 

of interest, kinetics is concerned with the process by which the system gets from one slate 

to another and the rate at which this change occurs. The study of kinetics is therefore the 

study of the time dependence of chemical reactions. Though proving the mechanism of a 

reaction is impossible; investigating the concentration, temperature and other influencing 

factors on the rate of reaction, proposed reaction mechanisms can be disproved. 

In the tleld of chemical kinetics liquid - liquid, solid - liquid, gas - liquid, etc.. 

reactions are studied. Within the study of gas phase kinetics both neutral, which include 

radicals, and ionic molecules are studied at many temperatures. The abundance of data 

collected is for room temperature. However, at low temperatures there is less abundant 

kinetic data available for neutral - neutral reactions versus gas phase ion - molecule 

reactions.' To understand the chemistrv- of the lower atmosphere further investigations of 

neutral - neutral reactions at low temperatures are needed. Low temperature kinetic 

studies of neutral - neutral reactions were performed in the current work. 

In the chemistry of the lower atmosphere hydroxyl radicals are very important. 

They are highly reactive because they are free radicals, species with an unpaired electron, 

and because they ex.ist at relatively high concentration. Hydroxyl radicals are pan of the 
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HOx family, which include OH and HO2, which are active species or free radical 

catalysts. The HO^ family was the first to be identified as involved in ozone destroying 

catalytic cycles." The following is an example of a proposed catalytic cycle. 

HOx Catalytic Cylcle: H + O3 OH + 0: (1) 

OH + O ̂  H + O. (2) 

Net; O3 + O O2 + O; (3) 

The importance of these cycles to the depletion of ozone depends on the relative 

concentration of the HO, species. Also involved in these catalytic cycles are NO,, which 

includes NO and NO:, and CIO, species. 

In recent years there have been many studies performed to measure the in situ 

concentration of these HOx species.^ '' In situ concentrations are most commonly found 

from measurements from either balloons or aircraft. These e.xperiments do not allow for 

easy measurement of reaction rates. Even if reaction rates could be measured, it would 

be difficult to determine what reaction was being examined as in the atmosphere there are 

many reactions occurring. These species are not only involved in catalytic cycles, but 

can also panicipate in other reactions. Some of these reactions can lead to the formation 

of a sink or reservior species, which is unavailable to act as a catalyst. These reactions 

are termed termination reactions as they interrupt the catalytic cycle and form reservior 

species, or unreactive forms. These reservoir forms can ultimately migrate down to the 

troposphere, where they can be removed from the atmosphere altogether. 

The test of true understanding of atmospheric chemistry rests on comparison of 

predicted and observed concentrations of these species. In order to correctly predict these 
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concentrations, rate coefficients for all viable reactions must be obtained. Therefore, to 

efficiently model and understand the stratosphere, reaction rates and mechanisms must be 

studied under similar conditions of the stratosphere. The stratosphere ranges from 180 to 

273 K. at lO'^ - lO''' cm'\^ The rates previously used in models of this region were 

obtained at or near room temperature. These results can not always be e.xtrapolated to 

give the correct behavior at the actual environmental conditions. There is a great need for 

low temperature reaction rates, which will aid in understanding the chemistry of the 

terrestrial atmosphere. Through understanding this chemistry, better projections of ozone 

depletion can be made, as well as an understanding of how anthropogenic emissions can 

effect this atmospheric chemistry. 

The need for low temperature work in this area is critical to the advancement of 

chemical understanding of the atmosphere, but low temperature work brings with it many 

challenges. Firstly, the accepted models of temperature dependence do not remain 

accurate at low temperatures. Secondly, very difficult experiments become even more 

challenging at those low temperatures. The remainder of this chapter will discuss these 

two factors in detail. This chapter will conclude with the structural organization of the 

rest of this dissertation in presenting the low temperature neutral-neutral atmospherically 

relevant rates and findings that is this work. 

In recent years, there has also been more interest in the atmospheric chemistry of 

other planets and questions about the origin of the complex molecules found to exist in 

interstellar clouds.^'^ Previously, reactions between neutral species have been left out of 

models of the chemistry of interstellar media because the rates of reaction were predicted 
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to be too slow to contribute to observed chemistry. The earlier predictions were based on 

extrapolation of room temperature rate coefficients with Arrhenius - type expressions: 

- E ,  

I, RT 

where A is the possibly temperature dependent pre-exponential factor. Ea is the activation 

energy, R is the ideal gas constant, and T is the temperature. If a significant activation 

barrier exists, then the rate coefficient should be small at the low interstellar media 

temperatures because there would not be enough energy to overcome the activation 

barrier. However, if there is no activation barrier, it has been found unjustified to use an 

•Arrhenius - type model to extrapolate the temperature dependence.^ In these situations, 

the rate coefficients must be controlled by factors other than the activation barrier. 

These neutral-neutral reactions are much like the ion-molecule reactions whose 

rate coefficients do not adhere to an Arrhenius - type model. Potential energy surfaces 

for these ion molecule reactions lack potential barriers and are controlled by long-range 

attractive forces.' These non-Arrhenius reactions have rate coefficients which range from 

having no temperature dependence to having inverse temperature dependence, where 

rates increase as temperature decreases. Reactions between neutral species have also 

been predicted, and demonstrated to have rate coefficients, which are not modeled well 

with an Arrhenius - type fit.'* In these cases, low temperature rate coefficients give 

insight into how molecules interact in varying environments, and assist in advancing the 

predictive ability sought after in numerous theoretical methods. 
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Low temperature rate coefficients can be obtained from kinetic experiments 

involving both static, and flow methods. Historically, static methods were performed 

because of their simplicity. Static methods involved closed-constant-volume systems. In 

general the reaction vessel is filled to a measured pressure, allowed to equilibrate (usually 

< 1 sec.), then react for a specific time, after which analysis is performed.'^ A series of 

experiments are performed with different reaction times. The disadvantages of this 

technique are that unwanted reactions can occur with the wail, temperature and 

concentration gradients can exist, and most important, the reaction rates must be slow to 

be accurately measured. 

For the many reactions that could not be measured in these bulb type reactors, 

now methods were employed. Flow methods involve open systems, where mixtures of 

reactants. of known initial concentration, flow through a region of known volume at a 

known rate. Analysis occurs after it passes through the reaction space or at fixed points 

in space. Concentrations can be measured by chromatography, mass spectrometry, 

titration and optical spectroscopy. 

For both the static and flow methods, temperature dependent kinetic studies have 

been performed by cryogenic cooling or heating of the reaction vessel, which cools or 

heats the reactant via collisions with the buffer gas. which is in thermal equilibrium with 

the walls of the reaction vessel, or with the walls. Usually these thermostatted systems 

provide rate coefficients for the temperature range of 200 - 500 K. The low temperature 

of 77 K was reached by Kaufman et al., with liquid N2 used as the cryogen to study the 

H-atom recombination.'" In general temperatures below 200 K are not reached 
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satisfactorily with cryogenic cooling at partial pressures greater than the vapor pressures 

at the wall temperature because condensation of vital components in the gas mixture can 

occur, which alters the concentration of the species and gives an incorrect kinetic 

measurement. 

In order to circumvent these condensation problems at higher pressures, 

supersonic expansions have been used to produce low temperature flows with high 

densities in such a manner that kinetic experiments can be performed. These expansions 

can be either free jet expansions, or expansions through a converging-diverging Laval 

nozzle. Free jet expansions occur when a gas at high pressure expands through a small 

aperture into a low pressure environment. Extremely low temperatures (< 1 K) can be 

achieved due to the cooling resulting from the supersonic expansion. The origin of the 

cooling lies in the conversion of energy from random thermal motion into directed 

motion. In the flowing frame, the local thermal condition is very cold, /. e. the energy of 

the molecular collisions is very low. In the free jet. vibrational, translational. and 

rotational degrees of freedom cool to different terminal "temperatures." which requires 

extensive consideration when performing kinetic measurements.' In the Mark Smith 

group free jets have been successfully used in studying ion - molecule reactions." More 

recently, the free jet has been extended to studying neutral reactions, in particular low 

temperature vibrational and rotational relaxation rates of OH and OD in Ar.'" 

The use of supersonic expansions from convergent-divergent Laval nozzles into 

low pressure environments for chemical kinetic studies was developed in Meudon by 

Rowe et al.'^ The advantage of this technique is that the flow produced has constant 
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temperature, density, and velocity for hundreds of microseconds downstream of the 

nozzle exit. The free jet does not produce flows that are constant in temperature, 

pressure, and velocity. The continuous flow reactor, CRESU, originally was u.sed to 

study many ion - molecule reactions of interstellar importance, due to its ability to access 

temperatures from 170- 30 K. 

Later in collaboration with the Ian Smith Group in Birmingham. UK. the CRESU 

was extended to study radical - molecule reactions, specifically CN + O;. which was 

found to have a strong negative temperature dependence.Since then a variety of 

neutral - neutral exchange reactions have been studied on the CRESU apparatus, such as 

CN" + CN + C2H6.'^ and OH + HBr.'^ Each found to have rate coefficients which 

demonstrate negative temperature dependence. At high temperature these exchange 

reactions are postulated to occur by direct collision, which means they have one chance 

for reaction at each collision."^ At lower temperatures there is an increasing proportion 

of "sticky" collision complexes formed that can explore more of the potential energy 

surface and form products leading to the negative temperature dependence. 

The next advance occurred in the Mark Smith group, when the first pulsed 

uniform supersonic flow reactor was developed.''' The pulsing allows for smaller 

pumping and gas needs without sacrificing flow characteristics. This system was used to 

measure the neutral - neutral association reaction of OH +N0."" These association 

experiments are more difficult to perform as their rate coefficients are dependent on both 

temperature and pressure. A disadvantage of this technique is that at each temperature 
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and pressure point a separate Laval Nozzle must be constructed. The experimental 

considerations for this work are discussed in Chapter 2. 

Chapter 2 of this dissertation discusses in full detail the experimental 

considerations of using both the pulsed and continuous uniform tlow reactors. The 

production and characterization of the constant temperature, pressure, and velocity tlows 

created from expansion through a converging - diverging Laval nozzle are described. 

Hydroxyl radicals were produced via H2O2 photolysis or by cold cathode discharge. The 

reaction rates were found by measuring OH loss via laser induced fluorescence. Typical 

OH decays are presented. Also discussed is the method of analysis of the data obtained. 

The format of this dissertation is as follows. 

In Chapter 3. the temperature dependence of the rate coefficient for the reaction 

OH + HBr has been reinvestigated at low temperatures (T = 48 K - 224 K) using both the 

continuous and pulsed uniform supersonic flow reactors with laser induced fluorescence 

detection. .At temperatures below 200 K. the rate coefficient for OH + HBr reaction 

shows inverse temperature dependence, while above 200 K the reaction shows 

insignificant temperature dependence. This study presents two forms of global fits: 

k ( T )  =  1 . 1 1  X  1 0 -
/ I* 

298 
em's"' (5) 

and 

k{T) = 1.06 X 10' 
09 f _ I0.5K ^ * 

1298 J 
exp 

T 
/ 

cm s 
1298 J 

exp 
\ 

T 
/ 

(6) 
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both of which accurately describe the temperature dependence of the rate coefficient for 

the title reaction within the temperature window 20 to 350 K. 

Chapter 4 presents the temperature dependence of the rate coefficients for the 

reactions of OH and OD radicals with HBr and DBr between 120 - 224 K using the 

pulsed uniform supersonic flow reactor with laser induced fluorescence detection. Again, 

these rate coefficients demonstrate little temperature dependence above 200 K. but strong 

inverse temperature behavior below 200 K. Though the rates are measured by OH/OD 

loss, the lack of observed isotopic scrambling indicates the reaction occurs by H/D 

transfer at all temperatures. The current work provides unequivocal experimental 

evidence of inverse primary and secondary kinetic isotope effects (kH/ko < 1) at low 

temperatures. 

In Chapter 5. the fall-off behavior of the reaction OH + NO: + M has been 

investigated at low temperatures (T = 52 - 249 K), and pressures (0.5 to 10 Torr). This 

reaction is pivotal in controlling the NOx and NOy balances in the terrestrial troposphere 

and lower stratosphere. In this way its rate is closely related to the ozone balance, as well 

as odd H and N molecule transport and distribution in these environments. The rates 

reported were determined by LEF monitoring of OH loss in the supersonic post-Laval 

nozzle flows. Employing fall-off behavior analysis the rates are compared with the most 

recent sets of recombination rate measurements obtained at higher temperatures and 

pressure as well as various rate recommendations. The current recommendation suggests 

a 20% reduction in the current JPL recommendation for stratospheric conditions. This 

would result in an increase in the NO; concentration in the lower stratosphere. 
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CHAPTER 2. EXPERIMENTAL 

2.1 Introduction 

In order to produce well-defined flows at temperatures less than 250 K. we have 

chosen to use supersonic expansions. By well defined, we mean that the flow is in the 

continuum regime, where the density, temperature, and velocity are constant. These low-

temperature flows are produced by expanding gases through converging-diverging Laval 

nozzles, the central component to both instruments used in these studies. .A brief 

overview of Laval nozzles will be given here. 

2.2 Laval Nozzles 

Laval nozzles are axisymmetric nozzles, which are symmetric about the center 

streamline axis, and expand gases symmetrically in two dimensions, while accelerating in 

the third to produce uniform parallel supersonic exit flow. Laval nozzle expansions are 

adiabatic; therefore, no heat transfer occurs between the flow and its surroundings, and 

isentropic. To better understand the flow from a Laval nozzle, it is useful to review-

general properties of supersonic expansions. 

.•\n important condition for adiabatic expansions is conservation of energy. 

Conserv ation of energy for an adiabatic expansion of a compressible gas can be described 

b\-: h,i = h - . where ho is the total stagnation enthalpy per unit mass, h ib the enthalpy 

of the flow, and u is the hydrodynamic velocity, or net movement of the flow. Enthalpy 

for an ideal gas undergoing adiabatic expansion is defined as h = CpT. where Cp is the 
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heat capacity' of a gas at constant pressure, and T is the temperature. The conservation of 

energy equation can be recast to: CpTg =CpT*i^. where To is the temperature of the 

reservoir, and T is the flow temperature, .^.s the gas velocity increases, as a result of the 

expansion, the temperature must decrease to conserve energy. Thus supersonic 

expansions will lead to low temperature environments, in the frame moving at velocity, 

i^-

Before specific detail of Laval expansions can be given, the Mach number must 

be defined. The Mach number is a useful dimensionless parameter for describing the 

flow of compressible media. It is defined as: M = -. where a is the local sonic velocirv. 
a 

or the local speed of sound. The hydrodynamic velocity describes the mean velocity of 

all particles in the flow, where the local speed of sound is the rate of collisional 

i  vRT 
information transfer in the flowina medium. For an ideal eas. a = J-— . where v is V W 

the specific heat ratio. R is the ideal gas constant and W is the molecular weight of the 

gas being expanded. The .Mach number can be used to describe the temperature and 

density drop at any instant in a one-dimensional expansion, therefore it provides a good 

measure of how much expansion has occurred. Our flows are two-dimensional 

expansions, but as they are axisymmetric they can well be described by these one-

dimensional expressions. 

.Another requirement of adiabatic expansions is conservation of momentum: 

—(M- - 1 )  =  — .  w h e r e  j i  i s  t h e  f l o w  v e l o c i t v .  M  i s  t h e  m a c h  n u m b e r ,  a n d  A  i s  t h e  c r o s s  
u A 
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sectional area of the gas normal to p. It should be noted that d|i > 0 during all of the 

expansion. To maintain conservation of momentum in an expasion. the following must 

be true: 

1) if the flow gas is subsonic. (M < 1). then the (M" - 1) term would be negative, and 

dAj A must also be negative, this requires the area to be convergent; 

2) if the tlow gas is sonic. M = 1. then the (M* - 1) term would be zero, thus dA must 

also equal zero, die area must be at a minmum; 

3) if the flow gas is supersonic. (M > 1). then the (M* - 1) term would be positive, thus 

dA A must also be postive. which requires the area to be divergent. 

The above requirements are instructive in demonstrating wh\' the Laval nozzles consist of 

three sections: a converging section, throat, and diverging section as shown in Figure 2.1. 

The contour of the Laval nozzle governs the flow properties obtained. 

Gases are fed to the stagnation region, or a subsonic reservoir of the Laval nozzle. 

Because of this source flow into the stagnation zone, there is a pressure differential or 

gradient between the reservoir and the background, therefore Psiac » PBack- which leads 

to gas flow through the nozzle. Without this pressure gradient, no flow would occur. 

The reservoir gas first transverses the convergent section, in which there is expansion of 

the subsonic gas. The expanded gas then reaches Mach 1 at the throat, which is the 

smallest area in the Laval nozzle. Beyond the Mach 1 plane, the gas continues to 

accelerate in the divergent section, where the flow is accelerated to a final design velocity 

or Mach number. The divergent region wall gradients are designed to ensure both this 

fmal velocitv- and the formation of uniform flow. Thus, the divergent section can be 
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thought of being made up of three regions. In the first region the gas is accelerated to 

near its terminal supersonic Mach number because of the rapid increase in diameter in the 

beginning of the divergent section. Next there is a region where the source flow is 

formed, by making the flow streamlines linear and radiate from a common source point 

on the central flow axis downstream of the Mach 1 plane. Finally, the latter ponion of 

the divergent section is designed such that the residual effects of the initial rapid 

expansion are removed from the flow, the final Mach number is reached, and the 

streamlines are made parallel. The supersonic flow created by gas expansion through a 

Laval nozzle is uniform in velocity, density, and temperature because it remains in the 

continuum flow regime. In this continuum flow regime, the conservation of momentum 

is the dominate process occurring, i.e. the mean free path using momenttmi transfer cross 

section is much smaller than the nozzle scale length. ( A « cz). In order to prevent 

further expansion once the gas exits the nozzle, a countering pressure is produced by the 

background/ chamber pressure, which is matched to the static pressure of the flow. 

.A. review of how the contours of the Laval nozzle are designed vvill now be given, 

as it is primar>- to the formation of the kinetic uniform supersonic flow. The contours of 

the nozzles are calculated as two parts as described in past references, although the 

nozzle consists of three sections.'^"'' The convergent section and throat .sections are 

calculated as one part, and tend to be less critical or less understood in determining the 

final performance of the Laval nozzle. In general the convergent section should have a 

large radius of curvamre near the throat, which must have the minimum area. .A.lthough 

the radius of curvature should not be too large since the viscous boundary layer begins 
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forming in this subsonic region, and if the diameter of this viscous boundary layer is 

equal or larger than the radius of the throat, the flow will be pinched off since the viscous 

diameter grows exponentially with nozzle length, z. Also it is important that the radius 

and slope at the throat be carefully matched to the divergent section so that no shock 

waves form. In the pulsed apparatus the original Laval nozzle design was two part where 

the same converger and throat were used with different divergent sections. It was found 

that the flow was greatly improved by permanently attaching a converger and throat to 

each divergent section. By this permanent attachment, the transition between each region 

was ensured smooth, thus allowing for better flow propagation. 

The divergent section is calculated separate since the supersonic portion of the 

nozzle is independent of the conditions of the upstream sonic segment. The complete 

method of nozzle calculation has been described in detail elsewhere, and therefore there 

will only be a brief review below." The calculation of the isentropic core or walls of the 

nozzle, ignoring any viscous or heat transfer effects, involves using the method of 

characteristics. .A characteristic defines a cur\ e in space. The mathematical utility of the 

characteristic is that along the characteristic, the partial differential equations for the flow-

properties are transformed into ordinar>' differential equations, which can be numerically 

integrated. Physically, it describes the way that a disturbance, such as a change in the 

wall angle, gets propagated through the flovsing field. If the wall of the nozzle is 

considered a series of infinitesimal, sharp bends, a series of characteristics will propagate 

into the flow at angles based on the flow Mach number. Since the Laval nozzle is 

a.\isymmeiric. there is another wall opposite this first one with opposite curvature, where 
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another series of characteristics will propagate. It is clear that both of these series of 

characteristics will meet at some point in the flow. Ai these intersections, the effect of 

each characteristic is felt and the net result is a linear sum of the effects."" ^^''hen the 

characteristic makes contact with the wall, it is reflected such that its new direction is 

parallel to the center a.\is of the nozzle, and thus the expansion effects have been 

removed. Since the characteristic is now moving parallel, it has no opportunity for 

crossing other characteristics and can now be considered removed from the flow. The 

numerical integrations are performed until ever\- characteristic created in the initial 

section is removed from the flow. The method of characteristic solution is normally used 

to describe flow inside of a given set of walls, but in this case, the wall contour for a 

given set of flow conditions must be calculated. 

Moger and Ramsay proposed a solution, which uses specified flow parameters to 

define the flow along the a.\is of the nozzle and the source flow region.""* The method of 

characteristics extrapolates the known flow properties out tov»-ard the wall. Finally, the 

wall points are obtained by mass integration. The wall points are expressed in cylindrical 

coordinates where Zc is the distance along the flow axis, and r^ is the radial distance from 

it. 

Unfortunately, there are small viscosity and heat conduction effects close to the 

wall of the nozzle, which must be accounted for when designing a Laval nozzle. 

Consequently, the second part of the calculation of the contour of a Laval nozzle involves 

calculating a viscous thermal boundary. This results in a small displacement in the walls 

that is added to the isentropic core."""^ Therefore this boundary layer acts to insulate the 
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adiabatic core from the walls. The displacement thickness. 5. with a radial correction for 

the curv ature of the wall along the flow direction, is added to the wall coordinates of the 

isemropic core. The new wall coordinates are Zu = Ze. and r^ = r^ - 6 cos (P). where p is 

the angle with respect to the nozzle axis at the wall of the nozzle. 

Laval nozzles are designed for specific flow conditions, including flow-

temperature. density, buffer gas and Mach number. The Laval nozzles discussed here 

will be titled by buffer gas. design mach number, and density. For example N2M21E17, 

represents a nozzle designed for expansion of nitrogen, to a final flow Mach number of 2 

and a flow density of I x lO'' molecules cm". 

Sta^iatian 
Rfiffbn 

Laval Noazle 
UmfimnFlow 

T<T, 

P<P, 

^  M < 1  M - 1  
^-0 
M - 0  

M > 1  

M-M, 

FIGURE 2.1 -Aji illustration of a Laval nozzle. 

2.21 Calibration Techniques for Laval Nozzles 

The cooling nature of supersonic expansions occurs firom the conversion of 

energy, where energy is transferred from random thermal motion into directed motion. 
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This process is iseniropic; therefore, the extent of cooling as well as the density drop can 

be described by the one-dimensional isentropic relationships; 

where T and To are the flow and reservoir temperatures, p and po are the corresponding 

densities. M is the Mach number and y is the heat capacity ratio of the expanded gas. 

Cp/Cv. These one-dimensional relationships allow correlation of the tlow density and 

temperature to the initial reser\'ior conditions to the gas type and the Mach number. 

Impact measurements and OH Laser Induced Fluorescence. (LIF). excitation scans are 

used to characterize the uniformity of the flows. Also from these measurements, the 

Mach number can be calculated to high precision. .As mentioned earlier and illustrated in 

equations 1 and 2. the Mach number at the nozzle exit is the most important parameter 

for characterizing flow conditions. 

Impact measurements are based on a procedure used in fluid dynamics to measure 

the velocity of a fluid with a Pitot tube.'^ One part of the Pitot tube measures the total 

pressure. P,. defined by the Bernoulli's equation: P, =P5 , where P, is the static 

pressure, p is the density-, and w is the flow velocity. This part of the pitot tube can be an 

open tube, which when placed in the flow causes the velocity of the fluid to become zero, 

and the pressure to increase. The other section measures the stactic pressure, or the 

pressure existing in the flow. Consequently the difference of these measxirements 

(U 

(2)  
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provides the flow velocity. With this same concept, impact measurements have been 

developed to measure Mach number. 

.A.n impact pressure probe is placed in front of the flow, where it induces a 

standing shock wave, because the flow velocity becomes zero and a pressure gradient is 

formed at the probe. If the flow is isentropic and the probe measures the total pressure 

along the direction of the flow, then the Mach number can be obtained with the 

supersonic Pitot equation. (Rayleigh relationship); 

P ,  r  ( y - l ) M -  T v - i  
=  1  — — —  I  '  ( J  )  

P o  [ ( y - l ) M - - 2 j  l : y M - - y - l )  

where P, is the impact pressure. Po is the stagnation pressure, y is the specific heat ratio, 

and .VI is the Mach number."'* .A, consequence of this equation is that the impact pressure 

is extremely sensitive to Mach number. This procedure is used on the continuous system, 

where the reser\ior and impact pressures are measured using capacitance manometers 

(Edwards Datametrics). to check flow uniformity.'"' 

In the pulsed uniform supersonic flow reactor, one must consider the length of the 

gas pulse. In order to run impact pressure measurements, the sensor device used must be 

able to produce accurate readings within the time of the gas pulse. The best-suited 

pressure-measuring device found was a differential pressure transducer. (Omega PX 

170). This transducer has a response time of 1 ms. and is relatively inexpensive. When 

pressure is applied, a differential output voltage is produced, which is proportional to the 

pressure. This differential output is fed to a homebuilt amplifier circuit, which has Ix. 7x 

and 64x amplification capabilities and allows for zero offset correction. 
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The first step to running impact pressure measurements is to calibrate the pressure 

transducer with a setup similar to that depicted in Figure 2.2. As the pressure transducer 

is differential, the reference side is attached to a vacuum pump and the active side is left 

open in the reaction chamber. The reaction chamber pressure is measured with a 10 Ton-

differential capacitance manometer. (MKS Baratron 220CD). The first 10 Torr can be 

added while actively pumping and measured directly. For successively higher pressures 

the \acuum pumps are isolated from the reaction chamber via a buttertl\- valve on the 

roots blower. To measure pressures greater than 10 Torr. the active pumping on 

reference side of the capacitance manometer must be closed, and at ever>- 10 Torr interval 

the reference side must be allowed to equilibrate with the chamber pressure in order to be 

able to measure the subsequent 10 Torr. .A. typical calibration cur\e is displayed in 

Figure 2.3. .As the same type of pressure transducer is used for the stagnation pressure 

transducer, it is calibrated in the same way. 
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FIGURE 2.2. Setup for calibration of differential pressure transducers used for impact 
measurements. 
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FIGURE 2.3 Typical calibration curve for impact pressure transducer with 7x 
amplification. 

Next the differential pressure transducer is placed in the center streamline of the 

tlow, where again a normal shock wave is formed across the entrance aperture of the 

transducer. In this mode of operation the transducer is acting as a Pitot tube, which stops 

the flow and brings the velocity to zero, thus measuring the total pressure or impact 

pres.sure. As the flow is pulsed, the voltage difference observed is also a function of 

time, which can be seen in Figure 2.4. In this impact trace, it is clear there is a 1 ms rise 

to a 4.5 ms plateau, and then a 1.5 ms decay. These times vary depending on the 

shimming of the pulse valve, which affects the mechanical propenies of the valve. 

Typically the rise time varies from 1 to 1.5 ms, the plateau from 4 to 5 ms. and the decay 

from 1 to 2 ms. These impact voltage measurements are then converted to pressures. 
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which can then be used in the Pitot - Rayleigh equation (eqn.4) to determine Mach 

number. The Pitot - Rayleigh equation describes the relationship between the impact 

•70 
pressure. P,. and the static flow pressure, Pj." (unlike eqn. 3 where P, and the stagnation 

pressure, Po. are compared) 

P 

(Y + 1 )M " 
7 

7-I ( y  +  1 )  

_ 2yM - - (Y - I). 

1 
7-1 

(4) 

where y is the specific heat ratio, and M is the Mach number. 

. - . . - . 

\ 
„\ 

1 \ 
I \ 

/ V / V 

T 

FIGURE 2.4. Typical voltage output versus time from a pressure transducer during an 
impact pressure run on a N2M25E17 nozzle. Also displayed is the trigger pulse to the 
pulse valve driver. The y-ordinate is voltage (100 mV/division) and x-ordinate is time (2 
ms/division). 
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In order that no expansion occurs beyond the exit of the nozzle and uniform flow is 

obtained, the chamber pressure is set equal to the flow pressure. The chamber pressure is 

adjusted by feeding extra buffer gas or varying the pumping speed. .A. high quality 

capacitance manometer (MKS Baratron 220CD) was used to measure the background 

pressure. 

These impact pressures are read on the center streamline at different distances 

from the exit of the nozzle, which corresponds to z = 0. until the flow is no longer 

uniform. These measurements give direct evidence of flow uniformity. From the Pitot -

Rayleigh equation, a Mach number for the flow can be extracted and used to calculate the 

temperature of the flow from the known one-dimensional i.sentropic expansion 

relationship (eqn.l). Figure 2.5 presents a two-dimensional impact pressure map of the 

uniform flow produced by expansion through a Laval nozzle. In this run the impact 

pressures were measured at various radial, and axial, (Z) positions. It is clear along the 

center streamline, the flow is uniform; while as the walls of the Laval nozzle are 

approached the boundary layer begins to exist. Typically the width of the uniform plug 

of flow is 1 - 2 cm. Figure 2.6 shows a typical axial impact pressure scan, and the 

subsequent conversion to Mach number and then flow temperature. As shown in Figure 

2.6. the flow is uniform for 18 cm. and then a mach disk is formed. This is where the 

flow velocity begins decreasing, therefore the flow temperature is increasing. 
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FIGURE 2.5 A two-dimensional pressure map of the flow produced from supersonic 
e.xpansion through a Laval nozzle. 

Flows are considered uniform as long as the impact pressure measurements are within a 

relative deviation of less than 10%. although they are generally less than 5%. Through 

propagation of errors, the uncertainty in the flow temperature is: 

T ~ 
AT = (y - l)M( AM) (5) 

^0 

where T is flow temperature. To is reservoir temperature, y is specific heat ratio, and M is 

Mach number. For the flow in Figure 2.6. the uncertainty in the impact measurements 

was 10%. which translated to 6% uncertainty in Mach number and 9% uncertainty in 
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temperature. The density of the flow is derived from the measured background pressure, 

and corrected for actual flow temperature. 

For further confirmation the flow temperatures are measured via rotationally 

resolved LIF excitation scans. This procedure is widely used to find temperatures of 

flames."'^ For the pulsed system excitation spectra of the S21 branch of the {1,0) band of 

the (A ^ X) transitions of the hydroxyl radical are used to extract flow temperatures. 

This branch was chosen since these lines are well resolved with our laser system and 

there is no overlap with other transitions. An example of the OH LIF excitation spectra 

used to calculate rotational temperatures is given in Figure 2.8. Accurate calculation of 

rotational temperature is derived from fitting these observed rotational distributions to the 

Boltzmann equation: 

P, _ (2N + l)exp[-B,N(N + l)/kJ] 
(0) 

P., Qro. 

where Pn and Po are the populations in the respective rotational states. N is the rotational 

quantum number. Bv is the rotational constant, kb is the Boltzmann constant, and T is the 

rotational temperature. The scans are performed at laser intensities in the linear 

fluorescence regime. The linear regime refers to the situation where signal is linearly 

dependent on laser power as seen in Figure 2.7. The fluorescence for each transition in 

the linear regime is proportional to the lower absorbing population. The peak areas are 

calculated then converted to populations by accounting for the Einstein B coefficient, as 

the spectra are taken in the linear regime. Table 2.1 lists all the necessary parameters to 

calculate the rotational populations from the hydroxyl radical spectrum taken in the linear 
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regime. An example of a typical fit to the spectrum is shown in Figure 2.8. Table 2.2 

gives a summary of calibrated nozzles. 
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FIGURE 2.6 Typical impact pressure scan along the center streamline of a ArM32E17 
nozzle. These impact pressures are then converted to Mach numbers with the use of the 
Pitot - Rayleigh equation. Last these mach numbers are convened to flow temperatures 
through the isentropic relationship. Also shown are the flow temperatures measured 
through OH LEF measurements. All of these are plotted versus the axial distance from 
the nozzle. Z. 
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FIGURE 2.7 OH LIF signal from excitation of S:i( I) versus excitation laser power. 

Table 2.1 Hydroxyl radical spectroscopic parameters/" 

Be 18.89638 

Wavelength (nm) 
Einstein 
Coefficient (B) 

S:i( l )  280.643 5.046x 10 

S;,(2) 280.293 1 5.402x10' 

SziO) ' 279.965 
1  

4.758x10" 

S2i(4) 279.667 3.984x10 
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FIGURE 2.8 The OH LIF excitation spectrum of the S21 branch of the (1.0) band of the 
(A*— X) transition. The rotational temperature can be obtained from the peak, areas. 

- -16-, 

0 5 10 15 20 

IV(N+1) 

S-,(2) 
S-,(H 

1 

S-,(3 ) 

S.,(4) 

FIGURE 2.9 .An example of a Boltzmann plot used to determine the temperature of 
Mach 2 flow. The rotational temperature found from this tit was 185 K 
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Table 2.2 List of calibrated nozzle parameters. 

Nozzle 
To 

(K) 

TIP I 

(K) 

TLIF 

(K) 

Q 

(SCCM) 

P 
; 

(cm"') 1 

P 

(Torr) 

^ flow 

i 
(lj.s/cm) 

N2MI,5IE17'^ 300 218 ; 
: 

232 805.2 1.04x10' : 2.41 27.4 

N2M21E17'* 300 187 : 181 1334.9 1.42x10' 2.70 19.8 

N2.M25E16'' 250 160 : 182 781.2 4.91x10'" ; 0.925 26.6 1 

1 
N'2M25E16'' 300 181 j 

1 

210 1053.4 i 4.95x10'" 1.03 23.0 

N2M25EI7'' 300 181 i 192 I 5566.5 ; 4.07x10' i 
: 1 

. 

8.10 21.ip : 

N2M33E16'' 250 152 ' 134 ! 1007.8 4.08x10'" : 0.568 20.4 : 

N2M33E16-' 300 1 135 ^ 146 1010.7 3.45x10'" , 0.500 18.3 

1 

N2M32E17'' 250 j 105 i 89 3859.3 1.57x10' 1.45 15.7 1 
i 
1 

N2M32E17'' i 300 
1 1 

1 109 

1 ' 

129 1 4904.0 1.66x10' 2.06 U.2 1 

i 

N2M32E16" ! 300 1 138 97 491.9 1.76x10'" 0.182 12.9 t 

.•\rM32E16'' : 300 i 157 ^ 62 553.3 1.52x10' 0.972 20.1 

.•\rM33E16'' : 250 i 78 1 77 i 1749.8 7.91x10'" 0.630 25.6 

1 
.•\rM32E17' ! 300 1 

i 

1 74 
( 

1 

70 ; 3351.2 i 1.78xl0'' 1.30 22 3 

i 

Represents nozzles calibrated with new conformation of converger permanently 
attached to divergent portion 
'' Represents old configuration with Teflon insert as converger. 
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As shown in Table 2.2. the two measured temperatures are most often within 

20%. Asi example of this is showTi in Figure 2.6. which presents a comparison of the 

temperatures found from impact pressure measurements and OH LIF excitation scans of a 

large differences (> 40%) between the two temperature measurements. These may come 

from problems with alignment of throat and divergent region, in the original design, 

where they were separate. By permanently attaching the throat to the divergent region, 

the flows were found to be uniform at the Mach numbers, which were close to design 

Mach number. 

From the measured flow temperatures a Mach number can be derived from the 

number can then be used to calculate the flow velocity, v. through the following 

relationship; 

where M is the Mach number, y is specific heat ratio and W is the molecular weight of 

the gas being expanded. This relationship between Mach number and flow velocity falls 

out of the definition of the Mach number, which is the ratio of the flow- velocity to the 

local speed of sound, a. 

Vlach 3 nozzle of density 2xl0'' molecules cm'\ Less often there are cases that have 

isentropic expansion relationship. .VI The calculated flow Mach 

(7) 
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2.3 Pulsed Uniform Supersonic Flow Reactor 

The pulsed uniform supersonic flow reactor was the system used for experiments 

in Tucson. A schematic of this instrument is shown in Figure 2.13. The pulsed nature of 

the deliver)' system allows for a decrease in the pumping speed and the amount of gas 

being delivered versus continuous flow. With the current system, the pulsing allows for a 

2 order of magnitude decrease in pumping rate. Specifically, the chamber was actively 

pumped using a 104-CFM roots blower (Leybold- Hereaus W.A.L'-150) backed by a 23-

CFM mechanical pump (Sargent Welch 1374). 

The mass flow rates of the buffer and reactant gases are controlled and monitored 

with calibrated mass flow controllers (MKS 1100 series). These flows are fed through 

two gas racks, which allow for mixing of the buffer and reactants before being sent to the 

pulse valves. These two pulse valves (General Valve. Series 9. 0.116" orifice) are used 

to introduce the gases into the reservoir region. The use of two valves allows for the 

minimization of any reaction occurring before entering the Laval nozzle because each 

reactant is isolated before mixing in the stagnation region. The driver circuit for one 

pulse valve is shown in Figure 2.10. An identical circuit drives the other pulse valve 

while receiving power from the same supply. The driver generally allows the pulse 

valves to open for 5 - 6 ms at 10 Hz. which has been foimd to give optimum flow. This 

may be limited by our ability to calibrate the flow with smaller pulse duration. The 

driver's main component is a field effect transistor. FET. which controls the amount of 

current the valves receive. Until triggered, the system floats at 200/300 V. The trigger 

pulse then opens the FET. which allows current to flow opening the valves immediately. 
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The current limiting resistor. Rl. settles the system to a sustaining voltage of 28 V which 

holds the valves open for the desired duration. 

.•\lso attached to the stagnation region are a pressure transducer and a spark plug. 

The pressure transducer provides direct measurement of how much gas is being 

introduced into the reservoir and the gas pulse length. The spark plug allows for radical 

generation through pulsed cold cathode discharge. The schematic for the spark plug 

driver has been cited previously." Under the background pressure in these experiments, 

which ranges form 0.5 to 10 Torr. corona discharges are likely to occur. In order to 

prevent this, the high voltage input was potted with RTV 11. because it has a large 

dielectric constant. Also the spark plug wire was replaced by a RG 213/U which has 

shielding and a larger breakdown voltage. The pulse valve connectors are also poned 

with RTV. to provide bener insulation from unwanted discharges. .Also, the spacing 

betvveen the cathode and anode of the spark plug is important in making the best 

discharge to produce OH radicals. Usually, this spacing ranges between 0.008" and 

0.010". 

There are cooling/heating coils around the stagnation region, which allow for 

controlling the temperature of the reservoir gas and thus varying the flow temperature 

produced. This control over the reser.oir temperature provides a greater control over 

final flow temperature. These coils are attached to a temperature controlled liquid 

circulating bath (VWR Scientific. Model # 1156). which allows for reservoir temperature 

variation of 250 K - 400 K. .A.s seen in Table 2.2. when the reservoir temperature is 
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changed, the density and temperature of the flow varies, but the Mach number should 

remain unaffected. 
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FIGURE 2.10 Schematic of pulse valve driver. There are two of these drivers which 
operate each pulse valve. 

When running experiments that are pulsed in nature, the ability to temporally 

control experimental components, such as pulse valves, spark plugs, and laser, relative to 

one another becomes ver\" important. .A, block schematic of the basic electronics 

employed is given in Figure 2.11. Also the trigger sequences are temporally shown in 

Figure 2.12. There is a 10 Hz master trigger that provides a timing reference for all 

components. This trigger is fed to tvvo-homebuilt delay generators, which provide trigger 

signals to the driver boxes, which are delayed by tpvd. controlling the pulse valves and the 

laser. The width of the trigger to the pulse valve driver, tpv. determines the time duration 
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of the gas pulse produced. This value and its effect on the pulse valve depend on the 

mechanical properties of the pulse valve, or the shimming. The length of the gas pulse in 

all experiments was long compared with the time of reaction. It is important that the 

laser is pulsed near the center of the gas pulse so that equilibrium of the flow has been 

established. This is controlled by the delay between the master and trigger, (fire), to the 

laser driver, tlf- The Q switch delay. Atl. is maximized for power out of the laser and is 

inherent to each particular laser system. The actual laser pulse occurs within 

nanoseconds from when the Q switch is triggered, and occurs some time after the master 

clock, tlq. The cold cathode discharge is timed such that it occurs before the laser so that 

the hydroxyl radicals are formed prior to the probe. The pulse generator (HP 222A) that 

controls the cold cathode discharge gives the ability to control when the discharge occurs 

by delay to the trigger for the discharge driver, taj. the pulse duration, tj. and the 

amplitude. The discharge driver involves taking advantage of the inductive effect of a 

transformer, or specifically in this system an ignition coil. .As an inductor, the ignition 

coil stores current during the trigger duration, which drives the transistor to allows the 

current flow. When the transistor shuts off the current flow, an inductive kick is 

produced where the stored current is coupled with the secondary of the coil and a spark is 

produced. Depending on the pressure regime in the stagnation region, the amplitude 

must be raised or lowered to maximize the production of radicals. The spark conditions 

were adjusted to maximize the OH LIF signal observed, since this is a measure of relative 

hydroxyl concentration. 
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FIGURE 2.11 Block diagram of the electronics controlling all the components of the 
pulsed uniform supersonic flow reactor. 



49 

<->< 

T„,,(232|as) Tp,(2J6ras) 

Trigger to 
Pulse Valve 
Driver 

Trigger to 
Discharge 
Driver 

>< > 
(2.04ms) t^(1.90ras) 

Fire to 
Laser 
Driver L 

XLF(4.26ms) 

(196|as) ATL 

QswUch 

Tlq (4.46 ms) 

Figure 2.12 Temporal display of triggers and delays to the various pulsed components, 
where the values in the parenthesis are typical values used. 
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FIGURE 2.13 Illustration of the pulsed uniform supersonic flow reactor. 

The hydroxyl radical detection scheme used in all the experiments performed was 

Laser Induced Fluorescence. LIF. Off resonance fluorescence was detected with a 

photomultiplier tube. (PMT). in series with a biconvex lens (Sl-UV BI/CX - 1.5" focal 

length) to maximize the collection efficiency. Also a 310 run filter (Corion 310) with a 

10 nm hvhm bandpass was used to maximize detection sensitivity for collection of the off 
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resonance fluorescence of both the (1.1) and (0.0) bands of the .A. X transition. .A. long 

wavelength pass filter (Schott WG295) was also used to minimize detection of any 

scattered light of the excitation wavelength used. The amplified signal (Phillips. 6950. 

300 MHz. lOx) was measured on either a 300 MHz digital oscilloscope (LeCroy 9310) or 

a boxcar integrator (SRS SR280) which is interfaced with a computer for data collection. 

One of the two available Nd: Y.A.G pumped dye lasers was used to produce the 

high peak power, coherent radiation needed for LIF. Both Nd: YAG lasers (Continuum 

Models: N'Y61 and NY661) operate at 10 Hz. producing nominally 7 ns FU'TIM pulses. 

These lasers are capable of generating 900 mJ/pulse of 1064 nm. 300 mJ/pulse of 532 or 

100 mJ pulse of 355 nm. The NY661 model is coupled to a homebuilt grazing incidence 

(Littman configuration) dye laser. The fundamental tuning range of the dye laser is from 

483 nm - 844 nm. by variation of dye and pump beam of either 532 nm or 355 nm. The 

fundamental output of this dye laser can then be frequency doubled in a KD*P (type 1 or 

11) or BBO (type 1) crystal, depending on which necessary- final wavelength is needed. 

The NY61 model is attached to a Moya-type oscillator cavity (Continuum Model ND60 

with dual 2400 line/nm gratings). This system also has a non-linear frequency stage 

(Continuum UVX;1-^VT) which allows for frequency doubling, mixing after doubling, 

and mixing with the fundamental. The wavelength tuning ranges vary from 483 nm to 

844 nm in the fundamental. 292 nm to 378 nm in the doubling mode. 369 nm to 442 nm 

in the mixing mode, and from 219 nm - 279 nm in die mixing after doubling mode. An 

added feature of this latter system is a tracker that is based on dual photodiodes and 

allows for automatic angle tuning of crystals. 
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The priman' goal of this work was to measure binarv- and temar>- hydroxy! radical 

reaciion coefficients under low temperature conditions. In order to obtain a rate 

coefficient, relative OH concentration (under pseudo first order conditions) versus time 

were measured at well-defined densities. LIF allows direct measurement of the relative 

concentration of the species of interest. OH in these studies. The reaction time is defined 

by the position of the flow, which is being probed via LIF. AI the e.xit of the nozzle, the 

time is defined as zero. .As the nozzle is translated in the z - direction, reaciion lime is 

determined by the a.\ial distance, z. divided by the constant vciucity of the flow. In these 

experiments the laser was delayed b\' this reaction time, allowing for the same gas packet 

to be probed. Therefore molecules under precisely the same initial conditions are 

allowed to react for specific times and then probed. 

2.4 CRESL 

The second instrument used in the hydroxyl radical experiments is the CRESU. 

Cinetique de Reaciion en Ecoulement Supersonique Uniforme. which is a French 

acronym for "reaction kinetics in uniform supersonic flow."''' .A schematic of this 

technique is given in Figure 2.14. .Again the primary component for this machine is the 

Laval nozzle which provides the low temperature environment. In this instrument, the 

gases are introduced into the reser\'oir through controlled and monitored continuous flow 

with the use of mass flow controllers (Tylan). Thus the gas delivery is much larger and 

the pumping speeds are greater. The main pumping system consists of two large (1200 

m'Tir) roots pumps in parallel backed by two further stages of roots pumps (8000 and 
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2000 m^/h). and fmaliy backed by two mechanical pumps in parallel. This lead to a 

pumping speed of 24.000 m^/hr. or 14.375 CFM. Under normal operation conditions of a 

nitrogen Mach 2 Laval nozzle with density of 5.7xlO"^ cm'\ total gas consumption is 

35.5 L (min atm) or SLM. Variability in the background pressure is achieved by 

thronling back the pumping speed using a butterfly/gate vahe. 

The generation-detection scheme used in these experiments is pulsed laser 

photolysis and Laser-Induced Fluorescence. (PLP-LIF). The first laser produces a 

concentration of hydroxyl radicals by photolysis of a stable precursor, in this case H:02. 

with the tburth harmonic of a Nd; Y.A.G laser (Spectra Physik). 266 nm.' The second 

laser, as in the pulsed variant, probes the relative concentration at a given time delay by 

LIF. The excitation wavelength is produced by the coupling of the third harmonic of a 

Nd: YAG laser. 355 nm. and a magneto optical parametric oscillator. VIOPO (Spectra 

Physik). The OH off resonance fluorescence is collected with a PMT. which again has a 

10 nm FWHM bandpass filter, (Corion 310). This signal is fed to a boxcar integrator. 

(Stanford Research), which is connected to a computer. 

Reaction time in this technique is determined by the delay between the pulsed 

photolysis laser and the excitation laser. The LIF image spot is set at the largest uniform 

tlow distance so that the longest reaction time can be probed. 
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FIGURE 2.14 A schematic of the CRESU instrument. 

2.5 Kinetic Methodology 

The primarv" focus of this dissertation was to better understand OH reaction 

kinetics via measuring rate coefficients at low temperatures. This work specifically 

involves the rate coefficient measurements of the following systems: OH -i- HBr and all of 

its isotopic variants, and OH NO: M. These results will be described in more detail 

in the following chapters. The following will provide an overview of how these rate 

coefficients are obtained. 

In the present studies, the hydroxyl radical's relative concentration was monitored 

as a function of reaction time, at given reagent densities. [R]. The OH radical is added to 
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the system at < 1% total flow density. Therefore, the OH concentration is much smaller 

than the reactant concentration. Under these conditions, the reactant density can be 

assumed constant for each OH decay measured. The relative OH radical density was 

followed via Laser Induced Fluorescence, (LIF). The excitation of the stronger first lines 

of either the Ri and R:i (-281.4 nm). or Qi and Q:i(-281.9 nm).branches of the (1.0) 

band of the ( A <— X) transition were used. .A 310 nm bandpass filter, with a 10 nm fwhm 

bandwidth (Corion PI0-310) was used to allow only collection of fluorescence from the 

(0.0) and (1.1) bands. The LIF image point is fixed in space thus the nozzle assembly is 

translated to vary the distance thus reaction time in the pulsed system, while in the 

continuous system the delay between the photolysis and probe lasers determines the 

reaction time. 

In order to make sure to account for any OH variation between different runs, all 

OH signals were normalized to the unreacted hydroxyl signal at t = 0. Figure 2.15 

presents typical OH radical decays observed. These hydroxyl decay curves were found to 

be monoexponential and fit well to a pseudofirst order form where; 

[OH]p = [OH]o exp(- kt) (g) 

where k = a + ^ )• ^ accounts from any OH loss that occurs under noreactive 
I 

conditions, and ki f(Ri) represents reactive loss for the systems studied involving 

bimolecular and termolecular losses. .A.S can be seen firom Figure 2.15 the uru'eactive loss 

was small compared to reactive loss. The 0% HBr loss is most likely a result of diffusion 

or the slow termolecular recombination. The natural log of the normalized signal was 
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plotted versus flow time so that observed pseudo first order rate, k could be found from 

the best linear fit. These observed pseudofirst order rate coefficients were then ploned 

versus the various reactant densities used (generally 4-10) as demonstrated in Figure 

2.16. The best linear fit gave the absolute rate coefficient given that the reaction is 

bimolecular as is the case in OH - HBr. If the reaction is termolecular than one must 

account for the buffer gas density, which also effects the ratses. Studies for termolecular 

reactions must be done that not only var\- temperature, but that var>' densities at the same 

temperatures. This situation will be detailed further in the OH -N'O; - M study. 
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FIGURE 2.15 Typical OH decay plot. This particular data was measured for OH - HBr 
in a N2M33E16 nozzle, where the fow conditions were T = 140.8 K and n = 3.43x10'" 
cm"'. 
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FIGURE 2.16 Typical plot of pseudofirst order rate constants versus reactant density. 
For this particular data set was derived from measurements OH loss in the presence of 
HBr within a flow produced by a N2M33E16 nozzle, where T = 140.8 K. n = 3.43xl0'^ 
cm'". 



58 

CHAPTER 3. LOW TEMPERATURE KINETIC BEHAVIOR OF THE 

BIMOLECULAR REACTION OF OH + HBR 

3.1 Introduction 

The title reaction has been the focus of a wide variety of temperature dependent 

kinetic studies now covering the broad range spanning 20 to 500 K. The reaction is 

highly exothermic and appears to have no barrier to product formation as characterized 

by theorv'. and k versus T at both high and low temperatures/''^" However, the apparent 

low efficiency of the rate in the upper temperature regime remains puzzling and the 

strong inverse temperature dependence of its rate coefficient at low temperatures argue 

for further mechanistic refinement in our understanding of this system. In addition to the 

strong interest in these mechanistic details, the reaction: 

OH - HBr-> HzO ^ Br AH% =-131.5 kJ mor' (I) 

has been of particular interest to atmospheric chemists, since Reaction 1 plays a 

significant role in the bromine partitioning of the terrestrial atmosphere.This reaction 

represents the dominant pathway for HBr in the middle to lower stratosphere.^"' This is 

mainly due to the fact that OH is the dominant H abstraction agent/oxidant at these 

altitudes and that HBr photolysis is slow. The Br produced will then react with ozone to 

produce BrO and O2. Thus reaction (1) takes the sink. HBr. to its active. Br form. Al 

temperatures below 200 K. the rate of OH loss in the presence of HBr shows a strong 

inverse temperature dependence, increasing by a factor of three between 150 K and 20 K. 

As a result of atmospheric and fundamental interest in this reaction, there have been a 
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variety of kinetic studies of the rate in the past. Most kinetic studies of this reaction have 

been performed near 300 variable temperature study, performed 

by Ravishankara ei al. between T = 249 - 416 K. found the rate coefficient to be 

k=1.19(±0.14) X 10'" cm'' s"'. and independent of temperature/' Sims et al. followed 

with an examination of this rate coefficient to ver>' low temperatures near T = 23 K. 

measured in the Rennes axisymmetric flow reactor (CRESU).'' They observed strong 

negarive temperature dependence of this reaction at low temperatures. To better define 

the onset of this inverse temperature dependence, the rate coefficients vvere measured 

between T = 76 - 242 K in the Tucson pulsed uniform supersonic flow reactor and 

delected a lower onset to the inverse temperature behavior.'" .A discrepancy existed 

between these two studies on whether or not temperature dependence existed for 

temperatures above 150 K. Most recently Bedjanian ei al. have carefully remeasured rate 

coefficients for reaction 1 between T = 230 - 360 K and suggest a weak temperature 

dependence in this window.''" AW of these past experiments are in general agreement that 

OH - HBr reaction shows strong inverse temperature dependence below 150 K. but there 

remained some uncertainty above 150 K. It was the goal of this work to resolve this 

uncertainty and define the full temperature dependence of reaction (1). 

.•\t present there appears no accurate model for k{T) which covers the entire 

experimentaily accessible temperature range. The calculated potential energy surface for 

this reaction appears entirely attractive."'' .As there is no barrier to overcome, adiabatic 

capture theory has been applied to determine the rate coefficient for this reaction. This 

model accounts for the long range dipole-dipole interaction, but assumes the reaction 



60 

probability is unit efficient at all values of the total angular momentum which give a 

classically allowed capture, thus providing an upper bound for the rate coefficient at low 

temperatures/" The calculated upper bound was determined to be k = 3.5 x 10""^ erne's"' 

at 20 K which is a factor of three higher than the value measured by Sims ei al. Quantum 

effects can alter the reaction rate since unfavorable orientations can reduce the reaction 

probability. .A.s a result, quantum scattering calculations were also performed for this 

system using the rotating bond approximation. RBA. which accounts for the rotational 

state of OH. the vibrational state of the HBr. as well as the bending and stretching modes 

of the product H2O formed."' Numerical fitting of the results yielded the following 

temperature dependent rate coefficient: 

klT) = k„(T)jB^ ,2) 

where ko(T) is the rate constant for OH in the zero rotational level. B is the rotational 

constant for OH. kb is the Boltzmarm constant, and T is temperature. Equation 2 models 

the negative temperature dependence obser\'ed at the lower temperatures, but fails at 

higher temperatures. 

In this section, results of renewed investigations of the rate of reaction (1) are 

presented as measured using a.xisymmetric supersonic flow methods based in both the 

Rennes and Tucson laboratories, .-^xisymmetric supersonic flow reactors show great 

promise in the elucidation of low temperature radical kinetics. Low temperatures are 

achieved in these experiments using the properties of a uniform supersonic expansion. 

Unlike cr\'ogenic cooling where gaseous reactant densities are limited to lower values 
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since the vapor pressure drops at lower temperatures, these expansions allow the 

formation of low temperature environments (T = 47 - 224 K) with high densities (~ 10'^ -

lO'' molecules cm'^). These expansions produce equilibrium flows, which are uniform in 

density, temperature, and velocity. In the past years there has been intense development 

of this technique and OH + HBr provides an excellent benchmark for technique 

comparison. The Rennes and Tucson instruments are currently in excellent general 

agreement. These and past experimental studies now converge to a self consitent model 

for the temperature dependence of the rate coefficient for reaction (1). 

3.2 Experimental 

Only the specifics for these experiments will be discussed here as the general 

overview has been presented in Chapter 2. The rates of reaction (1) were determined by 

laser induced fluorescence (LIF) monitoring of OH relative concentration under pseudo 

first order conditions in a gas flow comprised of HBr seeded in low concentration into the 

buffer gas. N: or AI. The first order rate is obtained from the time dependent decay of 

the OH LIF signal as a ftmction of flow distance by means common to flow kinetic 

methods. Particular to these studies however, is the way by which the low temperatures 

are obtained and the nature of the gas flow. Essentially, both the CRESU and the pulsed 

variant employ supersonic expansion of the reaction mixtures within a Laval nozzle to 

produce a low temperature uniform density environment, analogous to conventional flow 

reactors, except with a supersonic hydrodynamic velocity and without communication 

with physical walls. The density of the expansion ensures that the axisymmetric gas flow 
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exiting the nozzle remains in complete local thermodynamic equilibrium at a temperature 

determined by the controlled nozzle backing or feed conditions of Tq. Pq and y. the latter 

being the ratio of constant pressure and temperature heat capacities of the expansion 

mixture, as well as the design contour of the particular nozzle. Using a single buffer 

nozzle combination, a particular post-nozzle flow density and temperature may be 

produced for kinetic studies.'"^ In diis work both .A.r and N; were employed as the buffer. 

.Additional control over the nozzle and feed gas temperature is made allowing a single 

nozzle to produce flnal flow conditions along a P. T curve. The background pressure in 

the chamber is matched to the internal flow pressure such that the post nozzle supersonic 

flow proceeds at constant T and P. without expansion, down the reactor vessel. In this 

way. the reaction flow environment is surrounded by a subsonic gaseous environment 

(the boundary layer) and does not experience solid walls or their possible complications 

of induced heterogeneous processes. The final flow temperatures and densities used for 

these studies varied from 47 K to 224 K. and lO'^ to lO'^ molecules cm'"* respectively. 

In the Tucson apparatus OH radicals are produced in an HzO/HBr/N: mixture 

(ratio; 1:100: >1000) in the pre-expansion region by a pulsed cold cathode discharge just 

prior to the Mach 1 plane of the Laval nozzle constriction. In the Rennes apparatus. OH 

is produced by post nozzle hydrogen peroxide photolysis of a mixture of 

H;0:/HBr/Buffer gas in similar ratios at 266 nm using the quadrupled output of a Nd: 

Y.A.G laser.' Both of these systems introduce the radical precursor through a bubbler. 

Post nozzle interrogation of the mi.xture. equilibrated to the final flow temperature and 

densit>-. is made as a function of flow distance (and therefore reaction time) in the Tucson 
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apparatus and by time delay between photolysis and LIF interrogation in the Rennes 

apparatus. Both experiments monitored OH decay through LIF interrogation of OH by 

exciting the (1.0) band of the OH (A "I* <r- X "Fl) system at - 281.9 nm. and detecting 

the fluorescence of the off resonance (l.l) band near 310 nm with a narrow bandpass 

filterphotomultiplier camera system. The excitation is performed in a saturated mode 

which allows simple confirmation of both OH internal temperature (via scanning 

excitation wavelengths) and local relative density. In the Tucson apparatus, an additional 

control is made by monitoring the precise HBr concentration delivered to the stagnation 

region via UV absorption measurements at 220 nm. The absorption cross section was 

independently measured to be. anBr (220 nm) = 2.49 (±0.10) x 10"''' cm' as determined by 

the Beer's law plot presented in Figure 3.1. The reported error was calculated accounting 

for both chemical and systematic errors. This value is a good agreement with the value 

measured by Huben et al. 2.37 (xO.OS) x 10"'" cm"."'"' but falls outside with the value 

measured by Nee et al.. 3.5 (±0.56) x 10"'" cm".'*" 
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FIGURES 3.1 Beer's Law plot for HBr at 220 nm which was used to derive the 
absorption cross section: OHBr (--0 nm)=2.49(±0.10) x 10"''^ cm". 

3.3 Results and Discussion 

The rate coefficients measured in these experiments are summarized in Table 3.1. 

along with reaction conditions. Figure 3.2 shows all experimental data measured to date. 

The contributions from potential sources of systematic errors, such as the calibration of 

flow controllers, and inaccuracies in the determination of the total gas density and 

temperature are not included in Table 3.1 and Figure 3.2. Every effon was made to 

minimize these, and we estimate this additional systematic error does not exceed 15%. 

For instance, some rate coefficient measurements at particular temperatures were 

repeated twice at several month intervals (141 and 168 K in Rennes. and in Tucson 141 

and 224 K) and only the mean value is presented in Table 3.1. .A.t 141K on the Rennes 
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CRESU, the rate coefficients were found to be 2.44(±0.10)xl0'" cm^s"' and 

2.19(±0.18)xl0'" erne's"' respectively, whereas the rate coefficients of 1.66{±0.09)xl0'" 

cm^s"' and 2.13(±0.07)xl0'" ernes'" were obtained at 168 K. These last two 

measurements are significantly lower than that obtained at 170 K by Sims et ai. 

2.97(±0.46)xl0"" cm^^s"' This temperature, however, is obtained using a ver\- low-

density NS Laval nozzle for which OH first order decays are rather small and therefore, 

subject to higher uncertain!}'. Increasing the HBr density could have allowed us to go 

beyond this difficulty. However, we are limited to a few percent of the total density to 

avoid destruction of the supersonic flow features. The true uncertainty of the rate 

coefficient at 170 K is therefore much higher than the statistical error presented above 

and in that sense this result is not inconsistent with the present work. On the Tucson 

instrument we observed the 141 K rate coefficients of 2.52(±0.25)xl0'" cm"'s'' and 

2.59(±0.58)x 10'" cm^s"'. whereas at 224 K the rate coefficients observed were 

1.66(±0.12)xl0'" cm"'s"' and 9.60{±0.13)xlO"'" em's"'. In this case where multiple 

measurements have been made, similarly Tucson data represents the mean of those 

observed rate coefficients. In some cases the purely statistical errors are shown to 

underrepresent the true errors and in these cases we report error bars which encompass 

the observed spread in e.xperimental measurements of the rate coefficients. The 

invariance of the rate coefficient over greater than an order of magnitude change in total 

pressure at these temperatures as observed by Sims et al. and in earlier work of this lab 

indicates that diis reaction manifests entirely bimolecular behavior at these 

temperatures.''""" 
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Table 3.1 A summary of the axisymmetric supersonic flow based rate coefficients found 
for the reaction. OH + HBr and the flow conditions in which the studies were carried out. 

Method Buffer Density (cm'^) T(K) k (cm"* s"') 

Rennes ^ N: 2.74 X 10'" 48 5.67 (±0.11) X 10"" 

Tucson" N: 1.9 X 10'" 76 2.9 (±0.9) X 10"" 

Tucson*" N; 1.5 X 10'" 92 2.7 (±0.3) X 10"" 

Rennes ^ Ar 1.55 X 10'' 97 3.21 (±0.18) X 10"" 

Tucson"^ N: 2.0 X 10'- 107 2.0 (±0.3) X 10"" 

Tucson ^ N: 1.65 X 10" 120 3.23 (±0.46) X 10"" 

Tucson" N: 4.5 X 10'" 133 1.6 (±0.2) X 10'" 

Rennes 

0
 

X
 133 2.71 (±0.21) X 10"" 

Rennes ^ .\r 9.00 X 10'- 137 3.13 (±0.33) X 10-" 

Tucson ^ N: 3.43 X 10'" 141 2.56 (±0.32) X 10"" 

Rermes ^ AT 6.95 xlO'" 141 2.32 (±0.15) X 10"" 

Rennes ^ AI 9.23 xlO'" 145 2.37 (±0.19) X 10'" 

Tucson" N2 5.1 X 10'" 147 1.5 (±0.1 )x 10"" 

Rennes ^ Ar 9.00x10'" 168 1.90 (±0.08) X 10-" 

Tucson*^ N: 8.7 X 10'" 169 1.5 (±0.2) X 10"" 

Tucson'^ Ni 5.2 X 10" 173 0.88 (±0.6) X 10"" 

Tucson'' N: 1.41 X 10" 185 1.72 (±0.40) X 10'" 
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Tucson*^ N2 5.2 X 10" 194 0.80 (±0.4) X 10-" 

Tucson" 5.2 X 10" 194 0.74 (±0.3) X 10-" 

Tucson" N; 5.4 X 10" -i2'> 1.2 (±0.2) X 10'" 

Tucson N: 1.04 X 10" 224. 1.31 (±0.35) X 10'" 

Tucson" N; 9.6 X 10'" 242 1.1 (±0.1) X 10"" 

' Continuous supersonic uniform flow reactor. (CRESU). with OH production by photolysis, and 
LIF detection. Pulsed uniform supersonic tlow reactor with OH production by cold cathode 
discharge, and LIF detection. ' Original results obtained from the pulsed uniform supersonic How 
reactor as reported in Reference 32. 

We find this data to be fit equally well with both: 

k(T) = 1.11 X 10" 
0.91 

' cm's"' 
298 

(3] 

x-1.09 
k(T) = 1.06 X 10~ 'M ^ I expi I cm-s-' 

i - 10.5K 

298 / 
(4) 

These fits are also shown in Figure 3.2. The fit represented by equation 4 overlaps, 

within the determined error, with those fits suacested bv Sims et ai. 

k(T) = 1.26(± 0.24) X 10" —1 
I 298} 

- 0.861 ± 0.10 
C-' cm S 

and Bedjanian et a!.. 

(5) 

k(T) = 1.06 X 10 -  1 1  T 

v 298, 

X- 0.88 
cm's (6)  

The fitting form of equation 4 is the same as that used by the lUPAC. and is in accord 

with their current recommended value of 



k(T) = l.l X 10" 
T r 

V 298; 
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cm''s"' (7) 

between 200 and 400 K..""' The JPL recommendation value for this rate is 

k(T) = 1.1 X 10" exp 
0(± 250)K' 

cm"* s"' (8) 

between 200 -300 K/ The current study found that an Arrhenius fit with no temperature 

dependence in the pre-exponential factor did not model the rate coefficient (R* = 0.72) as 

well as the fits represented by equations 3 and 4. This .Arrhenius fit predicted a negative 

activation energy of-632 J/mol for reaction (1). .A.11 experimental fits are in accord with 

a reaction surface possessing no significant positive activation barrier. This is in 

agreement with all theoretical potential energy surfaces used to date for the modeling of 

this reaction. .At present there appears to be no significant disagreement between theory-

and experiment in the qualitative aspects of the energy dependent kinetics associated with 

reaction (1). There remains minor disagreement between absolute values of the rate 

coefficients between theory and experiment, particularly at low temperatures. 

In conclusion, there is general agreement between experiments on the nature of 

the temperature dependence of reaction (1). We propose a unified temperature dependent 

fit in equations 3 and 4 for this OH ^ HBr reaction. This will allow to empirically model 

the temperature dependence of this rate coefficient, but to understand the dynamics of 

this reaction, more theoretical work is needed. In the future there is great need for an ab 

initio potential energy surface to be calculated to help in understanding this very 
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interesting mechanistic change in the low temperature behavior of reaction (1) versus its 

higher temperature behavior. 

FIGURE 3.2 Temperature dependence of the bimolecular rate coefficient for OH - HBr. 
Represented are experimental values measured and the best fits to all these experimental 
values: solid line - kf,i(cm'' s"') = 5.25 x 10"'' exp(-lO K/ T). 
dashed line -kfulcm" s'')=l.l lxlO'"(T/298)'*^^' 

12 

0 

0 100 200 300 400 

Temperature (K) 

« Cannon et al. 

X Bcdjianlan ct al. 

+ Smith et al. 

O Sims ct al. 

a Ravishankara et al. 

o Jourdian et al. 

^This Work -CRESU 

Q Ravishankara et al. 

X Hussain et al. 

^ .Atkinson et al. 

« Takacs et al. 

^ This Work - Pulsed 



70 

CHAPTER 4. LOW TEMPERATURE KINETIC ISOTOPE EFFECTS OF THE 

GAS PHASE REACTION OF OH + HBR 

4.1 Theorv' 

Kinetic isotope effects (KIE) refer to the difference in dynamical behavior due to 

isotopic substitution. Within the Bom Oppenheimer approximation, isotopic substitution 

does not affect potential energy surfaces as the intermolecular forces depend on 

attractions and repulsions between the charges on elecU"ons and nuclei, and not on nuclear 

masses. The intrinsic bond strengths of isomers are the same. However, their ground 

state vibrational energies, or zero point vibrational energies differ because these energies 

are sensitive to the mass of the oscillator. For diatomic systems, like HX and DX. the 

vibrational energy can be described as: 

where v is the vibratioanl quantum number, h is Planck's constant, v is the vibrational 

frquency. k is the force constant, and ji is the reduced mass. This dependence on reduced 

mass causes the heavier molecule. DX. to possess a smaller amount of vibrational energy 

and requires more energy to reach its dissociatuve state versus HX as depicted in Figure 

4.1. Thus if no other factors are involved dissociation of HX will occur more rapidly 

than DX. This difference in zero point energies between HX and DX leads to the most 

basic isotope effect, vh/vd = Vl/2 (= 0.707). 

E N 

( I )  



71 

A 

HX\ 
DX 

Internuclear Distance 

FIGURE 4.1 Effect of zero point energy in the dissociation of the HX and DX bonds. 

Transition state theor\' (TST). which was developed by Eyring in 1935. has 

proven to be usefiil in modeling chemical reactions and kinetic isotope effects. There are 

three major assumptions for transition state theor\-: the potential of the reacting system 

changes in a continuous way from reactants to products; there is some crucial 

configuration at a maximum potential energy . the tansition state, which must be formed 

to continue to products; and the transition state is in thermodynamic equilibrium with the 

48 "T*i reactant molecules. The rate then becomes proportional to the concentration of the 
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activated complex times the frequency with which the activated complex decomposes to 

form products. Statiscal thermodynamics can be applied in order to determine the 

equilibrium concentration of the activated complex. Thus, for cm exchange reaction: 

H X - Y - > H Y - X  ( 2 )  

transition state theory would predict the rate coefficient to be; 

- E k, = • a 

h 

Q' 
exp 

RT 
(3) 

QHXQV 

where ke is the Boltzmann constant. T is temperature, h is Planck's constant. Q* is the 

panition function of the transition state with one degree of freedom tlxed (the reaction 

coordinate). QHX and Qy represent the total partition functions for the reactants. E"" 

describes the activation energy, and R is the gas constant. The activation energy is the 

minimum energy required to reach the critical configuration. Therefore isotopic 

substitution can affect the activation energy, and the partition functions for both reactants 

and the transition state. These partition functions include translational. vibrational, and 

rotational degrees of freedom. 

In the simplest approximation, where the chemistry and structure of the transition 

state are assumed to be unaffected by isotopic substitution, as depicted in Figure 4.2. the 

rate of reaction is only dependent on the activation energy. .As shown in Figure 4.2.the 

activation energy is only changed by difference in zero point energies of the reactants. 

Therefore, the kinetic isotope effect. (K.IE). kH/'ko can be described as follows: 

j (E," - E„° 
— = expl 

1 v ko I RT 
(4) 



73 

where Eo refers to the activation energies for the respective HX and DX reactions. R the 

ideal gas constant, and T the temperature. This effect is referred to as the zero point 

vibrational energy effect (ZPE). which provides a maximum value for the KIE. For most 

reactions, the properties of the transition state are affected by isotopic substitution as 

depicted in Figure 4.3. 

HX+Y 
V 

DX+Y 

Products 

Reaction Coordinate 

FIGURE 4.2 Depiction of greater activation energy for DX - Y than HX - Y when only 
the zero point energy of the reactants are effected by the isotopic substitution. 

The scenario depicted in Figure 4.3 is one in which isotopic substitution affects 

the zero point energy of the transition state, which will in turn affect the activation energy 

and therefore the reaction rate. The kinetic isotope effect will depend on the exponential 

of the difference in activation energies. Eh' - Ed^. Therefore three scenarios can arise, 

where the Eh' = Ed"". Eh^ > Ed'- or Eh' < Ed". If they are equal, there will be no zero 
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point vibrational effect and KJE = 1. If the difference in activation energies is positive, 

the KJE is normal, kn/ko ^ 1: while if there is a negative difference, an inverse KIE 

results where kn/ko < 1. Therfore. normal KIEs arise from the lighter molecue reacting 

faster, while inverse KIEs involve the heavier molecule reacting more rapidly. These 

inverse effects can arise from the bond involving the H becoming stronger in the 

activated complex, causing the replacement of H by D to lead to a smaller decrease in 

energy in the activated state than in the initial state."*^ This bond strength in the transition 

state will be affected by the nature of the bond and the atoms involved. There are two 

possible kinetic isotope effects primar\'. PKIE. that arise from isotopic exchange in the 

bond that is being formed or broken, while secondary' kinetic isotope effects. SKJE. 

involve isotopic substitution in the bond that remains intact. Both of these isotopic 

substitutions can lead to affecting the bonding properties in and equilibrium 

concentration of the transition state. 
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Products 

HX 
DX 

Reaction Coordinate 

FIGURE 4.3 The potential energy diagram for a reaction, showing the effect of changing 
from one isotope to another. 
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Under full transition stale theory treatment the KIE for reaction 2 would be 

described as: 

K, Q 
ROT.HXY ^ROT.DX 

0* Q V ^RoI.DW ^ 
I 

0' 0 

ROT.HX 
\ 

VTB.DX 

q; , Q-TRANS. HXY ^ TRANS . DX 

Q TRANS, DXT ^ TR.-\NS . HX j 
(5) 

0* Q 
exp 

VIB. HX Y 

E* - E* HXY DXY 

where K is the transmission coefficient. QROT is the rotational panition fimction. QTR.^NS 

is the translational partition function. QVIB IS the vibration partition fimction. E'' is the 

activation energy, and ^ symbolizes the transition state. H and D symbolizes which 

reaction is being referred to. kb refers to the Boltzmann constant, and T to the 

temperature. The transmission coefficient accounts for the reality that not all molecules 

which reach the activated complex will pass the transition state, and for tunneling, where 

reactants form products without the minimum energy necessarv' to the reach the transition 

state. The rotational partition function is directly proportional to the moment of inertia 

and to the reduced mass, while the translational partition function is directly proportional 

to M" '. where M is the mass of the molecule. The isotope effects can thus be factored 

into effects due to the ratios of; tunneling coefficients, mass and moment of inertia effects 

originating from the rotational and translational partition functions, zero point vibrational 

effects, as well as effects from higher vibration state and effects from differences in 

activation energies. In order to predict the KJEs from this theory one must know the 

structure and energetics of the transition state, which is not alwavs feasible. The 

necessary- component then is an accurate potential energy siuface. which allows for 
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calculation of these effects As it is not always feasible to calculate these potential energy 

curves, experimental kinetic isotope effect results can give insight into the validity of the 

calculations and assumptions made for computation. The present study will present 

experimental kinetic isotope effects, both primar\' and secondar\' for the system OH -

HBr. 

4.2 Introduction 

Isotope distributions in naturally occurring environments provide direct insight 

into both physical and chemical dynamics. In particular, minor isotopes can play key 

roles in radiative heat transfer in the interstellar media."" Pooling of heavy isotopes into 

molecular components can occur due to zero point energy differences which can greatly 

exceed kbT in low temperature media.''"' In the case of stratospheric ozone, for 

example, the debate continues on the origins of the obser\'ed terrestrial nonequilibrium 

isotope distributions."'' Studies of isotope specific rate coefficients and kinetic isotope 

effects can help elucidate origins of particular deviations from natural abundance; as well 

as. provide detailed insight into isotopic dependent reaction mechanisms. 

The reaction: 

OH - HBr ^ H:0 - Br (5) 

besides being significant in determining the active bromine fraction in the middle to 

lower terrestrial stratosphere.""* has become a well studied bimolecular radical-molecule 

reaction demonstrating significant non-Arrhenius rate behavior.''" .As has 

previously been described in great detail in Chapter 3. reaction (5) has attracted much 
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attention due to the fact that it displays very weak temperature dependence at higher 

temperatures, but strong inverse temperature dependence at low temperatures.' 

Bedjanian tv al. have recently investigated the H/D isotope dependence of the reaction 

between isotopomers of OH and HBr. thus all reactions (5) through (8). at temperatures 

above 230 K.'" 

O H  -  H B r H 2 O  -  B r  ( 5 )  

OD ^ HBr-> HOD - Br (6) 

OH - DBr-> HOD - Br (7) 

OD - DBr-> D2O ^ Br (8) 

The kinetic isotope effect. KIE. is defined for the purpose of this work as the ratio of the 

rate coefficient observ'ed for a particular reactant pair to the rate coefficient observed 

when one atom in the reactant pair has been isotopically substituted (for purposes of this 

study, replacing H with the heavier D isotope). In this regard, it is also convenient to 

categorize primar\' and secondary' KIEs. A primary' KIE corresponds to one where the 

atom substituted is involved in a bond being formed or broken along the reaction 

coordinate. The secondary KIE then involves isotopic substitution associated with bonds 

not formed or broken during the reaction. The ratios, kf/k: and k6/k8. correspond to 

primary kinetic isotope effects, while k^vk^ and kT/'kg correspond to secondary KIEs. In 

this study of Bedjanian et al.. both these primary KIEs are found near 1.8. and both 

secondary KIEs are measured to be near unity. Such observations of normal kinetic 

isotope ratios are consistent with transition state theory predictions for reactions 

occurring on potential surfaces with negligible or positive activation barriers. These 
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observations may not be that surprising in the sense that they occur over a temperature 

window for which reaction (5) displays no significant temperature dependence. 

In view of the strong inverse temperature dependence of reaction (5) seen below 

200 K.'"* we have investigated the low temperature rate coefficients of reactions (5) - (8). 

These results show that both the primary' and secondary- kinetic isotope effects are 

sensitive functions of temperature below 200 K. More importantly, interesting inverse 

kinetic isotope effects (kn/ko < D for both primary- and secondary substitutions of a 

bimolecular gas reaction are observed for the first time. These results are discussed in the 

context of recent theoretical models. 

4.3 Experimental 

The details of these ty-pe of OH - HBr studies have been described in Chapter 2. 

and Chapter 3. thus only the specifics in running isotopic substitutions will be mentioned. 

These experiments were all carried out on the pulsed uniform supersonic flow- reactor. 

The rates of reactions (5) - (8) were determined by laser induced fluorescence (LIF) 

monitoring of OH/(OD) concentration under pseudo first order conditions in a gas flow-

comprised of HBr/(DBr) seeded in low- concentration into the buffer gas. N:. The first 

order rate is obtained from the time dependent decay of the OH/(OD) LIF signal as a 

function of flow distance by means common to flow kinetic methods. 

In particular, for these studies the reser\-oir pressure was varied from 6 to 51 Torr. 

and Vlach number fi-om 1.2 to 2.7. while reservoir temperature was held constant at 300 

K using a closed cycle liquid temperattu-e controller. These conditions allowed for 



80 

uniform flows with densities ranging from 3 x lO'® to 2 x lO'^ cm'^ and flow 

temperatures from 224 - 120 K. In the pre-expansion region a pulsed cold cathode 

discharge is used to generate the OH radicals and its isotopomer from the radical 

precursors. H2O and D^G seeded into the flow. A mixture ratio of 1:100: >1000 of the 

radical precursor/reactant/Ni was introduced into the reservoir, thus insuring pseudo first 

order conditions in the OH/OD radical. The radical concentration was followed using the 

Qid) and Q:i(l) lines of the (1.0) band of the .A. "1* •<— X "fl system near 281.9 for OH 

nm and near 287.6 nm for OD. The relative radical concentration, as determined by 

fluorescence intensity-, was measured as a function of flow distance, and therefore 

reaction time. 

FIGURE 4.4 Beer's Law plot for DBr at 220 nm which was used to derive the 
absorption cross section: ooBrt—O nm)=1.24 (±0.05) x 10"'''cm". 
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The absolute HBr and DBr partial pressures prior to delivery to the reservoir were 

actively monitored through UV absorption measurements at 220 nm. using a 10 cm path 

flow cell. The absorption cross section for HBr was independently determined using a 

Beckman DU-40 UVA/IS spectrometer. The absorbencies were taken for different 

pressures of the absorbing gas. HBr or DBr. in a 10.0 cm static cell. These pressures 

were measured with a capacitance manometer (MKS Baratron 220 CD). The absorption 

cross section for HBr was found to be anBr (220nm) = 2.49(±0.10) x 10"''' cm" as shown 

in Chapter 3. Funher. the absorption cross section for DBr was measured to be aoBr 

(220nm) = 1.24(±0.05) x 10"'^ cm*, as derived from the Beer's law plot in Figure 4.4 and 

the error reported accounts for both chemical and systematic errors. To the best of our 

knowledge, there have been no published measurements of this latter value. As a cross 

check this setup and procedure was used to measure the absorption cross section for 

methylbromide at 220 nm. 3.79(±0.15) x lO"'"^ cm". This value is in excellent agreement 

with previous measured cross sections for CHiBr.'" "'' This same spectrometer was used 

for active measurements of flow concentrations. The purity of the gases used were as 

follows; N: > 99.99% (Matheson). HBr > 99.8% (Matheson) and DBr > 99% (Cambridge 

Isotopes- 99% isotopic purity, degassed of D:). 

4.4 Results 

The results of this investigation are summarized in Table 4.1. along with a list of 

the reaction conditions used. Also given are the results of Bedjanian et ai, who 

performed similar temperature dependent studies of reactions (5) - (8) above 230 K using 
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a conventional subsonic flow reactor accompanied by modulated molecular beam mass 

spectrometric detection/' The combined results are presented in Figure 4.5. Reactions 

(5) - (8) have no significant temperature dependence above 200 K. but clearly show 

in\ erse temperature dependence at T < 200 K. 

The rate coefficients in Table 4.1 and Figure 4.5 are all obtained from bimolecular 

OH/OD loss rate measurements. Two possible reactions can effectively lead to such loss. 

In the case of OH - DBr. for instance, these are atom transfer reaction; 

OH - DBr > HOD + Br AH,," =-126 y.mole (7) 

and the isotope exchange reaction: 

OH ^ DBr • OD + HBr AH,," = - 1.45 kJ/mole (E/R=-174 K) (9) 

For the reactant combination OH - DBr. isotope e.xchange is exothermic. For all others 

the isotopic exchange enthalpy is either endothermic. for example in 

OD HBr » OH + DBr AHo" = - 1.45 kJ/mole (E/R=-174 K) (10) 

or exchange is of no consequence, (i.e. OD - DBr). However, for both reactions (9) and 

(10) we have measured upper limits to the exchange rate coefficients by monitoring 

OH/OD interchange in the presence of HBr/ DBr. This corresponds, for reaction (7). of 

monitoring for exchange product OD when OH is mixed in the presence of DBr. These 

measurements were carried out at 141 K and no exchange could be detected. There was 

no detection of OH/'OD product formation. Therefore maximum rates could be 

determined from our signal to noise ratio as shown in the following derivation for the 

system. OH - DBr: 
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= k,[OHl[DBr] ,11) 

From the decay curves of the hydroxyl signal, which follow pseudo first order behavior, 

the hydroxyl concentration can be described by: 

[OH] = [OHJo expf- ( ][DBr]t ) (121 

With substitution of hydroxyl radical concentration, the rate law defined by equation ( U ) 

can be integrated. 

= kjDBr][OHl„ exp((k. - kJ[DBrlt) (13) 
dt 

l is  '  
( 1 4 )  

1- (k.-k/)[DBr]}dt 

where [OH]n represents the initial hydroxyl radical concentration before reaction at t = 0. 

[OD], represents the deuterium oxide concentration after the reaction has been allowed to 

occur for some time. t. Therefore the rate coefficient for exchange, kg. can be defined by: 

k  = f ^ ^ f k ^ k  ^ ^  ( 1 7 )  
9 [OH]o 17 9'-

1  -  e x p ( -  (  k . ^  +  k g  ) [ D B r ] t  

Note a similar equation would define km- but the [OH] and [OD] would be exchanged 

and ki. kg would be exchanged with k(>. kio-
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The observed rate coefficients are equal to the sum of rate coefficients for 

exchange and abstraction, thus Icobs = k? -i- kq, or ks -s- kio- The time is defined by what 

nozzle position was used to observe the OD or OH product formation. In these studies t 

= 208.6 i^s. These product signals were searched for at the largest reactant concentrations 

used for these studies. As no product signal was observed, the signal was believed to be 

within the noise. This noise level, which was 20 mV. then defines a maximum value for 

the product signal. The hydroxyl signal was measured at t = 0 s. or z = 0 cm. This 

unreacted signal was 1000 mV. These measurements allowed for an upper bound to the 

exchange reactions to be calculated. 

For reaction (9). k^ < 3 x  lO"''' cm's"'. and for reaction (10). kio < 5 x  10''" cm^s"' 

at 141 K. This observation of negligible atom exchange in OH - HBr systems is 

consistent with the observations of Bedjanian er al. at 298 K.'^" Both of these studies 

indicate that exchange does not play an important role in OH - HBr kinetics and that 

atom transfer is the dominant mechanism for OH loss. Thus the rate coefficients listed in 

Table 4.1 represent those for H/D transfer to the hydroxyl radical to produce bromine 

atom and water. 
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Table 4.1 Rate coefficients for the reaction of OH -i- HBr and all its isotopic variants, and 
the experimental conditions used for their measurements. 

Reaction Temp. Density I^Bimolecular Study 

(K) (xio'' cm-^) (xio" cm^ s"') 

OH - HBr 120 1.65 3.23 (±0.46) a 

OH - HBr 141 0.343 2.56 (±0.32) a 

OH - HBr 185 1.41 1.72 (±0.40) a 

OH - HBr 224 1.04 1.31 (±0.35) a 

OH - HBr 230 0.420 1.46 (±0.17) b 

OH - HBr 243 0.397 1.20 (±0.14) b 

OH - HBr 260 0.371 1.12 (±0.13) b 

OH - HBr 00
 

0.347 1.20 (±0.13) b 

OH - HBr 298 0.324 1.11 (±0.12) b 

OH - HBr O
O

 

0.294 1.05 (±0.12) b 

OH - HBr 360 0.268 0.97 (±0.14) b 

OD + HBr 120 1.65 3.45 (±0.59) a 

OD - HBr 141 0.343 2.46 (±0.27) a 

OD ^ HBr 185 1.41 1.93 (±0.27) a 

OD + HBr 224 1.65 1.45 (±0.22) a 

OD ^ HBr 230 0.420 1.58 (±0.21) b 



OD + HBr 243 0.397 1.40 (±0.16) b 

OD + HBr 260 0.371 1.21 (±0.11) b 

OD + HBr 278 0.347 1.21 (±0.11) b 

OD + HBr 297 0.325 1.11 (±0.12) b 

OD ^ HBr 298 .324 1.22 (±0.14) b 

OD - HBr 328 0.294 1.09 (±0.12) b 

OD - HBr 360 0.268 1.01 (±0.13) b 

OH - DBr 120 1.65 3.22 (±0.30) a 

OH - DBr 141 0.343 1.71 (±0.11) a 

OH - DBr 185 1.41 0.91 (±0.15) a 

OH - DBr 224 1.65 0.65 (±0.14) a 

OH - DBr 230 0.420 0.74 (±0.11) b 

OH - DBr 260 0.371 0.68 (±0.08) b 

OH - DBr 278 0.347 0.64 (±0.08) b 

OH - DBr 296 0.326 0.59 (±0.09) b 

OH + DBr 328 0.294 

: 

0.57 (±0.07) b 

OH - DBr 360 0.268 
1 

0.60 (±0.11) b 

OD - DBr 120 j  1.65 7.50 (±0.46) a 

OD - DBr 141 i 0.343 3.12 (±0.21) a 

OD + DBr 185 j 1.41 

1  

1.36 (±0.13) a 



87 

OD + DBr 224 1.65 0.84 (±0.17) a 

OD + DBr 230 0.420 0.72 (±0.09) b 

OD ^ DBr 243 0.397 0.74 (±0.11) b 

OD ^ DBr 260 0.371 0.71 (±0.10) b 

OD + DBr 278 0.347 0.77 (±0.10) b 

OD ^ DBr 300 0.322 .072 (±0.11) 

OD - DBr 328 0.294 0.66 (±0.09) b 

OD - DBr 360 0.268 0.63 (±0.09) b 

This work. ^ Bedjanian ei al. 
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FIGURE 4.5 The temperarure dependence of the rate coefficients for: OH + HBr; OH 
DBr: OD + HBr; OD + DBr are displayed. This work and the results of Bedjanian et al. 
are included. 
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To better elucidate the effects of isotopic substitution, the ratios of kn/ko were 

determined for both primary and secondary substitutions. These ratios or kinetic isotope 

effects are listed in Table 4.2. and illustrated in Figure 4.6. The primary KJE for reaction 

with OD ranges from 2.2 to 0.45. while the primary' KJE for reaction with OH varies 

from 2.0 to 1.0 with decreasing temperature. The secondary KIE values for reaction with 

DBr range from 1.0 to 0.4. while for reaction with HBr the ratios remain constant near 

unity. There appears to be a small systematic discrepancy between the highest 

temperamre ratios of this study with the lowest temperature ratios observed by Bedjanian. 

el al. .Although the origin of this discrepancy is not entirely clear, we feel die trends 

observed between both data sets in Figures 4.5 and 4.6 suggest a problem in the lowest 

temperature measurement of Bedjanian. et al. In particular, the largest discrepancy 

occurs regarding the primar>' kinetic isotope ratio, kt/kg. .As will be discussed in the next 

section, there is no flmdamental reason why a primary kinetic isotope effect should show-

such a large increase as temperature drops between 260 and 230. whereas we feel that the 

drop in this ratio below 230 is on sound fundamental foundation. It is important to note 

however, that all of the data and trends discussed fall within the error limits of both 

studies and it seems imprudent to apply significance to this minor disagreement. 

The observations apparent in the current work from Figure 4.6 are the first 

unequivocal experimental documentation of inverse kinetic isotope ratios (the heavier 

isotopomer having the larger rate coefficient). The 120 K data also show correlation 

between the pairs, kj/k? and kf/k^. as well as between k6/k8 and ky/kg. Reactions (6) and 

(7) form the same products. HOD and Br. Thus the ratio pairs, ks/k? and k5/k6. would 
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seem to compare reactions producing H2O product to those producing HOD, while the 

pairs, kfi/kg and kr/kg, compare reactions producing HOD against one generating D2O 

product. It thus appears that while high temperature kinetic isotope ratios in these 

reactions tend to correlate to reactant states (thus, the individuality of primar\' and 

secondarv' effects), the correlation at low temperatures seems to be with product charmels. 

At 120 K. it appears that the concept of primar>' and secondar\' KIE has vanished for this 

reaction. 
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Table 4.2 Summary of kinetic isotope effects as a flmction of temperature. 

Study Temp. (K) Primary 

(OH) - ks/k7 

Secondarv-

(HBr) - k5/k6 

Primary 

(OD) - k6/ks 

Secondar\' 

(DBr) - k'r/kjj 

a 120 1.00(±0.17) 0.94(±0.20) 0.46(±0.08) 0.43(±0.05) 

a 141 1.50(±0.21) 1.04(±0.17) 0.79(±0.10) 0.55(±0.05) 

a 185 1.90(±0.54) 0.89(±0.24) 1.42(±0.24) 0.67(±0.13) 

a 224 2.01(±0.68) 0.91(±0.28) 1.73(10.44) Q.78(±0.23) 

b 230 1.97(±0.37) 0.92(±0.16) 2.19(±0.40) 1.03 (±0.20) 

b 243 0.86(±0.14) 1.89(±0.36) 

b 260 1.65(±0.27) 0.93(±0.16) 1.70(±0.32) 0.96(±0.18) 

b 278 1.88(±0.31) 0.99(±0.16) 1.57(±0.28) 0.83(±0.15) 

b 298 1.88(±0.35) 0.95(±0.15) 1.62(±0.31) 0.82(±0.18) 

b 328 1.84(±0.31) 0.96(±0.15) 1.65(±0.29) 0.86(±0.16) 

b 360 1.62(±0.30) 0.96(±0.I9) 1.60(±0.31) 0.95(±0.I8) 

^ This work. Bedjanian et al. 
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FIGURE 4.6 The ratios of the measured rate coefficients, for primar\' (k5/k7 and k6^») 
and secondary (k5/k6 and k7/kg) kinetic isotope effects, plotted versus temperature. This 
work and the results of Bedjanian el al.'*' are included. 



4.5 Discussion 

Reactions with inverse temperature dependence are well known in collision 

systems with strong long range attractive forces. Such behavior in radical-molecule 

systems has long been fit using Arrhenius rate laws and since the activation energy, Ea. is 

typically defined as R multiplied by the slope of a ln(k) vs. 1/T. these reactions have been 

termed as possessing negative activation energies. Using statistical arguments. 

Mozurkewich and Benson have demonstrated how reactions on long range attractive 

surfaces can manifest negative activation energies if they possess a late tight transition 

state, which follows a loose one early in the entrance channel." ' Such a system leads 

naturalh' to a long lived collision complex and the branching of this complex between 

products (through the tight transition state) and reactants (through the loose entrance 

channel barrier) naturally leads to inverse temperature dependence in the reactive rate 

coefficient. This model is only appropriate to reaction systems in a temperature regime 

where the reaction efficiency is much less than unity. In the temperature range between 

120 and 300 K. Reaction 1 is calculated to have a dipole-dipole capture collision rate 

coefficient approximately 10 to 20 times greater than the obser\'ed reaction rate 

coefficient and so such a model may be appropriate.'*"' ^^''hile the complex model places 

emphasis on entrance channel effects goveming the overall temperatiu"e dependence of 

the rate coefficient, kinetic isotope ratios would be sensitive to the state density in the 

tight transition state. The model predicts in such circumstances that deuteration of 

reactants can lead to inverse primary kinetic isotope effects since the state density in the 

deuterated transition state is increased and the zero point energy lowered, which lowers 



the effective activation energy and increases the rate of passage to products. This 

prediction is supported by similar modeling of McEwen and Golden.'® To date, these 

predictions have not been supponed by experimental observation of inverse KJEs. though 

several studies have reported normal primary kinetic isotope ratios which display weak 

inverse temperature dependence. 

Banin-Leclerc et al. studied the temperature dependence (T = 200 to 400 K) of 

kinetic isotope effects in the reaction of OH HCI and all its isotopic variants.'*^ They 

obser\ ed that the primary kinetic isotope effect increases as temperature decreases which 

is contrary to what was observed in the present study of OH + HBr. However, their 

observation of an inverse secondar>' kinetic isotope effect is in accord with what was 

observed in this study and has been argued as a natural consequence of secondary effects 

of deuteration on the zero point energy of the transition state. In fact, effective barrier 

calculations suggested the largest positive barrier exists for the OH +HC1 reaction with 

barriers decreasing monotonically across the series OH - DCl. OD + HCI. and OD + 

DCl. From this result, it is not immediately clear why an inverse primary KJE was not 

observed in that study. The reaction of H - HBr and its isotopic variants were also 

studied from 214 K to 300 K."'* Unlike the present system studied, these reactions have 

large positive temperature dependence (Ea/R = 400 K - 790K) and apparently adheres 

well to an Arrhenius rate form with positive activation energy. The measured isotope 

effects were normal, increasing with lower temperature unlike the behavior observed for 

the present system. Nicovich et al. have studied primary kinetic isotope effects of alkyl 

radicals with HBr/DBr.^' These systems were found to have negative activation energies. 
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thus increasing rates as temperature is decreased, similar to the present system. They also 

found that as the activation energy becomes more negative, the magnitude of the kinetic 

isotope effect is reduced. It should be noted that these studies were done at temperatures 

greater than 250 K. Unfortimately this work has not been extended to temperatures 

beyond a point showing anything but normal. 

The observed temperature dependence of reaction (5) is well fit by a T"" 

functional dependence where n is approximately 0.9. but does not fit well to a strict 

Arrhenius rate law with a temperature independent activation energy.' This inverse 

temperature dependence is consistent with the best available potential surface (LEPS) 

which displays no barrier for this exoergic reaction. Quantum scattering calculations and 

calculations with the rotating bond approximation on the ground electronic LEPS surface 

(Clar\- potential) predicts a T*' " dependence in the rate coefficient which when convolved 

with the electronic partition coefficient between the OH "111,; excited and "fla,:! ground 

states accurately predicts die obser\'ed behavior of k^-lT)."' Using a LEPS potential 

energy surface (Clary Potential) both and quantum scattering calculations have been 

performed for reaction (5). Unfortimately. parameterization of these results as a function 

of OH and HBr rotor constant suggest kinetic isotope ratios, kn/ko. of 2"' independent of 

OH or HBr substitution site. 

More recent quasi-classical trajectorv* calculations on this same qualitative (Clary) 

PES and another (Modified potential) adjusted to fit better the observed HiO product 

slate vibrational energy distributions have been performed at 300 K for reactions (5) and 

(6) as presented in Table 4.3.^' These results slightly over-predict the experimentally 
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observed 300 K rate coefficients (as a result of no ignoring zero point energy constraints) 

and. contrary to observation, predict an inverse secondary kinetic isotope ratio ki/ki (300 

K) of 0.76. 

Nizamov et al. have performed variational transition state theor>' (VTST) on both 

the Clar\' and Modified potentials identifying a transition state lying early in the entrance 

channel to this reaction.^* The OH and H'Br bond distances are approximately 0.974 and 

1.42 .4 respectively while the critical O'H distance is between 1.95 and 2.15 .4. The 

potential energy barrier for these transition states is between -7.20 and -7.45 kJ moP'. 

however the harmonic zero point energy (ZPE) corrected value is ver\- close to 0 (-0.5 kJ 

moP' for the Clary potential and -0.25 kJ moP' for the Modified potential). As expected 

for such an attractive surface, the harmonic ZPE corrected barrier for Reaction 2. even on 

the modified surface is lower (-0.96 kJ mol"'). From these results presented in Table 4.3. 

it is not surprising that even at 300 K. VTST on these surfaces predicts strong inverse 

primar>- and secondar\- kinetic isotope ratios at 300 K with k|/'k5(300 K) between 0.85 

and 0.76. while for ki/k: (300 K) they obtain values between 0.8 and 0.72 depending on 

the potential used. The inverse secondar\' isotope effect is attributed to the differences of 

the HOD and HOH* bend frequencies, and the inverse primar\- kinetic isotope effect is 

thought to be a result of the smaller zero point adjusted barrier due to the isotopic 

substitution. Again, as seen in Table 4.2 and Figure 4.6. these experimental 300 K 

kinetic isotope ratios are found to be essentially k|/k3(300 K) = 1.8 for primary 

substitution and ki/k: (300 K) = 1 for secondary substitution within the errors. Though 

the trends of the VTST secondary KJE results agree with the current low temperature 
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observations, the absolute values calculated for the secondary KIEs do not agree with 

experimental results even below 300 K. Nizamov ei al. suggest that VIST has difficulty^ 

predicting accurate isotope effects when the transition state is early in nature as was 

employed for this system. However, it needs to also be realized that the potentials 

employed for all of these models are semi-empirical. 



Table 4.3 Summary of calculated 300 K rate coefficients from theoretical calculations. 

Model Rate Coefficient 

(xlO " cmV) 

OH + HBr 

VTST (Clary Potential) 1.04 

VTST (Modified Potential) 0.54 

RBA (Clar>' Potential) 0.8 

QCT (Clary Potential) 2.4 

OCT (Modified Potential) 1.6 

OD + HBr 

VTST (Clary Potential) 1.3 

VTST (Modified Potential) 0.75 

QCT (Clar>^ Potential) 2.1 

OH + DBr 

VTST (Clar>- Potential) 1.22 

VTST (Modified Potential) 0.71 
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It appears that although inverse kinetic isotope effects have been predicted for 

reactions on purely attractive surfaces, for the OH + HBr reaction in particular, current 

level of knowledge governing the OH + HBr potential or the ability to model the 

dynamics in accurate trajector\' calculations prohibits a global description of the reaction 

mechanism. Scattering approaches which incompletely model reactant rotation, and 

thereby dipole-dipole coupling, appear to be reasonably successful in describing the gross 

features of the temperamre dependence of the rate coefficient (but still not an accurate 

absolute value), as well as product state energy disposal. .Aspects of statistical rate theor>' 

and variational transition state theory appear to successfully predict manifestation of 

inverse kinetic isotope effects but quantitatively fail to predict sensitive dependence on 

temperature. The very fine balance between positive and negative ZPE corrected 

activation energies between isotopomeric reactions may play a role here. The effect of 

H:0. HOD and D;0 vibrational frequencies in governing the sign of Ea may place this 

reaction in a situation where the effective activation energy (a temperature dependent 

function in cases of negative Ea) is only significantly negative at reactant energies below 

200 K. In this low temperature limit, both k(T) and the FCIE ratios would be expected to 

display inverse behavior as is obser\'ed. In the high temperature limit, where the 

transition state has population in modes above the ZPE level the system may manifest 

positive or zero Ea values with normal KJE ratios. Unfortunately, the observed k(T) 

behavior above 250 K for reaction (5) - (8) does not suggest the presence of a sufficiently 

positive activation energy to support the large primary KJE values seen at the higher 

temperatures. 
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In Heav\'-Light-Heav\' reaction systems such as this where both reactants are 

hydrides and the vibrational frequencies are generally high, the low temperature limit, as 

nearly reached at 120 K in this study, leads to reaction on extremely few rovibronic 

surfaces. In the case of activation energies nearly zero in value, and with a potential 

surface governed strongly by dipole-dipole forces, molecular rotation in the reactants and 

thus bending modes in the transition slate are expected to play a key role in the low 

energy reaction dynamics and energetics. It would appear from all of the models that the 

qualitative picture of the low temperature behavior of this reaction is well explained, 

owing to effects of deuteration on transition state zero point energy for strongly attractive 

reaction potentials. Quantitative agreement between models and the low temperature 

results, as well as explanation of the precise dynamics leading to such a rapid transition to 

normal KJE values and flat k(T) dependence at only modestly higher temperatures is now 

clearly needed. Certainly determination of a precise reaction PES would assist this, as 

may refinement of the treatment of rotations in the scattering models. On the 

experimental side, extension of the current results below 120 K would be useful to 

determine the 0 K limit of the KIE values, as well as measurements of the low 

temperature rates and KIE values for other comparable systems such as OH -i- HI. CN -

HI and alkyl radical hydrogen halides. Any of these results would be expected to add 

critical insight into the detailed nature of energy dependent dynamics on attractive 

reaction potentials. 

Preliminar\- experiments have been performed to obtain rate coefficients at 72 K. 

This low temperature was achieved by expansion of argon through a nozzle, designed for 
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nitrogen with mach 3 and 2x10 ' cm'"' density. The determined rate coefficients are 

summarized in Table 4.3. The results were of poor precision and are not grouped with 

the published values in Table 4.2. These are the first measurements in Tucson in which 

.A.rgon has been employed as a buffer, more experimentation is needed to provide precise 

and accurate rale coefficients. 

Table 4.4 Preliminary rate coefficients measured at 72 K. with 1.74x 1 o' cm'" density, 
and argon used as the buffer. Nozzle employed was N2M32E17. 

Reaction k(10 " cmV) ±((10"" cmV) 

OH - HBr 2.32 0.45 

OH - HBr 2.08 0.37 

OH - HBr 4.74 0.79 

OD - HBr 2.52 0.47 

OD - HBr 3.22 0.58 

OH - DBr 2.63 0.25 

OH - DBr 1.93 0.43 

O D ^ D B r  3.59 0.39 

OD + DBr 3.82 0.61 

OD - DBr 2.08 0.41 
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4.6 Conclusion 

The present study provides new low temperature kinetic data (120 - 224 K) for 

the OH ^ HBr system and all of its H/D isotopic variants. Below 200 K there is strong 

temperature dependence in the kinetic isotope effects. This study provides the first 

experimental observation of inverse primar\' kinetic isotope effects in a hydrogen transfer 

reaction. These results provide a foundation for comparison with accurate theoretical 

calculations, which are now clearly needed before detailed understanding of this complex 

chemical reaction will be possible. 
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CHAPTER 5. FALLOFF BEHAVIOR OF OH + NO2 AT LOW TEMPERATURES 

AND PRESSURES 

5.1 Introduction 

Active nitrogen oxides, mainly nitric oxide. NO. and nitrogen dioxide. NO:, 

collectively referred to as N0,(. play a central role in the odd H. N and O chemistry of the 

lower terrestrial atmosphere. In the mid to upper stratosphere their chemistry forms the 

core of the dominant ozone destruction mechanism. By combining with halogen oxides 

to form the reservoir species BrONO; and CIONO2. they effectively remove these 

halogen oxides from destructive catalytic ozone cycles. Formation of the reservoirs 

HONO: and HOONO: by recombination of NO: wth OH and HO: can similarly lead to 

reductions in ozone destruction rates.^'' NO is similarly Icnown to interrupt HOx catalyzed 

ozone loss.*^ Thus in the lower stratosphere. NO^. plays a key role in stabilizing ozone 

loss processes. NOv. the collection of inert nitrogenous reservoirs, by its ver\' nature is 

effectively removed from these ozone destruction cycles. In order to understand the 

critical aspects of ozone stability, distribution and transport, it is thus essential to 

understand these same properties in the NOx and NOy families. 

The recombination of OH with NO: is the homogenous chemical reaction 

believed to play the dominant role in the partitioning between NOx and NOy 

Heterogeneous hydrolysis of N:05. as well as bromine and chlorine nitrate effectively 

converts NO: to HNO3. However, the photolytic destruction of N^Os in simlight 

dominated regimes strongly suppresses the importance of this latter process. In the lower 

stratosphere the homogenous process. 
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0H + N02^M->HN03 + M (I)  

where M is an inert background gas molecule, (essentially N: or O2), accounts for the 

dominant NO: to HNO3 conversion rate. This background gas undergoes stabilizing 

collisions with the excited collision complex formed by OH and NOi. The NO; is re-

released through reaction of HNO3 with OH and by photolytic destruction of HNO3. 

The rate of reaction (1) in the atmospheric regions where it governs NO^ loss is 

knowTi to be in the fall-off region. In this region the rate is undergoing a smooth 

transition between ternary behavior (depending upon the third power of pressure, and 

strongly inversely dependent upon temperature) and the binar>- regime (depending on the 

square of the pressure and essentially independent, or only very weakly dependent on 

temperature). The rate of OH - NO: recombination is thus a complex function of 

temperature and pressure, as well as the nature of the fall-off function. As a result, the 

rate of NO: destruction in the terrestrial atmosphere becomes a complex function of 

altitude, pressure and temperature. The ability to model the NO: distribution and 

transport rates, and therefore predict concentrations of species to which NO: is physically 

and chemically coupled becomes a difficult task, highly sensitive to the accuracy of the 

temperature and pressure dependence of the rate of reaction (1). 

Further complicating this problem is the fact that the complete nature of the 

product HNO3 in reaction (1) remains in question. It is widely accepted that the 

dominant product of reaction (1) under atmospheric conditions is nitric acid. HONO:-

This product represents the most exothermic charmel for the reaction with an enthalpy of 

reaction of 199.3 kJ/mol.^^ There exists a less stable isomer of HNO3, pemitrous acid or 
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HOONO, calculated to lie 134.4 kJ/mol higher in energy than HONOi.^^ It is believed 

that this product can become a significant fraction of the total yield of OH + NO: 

recombination at pressures in excess of 200 Torr or possibly lower pressures at very low 

temperatures. To date, there has been no experimental verification of HOONO 

production from reaction (1 However, recent statistical rate formulations including 

this product channel have suggested that it should not be ignored.'"'''^'' In particular, the 

detailed rate calculations of Smith and Golden suggest that between 8 and 35% of the 

measured loss rate of OH in the presence of NO: under atmospheric conditions could be 

through the HOONO production channel.'"^ This is particularly important since the 

chemistry and photolyiic behavior of this reservoir species would be anticipated to var\' 

quite strongly from that of nitric acid. 

There have been many experimental studies of the rate of OH and NO: loss 

through reaction (1) over the past 25 years.""'' This database forms a strong the 

foundation of NO: chemistr\' as it is incorporated in the bulk of the models of the NOx 

loss in the atmosphere. Unfortunately, the recommendations of temperature and pressure 

dependent rate behavior based upon this data set do not yet form a congruent set and 

naturally remain limited by range of temperature and pressure accessed in the laboratory 

studies. Thus, the lUPAC recommendation for the rate of reaction (1) fit the data 

obtained at high pressures well."^^ In contrast, the JPL recommendation, particularly 

targeted for use in stratospheric modeling, focuses upon a description of the HONO: 

production rate at the lower temperature and pressure range and significant disagreements 

remain between the lUPAC model."*^ Since the most current JPL report, new 
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experimental studies focusing upon temperatures berween 220 and 300 K have suggested 

large downward revisions to the recommendations at low atmospheric temperatures.'^"^ 

These recommendations and their subsequent suggested revisions remain constrained by 

the limitations in the published data set. The JPL recommendation, along with the 

subsequent suggested revisions most applicable to atmospheric modeling, remains under 

constrained in the atmospheric temperature and pressure regimes below 220 K and 

approximately 50 Torr. 

This study reports measured rate coefficients for reaction (1) with M = N; and Ar 

at temperatures berween 50 and 250 K and pressures between 0.5 and 10 Torr. The 

present study is intended to provide the data needed to tie down the low temperature and 

pressure constraints of predictive models of rate behavior useful for atmospheric 

modeling. Here, we provide a new set of low temperature rate data as well as a global 

analysis of the data set for reaction (1) directed toward improving the recommendation of 

a pressure and temperature dependent rate fianction applicable to reaction (1) and its 

incorporation in atmospheric models. 

5.2 £.Yperiniental 

The rates of reaction (1) were determined by laser induced fluorescence (LIF) 

monitoring of OH concentration under pseudo-first order conditions in a linear gas flow 

comprised of NO: seeded in low concentration into the buffer gas N: or Ar. The first 

order rate is obtained from the time dependent decay of the OH LIF signal as a fimction 

of flow distance by methods common to flow kinetic methods. Particular to these studies 
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however, is the means by which the low temperatures are obtained and the nature of the 

gas flow. The flow reactors employed were the CRESU apparatus existing in Rennes 

which has been described previously in detail as well as the pulsed variant of this 

supersonic flow method employed in the Tucson laboratorv" also detailed in Chapter 2. 

Essentially, both of these methods employ supersonic expansion of reaction mixtures 

within a Laval nozzle to produce a reactive mixture rapidly cooled to a final reaction 

temperature. The density conditions of the expansion ensure that the axisymmetric gas 

flow exiting the nozzle remains in complete local thermodynamic equilibrium. The local 

temperature and pressure determined by the controlled nozzle backing (or feed) 

conditions of Tq. Po and y. the temperature, pressure and the ratio of heat capacities of the 

expansion mixture, as well as the design contour of the particular nozzle. By varying y 

(using either an .A.r or N; buffer) and the particular nozzle employed, control is made over 

the final pressure and temperature of the nozzle exit flow. .Additional control over the 

feed gas temperature and reservoir is made to extend this control on final flow condition. 

The subsonic background pressure in the chzimber is matched to the internal flow 

pressure such that the supersonic flow proceeds without expansion down the reactor 

vessel. In this way. the reaction flow environment does not experience solid walls or 

their possible complications of induced heterogeneous processes. In the Tucson 

apparatus OH radicals are produced in an H;0/N02 (Matheson. 99.5%)/N2 mi.xture (ratio: 

1:100: >1000) in the pre-expansion region by cold cathode discharge just prior to the 

Mach 1 plane of the Laval nozzle constriction. In the Rennes apparatus. OH is produced 

by post nozzle peroxide photolysis of a mixture of H2O2/NO2 (Air Liquide -99.9%) /Ar 
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gas in similar ratios at 266 nm using the quadrupled output of a Nd: YAG laser. Post 

nozzle interrogation of the mixture, which has equilibrated to the final flow temperature 

and density, is made as a function of flow distance (and therefore reaction time) in the 

Tucson apparatus and by time delay between photolysis and LIF interrogation in the 

Rennes apparatus. Both experiments detected OH decay through saturated LIF 

interrogation using the (1.0) band of the .A. '1' <r- X "FIj/: transition, and isolating the 

fluorescence of the off resonance (1.1) band near 310 nm with a narrow bandpass 

filter/photomultiplier camera system. Details of related studies of OH kinetics from both 

of these groups using these methods have been reported. In the Tucson apparatus, an 

additional control is made by actively monitoring the precise NO2 concentration 

delivered to the nozzle throat via UV absorption spectrophotometry' at 365 run or 400 nm, 

using the accepted absorption cross sections. CT(365 nm) = 5.13 x lO"'"^ molecule"' cm' or 

a(400 nm) = 6.01 x 10"'^ molecule"' cm*."'' The NO: was purified through several freeze-

degas-thaw cycles at liquid nitrogen temperatures. In both studies, pre-nozzle or 

stagnation densities and temperatures are employed which ensure the delivery of 

essentially pure NO: monomer to the supersonic flow. The expansion/flow times and 

pressures are insufficient to alter this monomer fraction. 

5.3 Results and Discussion 

The following analysis is based on the assumption that nitric acid formation is the 

only loss channel. There has been no direct experimental evidence of HOONO formation 

in the gas phase.^^"^' Dransfield et al. suggest that at sub-atmospheric pressure, there 
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should be no peroxynitrous acid formation. Matheu ei al. have applied a master equation 

treatment to this problem, and conclude HONO: formation should be the only pathway 

occurring at pressures < 1000 Torr.' Golden et al., performed hindered-Gorin RRKM 

calculations on this problem and conclude that at lower temperatures the nitric acid 

formation rates may be 20% lower than the experimental results for OH loss in the 

presence of NO: would suggest.^^ With our experimental temperature and pressure flow 

conditions, our rates would be at most lowered by 20% or less, which is within the 

suggested errors of most of our rate coefficients. We feel that at the present time our 

phenomenological rate coefficients should be interpreted as primary OH loss from nitric 

acid formation until the case for significant HOONO production in our T. P range 

becomes compelling. 

.A.11 available data were fit by the global fitting procedure based on the Troe model 

for fitting reduced fall-off curves.^'' The global fitting procedure has allowed for the 

analysis of all experimental data over a range of different temperatures and pressures. 

This procedure has been useful for the fitting of experimental data when there are not a 

large number of points to allow for a reliable fit of one fall-off curve. The global fitting 

routine has reasonably assumed that the limiting high and low pressure rate coefficient 

can be described by the following expressions; 

f 

k . ( T ) = k ;  00 

k o ( T )  =  

T_ 

\ 300 

/ T- \ 
300 ^ 
0 300 j 

(2)  

(3) 
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Reduced fall-off curves have been constructed according to the procedure described by 

Troe:^°-«' 

k ( T )  =  k  ( 4 )  

where is the Lindemann - Hinshelwood factor. F^*" is the strong collision factor, and 

F is the weak collision factor. Tlie simplest reduced falloff curve is described by the 

Lindemann - Hinshelwood behavior, where = 1). 

k „ ( T ) [ M ]  k , ( T )  p L H  (5^ 

l  +  k , ( T ) [ M ]  k . ( T ) j  

This model does not account for the broadening which can occur when there is a 

distribution of energy through collisions with the activated complex. For this reaction, 

the dissociative lifetime of the activated complex decreases as the complex has increasing 

energy above the dissociation limit, which can also contribute to broadening. The "full" 

Troe falloff parameterization^'^ defines the two types of broadening as those from strong 

collisions and those from weak collisions. The strong collisions are defined as collisions 

with the activated complex where the energy exchanged. AE. is greater than kT. and the 

collision efficiency, p, is equal to 1. The strong collision broadening factor is derived to 

be:^'^-^' 

: -I 
log ( k,, ( T )[M L/ k ^  (  T  ) - o  i ; )  

cent (") 
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where F^^cem = F^^(ko[M]/k« = 1) and defines the center of the falloff curve. The value 

scr 
of F cent is typically approximated as a constant or a simple function of temperature in 

most models, as will be discussed. In a full format, F cent is calculated using statistical 

rate theor\' from the fCassel parameters, which are described in Appendix A. according to 

the method of Troe as shown in Appendix B.*° The parameter of describes the width 

of the falloff curve, and accounts for any asymmetries. Both the width and the 

as\'mmetr>' term are related to the broadening at the center by: 

= 0.75 - 1.27 log ,0 (f^'^ (7) 

i fko(T)/k.(T)> 1 

AN = 0.1 + 0.6 log,o (f^^ ) (8) 

it kn(T)/k.j;(T) < 1 

= -0.1 - 0.6 log,„ (f^^ (9) 
^ent 

Weak collisions are those in which the AE < kT. and P < 1. This weak collision factor 

has been derived to equal:^°"^' 

I T  |[m l /k ^ I T  ) I - C  
. I . 

-d I log Ik r, I  T  I (m 1 /k ^ I  T  ))|.c 
r- WC r- WC 
r  =  r  ( 1 0 )  cent 

where F^'~cent describes the center. is the width, and c. d describe any asymmetries. 

These are described by the following equations. 

logCn'J =0.I4log(p) (11) 

= 0 . 7  +  0 . 3 S .  + 0 . 2 5 1 o g ( p )  ( 1 2 )  
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c = 0.085Sj^ - 0.17 log(p) (13) 

d = -0.2 - 0.12 log(p) (14) 

Both of these broadetiing factors are functions of the collision efficiency, p. and the 

"Kassel parameters." Sk and Bk. The Kassel parameters were estimated using the method 

described by Keiffer et al.' 

The current study involves measurements in with both and As act as the third 

body. Our nitrogen results were found for low temperature. (T = 120 - 235 K). and low 

pressure. (P = 0.5-10 Torr). conditions. These rate coefficients and the exact 

experimental conditions are summarized in Table 5.1. 



113 

Table 5.1 Experimental and best-fit second order rate coefficients for OH + NO: + N^. 

i Ni Density P(N:) Temperature k c i p i  kjpt' k f u i i "  i  

1  

i  (cm"^) (Torr) (K) (10 '- cm^ s ') (10 '- cm^ s ') (10 '- cm^ s"') 

i 1.60x10' 1.99 120 6.59(0.99) 5.27 5.69 I 

; 1.57x10' 2.03 125 4.60(0.93) 4.80 5.11 
i  

1  

5.13x10'° 0.67 126 1.45(0.53) 2.44 2.18 1 
1  

4.94x10'" 0.66 129 1.80(0.18) 2.23 1.97 

4.08x10'" 0.57 134 1.25(0.08) 1.99 1.78 

6.02x10'" 0.88 141 2.09(0,40) 1.73 1.48 

4.80x10'" 0.76 152 1.20(0.20) 1 ^ ̂  1 .JJ 1.15 

: 

6.86x10'" 1.02 144 1.37(0.08) 2.05 1.86 

1.31x10' 2.43 179 1.78(0.26) 1.75 1.64 

4.91x10'" 0.93 182 1.04(0.05) 1  0.74 

I  

0.66 

4.07x10' 8.10 i  192 

i  

2.73(0.42) : 3.12 
1  

3.21 

4.49x10' 9.03 1  194 
1  
1  

j  2.55(0.27) j.2J 
1  

3.35 

8.38x10'" 1.84 i  212 
i  

j  0.86(0.01) 
1  

i  

! 0.69 
1  

0.65 

1.04x10' 2.44 ! 226 
j  

i 1.03(0.10) 
1  

0.67 0.64 

9.61x10'" i  2.33 
1  

! 234 
I  

0.42(0.03) 0.55 0.53 

8.87x10'" 
1  

1  2.16 i  235 
! 

i  

j 0.75(0.09) 
i  

1  0.50 0.49 

' JPL format- no = - 4.0(±0.4). kfl(300 K) = 2.6(±0.3)xI0"-° cm" s"'. k^= I.9(±0.5)x 10'" cm's"'. 

" "Full Format" with Tc = 395 K; no = - 3.4(±0.3). ko(300 K.) = 3.0(±0.4)x cm" s"'. 

k.=2.4(±0.6)xl0'" cm""s'' 
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Most current studies assume nitrogen is in the strong collision limit, where P = 1. 

Thus the weak collision factor is unity. There has also been several functional forms of 

the strong collision factor used in fitting the rate coefficients measured. This "ftill form", 

represented by equations (5) - (8). was used in recent studies of Dransfield ei al.'' and 

Donahue e[ in which the center of the reduced falloff curve was approximated as: 

F^*^ccnt = exp (T/Tc) where Tc was found to be 363 K. In the lUPAC compilation the 

asymmetr\- effects are ignored and Tc = 340 K. For the NASA/JPL compilation: 

1 

psc ^ 0.6(15) 

This broadening factor is a simplified form of Eqn. 6 with F'*'"cenl equal to 0.6. This 

form is useful for comparison of different reactions within the falloff regime owing to its 

simplicity for use in fitting limited data sets. For the limited temperature surrounding 

atmospheric conditions it has proven useful to use this truncated form. 

•A non-linear least squares fitting routine which minimized x"- the siun of the 

squares of the deviations between the experimental values and the calculated values, was 

used to find no. ncc. ko"™. and Tc in the JPL format and the "fiill format". For the 

current nitrogen fit. data from the following sources: .A.nderson et ai: '' .\nastasi et 

Wine et al.: '^ .\ndersoa L. G.; ' Donahue ei al.; "* Brown et al.: ̂  Dransfield et al.:and 

the present data, listed in Table 5.1. were employed. Summaries of best-fit parameters 

for both fits using the JPL format and "fiill format" and a survey of past 

recommendations are listed in Table 5.2. Table 5.1 also lists calculated rate coefficients 

ti-om the best fits for our experimental conditions. Figures 5.1 and 5.2 graphically 
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present these best fits with ail the experimental data used in obtaining them. It should be 

noted, when n« was fit to the current data the errors in the value were greater than or 

equal to the value itself. Thus, with this observation and the suggestion of Fulle et al.^^ 

a^c was set to zero in this work. 

FIGURE 5.1 Plot of experimental rate coefficients for OH -f- NO; N: versus rate 
coefficients derived by best fit to the JPL format where MT) = 2.6(±0.3)xl0'"''^ (T/300)' 
'"'=^-"cmV'; MT)= 1.9(±0.5)xl0-" cmV. 

i 8 . 

0This Work 
0 Wine cl al 
oibrov^netal 
0.'\fdcrson. L. G 

^ .-Xnasiasi et al 
Q Donahue et al 
XOranst'ieldet al 

MPL 
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Table 5.2 Comparison between current and past recommendations for OH + NOi + Ni. 

Source/ 

REF 
F®''cent Ho 

(10'° cm's') 
n« 

(10-" cm^ s ') 

! 

! 

1 

This 

; Work' 
1 

0.6 4.0(±0.4) 2.6(±0.3) 0 1.9(±0.5) 0.031 

; 40" 0.6 4.4(±0.3) 2.5(±0.1) 1.7(±0.2) 1.6(±0.2) 0.57 

61'  0.6 2.97 2.47 2.77 1.45 0.048 

70' .  0.6 2.6 2.4 0.1 1.8 0.19 

39" exp(-T/340) 2.9(±0.3) 2.6 0.6(±0.5) 7.5 0.074 

63' exp(-T/363) 2.67 2.85 0 3.13 0.058 

This 

Work' 
exp(-T/395) 

i 
3.4(±0.3) 3.0(±0.4) 

i 

0 
1 

i 
i 

2.4(±0.6) 0.027 

" JPL Format. '' "Full Format" falloff model without asymmetr\' effects taken into 
account.' "Full format" model 
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FIGURE 5.2 Plot of experimental rate coefficients for OH NOi + N2 versus rate 
coefficients derived from best fit of a "full format" treatment where ko(T) = 3.0(±0.4) 

cm^s-'; MT) = 2.4(±0.6)xl0-" em's''. 

^ .Anastasi et al 

• Donahue et al 

X Dranstleld et al 18 

16 

14 

10 

6 

4 

2 

2 0 8 10 4 12 16 6 14 

•^Fuii (10"'" s"') 

The present fit using the JPL format gave the smallest x' when no was —+.0(±0.4). 

The low temperature data was most sensitive to variations in no. This value is in good 

agreement with the current JPL recommendation, but is smaller than the suggestions of 

Brown et al.'^ and that of Golden et al.^^ The recommended 300 K limiting low-pressure 

rate coefficient of 2.6(±0.3)xl0"''° cm'' s'' overlaps well with the past recommendations as 

seen in Table 5.2. As our data is at low- temperature and pressure, it is most sensitive to 

fitting the low pressure limiting rate coefficient. 
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FIGURE 5.3 Comparison of calculated rate coefficients versus temperature from recent 
experimental studies and current recommendations. All fits are computed at a densit\' of 
4xl0'^cm'\ 

-•— best fit from JPL form 

m JPL-97 

. Dranstield 

. I UPAC 

4 Brown 

• G0lden(HONO2) 

• .. lull form fit. Tc=395K 

100 150 200 

Temperature (K) 

250 300 
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FIGURE 5.4 Comparison of calculated rate coefficients versus temperature from recent 
experimental studies and current recommendations. All fits are computed at a density of 
ixio'̂  cm'̂ . 

140 

— Best Fit with JPL lomai 
. Brown 
• jpl-i? 
, Golden(HONO;i 

Dranslield 
. .  •  . .  B e s t  t i t  w t h  f t i l l  f o r m a t .  T c = 3 9 S  

ILPAC 

120 : 

100 : 

•r. 

60 : 

40 :  

150 100 200 250 300 

Temperature (K) 

The best limiting high-pressure rate coefficient found from the JPL format was 

1.9(±0.5) X 10"" cm^ s"'. which is in good agreement with past recommendations. As 

mentioned earlier, in the current fit. the limiting high pressure rate coefficient was found 

to have no temperature dependence since the fits were giving errors for the temperature 

exponent on the same order of magnitude as the value itself, which was less than one in 

all fits of the nitrogen data. This is the primary difference between the current 

recommendation and that of JPL. Golden et al also suggest a small temperattare 
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dependence of the high pressure limiting rate coefficient.^® Brown et al. recommend a 

larger value for this temperature exponent. Ox. Figures 5.3 and 5.4 graphically show the 

effect of the current recommendation at low and high pressures versus past 

recommendations. For example, the effect on the current JPL recommendation for 

stratospheric conditions is a 16 % decrease at 220 K and a density of 4x1 o'' cm""", and a 

26% decrease at 220 K and a Ixio'^ cm'" density. 

This nitrogen data was also fit to a "full format." in order to see the effect of the 

approximations in the JPL format on the limiting rates. As seen from the y/ values listed 

in Table 5.2. the " full format" gave a better fit to the data. This best fit gives limiting 

high and low pressure rate coefficients that overlap well with the values from the JPL 

format. .M low pressures the two fits are within 2% of each other, from 300 - 100 K as 

presented in Figure 5.3. Wliile at higher pressures the two fits begin to diverge at 220 K 

as shouTi in Figure 5.4. This "full form" best fit suggests the same 16% decrease of the 

current JPL recommendation at 220K and a densit\' of 4xl0'' cm"', while at this same 

temperature and a higher density. Ixio''' cm"', a 22% decrease is recommended. This 

"full format" fit agrees vvell with the present Dransfield et al. recommendation as 

represented in Figures 5.3 and 5.4. The lUPAC suggested limiting low pressure rate 

coefficient overlaps well with the current recommendation, while their is double 

what is currently found. It should be noted that in the ILfP.AC fit the high-pressure argon 

data of Fulle et al. is accounted for. which constrains this value. Experiments to date 

performed with nitrogen as a buffer have been carried out at densities well below die 
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expected high pressure limit, thus not allowing for a reliable extrapolation of the high 

pressure limiting rate coefficient. 

In the present study, experiments were also performed in Ar under e.xtreme 

conditions, where T = 52 K. and at pressures from 0.5 to 5 Torr. The rate coefficients 

and specific flow conditions used are listed in Table 5.3. The current fit was performed 

with argon data from the following sources: Wine ei .Ajiastasi et Robertshaw 

et ai: ' Fulle el and the current rate coefficients measured. Most past studies have 

included other gases in their fits by assuming a "semi-strong" collision assumption, 

where the density. [M]. is replaced by a reduced form P [M].''''""" With the current data 

and the high pressure data of Fulle ei al. the "semi" strong approximation does not 

provide a good fit. Therefore, in order to fit our data the "full format" is warranted, 

where weak collision effects are also accounted for. The fit was found not verv* sensitive 

to the collision efficiency value. The best fit with the smallest •/" was found when P vvas 

set to 0.11. which gave no = 2.1(±0.02). k,,'""" = 1.3(±0.3)xl0-''' cm' s"'. and k.^"" = 

5.5(±0.9)xl0'" ernes'". Table 5.3 also presents the rate coefficients derived from these 

best-fit vales, and Figure 5.5 shows graphically the best reduced falloff curves. 



Table 5.3 Experimental values and best fit values for OH - NO: ^ Ar. 

Density- (cm'^) P (Torr) i T ( K )  !  
i i 

i 1 

k^xpt 

(10"'- cm^ s ') 

1 i 
t ; 

( l O  ' - c m S  ' )  

1.03x10" 0.56 i 52.3 : 
1 ! 
i 1 

2.19(±0.83) 1 2.99 

2.00x10" 1.09 

00 r i 5.25(±0.62) 1 4.80 

4.00x10" 2.23 : 53.9 ! 
1 1 
1 1 

6.29(±0.52) 7.38 
I 1 

8.21x10" 4.46 
ri 

17.6(±1.5) 11.6 

' P = 0.11. no = 2.1 (±0.2). k,/"" = 1.3(±0.3)xl0-^". = 5.50(±0.9)xl0-" 



FIGURE 5.5 "Full format" best reduced falloff curves for OH -r NO; + Ar. where P = 
0.1 h ko(T)=l.3(±0.3)xl0"" (T/300)--""'^-' cmV: UT)=5.5(±0.9)xl0-" cm^s"'. Also 
presented are the experimental rate coefficients found for this reaction at 52 K. 300 K and 
400 K. 
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^ Wine et al. 297R 

o Anastasi cl al. 296lv 
4()0K. n=-:.07 

l.OE+16 l.OE+17 l.OE+18 l.OE+19 l.OE+20 l.OE+21 l.OE+22 

Density (cm"') 

The 300 K limiting low pressure rate coefficient found compares well to all 

values previously found. The variation of nn had the largest effects on the fits at 52 K. as 

seen in Figure 5.6. The global fit was improved by fitting n^ to the 52 K data. 

Unfortunately, the data set at 52 K was limited since this technique requires different 

Laval nozzles for the same temperature, but different pressures. The best fit has been 

shown graphically in Figure 5.5. This recommendation shows good agreement between 

the current low pressure, low temperature data and the high-pressure data. There was 

some deviation from the fit in the density range of 1 x 1 o''' cm"' and 1x10"'' cm'^. 
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FIGURE 5.6 The fallofF behavior of the rate coefficients versus density- is presented. 
Also represented is the effect of variation of the temperature exponent, no by 0.2 at the 
temperatures. T = 52 K. 300 K. and 400K. which were used to measure the e.xperimental 
rate coefficients also depicted.. 
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Q rfoc et al. 4rjOK. rroe et al. ?00K 
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Further, the 300 K limiting high pressure rate coefficient is in accord with the 

\alue Chakraborty ei al.^' had predicted through calculating the rate coefficients using 

canonical variational RRKM theory, but they also predict a temperature dependence 

which currently is not supported. The current limiting high pressure recommended rate 

coefficient also agrees well with Robenshaw et. al. who predicted a value that should 

be greater than 3x10'" cm ^ s"'. Fulle et al.'^ predicted a slightly higher value but the 

present recommendation falls well within their error bars. Of course the fits for high 

pressure dependence were most effected by the data of Fulle et. al.'^ It should be 

mentioned that when considering the recommendation by Matheu et. al.°'* any rate 

coefficients measured where pressures are greater than 10.000 Torr shall most likely be 

convoluted with the rate for the production of the isomer, peroxynitrous acid, HOONO. 



The data of Fulle et al. is then left out of the fit. which lowers the limiting high pressure 

rate coefficient found in the present work to 2.7x10'" cm"' s"'. However, there was only a 

slight change in the limiting low pressure rate coefficient to ko(T) = 1.6x10'''° (T/300)'" ' 

ernes'". This fit is shown graphically in Figure 5.7. It is easily seen that without the high-

pressure data, the reduced curves do not represent our data as well. 

It should be noted that the limiting high pressure rate coefficient should be 

independent of bath gas since the rate limiting step should be the formation of the 

activated complex. Unfortunately when the suggested value. 5.5x 10""cm'' s"'. for argon, 

was used for the global fitting of the Ni data, the •/_" value doubled in value. .A,s 

mentioned earlier, experiments to date performed with nitrogen as a buffer have been 

carried out at densities well below the expected high pressure limit. At present, this leads 

to .Ar and N': data sets that are unable to mutually e.xtrapolate to form a single globally 

congruent rate model over the full pressure range. 
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FIGURE 5.7 "Full formar' best reduced falloff curves found for OH + NO: + where 
the high pressure data of Fulle. et af^ has been left out of the calculations. The best fit 
parameters found were P = 0.11; ko(T)= 1.6x10'"° (T/300)'" " cmV: and k^(D=2.7xlO'" 
cm"'s''. 
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5.4 Conclusion 

This study has accurately described the temperature dependencies of the limiting 

high and low pressure rate coefficients for the reaction OH - NO: with M = .\r. Ni. 

The nitrogen data can be fit fairly well with a simplified falloff form. Our data concurs 

with current studies.'"''^' that suggest a 20% reduction of the current JPL 

recommendation. There is a great need for data at high pressure and low temperature 

conditions in nitrogen to more accurately extrapolate the high-pressure limit. Such data 
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set should allow for a better understanding of the precise temperature dependence and 

possibly product branching. 

For data in which argon was the bath gas. a "full form" falloff model must be 

used, in which both strong and weak collisions are accounted for. The "semi" strong 

assumption should not be used for rate coefficients measured at e.xtreme conditions. The 

current study has demonstrated the need for rate coefficients measured under such 

extreme conditions, such as low temperatures, to accurately fit the temperature 

dependence of the limiting rate coefficients. .A.lso. these rates measured for extreme 

conditions allow fair extrapolation to the limiting high-pressure and low pressure rate 

coefficients, enabling accurate prediction of rate coefficients for atmospheric conditions. 
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CHAPTER 6. CONCLUSION 

Constant temperature, density, and velocity flows formed via supersonic 

expansions from convergent - divergent Laval nozzles were used to measure the 

temperature dependence of association reactions involving neutral - neutral molecules, 

specifically hydroxyl radical reactions. The hydroxyl radicals were produced in these 

studies by either pulsed photolysis of hydrogen peroxide, or via cold cathode discharge in 

water vapor. .A.11 rate coefficients were measured via OH loss through laser induced 

fluorescence. (LIF). which provided information about the local thermal condition, in 

addition to providing a measure of the relative radical concentration. A detailed account 

of the production and characterization of the uniform flow has been explained. This 

technique has proven powerful in measuring rate coefficients at low temperatures (50 -

250 K) and reasonably high densities (lO'^ - lO'' cm"""), where other methods have 

demonstrated problems because of condensation problems. The pulsed uniform 

supersonic flow reactor has extended the utility of this method by reducing the pumping 

and gas requirements needed to form a constant velocity, temperature and density gas 

flow. This improvement has made it possible to measure kinetic isotope effects since less 

gas is consumed, and isotopomers can be costly. The specific systems studied were the 

bimolecular reaction OH -s- HBr. and its isotopic variants; as well as the termolecular 

reaction. OH NO:. 

The reaction of OH - HBr is a major pathway for regeneration of the active Br 

radical in the stratosphere. The rate coefficient found is around a 100 times larger than 

the corresponding chlorine reaction, making ozone depletion potential via brominated 
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species in the stratosphere much greater/' The temperature dependence of the rate 

coefficient for the OH + HBr system has been studied using both the continuous and 

pulsed supersonic flow reactors at low temperatures (T = 48 - 224 K). At temperatures 

below 200 K. the reaction shows inverse temperature dependence, but at temperatures 

above 200 K. the reaction shows insignificant temperature dependence. At temperatures 

characteristic of the stratosphere (> 150 K). this reaction does not display large 

temperature dependence. These and past experimental studies now converge to a self 

consistent model, which accurately describe the temperature dependence for the OH 

HBr reaction within in the temperature window 20 to 350 K. .•Ml experimental fits are in 

accord with a reaction surface possessing no significant reaction barrier. Quantum 

scattering calculations predict the qualitative temperature dependence well, but fail at 

predicting the absolute values of the rate coefficients measured at low temperatures.^' 

This reaction has also become a benchmark for high level dynamical theory. 

In order to provide more insight into this interesting system, the rate coefficients 

for isotopic variations of OH and OD radicals with HBr and DBr were investigated at 

temperatures between 120 - 224 K using the pulsed uniform supersonic reactor with laser 

induced fluorescence of either OH or OD loss. The lack of observed isotopic scrambling 

indicates the reaction occurs by H/D atom transfer at all temperatures. Both the primary 

and secondary KIE demonstrate turnover to inverse behavior, kn/ko < 1 at temperatures 

below 200 K. This result agrees qualitatively with the variational transition state theory. 

VTST. calculations, which predict inverse primary and secondary kinetic isotope effects 

at 300 K.^* These calculations suggest the inverse KIE is a consequence of smaller zero 
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point energy adjusted barriers for the deuteraied system versus the hydrogenated system. 

Inverse secondary kinetic isotope effects came from the difference in the DOH versus 

HOH" bending frequency in the transition state. Unfortunately this VTST method has 

failed at predicting the correct temperature dependence seen for the rate coefficients of 

the OH - HBr reaction. This study provides the first experimental observation of inverse 

primary- kinetic isotope effects in a hydrogen transfer reaction. These results provide the 

necessary data for comparison with theoretical calculations, which are clearly needed 

before detailed understanding of this complex chemical reaction will be possible. 

The atmospherically important reaction. OH NO: was studied at the low 

temperatures of T = 52 - 249 K, and pressures. P = 0.5 to 10 Torr. This reaction plays 

the dominant role in controlling the partitioning between active nitrogen oxides. NO^. and 

reservior species. NOy. It also interrupts the HOx. and NO^ ozone destroying catalytic 

cycles by taking the active OH and NO: and transforming it to the reservior. HNOj. The 

present rate studies were performed with both the continuous and pulsed uniform 

supersonic flow reactors by monitoring the OH loss by LIF. The rates of OH NO: 

reaction are known to be complicated functions of both temperature and pressure. At low 

pressures, this reaction is termolecular. where it depends on the pressure of both reactants 

and the stabilizing buffer. While at high pressures the reaction is bimolecular and only 

depends on the pressures of the reactants. The region between these extremes is termed 

the failoff regime. Troe has formulated a method in vvhich this falloff regime can be 

modeled simply without the use of full RRKM theory*. 
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Employing falloff behavior analysis, the rate coefficients found for OH + NO: + 

N: are compared with the most recent sets of recombination rates obtained at higher 

temperatures as well as various rate recommendations. The current recommendation 

suggests a 20 % reduction of present JPL recommendation. This reduction increases the 

OH and NO: concentrations in the terrestrial atmosphere. Without consideration of other 

atmospheric reactions, this would lead to an increase in the overall efficiency of the 

catalytic ozone destruction mechanisms. Of course, in reality, there are other reactions 

occurring in the atmosphere which must be considered when discussing actual effect on 

the atmosphere. Therefore these rate coefficients provide a significant contribution to the 

database used by atmospheric modelers. 

Rates of these complex associations can also serv e to test the theory of prediction 

of termolecular rate coefficients and their dependence on temperature and pressure. With 

this in mind OH ~ NO; ̂  As, was studied at an extremely low temperature. 52 K. Unlike 

the N: data, which was fit to a simplified falloff form, a "full form" must be used, in 

which strong and weak collisions are accounted for. The current study clearly 

demonstrates that data found at extreme conditions, i. e. very low temperatures or very 

high pressures constrain the limiting high and low pressure rate coefficients, which 

enable accurate prediction of the behavior of the association reaction. It should be 

mentioned that the limiting high pressure rate coefficients, which should remain 

unaffected by buffer gas. were not equal for the N: and .A.r fits. The current data in Nj 

was measured at pressures well below the high pressure limit. There is a great need for 



more rate coefficients to be measured in N: at low temperatures and high pressures. This 

data will provide the essential values needed to understand this difference. 

This research adds to the established record of using supersonic flow to study low 

temperature gas phase chemistry', in particular chemical kinetics. The direction of these 

kinetic studies remains two-fold: to provide rate coefficients for direct application in the 

modeling of natural environments and to extend understanding of molecular dynamics. 

•As more molecular information is obtained about planetar\' atmospheres and the 

interstellar medium, the kinetic systems studied will be extended to the molecules that are 

prevalent in these envirormients. 

Rate coefficients measured at low temperature aid in answering questions about 

chemical dynamics. These measurements provide an increase in the temperature range 

available, which allows an excellent check of theoretical models. Also, at these low 

temperatures very small effects such as the existence of slight endoergicities or activation 

energies, as well as the influence of rotational excitation can be highlighted. These 

experimental results and theoretical models will provide the basis for true understanding 

of complicated polyatomic collision dynamics. 
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APPENDIX A. CALCULATION OF Sk AND BK 

The Kassel Parameters. Sk (the effective number of oscillators in the activated 

complex), and have been defined in Troe as-7^ 

c In Q' 
s k  = 1 - (A l )  

Bk 

f \ 
S k  - 1  

T cl T 

eq + a(eo )e^ 
(.A2) 

V  s  - 1  

where T is the temperature. Q' is the partition fijnction of the activated complex, s is the 

number of oscillators of the complex. Eo is the dissociation energy of the complex. a(Eo) 

is the Whinen-Rabinovitch correction factor for the density of states.^^ Ez denotes the 

zero point energy of the complex, and kb is the Boltzmann constant. 

To calculate Sk from measurable quantities, unlike Q'. Keiffer et al. derived a 

relation to n^. '^ The experimental temperature dependence of a rate coefficient for an 

association reaction is usually expressed in the form: 

k. =kl°° 

( a " r 
T 

V 300 ) 

exp 
-e 

v k,t , 

(A3) 

while the transition state theory expression is: 

k, = f 'kbTl  Q' 
exp 

-E '  

V h y _Q(OH)Q(NO,  )  

exp (A4) 
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where Q(OH) and QCNOi) are the total partition ftinctions for the reactants. E'' is the 

acti\ation energy to the transition state. In order to define ^—. the quantity 

cl T 

c ln (k ,  )  .  
is evaluated for both equations (A3) and (A4) and then set equal. Under the 

cT 

assumptions that all the species involved have classical translational and rotational 

partition functions and that there is no significant temperature dependence in the 

electronic partition functions. Sk is evaluated to be: 

5  ^ f l n [ Q . ( O H ) ]  c i n [ Q . ( N O , ) ]  
= n^ + - + T + T (A3) 

2 ^ cT 

where Q v ( O H )  and Qv(N02) are related to the vibrational energies of the reactant 

molecules. Table Al. lists all values used in these calculations.''^ 

Table .41 List of all parameters used to calculate the Kassel parameters. and Bk-

OH stretch frequency 3550 cm' 

NO: Symmetric Stretch frequency i 1325 cm' 
I 

NO: .Antisymmetric Stretch frequency I 1708 cm' 

NO: Bend frequency ! 879 cm' 

El) 
• 

47.79 Kcal/mol 

a(Eo) 0.948 

E^ 16.1 Kcal/mol 
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APPENDIX B. CALCULATION OF F^'^cent 

Calculation of can be performed from the formalism of Troe. which is described 

belo\v.^° 

F . ™ ( S , . B J = F ,  ( S J + F ,  ( S J « P 

f \ 
- b .  

V 19.5 

! l -F ,  (S  ) | exp  2.3 
bk 

\ 

(sk ). 
J 

(B l )  

where 

P ,  (S ,  )  = l,32exp 
! - S ^ ( 

- 0.32expj 
-S ,  

V 4.2 } \ 1.4 / 

(B2) 

F:  (S^  )  =  I  -  exp  
-S .  

30 } 

F 3  { S ^  )  =  7 . 5  +  0 . 4 3 5 ,  

(B3)  

(B4) 
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