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ABSTRACT

Infrared cavity ringdown spectroscopy provides for sensitive spectroscopic
detection with a time scale of microseconds. This thesis discusses the implementation of
infrared cavity ringdown spectroscopy for studies of atmospheric reactions.

Chapter 1 details the infrared cavity ringdown spectrometer assembled in our
laboratory. Pulsed infrared radiation was generated by pumping an optical parametric
amplifier (OPA) with 532 nm light from a doubled Nd:YAG laser, and a tunable dye
laser provided the signal frequency. The ringdown decay was fit to an exponential curve
to extract a ringdown time from which concentrations of absorbing species could be
determined. Initial measurements indicated that our apparatus is a highly sensitive
spectroscopic probe of infrared transitions of molecules with absorption linewidths
greater than 1 cm™. Our detection limit for the j = 7 line of the v; band of methane in a
43 inch cell was 10" molec/cc of methane.

Chapter 2 describes initial kinetics experiments performed with our apparatus for
the reactions of HO, + HO, and HO, + ClO. Our results for the rates of the HO, + HO,
reaction and the HO, + ClO reaction agree well with literature values, demonstrating the
capabilities of our system for use in kinetic studies. We were unable to observe the
formation of the postulated HOOOCI intermediate from the reaction of HO; + ClO due to
spectral interference from H,O, in the region where HOOOCI is predicted to absorb.

Chapter 3 discusses studies of the reaction pathways undergone by alkoxy
radicals. We found that photolysis of the alkyl nitrite precursor at 248 nm resulted in an
unexpectedly high rate of decomposition of the alkoxy radicals, and we attributed this

result to excess energy in the alkoxy radicals following photolysis at this wavelength.



vi

With photolysis at 351 nm, no decomposition products were detected. At this
wavelength, we observed an -OH peak at 3675 cm™ for the n-butoxy and n-pentoxy
radicals, which is evidence of the isomerization channel. For the n-butoxy radical, we
determined that the ratio of the rate for its reaction with O, versus its isomerization
(ko2/Kisom ) was (4.0+0.1)* 10 ¢m® molec™ when probing the isomerization product
milliseconds after the generation of the n-butoxy molecule and (3.6+1.4)*10% cm?®
molec™ when probing the isomerization product 10-20 us after the generation of the n-
butoxy radical. For the n-pentoxy radical, we placed an upper limit on the ratio of

koo/Kisom Of 5.6* 102! cm® molec™.
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CHAPTER 1

INFRARED CAVITY RINGDOWN
SPECTROMETER



1.1 INTRODUCTION

Understanding the complex network of reactions in the earth's atmosphere is of
utmost importance. Current areas of interest include quantifying the effect of
anthropogenic emissions on the environment, controlling levels of stratospheric and
tropospheric species such as ozone, and predicting future trends in the atmosphere.
Atmospheric studies can be addressed on three fronts: 1) in situ detection of atmospheric
species and reactions, 2) modeling studies, and 3) controlled kinetic studies in laboratory
settings. These three approaches have proven to be complimentary, yielding abundant
information about the atmosphere in recent years.'

One role of laboratory studies is to simplify the atmospheric reactions to a level in
which quantitative information such as reaction rates and branching ratios can be
garnered. Field studies can determine the concentrations and trends of various molecules
in the atmosphere. Models can then be designed to incorporate the kinetic information
obtained in laboratory studies in order to gain an understanding of the chemistry of
species observed by the in situ studies. As models and in sifu measurements improve, it
is necessary to obtain more precise data from laboratory étudies.

There are many challenges presented when one attempts to study atmospheric
reactions in a laboratory setting. Some of the most reactive and chemically interesting
species in the atmosphere are radicals that are created from the sun's photolysis of stable
species. For example, the destruction of ozone in the stratosphere is a result of reactions
with radicals such as Cl, C1O, OH, and NO. Due to the high reactivity of radicals, they

can be difficult to prepare and study in a controlled manner. While it is often
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advantageous to study a single radical-radical reaction in order to obtain unambiguous
data, it is usually difficult to control side reactions undergone by these reactive species.
Radicals may undergo reactions with many species present in the reaction mixture, such
as with reactant precursors and reaction products, in addition to the reaction that is being
studied. At lower pressures and lower radical concentrations, side reactions can be
minimized; however, lower concentrations of radicals demand more sensitive detection
techniques.

The work described in this thesis utilizes a highly sensitive laser spectroscopic
method for probing atmospheric reactions in the laboratory called infrared cavity
ringdown spectroscopy (IR-CRDS). Cavity ringdown is a powerful spectroscopic tool
which has been used in a variety of applications.® The superior sensitivity of IR-CRDS,
compared to traditional detection methods, has allowed us to extend this technique to the
kinetic studies of atmospheric reactions and the detection of low concentrations of

reactants, intermediates, and products.

1.2 OVERVIEW OF CAVITY RINGDOWN SPECTROSCOPY

Cavity ringdown spectroscopy (CRDS) is a method for obtaining high
spectroscopic sensitivity on a timescale of microseconds. The technique was first
reported by O'Keefe and Deacon in 1988.? and it has been successfully implemented for
studies of low concentrations and weak spectroscopic transitions of molecules.>* Cavity
ringdown spectroscopy has been applied to a wide range of systems, such as detection of

HCN overtones,® measurement of the absorption of methyl radicals’ and water clusters®,
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and for kinetic studies of gas phase reactions.”!® CRDS has been implemented in
wavelengths spanning the infrared, visible, and ultraviolet spectral regions.*

In traditional absorption spectroscopy, the amount of light absorbed by a sample
is measured by subtracting the amount of light that passes through the sample from the
amount of light that was sent into the sample. Beer's law can then be used to determine
the concentration of a species with a known absorption coefficient. While this form of
spectroscopy has been widely used, it is limited to cases in which sensitive measurements
of the incident and output radiation can be made. When absorptions are very small
(~10™), other techniques must be used to obtain accurate absorption measurements.
Direct absorption spectroscopy often is not sufficiently sensitive for studies of low
concentrations of species or species with small absorption cross sections.

In cavity ringdown spectroscopy, mirrors are placed on both ends of the absorbing
species, forming a highly reflective cavity. Light is injected into this cavity and bounces
back and forth between the mirrors, with a small amount escaping on each pass (Figure
1.1). The energy of the output radiation decays exponentially, and the rate of the
exponential decay is dependent on the reflectivity of the mirrors and on the amount of
absorbance within the cavity. As absorption inside the cavity increases, the output signal
will decay more quickly. A significant advantage of CRDS is that it is a direct absorption
technique that does not rely on a knowledge of the energy of the incident radiation, since
the only measured parameter is the rate of decay of the output radiation.

The ringdown time, T, is defined as the time at which the ringdown signal has

decayed to 1/e of its initial value. Straightforward algebra can relate 7 to the reflectivity
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(R) of the mirrors bordering an empty cavity (where c is the speed of light and L is the

length of the cavity):
L.
’C _—
c (1-R)
Addition of an absorbing species between the ringdown mirrors modifies the
above equation, so that if the mirror reflectivity is known, the absorbance (A) can be

determined based on the ringdown time:

L

=
c[(1-R) + A]

In practice, one can determine the mirror reflectivities based on the ringdown time
of an empty cavity of length L. Then, an absorbing species can be placed between the
ringdown mirrors so that the value for A can be determined. The absorbance can be
related to the molecule's cross section (o) and concentration (c) with a known pathlength
(L) with Beer's Law: A=ccL. Therefore, if the absorption cross section is known for the
species, then its concentration can be determined; conversely, a cross section can be
extracted if the concentration of the species is known.

Scherer et al."' pioneered the use of CRDS in the infrared region (IR-CRDS),
obtaining spectra of methane in the 3um range. Subsequently, infrared CRDS was used to
determine the absolute concentrations of water dimers, trimers, tetramers, and pentamers
in a pulsed supersonic expansion by Paul and coworkers.® Recent applications of IR-
CRDS include detection and characterization of alkyl peroxy radicals'” and of alcohol

1
clusters®®.
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1.3 INFRARED CAVITY RINGDOWN SPECTROMETER

Our apparatus combined infrared cavity ringdown spectroscopy with a gas
kinetics reaction cell in order to study reactions of importance in the stratosphere and
troposphere. Absorption in the infrared was used to fingerprint the molecule(s) of
interest, and the cavity ringdown spectrometer provided for highly sensitive detection of
reactants, products, and intermediates. The kinetics cell facilitated the generation of

radical reactants via photolysis of precursors by an excimer laser.

A. Generation of pulsed infrared radiation via optical parametric amplification

One disadvantage of cavity ringdown spectroscopy is that most of the incident
light is lost as it is injected into the cavity through the front mirror. For example, if the
mirrors are 99.99% reflective, then only 0.01% of the incident radiation will penetrate the
mirror and enter the cavity. Therefore, a high-energy light source is needed to overcome
the losses inherent in cavity ringdown. While high-energy pulsed lasers are
commercially available in the visible and UV regions, they are not available in the mid-
infrared region. Our experiments also required a light source that would be tunable over
a broad range so that we could scan the infrared spectra of several molecules. To this
end, we generated pulsed infrared radiation by building an optical parametric amplifier
(OPA) which converted visible radiation into infrared radiation.

An OPA takes advantage of the optical properties of nonlinear crystals to convert
a single photon of pump radiation into two photons, designated the signal and the idler,

where the sum of the frequencies of the signal and idler is equal to the frequency of the
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pump beam in compliance with the law of conservation of energy.'* The pump radiation
and small energies of the signal radiation are sent into the nonlinear crystal, and some of
the pump photons are converted to photons at the signal and idler frequencies. In order
for this conversion to occur, conservation of momentum dictates that vector addition of
the momentum of the resultant signal and idler radiation must equal the momentum of the
pump radiation."” Satisfying this condition is termed phase matching and can be
achieved by manipulating the polarizations and input angles of the beams into the crystal,
taking advantage of the asymmetry of the crystal’s index of refraction. Our setup, based
on the configuration reported by Reid,'* used Type II phase matching, in which the
polarizations of the pump beam and the idler beam are oriented parallel to the axis of
crystal rotation (termed "ordinary"), and the polarization of the signal beam is oriented
perpendicular to the axis of crystal rotation (termed "extraordinary"). A depiction of our
OPA setup is shown in Figure 1.2.

We chose potassium titanyl phosphate (KTP) for our OPA crystals because KTP
has a relatively high damage threshold (>250 MW/cm?), and it does not absorb the idler
frequencies that we required (2.5 - 3.5 microns). The crystals were cut at 44 degrees off
the z-axis in the x-z plane; the face of the crystals were 7 mm x 7 mm, and they were 15
mm in length (Crystal Technologies). We used two KTP crystals in series in order to
obtain a higher conversion of pump to signal and idler radiation. The angle of each KTP
crystal was controlled with a stepper motor (Superior Electric Slo Syn MO61-LSO2E)
mounted on a translation stage. A rod was attached to the top of the translation stage, and

a spring was used to hold a 10 cm long lever in contact with the rod. The other end of
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this lever was attached to ball bearings (Barden Precision) mounted to the crystal holder
so that rotating the stepper motors provided for fine rotation of the KTP crystals.

A schematic of our experimental setup is shown in Figure 1.3. Our pump beam
consisted of 532 nm radiation generated by doubling the output of a Nd:YAG laser
(Spectra Physics GCR 130). Typical energies obtained were around 130 mJ for an 8 ns
532 nm pulse with the YAG running at 10 Hz. After exiting the YAG laser, the 532 nm
beam passed through a quarter wave plate and a half wave plate before approximately
20% was diverted to pump a dye laser (Spectra Physics PDL3), which produced the
signal radiation. Rotating the quarter and half wave plates adjusted the polarization of
the 532 nm radiation, so that the amount of light that was sent to the dye laser could be
controlled. The pump beam then passed through a delay line, the length of which was
adjusted to optimize the temporal overlap of the pump and probe beams at the OPA. The
polarization of the beam was then adjusted with another half wave plate so that it entered
the OPA horizontal to the plane of the laser table (in keeping with the requirements for
phase matching).

The dye laser produced the signal beam with vertical polarization and
approximately 1 mJ of energy. With DCM {2-[2-[4-(dimethylamino)phenyl]ethenyl]-6-
methyl-4H-pyran-4-ylidene]-propanedinitrile} dye, the output wavelength could be
varied from 600 to 660 nm. After exiting the dye laser, the beam was reduced with
telescoping optics to approximately half of its original size before it was combined with
the 532 nm beam and sent into the OPA. Reducing the beam size, and thus increasing the

intensity per unit area of the beam, was found to improve the conversion efficiency of the
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OPA. We decided not to reduce substantially the size of the pump beam because the high

energy of this beam could damage the KTP crystals if it were focused too tightly.

With typical input energies of 110 mJ of 532 nm light and 1 mJ of 632 nm light,
our OPA produced approximately 0.5 - 1.5 mJ of infrared radiation. The output energy
fluctuated throughout the day and was very sensitive to the exact orientation of the beams
entering the KTP crystals. As the YAG laser warmed up throughout the day, the
conversion efficiency tended to increase even though the output energy of the YAG laser
remained constant. This is likely a result of a changing transverse mode pattern of the
YAG laser as a function of temperature. Therefore, we typically allowed the YAG to
warm up for one to two hours before beginning experiments.

The linewidth of the output radiation from an OPA is limited by the larger of the
linewidths of the pump or signal beam. Generally, our experiments did not require
narrow linewidth infrared radiation, and so we did not seed the YAG laser. The PDL3
dye laser specifies a linewidth of 0.07 cm™. The linewidth of the unseeded YAG laser
was approximately 1 em™, and thus the linewidth of the infrared radiation was
approximately 1 cm™. When the YAG laser was seeded, its linewidth was narrowed to
approximately 0.1 cm’, but the energy of the YAG was reduced by 20-30%, and the
OPA was operating near its threshold for conversion. It was therefore difficult to obtain
enough infrared radiation to observe a ringdown signal. Recently, replacement of the
YAG flashlamps has increased the energy of the YAG laser by approximately 20%, and
so performing CRDS experiments with the seeded YAG laser will be a viable option for

future experiments.
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Visual Basic programs were written to move the two stepper motors that
controlled the angles of the OPA crystals and the stepper motor that controlled the dye
laser wavelength. The stepper motors controlling the OPA crystal angles were interfaced
to the computer with a Keithley Instruments PIO-12 Digital I/O board, and the stepper
motor controlling the dye laser wavelength was computer-interfaced with a Keithley
1800HR Data Acquisition board. The 1800HR was more reliable than the PIO-12, but it
did not have enough output ports for all three stepper motors. (Each stepper motor
required two signals: one to control the direction of movement, and one to supply the
steps.)

The relationship between the dye laser wavelength and the angle the KTP crystals
required for maximum IR conversion at each wavelength was found empirically to be
linear for our wavelength range. Therefore, a program was written to automatically
adjust the angles of the crystals whenever the wavelength of the dye laser was adjusted.
The computer interface allows the user to adjust the "b" value of the y = mx + b equation
used in the correlation of the dye wavelength and the stepper motor, where y is the crystal
position (arbitrary units), m is the empirically-determined slope, and x is the dye
wavelength in units that appear on the dye laser dial (40 * the wavelength in nm).
Typical values for m and b were -55 and 1,000,000, respectively. The values for b

required large adjustments whenever the OPA hardware was altered.

B. Ringdown Cavity

After passing through the OPA, the green and red beams were picked off with

two sapphire optics with AR coating centered at 532 nm and 630 nm, respectively.
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Remaining traces of the red and green light were eliminated by passing the beams
through a polished silicon optic placed at Brewster's angle (74 degrees) so as to allow for
maximum transmission of the IR light. The infrared light was then directed into the
ringdown cavity with a 45 degree mirror. We found that with a longer ringdown cell, it
was helpful to loosely focus (100 cm FOC CakF; lens) the light into the cavity. However,
with shorter cells of approximately 30 inches in length, focusing the light into the cavity
did not make a noticeable difference in the intensity or profile of the ringdown signal.

For the experiments reported here, we used ringdown mirrors whose reflectivity
was centered at 2.7 microns (Los Gatos Research). Good reflectivity of > 99.99% was
obtained from 2.5 through 3.0 microns, and typical ringdown times for an evacuated 50
cm cell were on the order of 10 microseconds. We also obtained a set of mirrors with
peak reflectivity centered at 3.3 microns which were used in initial sensitivity
determinations. The ringdown mirrors required cleaning approximately once a week
while running experiments. The procedure for cleaning the mirrors was to remove them
from their mounts, blow air over them to remove particulate matter, and then to wipe
them carefully with lens paper and drops of methanol followed by acetone. (The final
rinse with acetone removes residue that can remain after the methanol washing.)

The mirror mounts, also purchased from Los Gatos Research, were compatible
with our vacuum cell as the mirrors were mounted against an o-ring and could be angle-
tuned with three adjustment screws. Stainless steel holders were machined so that the
mirrors were situated seven inches above the laser table, which corresponded to the

height of the laser beams. Holes were drilled and tapped into the sides of the mirror
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mounts so that we could purge the ringdown mirrors with inert gas to prevent reactive
chemicals from reaching and damaging the mirror surfaces.

The ringdown mirrors were aligned by sending the infrared radiation through two
irises that were placed several inches apart in front of the InSb detector. Then a HeNe
laser was sent through the irises so that we could visualize the pathway taken by the IR.
The rear ringdown mirror was placed a few inches in front of the InSb detector with the
HeNe light hitting the middle of the mirror, and the angle of the mirror was adjusted so
that the HeNe radiation was reflected directly back into the HeNe laser. Next, the front
ringdown mirror was situated and adjusted so that the reflection of the HeNe off the back
of this mirror was directed back to the HeNe laser. At this point, the two ringdown
mirrors were aligned parallel to each other and perpendicular to the path of the incident
IR radiation.

When the ringdown cavity was pumped out so that low-pressure experiments
could be performed, the vertical tilt of the mirrors needed to be adjusted by
approximately 1/8 turn of the vertical adjustment screw. It was often challenging to align
the mirrors so that all of the light was collected by the detector. When only some of the
transverse modes of the ringdown signal were collected, the ringdown signal oscillated as
it decayed. The primary method for eliminating the oscillations was to realign the
ringdown mirrors, and when this did not correct the problem, other IR optics typically

needed adjustments.
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C. Gas Kinetics Cell

Several iterations of gas kinetics cells were used in our apparatus, based on the
demands of the experiments. The simplest cells consisted of a single quartz tube of 17 -
30 inches in length with a one inch diameter (Figure 1.4). A one inch diameter was
necessary for the cells so that the IR radiation would not be clipped by the cell walls as it
passed back and forth between the ringdown mirrors. Ports with teflon valves connecting
to the vacuum pump (Welch 1398, 53 cfm), the Baratron (MKS 1000 Torr), and the
thermocouple gauge (Varian) were inserted into the ends of the cell. The thermocouple
gauge measured pressures of 1-2000 mTorr and was used to check for leaks in the cell.
Measurements of the cell pressures used for our experiments of approximately 50-700
Torr were facilitated by the Baratron. Gases were introduced into the cell via a manifold
oriented perpendicular to the main cell and connected to the cell with an o-ring seal. The
ringdown mirror mounts were fitted with metal-to-glass seals terminating in a glass o-
ring joint which then could be connected to either end of the main cell.

A more complex cell was built to achieve low temperatures (Figure 1.5). This
cell had three jackets: reactants were introduced into the inner tube; the middle tube
contained the methanol coolant, and the outer tube served as a vacuum jacket to prevent
frosting on the outside of the cell. Construction of the cell was simplified by placing the
vacuum jacket around only the photolysis region of the cell. The coolant jacket was
extended upward toward the gas inlets to ensure that the gases had sufficient time to
reach thermal equilibrium before entering the experimental region. In regions where the
coolant jacket was not enclosed by the vacuum jacket, insulation was required to prevent

buildup of frost while running the experiments at low temperature. Additionally, it was
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necessary to purge the outside of the cell in the photolysis region with dry air generated
with a compressed air dryer (Balston Model 75912-BX) to prevent condensation. A
chiller (FTS Systems Model MC-A-80A-1) controlled the temperature of the methanol
coolant, and temperatures as low as -80°C could be achieved.

Before being introduced into the cell, the gases passed through mass flow meters
(Edwards-831 10sccm, 100sccm, 1slm, and Sslm models), and their flow rates were
controlled with needle valves (Swagelok). A Visual Basic program interfaced with a data
acquisition board (Keithley 1800HR) provided for computer readout of the flow rates and
automatically adjusted for the different calibrations of the various gases used in our
experiments. The gas lines consisted of 1/4" stainless steel, copper, or teflon tubing, and
Swagelok fittings were used for all metal joints. The gas lines were joined to 1/4" ports
on the glass manifold with either teflon Swagelok or Ultratorr fittings.

Our experimental conditions typically called for approximately 4000 sccm of total
gas flow and a cell pressure of around 400 Torr. Since the gas flow pathlength within the
1 inch diameter cells ranged from 15 to 30 inches, the calculated and experimentally
observed residence time of the gases in the cell was on the order of 0.5 to 1 second.
Therefore, we normally used repetition rates between 1-2 Hz so that the cell would be

thoroughly flushed between experiments.

D. Photolysis
The reactions that we chose to study generally required radical reactants, as
radical species are some of the most reactive and chemically important species in the

troposphere and stratosphere. Because lifetimes of radicals are often very short, and
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since they are extremely reactive, it can be difficult to prepare them and then flow them
into a kinetics cell without substantially depleting the desired reactant and possibly
complicating the reaction to be studied by introducing unwanted impurities into the cell
along with the reactant. Therefore, we chose to photolyze stable precursors in sifu while
the precursor gases were in the cell so that we could generate radical reactants and probe
the reactions immediately afterwards in order to minimize the adverse effects of side
reactions on the reliability of our data.

We photolyzed species such as O3, Cl,0, and alkoxy nitrites at 248 nm or 351 nm
with the output beam from a Lambda Physik EMG 101-104 MSC excimer laser. The
excimer laser generally produced 250 mJ of energy per shot at 248 nm and 100 mJ at 351
nm. The laser was evacuated and filled with the appropriate mixture of Ne/Kr/F (248
nm) or Ne/Xe/F (351 nm) approximately every two weeks to maintain satisfactory pulse
energies.

Mirrors were used to elevate the excimer beam above the reaction cell and then
send the beam vertically down into the cell through the optically transparent quartz cell
walls. For some experiments, a negative focal length cylindrical lens was placed in the
excimer beam's path shortly before it entered the cell in order to expand the beam along
the axis of the cell. This provided for a larger photolysis region that was rectangular in
shape and approximately 10 cm x 0.5 cm. By expanding the excimer beam, we were able
to photolyze a relatively large number of molecules without creating a region in which
excessively high concentrations of radicals could lead to side reactions. For experiments

where the precursor photolysis cross sections were relatively small, we did not expand
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the excimer beam in order to achieve a high intensity of UV light in the cell so that we

could generate a desired amount of radical reactants.

E. Data Acquisition and Processing

The output light from the ringdown cavity was focused onto an InSb detector
(EG&G Judson) with a 2 inch focal length CaF; lens, and the signal was amplified by
passing it through a series of two Comlinear CLC401 and CLC425 OpAmps, resulting in
a gain of approximately 100. Excessive noise was introduced into the signal when we
attempted to use commercial OpAmps that required 120V AC power, despite efforts to
filter the input AC power, and so it was necessary to use the CLC amplifiers. The
amplified signal passed through a high frequency filter (cut off frequency = 62 GHz) and
a ferrite choke before it was sent to an oscilloscope (Tektronix TDS 3032). A GPIB
interface (National Instruments) was used to connect the scope to a computer.

TTL pulses from two digital delay generators (SRS model DG535 and EG&G
Princeton Research Model 9650) were used to synchronize the timing of the lasers and
the data collection. The two DDGs were necessary because the YAG performed
optimally while operating at 10 Hz, and so the EG&G DDG always operated at 10 Hz,
and the SRS DDG operated at the repetition rate needed for the current experiment. A
diagram of the timing scheme used in our experiments is shown in Figure 1.6. An initial
pulse was sent from the EG&G DDG to the SRS DDG. At a specified delay time, a pulse
was sent from the SRS DDG to fire the excimer laser. This pulse was also sent to inhibit
the excimer from charging until shortly b‘efore it would fire again, which extended the

lifetime of the excimer and alleviated some of the noise that was present while ringdown
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curves were acquired. Two additional pulses were sent from the EG&G DDG to the
YAG laser, spaced 180 microseconds apart. The first pulse charged the flashlamps, and
the second pulse triggered the Q-switch. A fourth pulse was sent from the SRS DDG to
trigger the oscilloscope so that it would begin data collection. The relative timing
between the excimer pulse and the other pulses determined the time delay between the
preparation of reactants (via photolysis) and the probing of reactants, reaction
intermediates and products with infrared cavity ringdown spectroscopy.

A Visual Basic program was written to collect the ringdown curves, fit them to an
exponential decay, and determine the ringdown time. Typically, between 8 and 32
ringdown curves were averaged on the scope before being sent to the computer. The
Visual Basic Program then used a Levenberg-Marquardt algorithm, translated from a
Fortran program,'® to fit the exponential curve and determine the ringdown time. The
curve and the fit parameters were then saved as a comma delimited (.csv) file in the
directory ringdown.spectra, and the file was named based on the current date followed by
the lowest letter that was not currently in use for that day (e.g. 040501f.csv). A plot of a
representative ringdown curve and its calculated fit are shown in Figure 1.7.

Scanning over several cm™ was also facilitated by the Visual Basic program.
With the user-entered initial and final cm™ values and the step size, the program obtained
a ringdown curve at the initial value, moved the dye laser and OPA crystals to the new
setting, obtained another ringdown curve, and repeated this routine until it reached the
final cm™. These files were saved with an “s” preceding the current date and the lowest

available letter alphabetically (e.g. s040501f.csv).
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In obtaining kinetic data, it was necessary to obtain ringdown curves at varying
time delays between the excimer laser (preparation of reactants) and the YAG laser
(probe) to determine the concentrations of species as a function of time. Therefore, a
routine was written to enable the user to enter the initial and final delay times at which
ringdown curves were desired as well as the time difference between subsequent delay
scans. The time difference could be linear (i.e. 2, 4, 6, 8, ... milliseconds) or could grow
as an exponential term (e. g. 2, 4, 8, 16, ... milliseconds for a squared term). Analogous
to the scan files, these delay files were saved with a “d” preceding the current date and
the lowest available letter.

A schematic of the various devices used in this experiment that are controlled
with Visual Basic programming is depicted in Figure 1.8. The convenience of being able
to cater the interface program to our specific needs led us to write our own programs in
Visual Basic, rather than purchasing a pre-packaged option. Future modifications to the

program can be made expediently in the Visual Basic Programming environment.

F. Signal-to-Noise Considerations

The noise in our baseline signal was limited by the digitization of the data points
with our oscilloscope. The oscilloscope digitized at 9 bits, and we typically averaged 16
shots on the oscilloscope before transferring the data to the computer. The oscilloscope
screen contained 8 divisions, and its smallest scale was 1 mV / division. With these
parameters, the smallest distinguishable increment by the oscilloscope was 2* 10 mV.
The standard deviation of a set of baseline points for the 1 mV / division scale was found

to be 7107 mV. As the scale of the oscilloscope was changed, the standard deviation of
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a set of baseline points was found to rise considerably, so that at the 200 mV / division
scale, the standard deviation was an order of magnitude larger than it was at the ] mV /
division scale. A plot of the standard deviation of a set of baseline points as a function of
the scale of the oscilloscope is shown in Figure 1.9. As the scale of the oscilloscope was
increased, the standard deviation of the baseline points increased, implying that
digitization was indeed limiting our resolution. Current work is underway to increase the
resolution of our data collection by switching to a 12-bit A/D converter in order to
minimize the digitizing noise that is evident in Figure 1.9.

Typical maximum signal voltage after amplification of the ringdown curves
ranged from 20 mV to 200 mV. The ringdown curves were fit to a single exponential
decay (y = a*e™) as described in the previous section. The variance of the fit from the
actual ringdown curve taken in an evacuated cell was investigated by subtracting an
actual ringdown trace from its fitted exponential curve, and the result of four such
residual plots are shown in the top chart of Figure 1.10. The ringdown curves were then
fit using a bi-exponential formula, y = a*e™ + c*e™, and the residuals for the bi-
exponential fits are shown in the bottom chart in Figure 1.10. The similarity in the
residual spectra for the single exponential and bi-exponential fits suggests that the bi-
exponential fit is not a significantly better representation of the actual data than the single

exponential fit.

We found that the most important factor in obtaining close fits to the actual data
was the alignment of the IR beam into the ringdown cell. The factors involved in
achieving a good alignment (defined as a signal whose ringdown curve that is fit well

with a single exponential decay) include sending the IR beam through the center of the
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front ringdown mirror and ensuring that it exits through the center of the rear mirror;
aligning the ringdown mirrors so that they are parallel to each other and perpendicular to
the path of the incident IR beam; and adjusting the position of the 2 inch FOC lens in
front of the InSb detector to ensure that all of the light that exits the rear ringdown mirror
is collected by the detector. Focusing the IR beam prior to sending it into the ringdown
cavity had little effect on the quality of the ringdown decay. However, spatial filtering
the incident beam produced a slightly better ringdown decay. Unfortunately, spatial
‘ﬁltering resulted in a significant loss of beam energy, and so it was not practical to

spatially filter the IR beam before sending it into the ringdown cavity.

1.4 PROOF OF CONCEPT EXPERIMENTS

A. Methane detection

For an initial calibration experiment, we obtained the spectrum of the v; band of
methane centered at 3017 cm™. With 0.1 Torr of methane in the 30 inch long ringdown
cell, the Q branch of the methane spectrum was saturated and the rotational lines could be
clearly observed (Figure 1.11) For this data, 32 scans were averaged by the scope at each
wavelength before the averaged decay curve was sent to the computer. The primary
purpose of this experiment was to calibrate the wavelength of our infrared radiation in
relation to the counter on the dye laser. By fitting our data to HITRAN spectra, we were
able to obtain an empirical relationship between the dye counter setting and the true

infrared wavelength:

(wavelength in em™) =10"* {(1/532) - [40 / (counter setting - 12.5)]}
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The secondary purpose of the methane experiments was to obtain an estimate of
our apparatus' sensitivity. The standard deviation of the ringdown time for a single point
was approximately 1% of the value for the ringdown time. This was determined by
taking several consecutive ringdown signals and determining the standard deviation of
their values. For the methane spectrum in Figure 1.11, the standard deviation for the
baseline inverse ringdown time was 3000 s™. The signal for each of the rotational lines
was approximately 200000 s larger than the baseline ringdown time. Thus, for a signal
to noise of approximately 1, the lower limit of methane concentration for which we can
identify the P and R branches is 0.001 Torr, corresponding to 3*10'® molecules/cc. Our
sensitivity for the Q branch of methane is expected to be significantly better than this
since the individual lines of the Q branch have larger cross sections and are more densely
spaced than in the P and R branches. We did not pursue the limits of our sensitivity for
the Q branch of methane since it was difficult to measure very small amounts of methane
in the reaction cell, and for small concentrations of methane, the Q branch was quickly

saturated.

B. HC1 Detection

The initial system that we had aimed to study with our CRDS apparatus was the
branching ratio of the HCI product from the reaction of OH + ClO. Reactive chlorine
molecules, such as Cl and ClO, are implicated in ozone destruction, and HCl is a chlorine
reservoir that serves to trap the chlorine in a less reactive form. The OH + CIO reaction
is important in determining the relative amounts of reactive and unreactive chlorine in the

stratosphere, and it is believed to have two product channels: HO, + Cl is the major
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channel, and HCI + O, is thought to be a minor channel (Reaction 1.1 and Reaction
1.2).17:18.19

OH + CIO — HO, + CI (1.1)

OH + ClO —- HCl1 + O, (1.2)
An HCI channel from the reaction of OH + ClO could be an important mechanism for
removing reactive chlorine from the stratosphere, which would lead to a decrease in the
rate of ozone destruction.

Before studying the OH + ClO reaction, we attempted to detect HCI at 3.3
microns with our IR-CRDS apparatus. However, we did not observe any decrease in
ringdown time with as much as 3*10"° molecules/cc of HCI in our cell. We determined
that the reason we could not detect HCI is because the linewidth of HCI under our
conditions (~.01 cm™) is approximately a factor of 100 narrower than our laser linewidth
of 1 ecm™. Thus, even if we were to saturate the transition of HCI, it would only have a
minimal effect on our ringdown curve. In fact, if the narrow band of radiation
corresponding to the linewidth of HCI was completely absorbed by the HCI on the first
several passes of the radiation through the ringdown cell, the resultant change in the
ringdown curve would only occur over the first few points on the exponential decay.
Nearly the entire exponential decay that we would be fitting would be a result of the

nonabsorbing radiation.

We then seeded the YAG laser so that our laser linewidth of 0.1 cm™ would be
reduced to a factor of 12 larger than the HCI absorption. Seeding the YAG laser reduced
our infrared energy by approximately a factor of 10, leading to a low signal to noise ratio

for our ringdown curves. With the seeded YAG laser, we were still unable to observe
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any absorption due to HCl. Had we been able to increase the energy of our probe light,
we may have been able to observe a small amount of HCI absorption, however, we
realized that if it would be difficult to see an absorption from 10" molecules/ce of HCL, it
would be extremely challenging to observe the 10° molecules/cc that we expected to
generate from our proposed OH + ClO reaction conditions.

According to Zalicki and Zare,*® cavity ringdown spectroscopy leads to an
exponential decay only when the laser linewidth is much narrower than the linewidth of
the absorption. In our attempts to detect HCI, our laser linewidth was much broader than
the HCI transition, and so an important factor in the high sensitivity of CRDS was not
satisfied. The long timescale for detection skewed our results so that we were mainly
collecting non-absorbed radiation outside of the narrow transition of the HCI molecule.
Because of the difficulties associated with our laser linewidth being significantly broader
than the HCI transition, we concluded that our apparatus was not well-suited to HCI

detection.

C. Conclusions regarding the optimal systems to study with our IR-CRDS
apparatus

Our proof of concept experiments have confirmed that our apparatus is a highly
sensitive spectroscopic probe of infrared transitions. Sensitivity measurements indicate
that we can detect the rotational lines of methane with 10" molecules/cc of methane, and
our expected sensitivity for the Q branch of methane is significantly higher since the Q

branch consists of stronger absorption bands spaced more closely together.
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Based on the difficulties we faced when attempting to detect a narrow-linewidth
species (HCI), we have concluded that our IR-CRDS apparatus functions optimally when
implemented for the detection of molecules with absorption linewidths greater than one
cm™. When the absorption linewidth is narrower than our laser linewidth, the ringdown
signal is dominated by the portion of the light that is not absorbed by the molecule. An
advantage of our apparatus is that it is broadly tunable over a range limited only by the
reflectivity of our ringdown mirrors (approximately 600 cm™ with a single set of

mirrors), and so it is an excellent probe of molecules with broad absorption features.
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CHAPTER 2

STUDIES OF THE REACTION OF HO,; + CIO
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2.1 INTRODUCTION

Reactive chlorine (C1Oy) and hydrogen oxide (HO,) species play an integral role

i j s of
in reactions that affect ozone levels in the stratosphere. One of the major source

stratospheric chlorine is anthropogenic emissions from compounds such as
chlorofluorocarbons (CFCs). An understanding of the precise chemistry undergone by
HO, and ClO, is necessary to determine mechanisms and possible remedies for ozone
depletion in the stratosphere.

HO, and ClOy reaction cycles that lead to the destruction of ozone include:'

O +HO;, > OH+ 0, (2.1)
OH + 03 > HO2+ 0, (2.2)
0+ClIO—>Cl+0; (2.3)
Cl+ 03> ClO+ 0, (2.4)

The reaction between HO; and ClO has been shown to produce predominantly
HOCI and O; (Reaction 2.5). There also may be a minor channel of the HO, + ClO
reaction that yields HCI and O3 (Reaction 2.6).

HO, + CIO —» HOCL + 07 (2.5)
HO, + CIO — HCl + O3 (2.6)

The HOCI + O3 channel of the HO; + ClO reaction (Reaction 2.5) has no net
effect on the levels of HOx and ClOy in the stratosphere since HOCI is readily photolyzed
to OH and CI which are involved in ozone destruction via reactions 2.2 and 2.4.
However, the HCI1 + O3 channel of the HO, + ClO reaction (Reaction 2.6) traps the
chlorine in an unreactive form, namely HCI, and generates O;. Because Reaction 2.6

eliminates radicals that may be involved in many cycles of ozone depletion, even a small
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branching ratio for reaction 2.6 could have a large impact on O3 levels in the stratosphere.
In fact, Chance et al. suggest that a branching ratio of a few percent for reaction 2.6 could
help resolve conflicts between measurements and models that overpredict the rate of
ozone depletion and underpredict the ratio of HCI/CIO in the stratosphere.”

Many studies of the kinetics of the HO, + ClO reaction have taken place in the
past 25 years. Table 2.1 summarizes the kinetic parameters obtained to date.™" ™"

The JPL 97-4 Data Evaluation® recommendation for the temperature-dependent rate
constant is 4.8*107 exp(?OOizsomo)/T em’ 57, and the recommended value for the rate
constant at 298 K is 5.0¥10"% em®s™. A recent study by Knight et al.'? using discharge
flow / mass spectrometry at pressures of 1.1 to 1.7 Torr obtained a rate constant of (7.1 +
0.4)”‘10'12 exp{(-16 + 17)/T} em’ s™ corresponding to a 298 K rate constant of (714
1.8)*10™"% cm® s Another recent study by Nickolaisen et al.' using flash photolysis /
UV absorption at pressures of 50-700 Torr obtained a rate constant of 2.84%107'?
exp{[312 + 60)/T} em’ s, corresponding to a 298 K rate constant of (8.1+1.6)*10™"% cm?®
s, The room temperature rate constants obtained by Knight et al. and Nickolaisen et al.
are within the error ranges of each other.

Several attempts to determine the branching ratio for Reaction 2.6 have
demonstrated the difficulties involved in obtaining precise measurements of the HCI + Os
channel from the reaction of HO; + ClO. Experiments reported in 1980 by Leck et al.
attempted to detect O3 by mass spectrometry at 298 K and pressures of 2-6 Torr;
however, they did not observe any Oz and put an upper limit of 2% on the branching ratio
for reaction 2.6 based on the limits of their instrument sensitivity.” Shortly thereafter,

Burrows and Cox used a chemiluminescent analyzer to monitor O3 production from
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Reaction 2.6 at 300 K and 1 atm.® They found that a significant amount of ozone was
produced from the following series of reactions beginning with ClO disproportionation:
CIO + CIO —» C1 + OCIO (2.7)
OCIO +hv — O + ClO (2.8)
O0+0,+M— O3 +M(2.9)

After accounting for this channel and for other side reactions leading to O3 production,
Burrows and Cox were able to place an upper limit on the HCI + O3 channel from the
reaction of HO; + C10 0f 0.3% at 300 K. In 1995, Finkbeiner et al. monitored ozone
production with matrix isolation FTIR. Although they had difficulties overcoming side
reactions that led to the production of ozone, primarily from the aforementioned reactions
initialized by ClO disproportionation, they were able to report an upper limit of 1% for
the HCI + O; channel at 300 K, and branching ratios of 2 + 1 % at 240 K, and 5 + 2% at
210K}

Theoretical studies have shown that the HO; + ClO reaction can proceed on either
a triplet or singlet surface.””'*!! On the triplet surface, hydrogen abstraction leads to the
HOCI + O, products. The singlet surface involves a stable HOOOCI intermediate which
can then decompose to generate HCI + O3 or HOCI + 0,('A). The reaction of HO, + C10
to produce HOOOCI is exothermic by 15.4 kcal/mol, suggesting that the lifetime of
HOOOCI may be sufficiently long for the species to be experimentally observed. No
successful identification of HOOOCI has occurred to date. Knight et al. attempted to
detect HOOOC] and its possible fragments with mass spectrometry at temperatures of
215-298 K and pressures ranging from 1.1-1.7 Torr."2 They did not observe any signal at

m/e = 84 or 86 for the parent ions or at m/e = 83, 85, 68, or 49 for the fragments.
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We utilized our infrared cavity ringdown apparatus, described in Chapter 1 of this
thesis, to study the kinetics of the HO, + ClO reaction. Additionally, we searched for the
formation of the HOOOC] intermediate. Recently, Francisco and Sander!! calculated the
harmonic frequencies for HOOOCI, and their calculated value for the v, stretch is 3551
em™. Our cavity ringdown apparatus is an ideal instrument to use in probing the
absorption of HOOOCI at 3551 cm™. The apparatus is tunable over a broad range from
3300 - 3750 cm™ with a single set of ringdown mirrors. The expected 20 cm™ linewidth
of the HOOOC] stretch at 3551 em™ is optimal for detection with our 1 ecm™ linewidth
laser system.

Before performing experiments aimed at elucidating the kinetics and possible
formation of HOOOCI from the HO, + ClO reaction, we studied the HO; self-reaction to
demonstrate the capabilities of our apparatus for use in kinetic studies. Our studies of the
HO; + HO» reaction are detailed in Section 2.2, and our studies of the HO;, + ClO

reaction are reported in Section 2.3.

2.2 THE REACTION OF HO; + HO,

A. Experimental Relevance

As an initial kinetics experiment with our cavity ringdown apparatus, we
synthesized HO; in our reaction cell and then followed the decay of the HO; infrared
signal as a function of time. The HO, + HO; reaction has been extensively studied, and
013141516

the products have been identified as H,O» and

HO; + HO; — H>0, + O, (2.10)
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The JPL 97-4 Data Evaluation® recommendation for the rate constant of the reaction is
2.3%10" exp{(600+200)/T} for the bimolecular reaction, and the recommended rate
constant for the third-body mediated reaction is 1.7%10*[M] exp{(1 000+400)/T3.
Because reaction 2.10 is well-characterized and experimentally straightforward,
we investigated the kinetics of this reaction in order to determine the capabilities of our
cavity ringdown apparatus for kinetic studies. Furthermore, the HO; self-reaction is in
competition to the HO; + ClO reaction that is the main interest of this chapter. Therefore,

it was advantageous to study reaction 2.10 prior to examining the HO; + CIO reaction.

B. Experimental

HO; was formed in situ from the photolysis of ozone at 248 nm in the presence of
H, and O,. O('D) was generated from the photolysis of ozone, and then the O('D)
reacted with H; to form OH and H. The H then reacted with O, to form HO,, as shown in
the following scheme:

O3 +hv — 0.9 O('D) + 0.1 OCP) + 0, (2.11)
O('D)+H, - OH + H (2.12)
H+ 0; > HO, (2.13)

Two methods were used to generate ozone. In the first setup, ozone was
synthesized by flowing O, through a glass tube and dissociating it with a Tesla Coil. The
ozone was then trapped in a glass u-tube filled with coarse silica gel and immersed in a
dry ice / acetone slush. Ozone was removed from the silica gel by flowing O, through
the tube. This method of preparation was difficult to employ for quantitative experiments

because there was a decrease of ozone concentration in the O, flow as a function of time
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as the amount of ozone trapped on the silica gel decreased. The second ozone synthesis
method utilized a commercial ozonizer (Ozotech Model OZ2SS-SS). We calibrated the
setting of the ozone generator with the concentration of ozone obtained with a flow of
500 sccm of oxygen through the generator, and the results are shown in Figure 2.1.
Ozone concentrations were determined by measuring ozone's absorption of 254 nm
radiation generated by a mercury lamp (UVP Model UVG-11) and detected with a silicon
photodiode (ThorLabs). Beer's Law was employed to determine the ozone concentration
based on its cross section of 1.15%10™Y cm? at 254 nm.® Ozone that was not photolyzed
or consumed in the reactions was destroyed after exiting the reaction cell by passing it
through a copper mesh heated to 200 °C.

Research grade hydrogen and oxygen gases were obtained from Air Liquide, and
their flow rates were monitored with flow meters. Argon was used to purge the ringdown
mirrors in the experiment. Hydrogen, oxygen, and argon were flowed from the cylinders
to the cell in 1/4" copper tubing; ozone was flowed through 1/4" stainless steel tubing.
The total pressure in the cell was controlled with a stopcock located at the gas exit of the

cell.

C. Modeling of Reaction Conditions

Our reaction conditions were modeled with FACSIMILE software to determine
optimal reaction conditions and to account for any side reactions. The initial
concentrations of the reactants and rate constants for all reactions were entered into the
FACSIMILE program. Then, the program generated an output file containing the

concentrations of desired species as a function of time.
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Table 2.2 displays the reactions and rate constants used in our FACSIMILE

models of the HO, + HO; reaction. A typical output curve for the decay of HO, as a
function of time is displayed in Figure 2.2. Based on our FACSIMILE modeling, we
chose to use concentrations of 2.4%10'® molec/cc of O,, 2*10™ molec/cc of 03, 1*10"
molec/ce of Ha, and 4*10'7 molec/cc of Ar for our studies of the HO; + HO, reaction.
These initial concentrations were expected to yield an initial HO, concentration of 10*
molec/cc, assuming a 9% photolysis of ozone. A 9% ozone photolysis was used in the
models based on the cross section for ozone of 1.08*10™"7 cm?® at 248 nm and the
approximation that 125 mJ of 248 nm radiation would enter the reaction cell.

We chose to probe HO, absorption at 3417 cm™ because there was minimal
interference from other species, such as water and H,O», at that wavelength. Based on
our sensitivity experiments for methane reported in Chapter 1 of this thesis, we estimated
the detectivity limit of HO, at 3417 cm™ with our CRDS apparatus. First, we added the
cross sections of the individual bands of CH4 and HO; that are reported in HITRAN
within a one cm™ range, which is the approximate linewidth of our probe radiation. Then
we compared the summation of the cross sections for CH4 and HO,. For the CHy j = -7
line at 2928 cm™, our experimentally determined detectivity limit is approximately 10"
molecules/cc, and the summation of the HITRAN cross sections within the one
wavelength centered at 2927.5 cm™ is 1.4*10™"” cm®. The summation of the HO, cross
sections from 3416.4 to 3417.4 cm™ is 7#102! cm?. Therefore, based on the relative
cross sections, we would expect our detectivity for HO, would be 20 times lower than for
CHy. Due to the reflectivity of the ringdown mirrors, our background ringdown time for

methane detection at 2938 cm™ was approximately 3.3 us, and our background ringdown
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time for HO, detection at 3417 cm™ was 10 us, resulting in approximately three times
greater sensitivity at the HO, detection wavelength. Combining the effects of relative
cross sections and mirror reflectivities for CHy and HO, detection, we estimated our
detection limit for HO, at 7*10'? molecules/ce. This detection limit was expected to
facilitate detection of the anticipated 10" molecules/ce of HO, from the aforementioned

experimental conditions for studies of the self-reaction of HOs.

D. Results
HO; Spectrum

Figure 2.3 depicts a difference spectrum of data taken with the excimer on (500
microsecond delay between the excimer firing and the IR probe beam entering the
ringdown cavity) minus a spectrum taken with the excimer off. In addition to the
experimental spectrum, spectra taken from the HITRAN database for HO; and H,O are
plotted. The experimental data has peaks in the 3375 - 3380 cm™ range at the same
locations as the reference HO, data; however, water absorption due to impurities in the
precursor gases causes the spectrum to have a poor signal/noise ratio. Since background
water absorption made the acquisition of a complete spectrum of HO; difficult to achieve
with our ringdown apparatus, we shifted our focus to observing individual HO, peaks.

Figure 2.4 shows excimer on and excimer off spectra in the wavelength range of
3413 to 3425 cm™. The peak at 3421 em™ is due to water absorption, and is evident in
both spectra. The peak at 3417 em’ is only present when the excimer laser is firing, and
so this peak can be assigned to HO,. Since there is no water absorption at 3417 cm”, and

the HO, absorption at this wavelength is readily observable with our apparatus, we
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decided to monitor this wavelength in order to probe the kinetics of the HO, + HO,

reaction.

Kinetic Studies of HO, + HO,

We monitored the decay of HO; as a function of time at 3417 cm™. The delay
between the time the excimer laser was fired and the IR probe beam was sent into the
ringdown cavity was varied in order to obtain the time dependence of the HO,
concentration. At each time delay, 32 ringdown decays were averaged and the ringdown
time was calculated. This procedure was repeated four times to obtain four datapoints of
the ringdown time at each time delay.

Figure 2.5 displays the change in the inverse ringdown time at 3417 cm™ as a
function of time. The change in the inverse ringdown time is proportional to the
concentration of HO,, as is evidenced in the following equation, where 1 is the ringdown
time before photolysis occurs, T is the ringdown time at a specific time after photolysis, ¢
is the speed of light, L is the length of the cavity, and A is the sample absorption (due to
HO; absorption):

1/t - /g = (cA)/L

Since A = ¢CL, according to Beer's Law, where ¢ is the wavelength-dependent
absorption cross section of the absorbing species, C is its concentration, and L is the path
length, the change in the inverse ringdown time with and without the presence of HO, in
the cell is directly proportional to the concentration of HO,, and in many cases the
concentration of a species can be determined in this manner. Unfortunately, since the

linewidth of HO; is much narrower than the linewidth of our probe IR radiation, we could
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not obtain an accurate value for the HO, absorption cross section, and so we could not
directly elucidate the concentration of HO» from our ringdown data.

We used FACSIMILE modeling to determine the relationship between our
ringdown data and the absolute value of the concentration of HO, as a function of time.
In our experiment, the initial concentrations of all reaction precursors, the total pressure,
and the rate of HO, decay were known. The percent of ozone photolysis was not known
because the amount of UV radiation from the excimer laser that penetrated the quartz cell
wall could not be determined. Therefore, we ran FACSIMILE models to obtain the best
possible fit to our data, with the amount of ozone photolysis as a variable.

The best FACSIMILE fit to our data is shown in Figure 2.6. This fit utilized a 9%
photolysis of ozone. At 248 nm, the cross section for ozone is 1.08 * 107 cm?.
Therefore, a 9% dissociation would correspond to a value of 8.3*%10"° photons/cm? of 248
nm radiation, which in turn corresponds to 6.6 mJ/cm® of 248 nm energy. The excimer
beam was expanded to approximately 19 cm x 1 cm, and so the total energy of the
excimer beam in the reaction cell is 125 mJ, according to the model. The initial energy
of the excimer beam (directly after exiting the excimer laser) is approximately 250 mJ,
and so our results suggest that half of the energy of the beam is lost by the time it enters
the cell. This amount of loss was considered reasonable if one accounts for the number
of optics and the distance traveled by the excimer beam before it reaches the cell as well
as reflection and absorption of the UV radiation by the quartz cell wall.

We were able to extract our observed absorption cross section for the HO,

molecule at 3417 cm™ based on the kinetic equation for a second order reaction, where A



49

is the concentration of the species at time t, [A], is the initial concentration of the species,
and k is the rate constant:
1/[A] - 1/[A]o = 2kt

In our case, we plotted 1/t - 1/1, versus time, from which the following equation
can be obtained, where 1, is the background ringdown time, 7 is the ringdown time at
time t, k is the rate constant, ¢ is the speed of light, o is the cross section for HO,, L is
the length of the ringdown cell, and Ly, is the length of the photolysis region of the
ringdown cell:

(/T - 1/‘t0)'1 = {(2kLcen)/(coLphon) 3t + {Lcen/co[AloLphot}
The plot of (1/7 - 1/1,)" versus time, shown in Figure 2.7, was fit to a line with a

least squares fit. The slope of this line is {2kLcen}/{coLpnot}. and all of these parameters

are known except for o. Inserting the values for the known parameters (k = 2.3*107'? cm’

s, Leay = 84 cm, Lohot =19 cm, ¢ = 3%¥10"% cm 57!, slope = 0.0103), we obtained a value
of 6.6¥10° cm® for 5. Based on the y-intercept, we obtained a value of 3*10™" for [Al,.
The summation of cross sections from the HITRAN database over the range of 3416.4 to
3417.4 cm™ is 710" em?®. Since the exact wavelength profile of our laser is not known,
and because our laser linewidth is much wider than the absorption linewidth for HO,, we
cannot compare our observed cross section directly to cross sections reported in
HITRAN. It is reasonable that we observed a larger effective cross section than the
summation of cross sections within the one wavelength range reported in HITRAN
because we adjusted the wavelength of our laser to obtain a maximum HO; absorption,

which likely resulted in a large overlap of the wavelength profile of our laser with strong

HO, absorption bands. Although our sensitivity varied significantly from day to day, a
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typical minimum detection (signal/noise = 1) for HO, under these conditions was 5%102
molecules*em™.

We found that our calculated value for the absorption cross section of HO, was
very sensitive to the background subtraction of the ringdown time of the cell with no
HO,. A change of one standard deviation in the background ringdown time lead to a
10% change in the calculated value for the absorption cross section. The background
ringdown time fluctuated over the course of the experiments due to fluctuations in the
profile of the IR beam entering the cell and likely inhomogeneities in the ringdown
mirrors' reflectivity.

Our analysis of the HO; self-reaction with our cavity ringdown apparatus
demonstrated the capabilities of our setup for use in kinetics studies. We were able to
determine the concentration of HO, as a function of time based on FACSIMILE
modeling with a known rate constant for the HO, self-reaction. Our results also
reinforced our earlier conclusion (see Chapter 1) that quantitative data on cross sections
could only be obtained if the linewidth of the molecule being probed were larger than our
laser linewidth. Finally, the importance of obtaining a precise value for the empty-cell
ringdown time was shown to be crucial in order to extract kinetic information from our
data. The conclusions reached based on our studies of the HO, + HO, reaction prepared

us for our main goal of studying the reaction of HO, + CIlO.
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2.3 THE REACTION OF HO; + CIO

A. Experimental Conditions

The experimental setup for our studies of the reaction of HO, and ClO was an
extension of our previously described setup for the HO, self-reaction. HO, was formed
in the same manner as before, and CIO was formed from the photolysis of Cl,O at 248
nm. Cl,O was synthesized by flowing Cl; over HgO, followed by trapping the CL,O in a
tube immersed in an ethanol/liquid nitrogen slush.'” The Cl,0 was purified by placing
the resulting crude product under reduced pressure for several hours to remove excess
Cly. Then, the Cl,0 was introduced into the reaction cell by bubbling helium through
liquid CI,O immersed in a dry ice/acetone bath. The concentration of Cl,O was
determined by measuring its absorption of 254 nm radiation from a mercury lamp based
on the cross section of 1.9*107'® ¢cm? for CL,0 absorption at 254 nm.® After the C1,O
entered the reaction cell, ClO was generated by photolyzing the Cl,O at 248 nm; the cross
section for Cl,O photolysis at 248 nm is 1.9* 107 g B

To search for the formation of HOOOCI at low temperatures, we employed the
cooled kinetics cell discussed and depicted in Chapter 1 of this thesis. This cell consisted
of three jackets: the inner jacket contained the contents of the cell, the middle jacket
contained the methanol coolant, and the outer jacket held a vacuum to prevent frosting of
the cooled jacket. The photolysis beam was sent through all three jackets, and each
quartz layer was specified to transmit 91% of the incident UV radiation. The methanol

and impurities in the methanol may have increased losses due to scattering and
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absorption, and we estimated a total loss of 50% of our excimer beam in travelling from

the outer jacket to the center of the cell.

B. Modeling of Reaction Conditions

As with the HO; self-reaction, we used FACSIMILE models to determine
appropriate reaction conditions for our studies of HO, + CIO. The rate equations used in
this model were obtained from the JPL 97-4 Data Evaluation® and are shown in Table
2.3. Our initial goal was to observe an increase in the decay rate of [HO,] due to the
presence of ClO since the reaction of HO, + ClO will cause [HO»] to decrease more
rapidly than in the absence of ClO. A second objective was to observe the grow-in of
HOCI as a product of the reaction of HO, + C1IO — HOCI + O,. Therefore, we generated
an output file from FACSIMILE displaying the concentrations of HO,, C1O, and HOC] as
a function of time. In addition, we modeled the concentrations of H>O because of its
potential spectroscopic interference with the other molecules. The results of this model,
shown in Figure 2.8, indicate that HOCI should grow in slowly in the first 5 ms following
the firing of the excimer laser. The concentration of HO; should peak immediately and
decrease to half its initial value approximately 1.5 ms after the firing of the excimer laser.

After examining the kinetics of the HO, + ClO reaction, our aim was to search for
the possible formation of HOOOCI. Based on data presented in the introduction of this
chapter, it is expected that lower temperatures would favor the formation of HOOOCI.
Therefore, we performed experiments in a cooled infrared kinetics cell that probed for
HOOOCI formation at temperatures of -60 °C. A FACSIMILE model of the expected

HOOOCI formation at -60 °C is presented in Figure 2.9. This model includes rate
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constants for all reactions listed in Table 2.3, and all temperature-dependent rates in the

model are adjusted to their values at -60 °C.

C. Results
HO; Decay

As predicted in our FACSIMILE models, we found that the rate of HO, decay
increased as Cl,O was added to the reaction mixture. Figure 2.10 shows our data for the
concentration of HO, as a function of time with and without Cl,O. FACSIMILE fits to
the data are also included in Figure 2.10. For this experiment, concentrations of 1.1*10"
molec/ce of Hy, 7.0*10™* molec/cc of O3, 2.6*10'® molec/ce of O, 1.5%10" molec/cc of
He, and 4.5*%10"” molec/cc of Ar (for purging the ringdown mirrors) were used. The total
cell pressure was 400 Torr. Cl,O was added to the mixture by bubbling 800 Torr of He
through CL,0, and the concentration of C1,O in the cell was determined to be 4.5%10'
molec/cc based on its absorption at 253 nm prior to entering the reaction cell.

The FACSIMILE models shown in Figure 2.10 were constructed via several
steps. First, the percent of O3 photolysis in the model was adjusted to obtain a good fit
for the experimentally observed decay of HO; from the HO; + HO; reaction with no Cl,O
in the cell. Then, the percent of Cl,O photolysis was calculated based on the relative
cross sections of O3 and Cl,0O at 248 nm. Finally, the FACSIMILE model was run
incorporating C1,0, ClO, and the reactions listed in Table 2.3 in order to model the
experimental data obtained with Cl,O in the reaction cell. The best fit to the HO, + HO;

data utilized an ozone photolysis yield of 5%. The ratio of the absorption cross section of
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ozone to that of C1,O at 248 nm is 6:1, and so we calculated that 0.8% of the CLLO would

dissociate under our conditions.

Three FACSIMILE models for the time-dependent decay of HO, are shown in
Figure 2.10 using rate constants for the reaction of HO, + CIO of 5%10°'2 ¢m? s (JPL 97
recommendation),6 7¥107"2 cm?® 57! (Knight et al.),"”” and 81072 cm® 57! (Nickolaisen et
al.)."" We found that all of these rate constants for the reaction of HO, + CIO gave
reasonable fits to our data, and the scatter in our data points precludes a precise
determination of the rate constant. Since our main goal was the search for the ppssible
formation of HOOOCI, we did not pursue generating more data in order to obtain a more

precise value of the rate constant for the reaction of HO, + CIO.

HOC! Formation

The formation of HOCI from the reaction of HO, + CIO was monitored at 3507
cm™. Figure 2.11 shows the grow-in of HOCI compared to the decay of HO, and the
FACSIMILE fits to the data. As expected, the increase in HOCI mirrors the decrease in
HO,. The initial concentrations of gases used in this experiment were 9.2*10'® molec/cc
of H,, 1.6*10" molec/cc of O, 1.2*10"® molec/cc of He, 1.5*10"° molec/cc of 03, and
3.5*10" molec/ce of CLO. Again, there is a close corroboration between our data and the
FACSIMILE fits. Since we do not know the exact cross section of either Cl,O or HO,
(because the transition linewidths are narrower than our laser linewidth, as discussed in
Chapter 1), we could not estimate the percent of HO, that was being converted into
HOCI. Thus, we could not calculate the branching ratio for Reaction 2.5 based on the

experimentally observed formation of HOCI.
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Detection of HOOOCI

Our initial experiments to detect HOOOCI formation were performed at room
temperature. Spectra were taken from 3515 to 3567 cm™ (Figure 2. 12) since HOOOCI is
predicted to absorb at 3551 cm™.'° The data were taken 800 us after the firing of the
excimer laser because this is the time at which approximately half of the HO, had
reacted, and so we would expect a significant amount of HOOOCI formation to have
occurred by this time. To check for the possibility of HOOOCI formation in the
spectrum, we first subtracted the spectrum with the excimer off from the spectrum with
the excimer on. Then, reference curves for HO,, HOCI, and H,O were weighted and fit
to the resulting data. Lastly, the weighted reference curve was subtracted from the
(excimer on - excimer off) data. The residual spectrum, shown in Figure 2.13, did not
confain any noticeable peaks that could be attributable to HOOOCI.

Low temperature spectra were taken at -60 °C, and they were manipulated as
described in the room temperature experiments. The residual spectrum, shown in Figure
2.14, is expected to contain spectra of molecules other than HO,, HOCI, and H>O formed
after the photolysis of O3 and Cl,O. The residual spectrum in Figure 2.14 shows a broad
peak around 3550 em™, and so we investigated the possibility that this peak could be due
to HOOOCI. Since HOOOCI is not a stable molecule, it is not expected to be long-lived.
However, time profiles of the peak at 3550 em’ indicate that the peak grows in and
remains present over the length of the gases' residence time in the cell (Figure 2.15).
Therefore, the observed peak was unlikely to be absorption due to HOOOCI. Further

analysis showed that the peak was present even when there was no CL,O in the cell.
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Subsequently, it was determined that the peak was attributable to H>0O,, and Figure 2.16

shows an acquired spectrum of H,0; overlaid on the HO, + CIO residual spectrum. The

comparison in Figure 2.16 indicates that the H,O, spectrum very closely matches the

spectrum we obtained.

The observed H,O; peak led us to revisit our FACSIMILE models to determine
the relative amounts of H,O, and HOOOCI expected to form in the reaction of HO, and
ClO at -60 °C. The results of the model, shown in Figure 2.17, indicate that six times
more H>O, than HOOOCI is formed in the first millisecond after the photolysis of the
reaction precursors. The source of this H,0Os is the self-reaction of HO,, which generates
the products H,O, and O,. We concluded that because of the large amount of H>O5
formed in this reaction and the overlap between the H,O, spectrum and the predicted
location of the HOOOCI band at 3551 em™, it would be particularly difficult to detect

HOOOCI in this wavelength region.

2.4 CONCLUSIONS

Initial kinetics experiments with our infrared cavity ringdown apparatus
monitored the kinetics of the reaction of HO, + HO; at 298 K. FACSIMILE models were
used to simulate our reaction conditions and generate expected concentrations of HO, as
a function of time. Our data is fit well with a model incorporating the JPL-97
recommended rate constant of 1.7*¥107'? cm® s™.% The results of our studies of the HO, +

HO, reaction demonstrated the capabilities of our system for use in kinetic studies.
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The kinetics of the reaction of HO, + C1O were probed at 298 K. Good fits to our

data were generated with FACSIMILE models using rate constants for the HO; + C1O
reaction ranging from 5*10™% cm® s™ (JPL-97 recommendation)® to 8¥1072 cm? 5™
(Knight et al.).'””> The formation of HOOOC]I was not observed at 298 K. At 208 K, the
possible formation of HOOOCI at 3551 cm"‘ could not be detected at due to spectral
interference by H>O,. Future experiments aimed at HOOOCI detection may be facilitated

by probing different transitions of the HOOOCI molecule that are not subject to

interference by other molecules.
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Authors Rate constant (cms™) Branching Ratio Ref-
for HCI + O3 erence
product

Riemann | (3.8 +.5)*107 [298 K] 3

and

Kaufman

Stimpfle et | (6.3 +1.3)*¥1077 [298 K] 4

al. 3.3*10  exp(-850/T) + 4.5%107*(T/300)>”

Lecketal. | (4.5+0.9)*107% [298 K] <2% [298 K] 7

Burrows 5.4%107% [300 K] <0.3% [300 K] 8

and Cox

Catrell and | (6.2 +1.5)*10™ [298 K] 5

Cox

Finkbeiner <1% [300 K], 1

et al. 2+ 1)% [240 K],

(5 +2)% [210 K]

Knightet | (7.1 +1.8)*107%[298 K] <1% 12

al. (7.1 + 0.4)*10" 2 exp{(-16 + 17)/T}

Nickolaisen | 8.1%107% [298 K] 10

et al. 2.84*10"% exp{(312 + 60)/T}

Table 2.1. Measured rate constants and branching ratios for the reaction of HO, + CIO.
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REACTION

RATE CONSTANT (cm’ molec™ s7)

O(D)+H,=0OH+H

1. 1%1g%"

H+O0,+M=HO,+M

5.7*107°*(T/300)

H+O3:OH+02

1.4*10"*EXP(-470.0/T)

O(D)+N,=0+N,

4.0%10™""

o(D)+0,=0+0,

4.0%10™"!

OH+H;=H,O+H

5.5% 10" *EXP(-2000.0/T)

OH + O3 =HO,

1.5%10"**EXP(-880.0/T)

HO; +O3=0H+ 0, + 0O,

2.0*10*EXP(-680.0/T)

HO; + HO, = H,O; + Oy

2.3%101

HO; + HO, + M =H;0, + O, + M

1.7*10*EXP(1000/T)

OH + HO, = H,0 + O,

4.8*10"*EXP(250.0/T)

OH+OH+M:H202

7.0%107"

OH+OH=H,0+0

4.2%10"**EXP(-240.0/T)

O0+03=0,+0;

8.0*10"**EXP(-2060.0/T)

O(D)+03=0,+0,

1.2*¥10™

O+0,+M=0;+M

6.0%10~*

O+0OH=H+0,

2.2*10" *EXP(120.0/T)

0+ HO,=0H+ 03

3.0%10"*EXP(200.0/T)

Table 2.2. Reactions and rate constants used in FASCIMILE modeling of the reaction of

HO, + HO,.
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REACTION

RATE CONSTANT

O(D)+H,=0OH +H

1.1*¥107°

H+O0,+M=HO,+M

5.7*1077%(T/300)

H+O3=OH+‘02

1.4*10""*EXP(-470.0/T)

H + CLO =HCI + ClO 4.1%101
O(D)+N,=0+N, 4,010
o(D)+0,=0+ 0, 4.0%10"

OH+H2=H20+H

5.5*10"**EXP(-2000.0/T)

OH+O3=H02+02

1.5*10"**EXP(-880.0/T)

OH + CL,O = HOCI + CIO 7102
HO, + O3 =0H + O, 2.0*10"**EXP(-680.0/T)
HO, + HO, = H,0, + O, 23*10%

H02+H02+M:H202+02+M

1.7*107°*EXP(1000/T)

OH+ HO;g =H20 o+ 02

4.8*10" *EXP(250.0/T)

OH+OH+M=H202

7.0%10°T

OH + HCl = H,O + Cl

2.6*10*EXP(-350/T)

OH + HOCI1 = H,0 + Cl10O

3*10*EXP(-500/T)

OH + Cl, = HOCI + CI

1.4*10*EXP(-900/T)

OH + CIO =HO, + Cl

0.9*1.1*10"*EXP(120/T)

OH + ClIO =HCI+ O,

0.1*1.1*10"*EXP(120/T)

OH+OH=H,0+0

4.2%10"*EXP(-240.0/T)

O+O3=OZ+02

8.0*10 *EXP(-2060.0/T)

O('D)+0;=0,+0,

1.2*10°

O0+0,+M=0;+M

6.0%10°%

O+OH=H+0,

2.2*10T*EXP(120.0/T)

O+HO,=0H+ 0O,

3.0%10"*EXP(200.0/T)

0+ClIO=Cl+0,

3.0*10T*EXP(70.0/T)

0+ CLO =CIO + CIO

2.7%10" *EXP(-530/T)

Cl+ C}zo =CIlO + C]2

6.2*10"*EXP(130/T)

Cl+0;=CIO+ O,

2.9%10"*EXP(-260/T)

Cl+H,=HCi+H

3.7*10*EXP(-2300/T)

Cl+ H302 =HCI + H02

1.1*¥10"*EXP(-980/T)

Cl+ 0, +M=CIOO+M

2.7%10°°*(T/300)@-1.5

ClO + HO, = HOCI1 + O,

4.8%10""EXP(700/T)

CIO + HO, + M = HOOOCI + M

70%10%

Cl+ HO, =HCIl + O,

1.8*10*EXP(170/T)

Cl+ HO,=CIlO + OH

4.1*10T*EXP(-450/T)

CIO + Cl1O = CIOOCI

1.7*107°

ClO+ClO=ClL + 0O,

1.0*10 ?*EXP(-1590/T)

CIO+ClO=Cl+CIl+ O,

3*10T*EXP(-2450/T)

ClIO+CIO=0CIO +Cl

3.5%10 " *EXP(-1370/T)

Cl + OClO = ClO + CI1O

3.4*10"*EXP(160/T)

Table 2.3. Equations and rate constants used for FACSIMILE modeling of the reaction

of HO; + ClO.
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CHAPTER 3

STUDIES OF THE REACTION PATHWAYS OF
ALKOXY RADICALS
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3.1 INTRODUCTION

Investigations into the mechanisms of tropospheric ozone formation have become
increasingly important with the realization that ozone poses a critical threat to human
health, particularly with respect to its adverse effects on the respiratory system.>*
Nitrogen oxides and hydrocarbons released from the burning of fossil fuels are involved
in a complex series of reactions that lead to the formation of ozone in the troposphere.”
Alkoxy radicals (RO) are important intermediates in these reactions, yet their reaction
pathways are poorly understood.® It is essential to determine as precisely as possible
reaction rates, branching ratios, and product yields of the reactions leading to the
formation of tropospheric ozone so that quantitative models can be developed and steps
can be taken to reduce tropospheric ozone formation.*

Ozone formation in the troposphere occurs via the photolysis of NO; yielding NO
and OCP) followed by the reaction of O(’P) with O:

NO, - NO + OCP) (3.1)
OCP)+ 0, > 03 (3.2)

The formation of NO; is directly coupled with the oxidation of hydrocarbons in
the troposphere, and therefore tropospheric ozone formation requires the presence of
hydrocarbons. An example of a reaction scheme leading to the formation of NO; is
shown below:’

OH + RCHj3 —» H,O + RCH> (3.3)

RCH; + Oy + M — RCH,O, + M (3.4)

RCH,0; + NO - RCH,O + NO; (3.5)
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RCIH,0 + O, — RCHO + HO; (3.6)

HO, + NO — OH + NO, (3.7)
Net: RCH; + 2NO + 20, — RCHO + 2 NO, + H,0
The aldehyde (RCHO) product can then react with a hydroxy radical:
OH + RCHO — RCO + H;0 (3.8)

The RCO can then directly or indirectly decompose to R + CO. The newly
formed hydrocarbon (R) can reenter the above chain reaction (with one less CHs group
than it had initially) to form additional NO, molecules. Furthermore, the CO product
may be oxidized to CO; via a reaction pathway that is coupled to the conversion of
another NO to NO,. Therefore, the oxidation and decomposition of one hydrocarbon
molecule can generate many NO, molecules, indirectly leading to the formation of many
ozone molecules.

A significant uncertainty in the hydrocarbon oxidation reaction sequence is the
fraction of alkoxy radicals that react with O, to produce RCHO and HO,, and the fraction
of alkoxy radicals that follow other reaction pathways such as isomerization or
decomposition, as shown for the n-butoxy radical:

07
CH;CH,CH,CH,O — CH3CH; CH,CHO + HO; (3.9)

CH;CH,CH,CH,0 — CH,CH,CH,CH,OH [isomerization] (3.10)
CH3:CH,CH,CH,O — CH3CH,CH; + HCHO [decomposition] (3.11)
Recent modeling studies and limited experimental data point to a large

discrepancy in the relative pathways depending on the structure of the alkoxy

radicals.®”®>1? For example, alkoxy radicals that undergo isomerization via a 6-
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membered ring transition state such as the n-butoxy radical are predicted to have a
relatively large branching ratio for the isomerization pathway. On the other hand, alkoxy
radicals that would have a geometrically strained transition state, such as the propoxy and
iso-butoxy radicals, are predicted to have little or no isomerization products.
Additionally, the isomerization reaction increases when isomerization results in the
formation of secondary or tertiary alkyl radicals (e. g., n-pentoxy — 5-hydroxy-pent-2-yl)
as opposed to primary alkyl radicals (e. g., n-butoxy — 4-hydroxy-but-1-y1).°

We have chosen to focus our studies on reactions of the various isomers of the
butoxy radical and of the n-pentoxy radical. These molecules represent alkoxy radicals
that are not expected to undergo isomerization (tert-butoxy radical and iso-butoxy
radical), a molecule whose rate of isomerization is comparable to the rate of its reaction
with O, in the presence of 600 Torr of O, (n-butoxy radical), and a molecule whose rate
of isomerization is expected to be much faster than the rate of its reaction with O; in 600
Torr of O, (pentoxy radical). Table 3.1 presents a summary of the experimental and
calculated values previously obtained of the three reaction pathways available for the tert-
butoxy, iso-butoxy, n-butoxy, and n-pentoxy radicals.

Isomerization products have not been observed for the iso-butoxy radical or tert-
butoxy radicals, supporting the assumption that a six-membered ring is necessary for
isomerization to occur. Smog chamber studies at 300 K and 1 atm have obtained the
ratio of the rate of decomposition to the rate of the reaction (koy/kq) with O, for the iso-
butoxy radical of 3.5%¥10™"? cm’ molec™.'>'? Atkinson calculated rates of various alkoxy
radical reactions based on a derived relationship between the rate constant and the

exothermicity of alkoxy radical reactions. Atkinson calculated the rate of the
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decomposition of the iso-butoxy radical to be 2.3*10% s™ and the rate of the reaction of
the iso-butoxy radical with O, to be 7.8*107'° cm® molec™ s, resulting in a value for
(koarkg) of 3.1*1 0™ ¢m® molec™.® These data are in good agreement with recent
experimental data, in which laser-induced fluorescence was used to determine a value of
koo = 1.2+ 0.4 *10™ cm® molec™ s'at 298 K, and a temperature-dependent rate constant
koz = 1.33%10™" exp(5.48/T) cm® molec! s71.13

The rate for the decomposition of the tert-butoxy radical at 298 K was determined
experimentally by Batt et al.® and adjusted by Atkinson®” based on the rate of the reaction
of the tert-butoxy radical with O, to yield 7.9¥10* s™. We are not aware of any data
reported in the literature concerning the rate of the reaction of the tert-butoxy radical with
O,; however, the rate of this reaction is expected to be similar to that of the reaction of O,
with the iso-butoxy radical.®

Experimental studies of the n-butoxy radical at 1 atm have obtained values for
koa/Kisom ranging from 5.2%* 10" t0 6.7*10°% cm® molec™.”'1? A recent study at 50 mbar
by Hein et al. monitored the concentrations of NO, and OH with LIF and long-path
absorption and obtained values of 1.4%10™ em® molec™ s for ko and 3.5%10% s for
Kisom.~ At this low pressure, the ration koa/Kisom = 4.0* 10™ em® molec™!. Calculations by
Atkinson of the n-butoxy radical reaction pathways have obtained a rate constant of
5.8%10” s™! for the decomposition pathway, 9.3*10™"° cm® molec™ s for its reaction with
0,, and 2.0%10° s™" for the isomerization pathway.6

Theoretical and experimental studies of the n-pentoxy radical have been more
limited than for the iso-butoxy and n-butoxy radicals. The rate constant for the addition

of O, to the n-pentoxy radical generally has been assumed to be similar to that of the
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reaction of the n-butoxy radical with 02‘6 The rate constant for the isomerization of the
n-pentoxy radical is predicted to be an order of magnitude larger than for the n-butoxy
radical because the product of the n-pentoxy radical isomerization is a secondary alkyl
radical, whereas the isomerization product of the n-butoxy radical is a primary alkyl
radical.® Hein et al. found that the ratio koo/Kisom Was smaller than they could detect
experimentally, and they placed an upper limit of 1* 10" ¢m?® molec™ s for ko, and a
lower limit of 1*10% s for kisom."”

Many previous experimental studies of the reaction pathways undergone by
alkoxy radicals have relied on end-product analysis, 510141518 Other studies have
observed secondary reaction products of alkoxy radical isomerizations and reactions with
05 such as OH and NO,."> Often, several reaction pathways can generate the same
products, and so it can be difficult to deduce reaction mechanisms by relying on end-
product data.'” Some experiments have used laser-induced fluorescence to detect
reaction pathways of small alkoxy radicals (up to 2-butoxy).!* 1% 18

Here, we report direct studies of butoxy and pentoxy radical reaction pathways,
using our infrared cavity ringdown spectroscopy apparatus, in order to compile
information about the reaction rates of the various product channels available to the
alkoxy radical. Our apparatus enabled us to obtain data on a time scale of tens of
microseconds after the formation of the alkoxy radicals, and the range of our ringdown

mirrors afforded detection of product absorptions in the 3300 - 3750 cm’ range.
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3.2 EXPERIMENTAL

The alkoxy radical was photolyzed in situ from the nitrite precursor with 248 nm

or 351 nm radiation from an excimer laser:
RONO — RO +NO

The butyl nitrite precursors were purchased from Aldrich. n-Pentoxy nitrite was
synthesized from pentanol in aqueous sodium nitrite, using a modification of the
synthesis of n-butyl nitrite described in Organic Syntheses Vol. R Briefly, a mixture of
100 mL H»0, 136 mL concentrated H,SO4, and 457 mL pentanol was cooled to 0°C and
then was introduced to a solution of 380 g of sodium nitrite in 1.5 L of HO. The
resulting mixture separated into two layers. The aqueous layer was removed and the
pentyl nitrite layer was washed with a solution of 2 g sodium bicarbonate and 25 g of
sodium chloride in 100 mL of water and dried with 20 g of anyhydrous sodium sulfate.
The crude product was distilled at 25 °C and 43 mm Hg, and the absence of an alcohol
absorption peak in the infrared region confirmed that no residual pentanol remained in
ther distilled product. The alkyl nitrites were placed in a bubbler, which was subsequently
placpd in a temperature-controlled methanol bath. Helium or argon was bubbled through
the liquid alkyl nitrites in order to introduce the nitrites into the reaction cell. The
temperature of the methanol bath was adjusted to control the vapor pressure of the alkyl
nitrites, thus controlling the concentration of alkyl nitrites in the helium. Typical
temperatures ranged from -40 °C to -10 °C. Nitrogen and oxygen were used as bath
gases, and the relative ratios of these gases in the reaction cell were used in the

determination of the ratio of kisom/ko2[O2]. A typical ratio of the nitrogen/oxygen mixture
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to the argon/alkyl nitrite mixture in the reaction cell was 30:1. Argon was used to purge
the ringdown mirrors. Helium, nitrogen, oxygen, and argon gases were purchased from
Air Liquide (99% pure). The total flow rate of gases through the cell was approximately
3400 sccm, and the total pressure in the cell was typically at 600 Torr. The residence
time of gases in the photolysis region was approximately 0.5 seconds.

The concentration of alkyl nitrites was determined by an absorption measurement
of the helium/alkyl nitrite flow at 254 nm. The cross section of methyl nitrite at 254 nm
is 1*10"® cm?, and the cross section for the other alkyl nitrites is expected to be
similar.?**" Alkyl nitrite concentrations in the reaction cell were kept low because the
alkyl nitrites absorbed infrared radiation in the 3300-3750 em™ range which interfered
with our detection of reaction products. Typical precursor concentrations in the cell were

on the order of 10"® molec/cc. The cross sections for alkyl nitrite photolysis at our

2

2

photolysis wavelengths of 248 nm and 351 nm are 1.3*10™"® cm? and 8%10%° cm
respectively.”’ Typical excimer energies entering the reaction cell were 125 mJ of 248
nm radiation and 50 mJ of 351 nm radiation, and the rectangular excimer beam was
approximately 3 cm x 1 cm. The resulting amount of alkyl nitrite photolysis is 5% at 248

nm and 0.1% at 351 nm.
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3.3 RESULTS

A. 248 nm photolysis
Spectra in N;

Spectra of the end products of the reactions of n-, iso-, and tert-butoxy radicals
formed from the photolysis of the butyl nitrite precursors at 248 nm were taken by
obtaining infrared cavity ringdown curves at a repetition rate of 10 Hz. The total pressure
in the cell was 600 Torr, the residence time of gases in the reaction cell was 0.5 s, and so
the 10 Hz experiments probed products that had been formed from several rounds of
precursor photolysis. We chose to conduct these end-product analyses as our initial
experiments because of the large absorption signals that were generated by observing
many rounds of products at once, and experiments were performed more expediently at a
higher repetition rate. The 10 Hz data with N, as a bath gas are shown in Figure 3.1.

Spectra of products formed 10 microseconds after the photolysis of the precursor
were taken by repeating the scans at 2.5 Hz. The spectra of the products that formed
within 10 microseconds after photolysis are shown in Figure 3.2. We found that the
spectra in Figure 3.2 are scaled-down versions of the 10 Hz spectra shown in Figure 3.1,
indicating that the spectra observed at 10 Hz were generated from species formed within
the first 10 microseconds after the photolysis of the nitrite precursors. The different butyl
nitrite precursor concentrations in the cell were not standardized for these experiments
because we were concerned mainly with qualitative identification of the spectral peaks;

typical butyl nitrite concentrations were approximately 5* 10" molec/cc (as calculated
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from the absorption of the butyl nitrites at 254 nm prior to introducing them into the
reaction cell) for the data in Figure 3.1 and Figure 3.2.

Figures 3.1 and 3.2 reveal two regions of spectroscopic absorption: one at 3470
cm™ for all butoxy radicals and one at 3675 cm™ for the n-butoxy radical reactions. Time
profiles were taken of the rise of each peak observed in the spectra of the butoxy radical
reactions in N,. These profiles were obtained by varying the delay between the
photolysis of the nitrite precursors and the probe with the cavity ringdown spectrometer.
All of the peaks in the spectra were present at their maximum intensity within 10
microseconds of the photolysis, which is the highest time resolution that we can achieve
with our apparatus.

The peak at 3675 cm™ in the n-butoxy radical reaction spectrum was identified as
an -OH absorption. We assign this peak to the initial isomerization product of the n-
butoxy radical, the 4-hydroxy-butyl radical, because the location of the -OH peak of this
product is similar to that for butanol, which is centered at 3669 cm™. The presence of the
-OH peak in the n-butoxy radical spectrum, and its absence in the tert-butoxy radical and
iso-butoxy radical spectra, indicate that only the n-butoxy radical is undergoing
isomerization, as was expected from previous arguments.

Both the n-butoxy and iso-butoxy radicals give products that have an absorption
centered at 3471 cm™, with a strong Q branch. The tert-butoxy radical also has a large
absorption around 3460 cm”, but this absorption does not have a Q branch. The peak
observed for the n-butoxy and iso-butoxy radicals at 3471 cm™ was identified as
formaldehyde. This identification was established by introducing an aqueous solution of

formaldehyde into the ringdown cell and confirming that its absorption spectrum was
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identical to that of the n-butoxy radical and iso-butoxy radical spectra. The peak in the

tert-butoxy radical product spectrum at 3460 cm™ was identified as acetone based on a
comparison to a reference spectrum of acetone.

Formaldehyde is a decomposition product of the n-butoxy radical and the iso-
butoxy radical. The n-butoxy radical was not expected to undergo significant
decomposition under our reaction conditions because the rate constant for decomposition
has been reported to be three orders of magnitude smaller than the rate constant for
isomerization.® The rate constants for decomposition of n-butoxy radical and iso-butoxy
radical would correspond to the formation of formaldehyde over several milliseconds.
Therefore, the observation that the formaldehyde was completely formed within 10
microseconds was unexpected. The prompt formaldehyde formation in the n-butoxy
radical and iso-butoxy radical spectra suggests that the photolysis at 248 nm may be
generating highly energetic butoxy radicals which undergo spontaneous dissociation.
Details concerning the plausibility of the spontaneous dissociation of the butoxy radicals
at 248 nm using energetics arguments will be discussed later in this chapter.

Acetone is a decomposition product of the tert-butoxy radical. The rate of
decomposition of the tert-butoxy radical at 298 K was measured relative to its reaction
with NO, and it was reported to be 1100 s™.** Atkins reevaluated the rate constant based
on the current value for the rate of the reaction of the tert-butoxy radical with NO, which
is 3.8*10™"" em® molecule™ s1.° The resulting rate constant for the decomposition of the
tert-butoxy radical was reported to be 790 s™'. Under our reaction conditions, 2.5%¥10'*
molec/cc of NO were produced from the photolysis of tert-butyl nitrite. At this NO

concentration, the rate for the reaction of the tert-butoxy radical with NO is 9500 s,
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which should dominate over the decomposition reaction. Furthermore, the
decomposition channel is slow, and so there should be very little decomposition product
observed 10 microseconds after the photolysis of the precursor. These results suggest
that, as in the case of the n-butoxy radical, excess energy may be present in the tert-
butoxy radical as a result of the photolysis of tert-butyl nitrite at 248 nm, and the tert-

butoxy radical may be dissociating immediately after its formation.

Spectra in O;

End-product spectra of the butoxy radicals in O, taken at a 10 Hz repetition rate
are shown in Figure 3.3, and spectra taken at 2.5 Hz, 10 microseconds after the photolysis
of the nitrite precursor, are shown in Figure 3.4. As with the N» spectra, the O, spectra at
10 Hz have the same peaks as the 2.5 Hz spectra, and so the spectra observed at 10 Hz
were generated from species formed within the first 10 microseconds after the photolysis
of the nitrite precursors. For each of the butoxy radicals, all of the peaks that were
observed in the N; spectra were also present in the O, spectra. Additional peaks were
also present in the O, spectra, presumably due to the reaction of O, with the butoxy
radicals or the reaction of O, with products of other reaction channels of the butoxy
radicals, such as decomposition products.

As in the nitrogen spectra, an -OH peak was observed only for the n-butoxy
radical, supporting the conclusion that this peak is from an isomerization product. In
addition to the peak at 3471 cm™ that was observed in the N, spectra and has been
assigned to formaldehyde, both the n-butyl radical and the iso-butyl radical contained

peaks at 3550 cm™ and 3595 cm™ when oxygen was used as a bath gas. The tert-butoxy
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radical contained a formaldehyde peak in the oxygen spectra that was not present in its
nitrogen spectra.

Time delay profiles showed that all peaks reached their maximum strengths
within 10 microseconds after the photolysis of the precursor, with the notable exception
of the peaks at 3550 and 3590 cm™ observed in the n-butoxy and iso-butoxy radical
product spectra. Time profiles of the 3550 cm™ and 3595 cm™ peaks are shown in Figure
3.5. The data shows that the 3550 cm™ and 3595 cm™ peaks have similar time profiles,
and that they reach half of their maximum value approximately 20 microseconds after the
formation of the butoxy radicals. These results indicate that the peaks at 3550 cm™ and
3595 cm™ represent the formation of a product by a slower reaction process than the
other spectral peaks. Thus, the 3550 cm™ and 3595 cm™ peaks may result from the
reaction of oxygen with a reaction intermediate, such as a decomposition product.

The tert-butyl radical spectra indicate the presence of formaldehyde based on its
characteristic Q branch at 3471 cm™. One possible pathway to the formaldehyde may be
initiated by the reaction of the methyl radical (a decomposition product of the tert-butoxy
radical) with O; to form methyl peroxy radical (Reaction 3.12). The methyl peroxy
radical could react with NO to form the methoxy radical, and the methoxy radical could
react with O, to form formaldehyde and HO; (Reaction 3.13). Additionally, the self-
reaction of the methyl peroxy radical has a formaldehyde product channel (Reaction
3.14).5

CHj; + O; — CH30; (Reaction 3.12)
CH;0; + NO — CH;0 + NO;, (Reaction 3.13)

CH50; + CH30; — 0.6 (CH,0 + CH30H + O;) (Reaction 3.14)
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These reactions were simulated with a FACSIMILE model to determine the time
profile for the formation of formaldehyde. The result of this model is compared to the
observed time profile of the formation of the 3471 cm™ peak in the tert-butoxy radical
spectrum in O; and is shown in Figure 3.6. As is evident in Figure 3.6, the formation of
formaldehyde by the above processes is slower than our observed time profile for
formaldehyde formation, in which formaldehyde formation occurs immediately after the
photolysis of the tert-butyl nitrite precursor. Therefore, this scheme is unlikely to be the
mechanism that produces the formaldehyde that we are observing. A different process,
such as addition of oxygen to the tert-butyl radical followed by immediate dissociation, is

presumably leading to the formation of the observed formaldehyde.

Analysis of 248 nm Data

The 248 nm data indicate that decomposition of the butoxy radicals is occurring
to a greater extent than would be expected based solely on the rates of decomposition
compared to the rates of other reaction pathways. Thus, we investigated the possibility
that photolysis of the butoxy nitrite precursors at 248 nm was introducing excess energy
in the butoxy radicals, causing them to undergo immediate decomposition. In the early
1960s, McMillan reported that the fraction of excited radicals produced at 26 °C in
nitrogen from the 253 nm photolysis of tert-butyl nitrite was 0.87, whereas at 366 nm
photolysis, the fraction of excited tert-butoxy radicals produced was 0.04 242
Subsequent studies by McMillan and coworkers on the photolysis of tert-pentyl nitrite

found that the fraction of excited pentoxy radicals produced with 253 nm photolysis was

0.86, while the fraction of excited pentoxy radicals produced with 366 nm photolysis was
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0.03 at 26 °C.*® These and other studies point to a large discrepancy in the amount of
excited alkoxy radicals that are produced from photolysis of alkyl nitrites in the 250 nm
wavelength range versus the 350 nm wavelength range.”

The probability that excess energy from the photolysis at 248 nm was causing the
butoxy radicals to spontaneously decompose led us to investigate the behavior of butoxy
and pentoxy radicals at a different photolysis wavelengths. We chose to switch to 351
nm photolysis because photolysis of alkyl nitrites at this wavelength would be expected
to produce a significantly smaller fraction of excited molecules. Additionally, switching
the excimer laser from 248 nm to 351 nm was easily facilitated by changing from a Kr/F

mixture to a Xe/F mixture.

B. 351 nm photolysis

The excimer laser output at 351 nm was 100 mJ, as opposed to the 250 mJ that we
obtained at 248 nm. Additionally, the absorption cross section for the alkyl nitrites at 351
nm is a factor of 16 smaller than the absorption cross section at 248 nm. Therefore, by
switching to 351 nm photolysis, the percent of butyl nitrite photolysis would be decreased
by a factor of 40. Because of this decrease in the amount of photolysis of the nitrite
precursors at 351 nm, we could only obtain spectra with a reasonable signal-to-noise ratio
when running the experiment at 10 Hz. Thus, all spectra reported here at 351 nm are
those of end products of the alkoxy radical reactions. We were able to investigate the -
OH peak of the isomerization product using a repetition rate of 1 Hz by averaging many
ringdown curves to attain an adequate signal-to-noise ratio, and these results are

presented following the spectral results.
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Spectra in N;

The spectra of the end-products of the reactions of iso-butoxy, n-butoxy, and n-
pentoxy radicals in nitrogen are shown in Figure 3.7. Unlike the spectra obtained at 248
nm, the spectra in Figure 3.7 do not indicate the presence of any formaldehyde peaks.
This supports our earlier hypothesis that the formaldehyde observed from the 248 nm
photolysis was formed from immediate dissociation of the butoxy radicals because of the
excess energy given to them from photolysis at the higher energy wavelength. The
spectra in Figure 3.7 have a significantly lower signal-to-noise ratio than the spectra from
the photolysis at 248 nm because of the smaller percent of precursor photolysis. Thus,
the only peak that is clearly identifiable is the -OH peak at 3650 cm™. This peak is
observed for only the n-butoxy and n-pentoxy radicals, implying that only these

molecules undergo isomerization.

Spectra in O>

The end-product spectra of the butoxy and pentoxy radicals in oxygen are
presented in Figure 3.8. The poor signal-to-noise precludes identification of any peaks
in the iso-butoxy radical and tert-butoxy radical spectra. Additionally, a large absorption
of the tert-butyl nitrite precursor at 3550-3600 cm™ prevents the acquisition of spectra in
this region. Both the n-pentoxy and n-butoxy radical spectra contain the peak at 3650
cm’! that was also observed in the N spectra for these molecules. The rest of the n-
pentoxy radical spectrum is too noisy to identify any other peaks. On the other hand, the

n-butoxy radical spectrum was taken under particularly good conditions (excellent
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repeatability of ringdown curves), and so the presence of other peaks in this spectrum
was confirmed.

The n-butoxy radical spectrum in O, with photolysis at 351 nm is compared to the
spectrum taken at 248 nm in Figure 3.9. The spectra were scaled to match their peak
strengths at 3650 cm™. The comparison reveals remarkable similarities in the spectra.
They both contain peaks at 3550 and 3595 ecm™, and the source of these peaks is
unknown. The presence of these peaks in the 351 nm spectra suggest that they are not a
result of the reaction of O, with decomposition products because no formaldehyde
formation is observed at 351 nm. Both the 351 nm and 248 nm spectra have a broad peak
ranging from 3410 to 3500 cm™. For the 248 nm spectrum, this peak was assigned to
formaldehyde because of the characteristic Q branch at 3471 cm™. In the 351 nm
spectrum, however, there is no evidence of a Q branch, and so the source of this broad

absorption is unknown.

Isomerization versus Reaction with O,

For the molecules that undergo isomerization, namely the n-butoxy radical and
the n-pentoxy radical, we investigated the relative rates of their reaction with O; versus
their isomerization rates (koy/kisom). These two pathways are depicted below for the
butoxy radical.

kisom

C4HoO — C4HgOH (Reaction 3.12)

ko2
C4HyO + O, —» HO, + C4HgO (Reaction 3.13)
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Studies of koa/kisom Were performed by varying the ratio of O, and N, in the reaction cell
and monitoring the strength of the -OH peak at 3654 cm™. This wavelength was chosen
for our experiments because there was minimal interference with water and precursor
absorptions.

The value of koa/kisom Was determined using the following method. The
concentration of the isomerization product produced in Reaction 3.12 is equal to the
initial butoxy radical concentration multiplied by the rate constant of the isomerization
reaction (Kisom) divided by the summation of the rate constants of both the isomerization
reaction and the reaction with oxygen (ko [O2]):

Kisom [C4HoO]

[C4HgOH] = (Equation 3.1)
k02 [02] g kisom

Equation 3.1 can be rearranged to yield a linear relationship between the inverse

of the concentration of the isomerization product and the ratio koa/Kisom:

I kos [Oz] 1
= + (Equation 3.2)
[C4HsOH] Kisom [C4HoO] [C4Hs0]

From Equation 3.2, it is evident that a plot of 1/[C4HgOH] versus [O,] will result
in a line with slope koy/( Kisom [C4HoO]) and a y-intercept of 1/[C4Hs0]. Dividing the
slope by the y-intercept will yield the ratio koy/ Kisom. The relationship between 1/t - 1/7,
the difference of the inverse ringdown time of the cavity with the absorbing sample and
the inverse ringdown time of the empty cell, is related to the concentration of the
absorbing species via the following equation, which is discussed in more detail in

Chapter 2 of this thesis (c is the speed of light, ¢ is the absorption cross section, Lcey is
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the length of the ringdown cell, and Ly is the length of the photolysis region of the

ringdown cell):

11 {c*0 *[CaHsOH]*Lopor}
——— = (Equation 3.3)
T By {Lcen}

From Equation 3.3, the quantity (1/t - 1/1,) is proportional to [C4HzOH].
Therefore, we plotted (1/t - 1/1,)™" as a function of [O2], and the resulting ratio of the
slope to the y-intercept was equal to kos/ kisom.

The results of our studies of the amount of n-butoxy radical isomerization as a
function of oxygen concentration in the reaction cell are shown in Figure 3.10. The study
was performed at both 1 Hz and 10 Hz repetition rates, and the value (1/t - 1/ 1 )" was
plotted as a function of oxygen concentration. The 1 Hz data was obtained using time
delays ranging from 10 to 20 microseconds between the firing of the excimer laser and
the infrared cavity ringdown detection, and so it probed products formed within the first
20 microseconds of the generation of the butoxy radical. The 10 Hz data probed the end-
products of the reaction. For the 10 Hz data, we obtained a value for koy/ Kisom of
(4.0+0.1)*10?° cm’ molec™, and for the 1 Hz data, we obtained koy/ Kisom = (3.6+1.4)*10°
20 em® molec™.

The consistency of our value for koy/ kisom While running the experiment at both
10 Hz and 1 Hz suggest that all of the observed -OH peak at 3554 cm™ is from the
isomerization product of the n-butoxy radical. A discrepancy in the value obtained for

koy/ kisom at 1 Hz and 10 Hz would have implied that there were other mechanisms

producing molecules with a peak at 3554 cm’’, such as an additional product with an -OH
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group. Thus, our results support the validity of using analysis of -OH absorptions to
measure the extent of alkoxy radical isomerization.

Previous measurements of koy/ Kisom for the butoxy radical at atmospheric
pressure range from 5.2%107% to 6.7¥10?° cm® molec™. Hein et al. reported a value for
kos/ kisom at 50 mbar pressure of 4.0* 10" em® molec™, and they suggest that kiso, may
have a pressure-dependence.'” If this is the case, then it would stand to reason that our
value for koy/ Kisom, taken at 600 Torr, would be intermediate between the values at
atmospheric pressure and at 50 mbar. A summary of experimental values obtained to
date of koy/ kisom for the butoxy radical are presented in Table 3.2.

The relative rate of the reaction with O, versus the rate of isomerization
(koa2/kisom) Was also investigated for the pentoxy radical. We observed no difference in
the strength of the -OH peak of the pentoxy radical isomerization product at 3554 em™ in
100% N, and 100% O at 600 Torr total pressure. Our uncertainty limits were very large
due to poor signal, and we estimate our error at 10% of the strength of the ringdown
peak. This gives an upper limit for koy/kisom of 5.6%10%! cm® molec™. The only previous
experiment of which we are aware that measured ko,/ kisom for the pentoxy radical is the
work done by Hein et al. in which they obtained an upper limit of 1*1 0" ¢cm® molec™ for
koy/ Kisom. "

Assuming that ko, for the n-pentoxy radical is similar to ko, for the n-butoxy
radical, as has been suggested by Atkinson,® our value for koo/ Kisem yields a lower limit
for the rate of the n-pentoxy radical isomerization of 2500 s'. The suggested value for
the rate of the n-pentoxy radical isomerization based on theoretical arguments is

approximately 5800 5.8 Current work is underway in our laboratory to increase the
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sensitivity of our apparatus so that we can directly measure kos/ Kjsom for the n-pentoxy
radical. One improvement we intend to implement is to multi-pass the photolysis beam
through the reaction cell to increase the fraction of alkyl nitrite photolysis, which will
increase the amount of products formed without necessitating an increase in the precursor

alkyl nitrite concentration.

3.4 CONCLUSIONS

We have obtained spectra of butoxy radical and pentoxy radical reaction
pathways following the photolysis of the alkyl nitrite precursors at both 248 nm and 351
nm. We found that photolysis at 248 nm resulted in an unexpectedly high concentration
of decomposition products. We suggest that excess energy in the alkoxy radicals
following the photolysis of the nitrite precursor at 248 nm resulted in spontaneous
decomposition of these molecules.

Spectra of n-butoxy and n-pentoxy radicals following precursor photolysis at 351
nm indicate the presence of a broad absorption centered at 3675 cm™. These absorptions
were attributed to the -OH of the isomerization products. No formaldehyde absorption
was observed for any of the butoxy or pentoxy radicals at 351 nm, supporting that the
observation of this product at 248 nm was due to spontaneous decomposition as a result
of excess internal energy in the butoxy radicals following the precursor photolysis.

The ratio of the rate constant for the reaction of the n-butoxy radical with O,
versus its isomerization was obtained under conditions probing both the immediate

formation of the isomerization product (10-20 microseconds after photolysis) and end-
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product analysis (10 microseconds - 0.5 seconds after photolysis). The end-product
analysis resulted in a value for koa/ Kjsom of (4.0+0.1)* 102 cm? molec'l, while a value of
(3.6+1.4)*1 02° cm® molec™ was obtained when probing the isomerization product
immediately after its formation. We have also placed an upper limit on the ratio of ko,/

kisom for the n-pentoxy radical of 5.6* 107! ¢m?® molec™.
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reaction with O,

isomerization rate

decomposition rate

-1

kop, em’® molec™ s | kigom, 57! Kitsiormp, 8
tert-butoxy N. A. N. A. 790
iso-butoxy 8*10"° N. A. 2100-2500
n-Butoxy 1*107° 1.6 x 10° 580
n-pentoxy 2 1*10% >1.0%10° N. A.

Table 3.1. Summary of previous measurements of alkoxy reaction rates at 298K.
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(cm® molec™)

Conditions

Reference

6.25*10%°

760 Torr, end-product

Carter et al. [11]

(6.7+2.2)¥107°

760 Torr, end-product

Cox etal. [12]

(5.2+0.5)*10

760 Torr, end-product

Niki et al. [7]

(4.0+3.0)*107"

38 Torr, monitoring NO and OH

Hein et al. [14]

(4.0+0.1)*10%

600 Torr, end-product

current work

(3.6+1.4)*107

600 Torr, monitoring -OH peak at 3554 cm™
10-20 ps after the formation of n-butoxy

current work

Table 3.2. Summary of rate constants obtained for Kisom’ko2 for the n-butoxy radical.




106

*Ax01Nnq-119] 01 spu0dsarrod (sx) eiep
UIF 9y} pue ‘AX0Inq-0sI 03 SPUOdSILIOD (SPUOUIRIP) BIRp aN[q 3y} ‘Ax0INg-U 03 SpuOdsaliod (sa[Suell) vjep paIdy] ‘wu
87 1e siskjojoyd pue zi o1 e Sumun juswrdxs o) yim I\ ur sjonpoid uonoeas [eoIpel Axoing Jo e10adg 1€ a3y

o
0000¢-
0GLE 00LE r 059¢ 009¢ (11993 00S€ (119749 oﬂm 04¢¢
- = 'l O
WYL Y ¢
(/% X S
e ,
f/ % 0000¢
000001
x& 0000ST
000002

21 - Y1



107

"Ax0INq-1191 03 spuodsazoo (sx) eiep uaaId oy
pue ‘Ax01ng-os1 01 spuodsalrioo (spuowreip) eyep anjq Yy} Axong-u o3 spuodsaiioo (So[SueL)) ejep pa1 oyl WU §p7
1e sisAjojoyd pue zy | 18 Sumuuni Juswadxa oyl yum I\ ur s1onpold uonoeal [edrper Axong Jo enodds 7' ¢ 2Ingiy

L
mq 0000¢-
M 0000T1-
0S4€e 00LE Om% 009¢ 1993 M 005¢ (119743 00%t e
2 3 4 i ' ) c
S d ’ 00001
" ' 00002

|
V i

¥ 0000¢
W* ﬂ 0000¥

L 0000¢

00009

0000L

00008

21 - 1



*Ax0Ing-1191 03 spuodsa1iod
(5.x) eyep woe1d oy pue ‘Axoyng-ost 03 spuodsariod (spuowreIp) ejep anjq oy} ‘Axoing-u o) spuodsersod (sejSueL)) eyep pal oY,
"wu g7 1 sisAjojoyd pue zg o Je Sumuni juswnadxd ay) yum Qo ur sjonpoid uonoeas [eoipel Axoing jo e1oadg ‘¢ ¢ oISy

108

L

a
£

i

0GLE p

00LE

059¢ 009¢ 0s¢s¢e

L 'l A

00S¢€

1943

00¥€ 0
2 l;. wf

Yy

L »...»;L ()
ks

Vs

|
\

'

AT AT

A

e =

0000¢-
&
0

- 0000§

000001

Y

0000¢1

EATAY
Ay

000002

000052

00000¢

0000S€

00000

000001~

YT -1



109

‘Ax0Ing-1191 01 spucdsariod (sx) eyep
U913 Y pue “Axojng-os1 03 spuodsariod (spuowerp) vjep anjq ay} ‘Axoing-u 0} spuodsarioo (sejSueLn)) ejep paI Syl ‘wu

8tz 1e s1sAjoroyd pue zp] | Je Sumuun Juswiradxa oY) yum 40 ui s1onpoid uonoral [eoIpel Axoing Jo v1joadg p g AIngiy
o
0000t~

00002~

0SAE 00LE 0S9¢€ 009¢€ 0SS€ 00S€ 53

—

{_‘
[

— -

—]

. P
o
o
=)
=1
=

000001

000021




00/03[0W _ 0] 4€ PUB “00/09]0W 01T 00/03]0W _ 01«1 oTe [euSIS SuiseaIoul JO JOPIO Ul SUOIIRIJUIIUOD
oy [Aing-u W0 056E e yead 9y} 03 puodsaliod (S9[0110) vIEp Pal oy} pue * W0 GEGE T yead oy} 01 puodsairod (sarenbs) ejep
AN|q AYL ‘WU g, Y8 SB[ JSUINOXS 3y} JO FuLry oY) 191k Av[op SUI) JO UOHOUNS B SB | WO SEGE PUB | WO OSSE T8 reusis ¢ ¢ andig

(spuooas) swn

000 SE000 €000 €200°0 2000 SI00°0 1000 0000 0
1 1 1 A | . | | Il O
00001
m — —_———— e 00002
s —— —® - 0000€
T
0000t
“l..’l/l\\\l\ 0000¢
00009

O1/1-2/1



111

*AX0INQ-113] JO UOIIRIOOSSIP Y} WO PIULIO] ¥
01 %() J0 uonIppe 2y} SUIMO[[OF UOTIBULIO] SPAYIPJLULIO] JO [opol FITNISIV A 01 pereduroo (saxenbs yjm ourj par) wu gp7
1e 9y [A1ng-1197 Jo sisAjojoyd Fuimoroy uaSAxo ur Ax0Inq-1Jo} WO} UOKBULIO] SpAYSp[eWwIo] JO o[yoid Wi '9'¢ aIndig

(&) oum
$00°0 %000 000 $£00°0 £00°0 $700°0 7000 S100°0 100°0 50000 0
L 1 1 1 i | S 1 ! O
0005
00001
000$1
—— . 0000¢

000sT

B18p IINISOV . 10] SIFIN ‘I8 (B18p [BuatLadxs 10§ °2/T - /1



112

‘(00001 1 paoI1aZ) AX0ING-081 ST (Sa1ENbS) BIRP P Y] pue ‘AX0ING-U SI (SpUOIRIp)
B1ep U313 3y {(enoads JaY10 Yojew 0} 9ZIS UL PAONPAI Pue 00O} 18 Poo1ez) Axojuad-u st (so[Suern) eyep anjq YL, wWu [GE
1e sisAjojoyd pue z[ o1 18 Suwuni juswadxe ay) Ypm N ul sjonpoid uorjoear [eorper Axojued pue Axojnq Jo vi0edg /¢ amdig

) 00008

¥ / » 00009-

L.»:: LAPATENE [\ ot ik pll KPF :._b oo
3 a 0000Z-

ETARETA



113

(0000~ T8 Pa013z) AX0INq-0s1 SI (Sa1enbs) vlep pa1 oyl pue ‘AX0Ing-u si (Spuowerp) ejep udaid
oy} ‘(00001 18 Po0I1z) Ax0Ing-11a] sI (5,X) v1ep jyuid oy} (00008 18 Pa01ez) Axojuad-u s (sajSuewsy) eiep onjq Y "wu [G¢ Ie
sisAjojoyd pue zH 1 1 Suruuni juswnradxs o) yum ¢ w1 sjonpoid uonorar [eorper Axojuad pue Axojnq Jo e110adg ‘g'¢ aInguy

o
00008-
‘b : PI) ; .| '3 > P n x [a >l.7- A 7Il>|sh 0000%-
P g Ay AR AR g
4
0s./€ 00/€ 0S8 00se osce oose 0Ske 00% 0gee
2 o o X il L 1 I . LAY Y - 0
ﬁ “ n raR.
o . .\ .\ wn, z% ; ﬂ, H :z » 3 6,25 X Ay ? Vava.® wma - 00001
\[ U < /F / ‘ J /i 4 Ca ™y | >y v@m 5O X o wa \
X% d ¥ x
,ﬂ\x/\i)k T ¥ LAM | - 00008
<{ 000021

000091

Y1-Y1



114

‘(aur) anjq) sisAjotoyd wu 1¢¢ pue (sarenbs par) sisAjooyd wu gH7 yum Lo ur [eoipes Axoing-u Jo uosuedwo)) ‘g'¢ 9In31]
1 3N1q) SISAjojOY Y Pai) SISAJ030Y qHm =Q Ut [edp q-ujg : ) !

ti0)

0000T-

00001~

0SLE

00LE

059¢

009¢

1]3%3

00S¢€ )92

00001

Al

0000T

N

0000¢

VY

R

2@. \
|

0000¥

INVEALY
oy
il

0000¢

00009

0000L

Y1 -1



115

‘e1ep ZH ] 01 puodsaiioo (sejSuewn) sjutod viep anjq pue ‘ejep zy [ 0} puodsaiiod
(sarenbs) syurod vyep pey /90 UONOEAI AY} UI UOPRIIUSIUOD T() JO UOHOUNT © SB (W0 GG E 1@ [euSIS 98I0AUL JO S1O[d "0 "€ 2InS1g

(00/0910U1) ¥() JO UOIIRIIUIOUOD

61+47 6I+d8'T 6I+d91 61+db'1 61+d21  61+d1  8I+d8  8I+d9  8I+dy  SI+dC 0
| L 1 1 , 1 L | | o
- — =Y =W —¥ 00000
— g
oz OLx(1°0+0') = g/ S
98960 = A
SO~ + XpT-AT = A
$1000°0
=
70000 =
g
. $7000°0
- €000°0
\\ oz 01+ 0+9°€) = g
€56L°0 =4 o—
e 7000°0 + XpT-aL = &

¥000°0



