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Abstract 

Infrared Diode Laser Studies of the Products 

from the Reaction CH2 (:X 3B I) + 02 and 

from the near-UV Photolysis of CH3NCS 

by 

Ramon Arturo Alvarez 

Doctor of Philosophy in Chemistry 

University of California at Berkeley 

Professor C. Bradley Moore, Chair 

The absolute yields of the stable carbon containing products CO, 

C02. and H2CO formed in the reaction of triplet methylene (X 3al = 
CH2) with 02 have been determined using a flash kinetic spectrometer. 

CH2 radicals were generated by excimer laser photolysis of ketene and 

product formation was monitored by time-resolved infrared diode laser 

absorption. The reaction was carried out in a static gas cell at room 

temperature (T = 298 ± 3 K) with total pressures in the range 1 - 25 torr. 

The measured product yields were CO. 0.34 ± 0.06; C02. 0.40~8.8!1: and 

H2CO, 0.16 ± 0.04. The rate constants for production of CO and C02 

were equivalent to the published rate constant for removal of CH2. 

Additionally. indirect evidence indicated that the yield of OH is 0.30 ± 

0.05. 

The ultraviolet spectrum of methyl isothiocyanate (CH3NCS = MITC) 

and the quantum yield for its dissociation into methyl isocyanide 

(CH3NC) and atomic sulfur at 308 nm, <l> = 0.98 ± 0.24, were measured . 

MITC is widely used as a fumigant and readily enters the atmosphere 

during and after application. The results indicate that photodissociatlon 



by sunlight is an effective pathway for the removal of MITC from the 

atmosphere. A mechanism is proposed to account for the observed 

formation of methyl isocyanate (CHaNCO) as a secondary product in 

controlled laboratory studies. 
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Chapter 1. Absolute Yields for Production of CO, C02, and H2CO from 

the Reaction CH2 (X 3Bt) + 02 

I. Introduction 

The understanding and accurate modeling of combustion and 

atmospheric chemistry systems require a complete and accurate set of 

elementary reactions and rate constants. The ability to define an 

elementary reaction step requires the measurement of both a rate 

constant and branching ratios. While the rate constants used in most 

models are often well established, the product branching ratios--to 

which a model may be more sensitive--are often not. Thus, the 

identification of the products formed in reactions whose rate constants 

are well-known is a critical area of research. The infrared tunable 

diode laser (TDL). covering the spectral region 3-30 J!m, is well-suited 

for such studies since most molecules and radicals have signature 

absorptions in that range. Coupled with a pulsed excimer laser which 

generates high densities of radicals at a well-defined point in time, the 

TDL allows one to monitor the temporal evolution of a large number of 

chemical species of interest in combustion and in the atmosphere. 

Triplet methylene (3CH2) is a radical formed in such chemical 

processes as the combustion of acetylene whose detailed chemistry 

remains largely uncharacterized. Direct measurements of the rate 

constants for reactions of 3CH2 with such common species as 02. NO, 

and C2H2 have been made Within the past 20 years. 1-6 A large 

obstacle to that achievement was the inability to distinguish the 

identity and chemistry of the ground state triplet methylene from the 
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low-lying electronically excited singlet methylene. The rate constant, 

k 1 , of reaction 1 

3CH2 + 02 ~ products ( 1) 

has been measured to be (3.2 ± 0.3) x 10-12 cm3 molecule-1 s-1.2-4 

A slight temperature dependence of the rate constant was measured 

over the ranges 233-433 K4 and 295-600 K, 5 suggesting the presence 

of a small (1.0 - 1.5 kcal moi-l) barrier to formation of the initial 

CH202 adduct or to its subsequent isomerization or fragmentation. At 

higher temperatures (1000 ~ 1800 K) a negative temperature 

dependence has been observed. 6 As indicated in Figure 1. 1, there are 

a number of thermodynamically available product channels, 7-11 many 

of which have been reported in previous studies (vide infra). However, 

little conclusive, quantitative product data exists for the electronically 

state-specific reaction. The rate constant for the loss of singlet 

methylene in collisions with 02. 7.4 x lo-ll cm3 molecule-1 s-1, has 

been reported 12 and is thought to represent a combination of both 

collision-induced intersystem crossing and chemical reaction. The 

observation of the same overall products from 1CH2 + 02 as from 

reaction 1 suggests the possibility that 1CH2 is first collisionally 

converted to 3cH2, which then reacts according to reaction 1.13 

Alternatively, the reaction may proceed directly upon the same 

potential energy surface with modest differences resulting from the 

added -3150 cm-1 of energy in lcH2. 

The transformation from reactants to products in reaction 1 is 

governed by the topography of the multidimensional CH202 potential 
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energy hypersurfaces. The species and dynamics involved in a 

chemical transformation can in principle be inferred from a detailed 

study of the different product channels accessed, their branching 

ratios, and the energy disposal into the individual products. The 

reaction between two triplet species can proceed via singlet, triplet, or 

quintet surfaces. Four distinct isomeric species exist as potential 

minima on the CH202 hypersurfaces: peroxymethylene (I), dioxirane 

(II), methylene bis( oxy) (III), and formic acid (IV). 

H 0 /0 0· ~0 'c·- o/ H''·C I H...._c/ H-e"' , H.,. , H,... ' ' H 0 0· OH 

I n m IV 

Ab initio calculations to determine the energies and geometries of the 

low-lying electronic states of species I - m (Figure 1.1) have been 

reviewed. 7 Additionally, potential energy barriers to some of the 

interconversions between species I -IV and barriers to their 

decomposition have been calculated. Table 1.1 summarizes the 

available theoretical data on the CH202 system.7,8,14-23 

The intermediate CH202 species (I - IV) and their excited 

electronic states have also been hypothesized to occur in the ozonolysis 

of ethylene24-28 and in the photolytic decomposition 'of formic 

acid. 29-32 The ozonolysis of ethylene is thought to proceed through 

the formation of molozonide V 

v 
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and subsequent decomposition to give formaldehyde and the Criegee 

intermediate, 1.24 The reaction is believed to be important in urban 

atmospheres and over tropical forest areas;25 and as a night-time 

process which generates radicals, it could contribute to "neuartige 

Waldschaden" (new type forest decline) in Central Europe. 33 

The first reports of stable products arising from the reaction of 

CH2 (electronic state unspecified) with 02 mentioned CO, C02. H2CO, 

and HCOOH.34,35 Using radioisotopically labelled ketene, Rowland 

and coworkers concluded that triplet methylene was quantitatively 

oxidized by 02 to yield equal amounts of CO and C02, and that H2 was 

eliminated intramolecularly from a CH202 adduct.l3,36 They also 

reported indirect evidence for the formation of translationally hot H 

atoms.l3 Eberius et al. modeled the observed production of C02 in 

the early part of lean C2H2/02 flames as due to the attack of CH2 

(state unspecified) on 02.37 CO laser absorption by vibrationally 

excited CO(v:::; 13) in the flash photolysis_ of low pressure CH2X2/02/SFs 

mixtures (X= Br, I) has been measured.38,39 The observed vibrational 

distribution is rationalized as resulting from the formation of CO by a 

radical and a molecular channel, reactions la and lb, respectively 

(electronic state unspecified). 

CH2 + 02 --t HCO + OH 

CH2 + 02 --t CO(v) + H20 

(la) 

(1 b) 

The HCO was said to rapidly dissociate unimolecularly to give H + 

CO(v). The model indicated that the radical channel accounts for 70% 

of the CO product and the molecular channel for 30%. Vinckier and 
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Debruyn used mass spectrometric sampling of a C2H2/0/02 fast flow 

reactor system to monitor the direct production of HCO, attributed to 

reaction 1. 5,40 However, no formic acid was detected in their 

experiment. 5 Lee and Pimentel studied the chemiluminescence from 

a photolyzed CH2N2/02/ Ar matrix as it was slowly warmed and 

detected vibronic progressions which indicated that for some 

molecules nearly all the available exothermicity from reaction 1 

(63,000 cm-1) is converted into electronic excitation of the 

(unquantified) product HCOOH (A' 1A').41 Hatakeyama et al. detected 

CO, C02. H2CO, HCOOH, and 03 as products of the broadband 

irradiation (310 <'A < 400 nm) of dilute ketene mixtures in an 

atmosphere of air. 42 Ozone is believed to be formed by the reaction of 

molecular oxygen with 0 atoms produced in the oxidation of triplet 

methylene: 

(lc). 

Additionally, they reported evidence for reactions of a stabilized 

peroxymethylene (I) intermediate. Bohland et al. monitored the 

progress of reaction 1 by LMR of an isothermal discharge flow system 

and observed the OH and H02 radicals. 3 H02 was postulated to arise 

from the secondary reaction of HCO with 02. but an HCO signal could 

not be obtained on their instrument. They assign an upper limit of 0.1 

to the yield of reaction 1c. Horie and Moortgat recently attempted to . 

reproduce the results of Hatakeyama et al. and detected essentially the 

same products. 43 However, there was· no evidence that indicated the 

formation of a stabilized CH202 intermediate in their experiment. 
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Bley et al. placed upper limits on the H atom and OH radical producing 

channels of 0.2 and 0.3, respectively.4 Reaction 1 occurring in a shock 

wave (1000 < T < 1800 K) was reported to lead to a CO:C02 product 

ratio of 4:1, Hand 0 atom yields of 20% and 10%, respectively, and an 

OH yield of <5%. 6 Finally, Knyazev et al. have reported the H atom 

yield from reaction 1 as occurring in a O/CH2C0/02 system to lie 

between 1.00 and 1.75.44 

U. Experimental 

Darwin has described the salient features of the experimental 

apparatus.2,45 In addition to the work described in this thesis, the 

apparatus was also used to study the yield of CO in the reaction 1CH2 + 

CH2C046 and the intramolecular carbon atom exchange in ketene. 4 7 

In this experiment, laser flash photolysis of ketene at 351 nm in a 

room temperature static gas cell generates uniquely 3cH2 radicals. 48 

A CW diode laser resonant with a rovibrational transition of a product 

molecule probes time-resolved changes in absorbance due to changes 

in concentration. Changes performed on the system since 1988 along 

with brief descriptions of the individual components and the data 

acquisition scheme are now presented. A schematic of the apparatus is 

shown in Figure 1.2. 

U.A. Infrared Diode Laser Spectrometer 

The formation of products was monitored with a diode laser 

spectrometer. Laser diodes which emit infrared light are made from 

lead chalcogenides (PbSSe, PbSnSe, PbSnTe), where the specific salt 

and stoichiometry determine the emission range. 49 The output 
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frequency of a laser diode depends on its temperature (which also 

controls the size of the resonant laser cavity defined by the front and 

rear surfaces of the diode crystal), and this serves as the source of its 

tunability. Typical diodes span a total tuning range of 150 - 200 cm-1, 

with a resolution of -0.0003 cm-1. Mode breaks prevent continuous 

tuning over the e:p.tire range, and most diodes provide tunable light 

over -1 cm-1 intervals with gaps of -1 cm-1 in between. Frequency 

fine-tuning is afforded by the heating effect of the injection current. 

A critical parameter in successfully measuring transient product 

yields is the frequency stability of the diode laser output. Both fast 

frequency jitter (l.lS timescale) and slow frequency drift (seconds to 

minutes timescale) degrade the measured S/N ratios. The fast 

frequency jitter is controlled by the current stability of the laser driver 

(LCM), which is specified at 50 J.lA peak-to-peak, and the tuning rate of 

a specific diode. For a diode with a tuning rate of 1500 MHz mA-l (the 

value for the Moore group's Spectra Physics 2100 cm-1 diode) this 

corresponds to a frequency jitter of 75 MHz. The Doppler width of a 

CO line at 2100 cm-1 is -150 MHz, so that the maximum S/N which 

could be achieved is -2 per shot. disregarding other sources of noise. 
I 

In this estimate, the signal is the magnitude of a transient absorption 

obtained while sitting on the peak of a CO line and the noise is the 

peak-to-peak fluctuation of the signal level due to excursions from line 

center. Selection of laser diodes with low tuning rates is a 

prerequisite for optimal S/N. The Moore group's 2100 cm-1 Miitek 

diode possesses a tuning rate of 600-800 MHz mA-l and leads to the 

expected improvement in S/N over the Spectra Physics diode. It 

should be mentioned that the age of a diode also tends to exacerbate 
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the frequency jitter. Laser Photonics has developed an all-digital laser 

current controller (L5830) with stated current noise amplitudes of 5 

J..LA rms which could also enhance the present experimental sensitivity. 

Drift of the laser frequency on longer timescales (seconds to 

minutes) is due mainly to temperature drift. Probing off the peak of an 

absorption feature reduces the magnitude of a measured transient 

absorption, effectively reducing the S/N as well as providing a source of 

systematic error in these experiments. The systematic error arising 

from slow drift of the laser frequency off the absorption maximum was 

minimized (< 5%) by employing short averaging times (maximum 160 

shots at 3.33 Hz). Experiments were attempted using a frequency 

stabilization scheme, as described by Darwin, 45 by locking onto the 

peak of a reference line. The stabilization did not afford significantly 

better S/N than that obtained under free-running conditions and was 

therefore abandoned. 

Another factor which can degrade system performance is optical 

feedback. The placement of normal incidence windows, irises, or 

filters in the IR beam path can result in the formation of an external 

laser cavity whi~h creates uncontrolled optical feedback. 50 In these 

experiments, this effect was observed as enhanced frequency jitter or 

amplitude instability. Because the feedback depends on the precise 

optical alignment, minor adjustments are usually sufficient to remove 

this noise source. 

U.B. Photolysis Laser 

An excimer laser (Lambda Physik EMG 201 MSC) running on XeF 

· and operating with unstable resonator optics was used to photolyze 

8 



ketene. Typical pulse energies used were 20-60 mJ cm-2. With a 

fresh fill of XeF, the excimer output was -100 mJ pulse-1 at 23 kV. 

Addition of some Ne in place of He buffer (400 mbar) gave higher pulse 

energies: 140 mJ pulse-1 at 23 kV. The excimer was triggered with a 

fiber optic cable to reduce ground loops. This excimer performed 

consistently well, with the exception of the integrity of its seals. 

Locating and fixing leaks was a frequent endeavor. The preionization 

pins in particular became a progressively chronic source of leaks in the 

laser cavity. The problem escalated to the point that by October 1990 

at least 34 out of the 84 pins were concurrently leaking. The pin 

design was inherently flawed: the ceramic pins could not handle the 

stress combination of high voltages and corrosive gas mixtures. The 

manufacturer developed new, slightly thicker pins coated with teflon 

to correct the problem. However, the new pins could not be 

retrofitted into the old cathode plate assembly, so an entirely new 

plate with preionization pins was installed (the electrode was not 

replaced). The new pins have proved worthy and have sprung no leaks 

over nearly a 2-year period. In the process of replacing the cathode 

plate, the PVDF (polyvinilydenefluoride) channel between the two 

electrodes devoloped a crack near the rear window adapter and also 

had to be replaced. At the time of writing the leak rate was < 100 

mbar per month, a negligible effect. 

U.C. Optical Alignment and Detection 

A 1" CaF2 f/ 1 lens (Infrared Optical Products) mounted on an x-

y-z translation stage was used to collimate the divergent diode laser 

beam. The UV and IR were coupled with a 450 dichroic reflector 
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(Acton Research) and propagated concentrically down the length of a 

78.3 em pyrex reactor sealed with CaF2 windows and decoupled with 

another dichroic rpirror. The cylindrical reactor has a 16 em 

diameter: the large volume prevents significant precursor depletion or 

product buildup. The beam diameters inside the reactor were typically 

3-6 mm and 5-7 mm for the IR and UV beams, respectively: in all 

cases the IR beam was smaller than the UV beam. Irises were used to 

select the desired beam diameters. In some experiments a 1 m 

spherical Al mirror was placed before the dichroic coupler to ensure 

good overlap and gain IR throughput (the collimated IR beam diameter 

was sometimes as large as 7-8 mm). The IR beam would thus come to 

a soft focus (2- 3 mm) about 3/4 of the way through the cell.. A 0.75 m 

monochromator (Spex Industries) was used to select a single mode of 

the diode laser output. The grating was blazed at 16 J..Lm and was 

operated in third order for most experiments (fourth order for some 

C02 experiments). 

The UV fluence was measured with a volume absorbing disc 

calorimeter (Scientech 38-0105) calibrated by electrical substitution. 

A mask with a 5.6 mm hole was placed between the exit window of the 

cell and the dichroic decoupler to allow only the portion of the UV 

beam being probed by the IR laser onto the power meter. The changes 

in the IR signal levels were monitored by an InSb photovoltaic detector 

(Cincinatti Electronics, 2.0 or 0.25 mm diameter element) or a HgCdTe 

photoconductive detector (SBRC 1mm2 element) whose outputs were 

fed into a transient digitizer (Tektronix 7912AD). The digitizer 

amplifier and time base were factory calibrated, and the time base 

calibration was periodically checked against a 1 MHz quartz oscillator. 
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U.D. Triggering Scheme51 

The cold head of the helium refrigerator (CTI Cryogenics, Model 

22C) which cools the laser diodes employs a direct-drive, constant 

speed motor which operates at 200 rpm on the 60 Hz power line. The 

duration of one piston cycle is thus 300 ms. The mechanical cycle 

inside the cold head introduces two problems: temperature oscillations 

and impact shocks delivered to the diode during the expansion and 

contraction phases of the piston cycle. Both produce jitter in the laser 

output frequency. Analysis of the vibrations by means of a microphone 

or a vibration meter coupled to the cold head revealed that the peak of 

the mechanical noise or of the vibration occurred every 300 ms, lasting 

-200 ms. The remaining 100 ms is relatively quiet and serves as the 

window during which kinetic data is acquired, at a repetition rate of 

3.33 Hz. A trigger circuit was constructed to synchronize the transient 

data acquisition to the cold head piston cycle and is described in detail 

elsewhere. 51 A schematic of the circuit is shown in Figure 1.3. Use of 

this circuit also minimizes the effect of amplitude fluctuations in the 

diode laser signal observed at the detector. This is due to the fact that 

the impact shocks from the piston cycle are strong enough to cause 

the entire optical table and mounted optical hardware to vibrate in a 

complex but periodic fashion. 

The output from the trigger circuit is sent to a delay generator 

which allows for a variable delay to be set between the digitizer and the 

excimer triggers. This delay is necessary so that the baseline value of 

the IR signal can be recorded prior to the excimer laser pulse (the 

experimental observable is ill). A schematic of the circuit which 

controls the delay is presented in Figure 1.4. This circuit can also be 
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triggered internally if the cold head trigger unit is not used. There is 

also an output for triggering an external shutter which blocks the 

excimer beam and which allows alternate shots to be subtracted, in 

contrast to adding N shots and subsequently subtracting N shots with 

the UV beam blocked, as is done in these experiments. Finally a 

second input to the delay box serves to trigger only the digitizer. This 

permits a second trace to be read into the Channel B input of the 

digitizer. This option was developed in order to normalize for pulse­

to-pulse energy fluctuations in the UV beam (typically ±10%), but it 

was never found necessary to implement. Because all experiments 

involved averaging the signals resulting from 32 - 160 excimer shots, 

the measured average pulse energy was an adequate indicator of the 

laser energy in a particular experiment. 

D.E. Flash Kinetic Data Acquisition 

A transient signal was acquired by setting the laser frequency at 

the peak of a desired rovibrational transition, summing 'the digitized 

detector response to the change in diode laser intensity during the 

period just before and up to 200 ~s after each of 32-160 excimer laser 

pulses entered the reactor, and subtracting an equal number of pulses 

With the UV beam blocked to remove any instrument response and 

pickup. Occasionally, as in the H2CO experiments, it was necessary to 

perform the subtraction With the UV beam entering the cell ar:td the 

diode laser frequency set off resonance in order to remove spurious 

transients due to broadband absorbances not related to the probed 

species. A reference cell containing the probed species is used to 

locate the laser frequency of a desired absorption line. A 1.5 m pyrex 

12 



cell has been built to vibrationally excite a reference sample in a DC 

discharge, in order to locate the frequency of transient absorbers. For 

example, transitions from CO(v::;; 5) are detected by flowing 0.3 torr CO 

in 1.0 torr N2 through a 3 rnA discharge nominally at 5-10 kV. A diode 

laser (Mutek MDS 2020) covering the frequency range 2050 - 2200 

cm-1 monitored CO, with typical single mode power >1 mW along with 

exceptional mode quality and low tuning rate. Lower performance 

diodes (Spectra Physics SP5615) lasing in the regions 2260 - 2360 

and 1685- 1820 cm-1 were used to probe 13C02 and H2CO, 

respectively. The transitions used for detection were: R(l1), R(9), 

R(7), and R(5) of 12co;52 R(20) of 13co;52 R(8). R(28). and R(40) in 

the V3 band of 13co2:52 and (131.13 r 121.12) in the v2 band of 

H2Co.53 

Determination of an absolute product yield requires the 

measurement of both the transient product density and a reference 

signal which can be converted to give the initial CH2 density. CO from 

ketene photolysis was thus used as an internal actinometer. The CO 

yield determinations can be performed with the same diode on the 

same day, by taking successive traces on nearby 12co and 13co lines 

(using the same gas fill, if so desired). To measure the transient 

absorbances of other products, whose rovibrational frequencies are 

significantly different, another diode must be used and so the optical 

path must be realigned. In this case, the CO from the photolysis of a 

normal ketene sample under similar conditions (i.e., identical 

precursor and buffer gas pressures with Ar replacing 021. corrected 

for collisional broadening, serves as the standard to which the 

measured C02 and H2CO product concentrations are ratioed. 
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D.F. Spectroscopic Data Acquisition 

To convert a measured transient absorption into concentration, 

linestrengths or peak absorption coefficients had to be measured. A 

new spectral acquisition scheme, operating on an IBM PC AT, was thus 

set up. The program FLASH scans the diode laser.current and can 

simultaneouly read in 1 - 3 channels of data at each frequency step. 

The 3 channels are a transient spectrum, a reference gas spectrum for 

absolute frequency calibration, and an etalon fringe pattern to 

determine relative frequency spacings. The acquisition· of a complete 

3-channel spectrum requires splitting the mode-selected diode laser 

beam into 3 components, 3 infrared detectors, 2 lock-in amplifiers, 

and a boxcar integrator. The lack of 3 detectors prevented us from 

acquiring an actual 3-channel spectrum, but the routine was used 

successfully to ·collect stable reference spectra for calibration purposes. 

A brief functional description of the software and hardware follows. 

Flowcharts of the program FLASH and the subroutines which. 

control the interrupt and interactive graphics are displayed in Figures 

1. 5, 1. 6, and 1. 7, respectively. The diode laser frequency is tuned by 

applying a voltage ramp from a computer controlled D/A circuit 

(Computer Boards, Inc., 12 bits with external reference set to 4.095 V) 

to the diode laser current controller. For a laser with a tuning rate of 

0.02 cm-1 mA-l, an .effective step size of 4 x I0-4 cm-1 could be 

achieved. Reference and etalon spectra were obtained by 
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demodulating the mechanically chopped IR signal (100Hz) at each 

frequency step with a lock-in amplifier (PAR, Model 124) whose output 

was read into the PC through a 12 bit A/D converter (Computer Boards .. 

Inc.) and stored. To collect transient spectra, the output from a boxcar 



integrator (PAR 162) is similarly read into the PC. The data is read 

into the computer on the basis of interrupts (level 5 is used). 

Figure 1.8 is a schematic of the hardware connections which are 

needed to run the program FlASH. The excimer laser is fired from 
• 

the computer (counter 0 output) via a fiber optic cable. A photodiode 

triggered by some scattered light from the excimer beam then triggers 

the boxcar integrator and the counter 1 gate. After a programmed 2 

ms delay (set in subroutine init_AD_DA) which allows the boxcar to 

finish processing the transient data, the counter 1 output triggers the 

interrupt to begin reading the values from the 3 channels of the AID 

converter. Counter 2 is used as a clock (50 kHz) which serves as a 

. reference for the counter 0 and 1 clocks. Counter 0 is used as a rate 

generator; it pulses at a fixed frequency (the repetition rate) set in the 

main program menu and triggers the excimer. If the counter 0 gate 

goes low (0 V) then the counter 0 output will stop pulsing. This 

permits other tasks to be performed without firing the excimer. In 

the special case where only a reference spectrum is desired, a BNC 

output from the back of the interface box provides an electrical pulse 

synchronous with the excimer trigger (counter 0 output). This pulse 

can be fed directly into the interrupt which then sends the program to 

read in the reference signal input. A representative scan of a CO 

vibration-rotation line, acquired with the FlASH routine, is displayed 

in Figure 1. 9. 

U.G. Data Reduction 

To calculate the reaction yield of a product, it is necessary to 

derive number densities from the experimental observables. The 
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experiment measures the transient change, L\1, in the CW diode laser 

signal, lo, due to absorption by species produced by reaction of CH2. 

Product concentrations were calculated using Beer's Law (see 

Appendix 1). The absorption coefficient at line center a can be either 

directly measured by experiment or calculated from published 

line strength data by the relation a= Stf>( v0 ), where S is the linesti-ength 

or integrated line intensity and tf>( v0 ) is the lineshape function at line 

center, vo. For molecules not in a collision-free enVironment, the 

lineshape is described by a Voigt profile, a convolution of a Doppler­

broadened Gaussian profile and a collision-broadened Lorentzian 

profile. The lineshape function at line center for a collisionally 

broadened line is given by 

2 (In2)~ tP(V0 )=- - V(a) 
dv0 1r 

where L\Vo is the Doppler width and V(a) is the Voigt function 

parametrized by the Voigt parameter a, which is a measure of the 

relative importance of collision and Doppler broadening. V(a) 

approaches unity as the total pressure approaches zero. V(a) is 

determined empirically in these experiments by measuring the peak 

absorbance of a sample of CO, C02, or H2CO as a function of added 

collision partners. Published linestrength values were used to 

determine the CO densities54 and the peak absorption coefficients 

were directly measured in order to determine other product densities. 

Peak absorption coefficients were measured by scanning the 

diode laser frequency across an absorption line at different sample 

pressures using the program FLASH. The baseline at the absorption 
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maximum was obtained by interpolating a smooth functional fit to the 

baseline beyond both wings of the absorption line. The peak of the 

absorption line was taken to be the point of maximum absorbance; 

accounting for the finite diode laser frequency step size. this 

procedure underestimates the peak absorbance by no more than 5%. 

Figure 1.9 illustrates typical data which was aquired to determine peak 

absorption coefficients and collisional broadening parameters. 

n.H. Sample Handling and Analysis 

Reactant and precursor pressures were measured with 10 and 

100 torr absolute capacitance manometers (MKS Instruments Type 

222) which were calibrated against both a mercury manometer and a 1 

torr transfer standard capacitance manometer ·(MKS Instruments Type 

390) by volume expansions. Ketene and its isotopomers were 

synthesized as described elsewhere. 4 7 A trap-to-trap distillation from 

143 K to 77 K was performed to purify the ketene. Oxygen (Alphagaz 

Research Grade, > 99.997%). Argon (Liquid Air Corporation Industrial 

Grade. > 99.995o/o). and SF6 (Matheson Instrument Grade. > 99.99o/o) 

were used without purification. H2CO was obtained by cracking para­

formaldehyde at 400 K and purified by trap-to-trap distillation from 

184 to 77 K.55 2-methyl-2-butene (Aldrich. > 99+%) was degassed 

and purified by trap-to-trap distillation from 195 to 77 K. discarding 

the last 10-20%. The relative abundance of 13co2 in the reference 

C02 sample (Matheson Bone Dry. > 99.8o/o) was determined to be 

0.01094 with an isotope ratio mass spectrometer (VG Instruments 

Prism Series II). 

17 



U.I. Temperature 

The temperature for all yield, peak absorption coefficient, and 

rate constant measurements was 298 ± 3 K. The D80 laboratory 

temperature was subject to fluctuations over periods of several hours 

ever since the auxiiiary chiller which regulated the temperature 

broke in 1988. The construction in 1991 of another experimental 

apparatus (for C-H bond activation studies) and the resultant added 

heat load only made matters worse, leading to a higher overall baseline 

temperature (each apparatus raises the room temperature 1-2 degrees 

when fully operational). An average temperature of 298 K was thus 

assumed for all experiments, and the fluctuations factored into the 

uncertainty in the results. 

m. Kinetic Scheme and Results 

m.A. Radical generation 

Triplet methylene (hereafter referred to as CH2) is generated by 

the 351 nm photolysis of ketene:48 

CH2CO + hv ~ (CH2CO)t -7 CH2 (:X 3B1) +CO. 

The average thermal (300 K) energy56 of 450 cm-1 and the energy of 

a 351 nm photon bring ketene just 650 cm-1 above the dissociation 

threshold. At this energy no singlet methylene is formed (< 0.5%). 

and the dissociative lifetime of ketene is -11 ns.57 The nascent CO 

photolysis product is rotationally hot due to the presence of a small 

(1330 em -1) exit barrier, 58 but this excess energy is thermalized after 
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a few collisions. A minor fraction (-10%) of the CH2 is formed with 

one quantum of bending vibrational excitation. 48;59 Typical initial 

methylene concentrations employed were 1012 - 1013 molecules 

cm-3. The CO produced from the photolysis of CH2CO serves as an 

internal actinometer: the concentrations of CH2 and CO are equal just 

after the laser pulse: [CH2]0 = [CO]phot· This fact permits accurate 

conversion of measured relative transient absorbances to absolute 

yields. Reactions 3 - 6, discussed individually below, account for the 

CH2 photolysis yield from an isotopically labelled ketene precursor. 

CH213co + hv ~ ccH2 13co).t (3) 

ccH2 13co)t ~ cH2 + 13co (4a) 

(CH2 13co)t + M ~ CH2 13co + M* (Sa) 

ccH2 13co)t ~ ( 13cH2Co)t (6) 

(13cH2Co)t ~ 13cH2 +co (4b) 

(13cH2CO)t + M ~ 13CH2CO + M* ·(Sb) 

At the pressures employed in these experiments ( 1 - 25 torr) a 

number of collisions may occur before an excited ketene molecule, 

(CH2CO) t, dissociates. If these collisions remove the excess energy by 

V-V, V-R, or V-T processes, some of the excited ketene molecules will 

not dissociate (reaction 5). These quenching processes reduce the 

quantum yield for dissociation from its collision-free value of unity. A 

crude Stern-Volmer analysis applied to ketene collisional self­

quenching is presented in Figure 1.10 to illustrate this point. A model 

in which an excited ketene molecule will either dissociate or be 
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collisionally. quenched by a single collision predicts that the photolytic 

CO product density in pure ketene should vary as 

1 1 k 5 --= +-
[CO] (ketene]¢ k4¢ 

(2) 

where <1> denotes the fraction of ketene molecules initially excited, k5 

is the bimolecular quenching rate constant, and k4 is the unimolecular 

dissociation rate constant. From the intercept to slope ratio it is 

evident that k5/k4 for ketene self quenching is 0.34 torr-1. Other 

reactant and bath gases similarly reduce the photolytic yield, but with 

varying efficiencies: relative quenching rate constants of 0.012, 0.16, 

and 0.19 torr-1 were obtained for Ar, SF6. and 2-methyl-2-butene, 

respectively. Some curvature in the quenching efficiency was evident 

in the case of 2-methyl-2-butene. In the determination of the C02 and 

H2CO yields, errors due to collisional quenching were minimized by 

performing the photolysis reference and reaction signal experiments 

under similar conditions. For the CO yield measurement, a relatively 

high pressure of buffer gas is used for the photolysis experiments, and 

in order to obtain the reaction yield signals either a small amount of 

reagent 02 is added (<15% of total pressure) or the buffer is replaced 

entirely by 02. as in the case when the reference signal and reaction 

yield signal rely on different ketene isotopomers for precursors (see 

Table 1.2). 

The isotopically labelled carbon atoms in the ketene precursor 

have been shown to undergo scrambling upon photolytic excitation 

(reaction 6). 4 7 This unimolecular process leads to the observation of 

12co from the photolysis of CH213co. Further enhanced by isotopic 
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impurities (e.g. l2CH212co), the yield of 12co from the 351 nm room 

temperature photolysis of a typical carbonyl-labelled ketene sample can 

be obtained from the published ratio4 7 

- [12co] 
0·065 - [12 ] [13 ] . co+ co 

Overall, C-atom exchange constitutes about 16% of the total measured 

signal of 12co, and the results are corrected to exclude this 

contribution. 

m.B. Product Formation 

In the presence of added 02 the kinetics of triplet methylene 

are governed by the following reactions 

CH2 + 02 --7 products 

CH2 + CH2 --7 C2H2 + 2H (H2) 

CH2 + CH2CO --7 products 

(1) 

( 7) 

(8). 

Reaction 8 is not an important removal process in this system (kg < 2 

x lo-15 cm3 molecule-1 s-1).3 The recombination rate constant of 

CH2 has been measured to be faster than the gas kinetic collision rate: 

k7 = (3.1 ± 0.8) x 1o-10 cm3 molecule-1 s-1.45 With the exception of 

the H2CO measurements, sufficiently high 02 concentrations and low 

UV fluences were employed so that the recombination reaction does 

not contribute significantly to the removal'of CH2: k7[CH2lo/k1[021 < 

0.05. 
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Multiple thermodynamically allowed branching channels exist for 

reaction 1: 

CH2 + 02 ~ (CH202)t ~ HCO + OH (la) 

~co +H2o (1 b) 

~ H2CO + 0(3p) (1 c) 

~H +CO +OH ( 1 d) 

~HOCO+ H ( 1 e) 

~C02+2H (10 

~ C02 + H2 ( 1 g) 

~ HC(O)O + H ( l h). 

~ H2CO + O(lD) ( li) 

~HCOOH (lj). 

The possible product channels 0(3P, ln) + H2 +CO, arising from the 

dissociation of excited H2CO formed as a primp.ry product. are nearly 

degenerate with channels lc and li, but are not included in the 

reaction scheme. Neither channel is believed to significantly 

contribute to the measured yields. In this work, the yields of the 

stable carbon-containing products CO, C02, and H2CO are determined. 

Th~ primary radical products and the contribution of their secondary 

reactions to the observ~d product yields is also discussed below. 

m.B.l. CO Branching Ratio 

The yield of CO reaction product is the ratio of the additional CO 

produced in the presence of 02 to the CO from ketene photolysis. 

Isotopic substitution of 13c into the carbonyl or methylenic moiety of 
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ketene is an effective way to distinguish the photoproduct from the 

reaction product. For example, the 12CH2 from the photolysis of 

12CH213co reacts with 02 to form 12co. The absolute yield of co 

from reaction 1, using CH213co as a precursor and uncorrected for C­

atom exchange and isotopic impurities, is given by 

[I2co] 
t>>'l' 

[Is co] 
phot 

A( 12co )avo ( 12co )s( 13co )v( a(13 CO)) 

A( 13co)avo(I3co )s( 12co)v( a(12CO)) 
(9) 

where "t represents the lifetime of CH2. A(X) the absorbance of species 

X, and the rest of the terms are defined in section II.G. The Voigt 

function was assumed to be the same for both CO isotopes. (The use of 

an isotopic precursor is necessary for accurate measurements of CO but 

not for C02 and H2CO yields. However, the nearly total 'absorption of 

the infrared probe beam by atmospheric 12co2 forces the use of an 

isotopic precursor in order to probe 13C02.) 

Table 1.2 summarizes the results of the corrected CO yield 

measurements. The CO yield in reaction 1 is 0.34 ± 0.02, where the 

uncertainty is the 95% confidence interval for precision. Propagating 

the uncertainties inherent in the component terms of eq 9 (±0.04), 

and adding in estimates of the sources of systematic error in the 

experimental method (±0.02) leads to a reported branching ratio for 

production of CO in reaction 1 of 0.34 ± 0.06. 

m.B.2. CO Production Rate and Vibrational Distribution 

To show that an observed product is indeed produced directly in 

the title reaction, it is necessary to demonstrate the equivalence of the 
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measured rate constant for its production to the rate constant for 

removal of CH2. The measurement of production rate constants 

quickly becomes cumbersome if there exists more than one channel 

leading to the formation of a particular species. Reaction 1d, for 

example, is in fact the sum of several elementary steps, 

CH2 + 02 ~ H + CO(v) + OH (ldv) 

where v represents the CO vibrational quantum number. Vibrationally 

excited CO(v ~ 5) was detected as a reaction product (no attempt was 

made to look at higher levels). The product signals from the first 4 

vibrationally excited levels of CO are shown in Figure 1.11. The main 

difficulty in analyzing the CO(v = 0) rate data is deconvoluting the 

contributions to the signal from [CO(v > 0)]. The experiment should be 

performed under conditions such that the rate of vibrational relaxation 

of CO(v > 0) is much faster than the rate of reaction. The vibrational 

relaxation of CO(v) occurs through near-resonant v-v transfer to 

ketene, reaction 10. 

CO(v) + CH213co ~ CO(v- 1) + CH213CO(v2 = 1) ( 1 0) 

To achieve the desired conditions it is necessary to use low 

[02]/[ketene] ratios. However, the removal of CH2 must remain first 

order (k1 [02] >> k7[CH2]0l. so that the range of 02 concentrations 

useful in the experiment is limited by kinetic restrictions. In practice. 

a compromise must be reached between [02]/[ketene]. [CH2lO, and 
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S/N by photolyzing with the lowest UV fluences leading to an 

acceptable signal quality. 

Because sufficiently low [02]/ [ketene] ratios to ensure simple 

first-order CO production kinetics could not be achieved, an 

approximate mechanism is invoked to analyze the observed CO 

production rate measurements: 

CH2 + 02 --7 CO(v = 0) + products ( 1 1) 

CH2 + 02 --7 CO(v;::; 1) + products ( 12) 

CH2 + 02 --7 other products not CO ( 13) 

CO(v;::; 1) + CH213co --7 CO(v = 0) + CH213CO(v2;::; 1) (14). 

A more detailed and complete analysis would have explicitly included 

the contributions from [CO(v;::; 2)]. Quantifying the nascent CO product 

vibrational energy distribution proved difficult due to rapid vibrational 

energy relaxation. Some general features of the distribution could 

nonetheless be surmised. The ratio Nv/Nv=O falls monotonically with 

v, more rapidly than reported by Lin and coworkers. 38,39 By 

extrapolating the decays of the observed CO(v = 2) and CO(v = 3) 

signals to time = 0, it could be estimated that direct production of 

CO(v = 2) accounts for 2 - 3% of the initial methylene -formed and CO(v 

= 3) for 0.4 - 1.0%. Since the production of CO molecules with 2 or 

more quanta of vibrational excitation thus represents only -10% of the 

total CO signal and -25% of the vibrationally excited CO (vide infra), 

the approximate mechanism consisting of reactions 11-14 should 

provide values of k1 accurate to within experimental uncertainty. 
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Attempts were made to extract the nascent CO vibrational 

distribution by fitting the entire set of CO(v) signals with an exact 

mechanism which consisted of the branching steps for production of 

each vibrational state along with rate constants for v-v transfer between 

adjacent states. This was done using the kinetic modeling program 

ACUCHEM60 to generate the temporal profiles for each CO(v) state 

and graphically superimposing them on the corresponding signals. 

The individual rate constants in the mechanism were iteratively 

adjusted (manually) to agree with the data, starting with the highest 

observed level and working downward. While qualitative agreement 

with the data could be obtained in this way, the method did not yield 

useful quantitative results. The individual CO(v) absorption signals, 

which are the result of differences in populations between adjacent 

states, were strongly dependent on the input values of the v-v energy 

transfer rate constants. A complete set of these rate constants could in 

principle be obtained by flash kinetic spectroscopy. However, in their 

absence this fitting algorithm was too cumbersome for useful purposes. 

It was also difficult to obtain data on all CO(v) states under the same 

experimental conditions (i.e., ketene and 02 pressures, UV fluence, 

etc.), so that an entire matrix of CO(v) signals which could be fit 

simultaneously with the same mechanism was never acquired. Finally, 

the CO(v = 1) signal needs to be generated with 13-C ketene as a 

precursor because the reaction of ketene with OH (see sections III.B.4 

and III.B.5) also produces CO(v = 1). For these reasons, the branching 

ratios for production of CO(v = 2, 3) were obtained from the magnitude 

of the t = 0 CO(v) signals (vide supra) and the rate data for CO(v =· 0, 1) 

was analyzed as described below. 
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Integration of the rate equations arising from reactions 11-14 

yields eq 15, which describes the temporal evolution of the CO(v = 0, 

j") absorption signal, I{CO(v=O, j")}, which is proportional to the 

difference of populations [CO{v = 0, j")] - [CO(v = 1, j')). 

(15) 

In eq 15, X andY are the branching ratios for the channels leading to 

CO(v = 0) and CO(v ~ 1): X = k11 /k1 and Y = k12/k1. The fj 

represent the fraction of molecules with a specific rotational quantum 

number within a vibra~ionallevel assuming a Boltzmann distribution at 

298 K. The CO(v = 0) signal rise is thus composed of two exponentials 

which depend on the 02 and ketene pressures used in an experiment. 

Three experiments were performed in order to extract accurate values 

for the parameters in eq 15. 

Under conditions where k1[02] >> k14[CH213co], the two 

exponentials are temporally resolved and it is possible to extract from 

a fit to the data that 33 ± 3o/o of the CO is produced vibrationally 

excited. Figure 1.12a displays a typical data trace and fit. In fitting for 

the relative vibrational branching ratios, it was found to be most 

efficient to fix the value of k1 [02] to be the product of the published 

rate constant and the measured [02]. Since the sum (X+ Y) is known 
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from the total CO yield (0.34), the CO vibrational branching ratios can 

be calculated to be 0.23 and 0.11 for X and Y, respectively. (Due to the 

presence of [CO(v;;:: 2)] the actual value of X is underestimated and of Y 

is overestimated, but in the absence of a conclusive vibrational 

distribution the stated values were used in the subsequent analysis. 

Based on the amplitude of the CO(v ;;:: 2) signals and the behavior of the 

CO(v = 1) signal, the correct values are likely X = 0.25 ± 0.04 and Y = 
0.09 ± 0.02.) 

While trying to establish a value for ki4~ it became necessary to 

examine the CO(v = 1) profiles more closely. As a result, the rate 

coristant for v-v transfer from CO(v = 1) to CH213co. k18. was 

determined to be (1.1 ± O.I) x 1o-I1 cm3 molecule-1 s-1 by fitting 

several CO(v = 1) decays as a function of ketene pressure, Figure 1.13. 

The fit function included contributions to the CO(v = 1) signal from 

[CO(v;;:: 2)], as derived from a scheme analogous to that for CO(v = 0): 

CH2 + 02 ~ CO(v = 0) + products 

CH2 + 02 ~ CO(v = I) + products 

CH2 + 02 ~ CO(v ;;:: 2) + products 

CH2 + 02 ~ other products not CO 

CO(v = 1) + CH213co ~ CO(v = 0) + CH213CO(v2 = 1) 

CO(v ;;:: 2) + CH213co ~ CO(v = I) + CH213CO(v2 ;;:: 1) 

(11) 

. (16) 

(17) 

(13) 

(18) 

(19). 

The analytically integrated form of the differential equations arising 

from the above mechanism yielded eq 20 for the temporal 

dependence of the CO(v = 1) signal assuming that k19 = 2k18 (a 

harmonic oscillator approximation). 
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[ CH2]o{IC1 -1(18 r \IC1 - 21C1sf
1 
{ (1C1 ( IC17 -IC16) + K'1s(K'17 + 21C1s)}exp(-1C1 t) 

- 31C17( IC 1 -IC1s)exp( -21C1st) + ( 1C1 (K1s + 21C17 )- IC1s(21C1s + 41C17 )}exp( -K1st )} 
(20) 

In eq 20, the Ki represent pseudo-first order rate constants, e.g., K"16 = 

k16[02] and K"18 = k18[CH213co]. The CO(v=1) traces were fit to eq 

20 leaving the parameter K"1 fixed at the known value using the 

published rate constant. From the ratio k17 /(k16 + k17) obtained 

from the fits, it appears that 25 ± 3o/o of the vibrationally excited CO 

product molecules are produced with more than 1 quantum of 

vibrational excitation. This is consistent with the measured amplitudes 

of the CO(v = 2, 3) signals discussed above. 

The observed slow component of the CO(v = 0) rise in Figure 

1.12a is somewhat slower (lOo/o) than expected from simple first-order 

kinetics of CO(v = 1) due to the influence of CO cascading down from 

higher levels (v ;:;: 2). Thus, the more empirical rate constant, k14 = 
1.0 x 10-11 cm3 molecule-1 s-1, for the decidedly non-elementary 

reaction 14 was pbtained from the slow portion of CO(v = 0) rises under 

high [02]/[CH2CO] conditions and used in subsequent fits for k1. The 

resulting k1 was found to be fairly insensitive to the value of k14 used. 

With all parameters already determined except k1 [02], it was 

then possible to fit each low [02]/[CH2CO] CO(v = 0) rise trace to eq 15 

with all parameters fixed except k1[02] and an amplitude scaling 

factor. A typical data trace and non-linear least squares fit is displayed 

in Figure 1.12b. For each trace, a value of k1 [02] is thus extracted: a 

plot of k 1 [ 021 vs. [02] for many traces (Figure 1.14) gives the rate 

constant k1 = (3.0 ± 0.1) x 10-12 cm3 molecule-1 s-1, where the 

uncertainty is the 95o/o confidence interval of the linear fit to ~e slope. 
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The systematic errors in the rate constant measurements and analysis 

procedure are estimated to be smaller than 10% thus giving a 

methylene loss rate constant, as measured from CO production, of k1 = 

(3.0 ± 0.4) x 10-12 cm3 molecule-1 s-1. Because this rate constant is 

within 7% of the published rate constant for removal of 3cH2 by 02. it 

can be concluded that the data is consistent with CO being produced 

directly in reaction 1. 

m.B.3. C02 Branching Ratio and Production Rate -

The yield of C02, using 13cH2CO as a precursor, is given by 

[13co ] 
2 t>>< 

[12co] 
phot 

and is calculated analogously to the CO yield. Table 1.3 summarizes the 

resl!,lts of the C02 experiments which indicate that the branching ratio 

for the production of C02 is 0.40~:~: the uncertainty contains 

contributions from random (±0.05) and systematic {~:8~) errors. The 

observed C02(V1 = v2 = v3 = 0) product exhibited a significant 

induction period (20 - 30 !J.S) which disappeared upon addition of SF6. 

The induction period is attributed to vibrational excitation of the 

nascent C02 product, which undergoes subsequent vibrational 

relaxation. If the C02 rise experiments are performed such that 

[02]/[SF6] << 1, the temporal profile is well fit by a single exponential 

rise function, whose rate is interpreted as k1 [02]. A plot of a typical 

data trace and fit is displayed in Figure 1.15. The measured rates of 

production k1 [021 are plotted against [021 in Figure 1.16, yielding a 

rate constant k1 = (3.8 ±0.3) x 1o-12 cm3 molecule-1 8-1, where the 
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uncertainty is the 95% confidence interval for the linear fit to the 

slope. Estimating the systematic errors in the rate constant 

measurement to be less than 10%, the resulting value of kl = (3.8 ± 

0.6) x Io-12 cm3 molecule-! s-1 is obtained for the methylene loss 

rate constant, as measured from C02 production. Since this rate 

constant falls within the error limits of the published rate constant for 

removal of CH2 by 02. the data is consistent with C02 being produced 

directly in reaction l. 

m.B.4. H2CO Branching Ratio 

H2CO can be produced in reactions lc and li. On the timescales 

of interest in this experiment (t < 200 Jl.S), the secondary reaction of 

the OH formed in reactions la and ld with ketene is an additional 

source of CO and, indirectly, H2CO: 

OH + CH2CO ~ CO + CH20H 

CH20H + 02 ~ H2CO + H02 

(21} 

(22). 

Isotopic substitution of l3c in the carbonyl position of ketene leads 

exclusively to l3co as a secondary reaction product (no l2co is 

observed so that reaction 21 does not interfere with the CO yield 

measurements). To distinguish the fraction of the total H2CO signal 

produced directly in reactions lc and li from that formed in reaction 

22, 2-methyl-2-butene was used to scavenge the OH before it reacted 

with ketene:6l 

OH + 2-methyl-2-butene ~products not H2CO (23). 

31 



A simplified mechanism consisting of reactions 1a, 1c, 1d, and li, 

followed by reactions 21-23 leads to eq 24 for the dependence of the 

H2CO yield on the 2-methyl-2-butene scavenger pressure. 

(24) 

In Figure 1.17, the H2CO yield data (taken at 0. 78 torr ketene, 1.2 torr 

02. and 5.2 torr Ar) is plotted against the relative scavenger to ketene 

pressure. The data was empirically normalized for 2-methyl-2-butene 

collisional quenching of ketene and collisional broadening of H2CO by 

measuring the attenuation of the CO photolysis yield (from ketene) and 

the H2CO peak absorption coefficient as a functio~ of added 2-methyl-

2-butene. Superimposed on the data is a non-linear least squares fit to 

eq 24 which indicates that the branching ratio for production of H2CO. 

(k1c + ku)/k1, is 0.14 ± 0.03, with the uncertainty containing an 

estimate of possible systematic errors (±0.01). This analysis implicitly 

assumes that all of the methylene reacts with 02. However, the­

recombination of CH2. reaction 7, accou_!lts for the loss of 13% of the 

initial methylene concentration, leading to a smaller observed yield of 

H2CO. Numerically integrating the rate equations for the competition 

between CH2 recombination and reaction with 02 and varying the 

branching ratio for H2CO production until agreement with the 

measured yield was obtained lead to a corrected H2CO yield of 0.16 ± 

0.04. Additionally, from the fit to the data it could be determined from 

the ratio k23/k21 that OH reacts 6 ± 2 times faster with 2-methyl-2-

butene than with ketene, where the uncertainty is 2cr from the fit. 
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m.B.5. OH Branching Ratio 

OH can be produced in reactions 1a and 1d. The fact that OH 

reacts with ketene to give CO and H2CO (via reactions 21 and 22) 

allows for an indirect probe of its yield in reaction 1. The branching 

ratio for OH production, (k1a + k1d)/kL could be extracted from a fit 

of eq 24 to the data in Figure l. 17 and suggests that OH is the major 

(85 ± 20%) coproduct of CO (or HCO). The 13co produced in reaction 

21, subsequent to the photolysis of CH213co in the presence of 02. 

provides an alternative measure of the yield of OH, see Figure 1.18. 

Preliminary data show that the secondary 13co amplitude is 0.32 ± 

0.06 (2<J) of the photolytic amplitude (after correction for the loss of 

13co due to C-atom exchange), which indicates that the OH/CO ratio 

from reaction 1 is 0.94 ± 0.25. 

IV. Discussion 

IV.A. Comparison to other studies 

These results represent the first time-resolved quantitative 

determination of the absolute yields of the principal,C-containing 

products from reaction l. The products observed in these 

experiments account for 90~y~o/o of the initial methylene formed. An 

effort was made to detect HCOOH as a possible additional reaction 

product, but no signal was observed. Based on the measured peak 

absorption coefficient of the line probed, an upper limit of 0.01 can be 

placed on the branching ratio k1j/k1 at 20 torr total pressure. We 

thus believe that all the C-containing product yields have been 

measured and that experimental error led to the slightly low total 
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product yield. The reported error bars indicate that a total yield of 1.0 

is within our 95% confidence interval. 

The observed CO:C02 ratio is in qualitative agreement with the 

results of Rowland and coworkers 13 who reported those products in 

approximately equal amounts. They did not, however, detect any H2CO 

formation. On the other hand, Dombrowsky and Wagner determined 

the CO: C02 ratio to be 4:1 by IR emission in their high temperature 

shock tube studies. 6 

Other studies have noted the formation of formaldehyde or 0(3P) 

but the yield was believed to be 10% or less. The experiments of 

Bohland et al. relied on the absence of a pronounced difference in the 

measured rate constant k1 for two different CH2 sources to place an 

upper limit of 10°!0 on the 0 atom yield.3 More recently the observed 

0(3P) atom profile in a shock wave (1000 - 1800 K) was simulated 

with a value for k1c/k1 = 0.10.6 The discrepancy in the H2CO yield 

could point to the production of both 0(3P) and 0(1D), since the other 

studies relied on measurements of Q(3p). 

It is conceivable that H2CO is produced directly in reaction 25 

rather than by the two-step process (reactions 21 and 22) described in 

section III.B.4. 

OH + CH2CO ~ H2CO + HCO (25) 

In the presence of 02. the HCO formed in reaction 25 would rapidly 

generate H02 and CO, thus leading to the same products obtained from 

reaction 21 followed by reaction 22. The re~ction of OH with ketene 

has been examined by a number of investigators62-65 with reported 
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rate constants in the range (1.2- 3.3) x 10-11 cm3 molecule-1 s-1. 

Little is known about the products, but CO, C02. and H2CO have been 

detected. 62 The uncertainty in the secondary H2CO formation 

mechanism does not affect the results presented here because the OH 

was scavenged by 2-methyl-2-butene. However, more work would be 

required to elucidate the products of the reaction between OH and 

ketene. Our measured ratio k23/k21 = (6 ± 2), together with the 

recommended61 rate constant k23 = 8. 7 x 1o-11 cm3 molecule-1 s-1. 

is consistent with the literature values for k21 mentioned above. 

From the yield of secondary H2CO and from the secondary 13co 

formed subsequent to the photolysis of CH213co in 02. it is evident 

that OH is produced as the major coproduct of CO (or HCO). The 

indirectly measured ratio of [OH]/[CO] is -0.9 ± 0.2 from both 

measurements. An upper limit of 0.3 was placed on the yield of OH 

producing channels by Bley et al. but secondary chemistry in their 

system prevented an accurate determination.4 Shaub et al. fit the· 

vibrational distribution of CO formed in reaction 1 with a statistical 

model which indicated that 70% of the CO product may be formed in 

reaction 1a and only 30% in reaction 1b.39 The indirect results 

obtained in this work are consistent with both previous studies, and 

suggest that the OH yield in reaction 1 is comparable to the CO yield. 

At high temperatures (1000 - 1800 K) the OH yield was measured to 

be less than 5% by direct absorption. The possibility of slow vibrational 

relaxation of excited OH could not be ruled out, so that the actual yield 

may be higher.6 Together with the CO:C02 ratio of 4:1, the high 

temperature data require that the· reaction dynamics be different than 
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at room temperature, the molecular reaction channel 1 b becoming the 

dominant pathway. 

IV.B. Reaction mechanism 

Considering the available energy of a CH202 complex formed in 

reaction 1, it is evident that facile interconversion can occur among 

the CH202 isomers on the ground state surface. A meaningful 

theoretical prediction of the branching ratios is difficult due to the 

large excess energy available for decomposition of a CH202 complex 

and the absence of data necessary to estimate state densities for the 

complexes and total state counts for the various transition states. A 

plausible overall mechanism involves formation of a complex by end-on 

addition, singlet or triplet I, or insertion, Ill. H2CO and 0(3P) or 

0(1D) are readily formed via I. At the available energy, I converts 

readily to Ill by cyclization followed by ring opening. Complex m may 

elimina_te an H atom and then the remaining HC(O)O could decompose 

to H + C02 or rearrange to HOCO which fragments to give H + C02 and 

OH + CO. Alternatively, UI may undergo an H atom migration to form 

highly excited formic acid, IV, which could fragment into HCO + OH, H 

+ HC(O)O, or H + HOCO. A detailed ab initio investigation would be 

useful in helping to elucidate which of the possible CH202 

decomposition pathways lead to the observed products. 

These experiments measure the yield of all channels which 

result in production of CO, C02, and H2CO on the J..LS timescale. Using 

careful kinetic analysis, we conclude that the results are consistent 

with CO and C02 being produced directly in reaction 1. The present 

experimental sensitivity and temporal resolution do not allow for a 
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distinction to be made between CO and C02 arising as direct products 

from the unimolecular dissociation of CH202 intermediates I - IV 

{simple elimination or concerted triple dissociation) or from the 

subsequent fragmentation of an excited product species such as HCO, 

HOCO, or HC{O)O. With the energy available to be released into these 

product channels, sequential dissociation can occur before a collision 

occurs. For the purposes of combustion modeling, the intermediacy of 

a transient species whose lifetime is shorter than a collisional period is 

of no importance. The possibility does exist, however, that the 

secondary reactions 26-28 of stable radical intermediates are sources 

of the observed CO and C02. 

HCO + 02 ~ CO + H02 

HOCO + 02 ~ C02 + H02 

HC{O)O + 02 ~ C02 + H02 

{26) 

(27) 

(28) 

The measured rate constants of reactions 26 and 27, k26 = 5.5 x 

10-12 cm3 molecule-1 s-1 66 and k27 = (1.9 ± 0.2) x 1o-12 cm3 

molecule-1 s-1 67 are not greatly different from k1. Nothing is known 

about reaction 28 but its rate,constant should be of comparable 

magnitude. A mechanism for production of CO or C02 via consecutive 

reactionsyields a temporal profile characterized by two time constants 

and a discernible induction period. A single exponential rise profile 

describing the direct production of CO or C02 in a pseudo-first order 

process (as used in this work) would not fit the data accurately, and 

would result in smaller production rates. We have tried simulating the 

C02 rise data as if it were composed of both a direct (reactions lf and 
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lg) and a secondary (reaction le followed by reaction 27) mechanism. 

From the simulation and our measured S/N ratios, we estimate an 

upper limit of 0.15 for the relative contribution of reaction 27 to the 

measured C02 yield. More precisely, the ratio k1e/(k1e +kif+ k1g + 

k1h) :5: 0.15. In the absence of a reliable experimental value of k28. a 

similar argument can not be presented for a mechanism containing 

reaction 28. The measured CO(v = 0) product rise profiles were 

complicated by the presence of vibrational excitation, but the data is 

adequately modeled by a mechanism consisting of direct production. 

including vibrational excitation. However, the intermediacy of reaction 

26 can not be ruled out. Experiments that directly probe the HCO, 

HOCO, and HC(O)O radicals should be carried out to cpnclusively 

establish or rule out their presence in this system. Notwithstanding 

the uncertainty about the intermediacy of several radicals, in the 02 

rich environment characteristic of combustion processes, the same CO 

and C02 product yields reported here should obtain. · 

V. Conclusion 

The stable C-containing products from the reaction 3CH2 + 02 

have been measured using an infrared diode laser flash kinetic 

spectrometer. The branching steps of reaction 1 are key inputs to the 

modeling of acetylene combustion.68,69 This study reaffirms the 

accepted near-equality of CO and C02 yields and identifies the modest 

production of H2CO in reaction 1. The measured product yields 

suggest that (kla + k1b + k1dl/k1 = 0.34 ± 0.06 (CO production). (kle + 

klf + k1g + k1hl/k1 = 0.40::8:~ (C02 production), and (klc + k1il/k1 = 

0.16 ± 0.04 (H2CO production). Based on indirect evidence obtained 
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in this work and on previous studies, it appears likely that the OH yield 

in this system, (k1a + k1dl/k1. is 0.30 ± 0.05. An upper limit was 

placed on the HCOOH yield: k1j/k1 ~ 0.01. Because the 0-atom yield is 

equivalent to that of H2CO, the only remaining uncertainty is the 

branching between molecular and atomic hydrogen production. 
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Table 1.1. Ab Initio values for relative energies of CH202 isomers and barriers 
to their interconversion and decomposition. 

Speciesa Relative E Method Ref 
(kcal/mol) 

I( singlet) 37 . SCF-MO 14 

35 GVB-CI 15 

33 MC-CI 16 

35 BAC-MP4 8 

31 MP4(SDQ)/6-31G* 17 

44 UMP4/6-31G* 7 

29 QCISD/6-310* 18 

I( triplet) 58 MP4 8 

62 GVB-CI 15 

m(singlet) b 6 MC-CI 16 

15 GVB-CI 15 

10 UMP4/6-31G* 7 

Barriersc 

I --7 n 22-24 MC-SCF 19 

23 MP4(SDQ)/6-31 G * 17 

19 QCISD/6-31G* 18 

I(3A) --7H2C0+0(3p) 1.4 BAC-MP4 8 

fi --7 C02 + H2 63d CI 20 

n --7 IV > 85 CI 20 

m(1A1) --7 IV(1A1) <13 MC-HF 21 

m(3B2) --7 IV(3A1) >30 MC-HF 21 

IV --7 CO + H20 68 DZ+P CCSDT -1 22 

63 e 23 

IV --7 C02 + H2 71 DZ+P CCSDT-1 22 

65 e 23 

a Relative E values for ground state energies assume dioxirane (D) is energy zero 

b Singlet and triplet are nearly degenerat~ (refs 15 and 21) 

c Barriers are relative to species on left side of arrow 

d LOCO= 1570 

e PMP4/6-311++G**/ /UMP2/6-311G** 
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Table 1.2. Summary of CO yield measurements 

Ketene Pketene. PAr. Po2. Ptotal. Fluence. Photolysis co 

Isotope a torr torr torr torr mJ cm-2 Referencea Yield 

12.13 0.29 19.6 2.5 22.4 33 12.13 0.352 

12,13 0.29 19.6 3.3 23.2 33 12,13 0.362 

12,13 1.00 19.0 3.0 23.0 33 12.13 0.340 

12.13 0.15 19.3 3.0 22.4 54 12,13 0.310 

12,13 0.30 0 19.7 20.0 33 12.12 0.351 

12.13 0.30 0 19.8 20.1 33 12,12 0.329 

12.13 0.10 0 7.9 8.0 33 12.12 0.341 

13.12 0.26 19.0 3.9 23.2 30 13.12 0.310 

13.12 0.15 20.0 3.8 23.9 30 13.12 0.335 

a 12.12 = CH2CO: 12.13 = 12cH213co: 13.12 = 13cH2 12co 

b The yield is corrected for C-atom exchange and isotopic impurities as follows: for a 

12.12 reference experiment. the corrected yield is (0.989[ 12co)reaction/ 

0.935[CO)photolysisl- 0.065/0.935: and for a 12.13 experiment. e.g .. the yield is 

U12COlreaction/l13COlphotolysisl- 0.065/0.935. 



Table 1.3. Summary of C02 yield data 

P(13cH2CO) P(02l. torr P(SF5). torr (C02)t:oo, (CH21o.a Yield 

torr mtorr mtorr 

0.123 0.514 6.49 0.0467 0.112 0.410 

0.113 1.02 5.03 0.0410 0.105 0.385 

0.098 1.35 5.60 0.0344 0.0857 0.398 

a Detennined from photolysis of a normal ketene sample. accounting for loss of 

(13cH2b due to exchange and isotopic impurities by multiplying by 0.935/0.989 
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Fi~ure 1. 1. Calculated reaction enthalpies (T=298K) for some possible product channels 

and intermediates in reaction 1. Mi~ (298) values for CH202 isomers were taken from 

the recommended values in ref 7, for 3cH2 from ref 8 (92.8 kcal/mol), for HOCO from 

ref 9 (-52.5 kcal/mol), for HC(O)O from ref 10 (-30 kcal/mol). and for all other product 

species from ref 11. 
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Ffiure 1.2. Schematic of infrared diode laser flash kinetic spectrometer. L = lens, M = 

mirror. DM =dichroic mirror. BS = beamsplitter. P =capacitance manometer, MC = 

monochromator, OAP =off-axis parabolic mirror. F =interference filter, PM= power 

meter. and D =detector. The dashed lines denote electrical connections. 
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Figure 1.3. Schematic of trigger circuit for flash kinetic data acquisition. The circuit 

provides a trigger synchronous to the cycle of the cold head piston. and allows for data 

to be taken during the quiet part of the cold head cycle. 
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Fi~ure 1.4. Schematic of circuit which generates delays between excimer and digitizer 

triggers. Provision is made for external (input # 1) or internal triggering. an output for 

triggering an external shutter to block UV beam. and an external input (input #2) which 

only triggers the digitizer. 
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Fi~ure 1.5. Flowchart of the spectral acquisition program FLASH. 
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Fiiure 1.6. Flowchart of the FlASH subroutine which controls the interrupt sequence. 
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F~ure 1.7. Flowchart of the FLASH subroutine which controls the real-time interactive 

graphics mode. 
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Fi2ure 1.8. Schematic of interface circuit and hardware connections required for 

spectral acquisition using FLASH. 
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Fi~ure 1.9. Spectrum of 12co P(l4) (9 mtorr) acquired using the spectral scanning 

routine FLASH. The addition of 23.5 torr of SFs buffer collisionally broadens the line 

and reduces the peak absorption coefficient by a factor of 1.74. 
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Fi~ure 1. 10. Stern-Volmer plot of loss of CO photolysis product due to ketene collisional 

self-quenching. The linear fit to eq 2 yields a value of k5/k4 = 0.34 torr-1 from the ratio 

of intercept to slope. 
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Figure 1.11. Rise profiles of CO(v= 1-4) normalized relative to CO(v= 1) signal. 

Conditions: CO(v=1). R(7) probe of photolysis (40 mJ cm-2. 96 pulses averaged) of 0.19 

torr CH213co in 8.0 torr 02: CO(v=2). P(9) probe of photolysis (40 mJ cm-2. 160 pulses 

averaged) of 0.18 torr ketene in 6.9 torr 02: CO(v=3). R(5) probe of photolysis (80 mJ 

cm-2. 160 pulses averaged) of 0.15 torr ketene in 19.8 torr 02: CO(v=4), R(9) probe of 

photolysis (80 mJ cm-2. 160 pulses averaged) of 0.15 torr ketene in 20.0 torr 02. 
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Fi~ure 1.12. TypicaJ12co(v = 0) rise profiles and fits to eq 15. Conditions: a) 0.20 torr 

CH213co. 4.8 torr 02. 9.1 torr Ar: b) 1.08 torr CH213co. 0.62 torr 02. 7.4 torr Ar. The 

laser pulse energy was 40 mJ cm-2 and the line probed was R{11) where f !2 /f?1 = 0.89. 

The point at which time = 0 is arbitrarily offset, and the fast initial rise in trace b is due 

to 12co from C-atom exchange and isotopic impurities. The fit parameters were: a) 

k14[CH213co) = 6.17 x 104 s-1 with k1l02J fixed at 5.01·x 105 s-1: b) k1l02J = 6.20 x 

104 s-1 with k14lCH213co) fixed at 3.67 x 105 s-1. 

56 



200 

- ~ r-t 'E I 
rJ) 

:;:! 

.0 
Ctj .. 

~ 
0 150 -; 
r-t Q -Q) U5 

~ 
;::; 

! 
0 

100 C) 

~ 0 20 40 60 
C) Time (10-6 s) . 
Q) 

Q, -r-t so· 
~ -0 

C) 

0 

0 0.1 0.2 0.3 0.4 

Pressure CH2
13co (torr) 

Fi~ure 1. 13. Plot of measured CO(v = 1) decay rate vs. CH213co pressure. The slope of 

the least squares line yields a value of ki8 =(I. I ±0.1) x Io-11 cm3 molecule- I s-1. 

The inset displays a sample decay trace obtained by probing R{7) of 12co(v = I) in the 

photolysis (40 mJ cm-2) of a mixture of 0.27 torr CH213co and 7.8 torr 02. The 

superimposed fits to the v = 1 data include contributions from CO(v ~ 2) and indicate 

that 25% of the vibratlonally excited product molecules are produced with more than 1 

quantum ofvibratlonal energy. A value of k18(CH213co) = 1.03 x 105 s-1 was 

obtained from the fit. with k 1 1021 fixed at 8. 15 x 1 o5 s-1. 
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Fi~ure 1.14. Plot of obsexved rate of CO production, k1[021. vs. (02). The individual 

rates were extracted from a fit of eq 15 to low [021/[CH213co) CO(v = 0) traces as 

described in the text. The error bars represent the 95% confidence levels for the mean of 

4-7 traces. The slope of the linear least-squares fit to the data indicates that the rate 

constant for CO production. k1. is (3.0 ±0.1) x 10-12 cm3 molecule-1 s-1. 
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Fi2ure 1.15. Sample 13c02 rise and superimposed fit to a single exponential rise 

function. The measured rise rate is 7.72 x 104 s-1. Conditions: R(8) probe of 13co2 

resulting from the photolysis (25 mJ cm-2) of a mixture of 0.19 torr 13cH2CO. 0.64 torr 

02. and 13.9 torr SF6: 96 traces were co-added: and time= 0 corresponds to the 

beginning of the fit curve. 
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Fi2ure 1.16. Plot of measured 13co2 production rates vs. [02]. The slope of the linear 

least-squares fit to the data indicates a rate constant for 13co2 production of (3.8 ± 0.3) 

x 1o-12 cm3 molecule-1 s-1. 

60 



0.4 

0.35 

0 - 0.3 ~ 
:t 
C) -.......... 0.25 
5 
C) 
~ 

:t 0.2 -
• • 

0.15 • 
• • 

0.1 
0 2 4 6 8 10 

P(scavenger) /P(ketene) 

Fi~ure 1.17. Plot of H2CO yield vs. relative 2-methyl-2-butene to ketene pressure. The 

nonlinear least squares fit of eq 24 to the data indicates that the yield for direct 

production of H2CO in reaction 1 is 0.14 ± 0.03, that OH reacts 6 ± 2 times faster with 

2-methyl-2-butene than with ketene. and suggests that OH is produced in comparable 

amounts to CO. See text for corrections to the H2CO yield resulting from the loss of 

CH2 due to recombination. · 
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Fi~ure 1.18. 13co R(20) signal resulting from the photolysis (30 mJ cm-2) of 0.29 torr 

CH213co in 3.3 torr 02 and 19.7 torr AI. The slo~ly rising. secondacy component is 

due to the reaction of OH with ketene. reaction 21. The biexponential fit to the data 

suggests that the ratio of the secondacy amplitude to the photolysis amplitude is 0.38. 

The photolysis amplitude should be adjusted for losses due to C-atom exchange (see 

text). 
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Chapter 2. Quantum yield for production of CH3NC in the photolysis 

ofCHsNCS 

I. Introduction 

Methyl isothiocyanate (CH3NCS = MITC) is widely used in 

agriculture as a soil fumigant in various formulations: it is a toxic 

substance which irritates the skin and mucous membranes. I In 1991, 

2.1 x lo4 metric tons of metam-sodium, which decomposes in the soil to 

yield MITC, were used in the United States:2 

CH3 NHCS2Na + ~ CH3 NCS + NaHS 

metam.-sodium MITC 

The California Policy Seminar lists metam-sodium 4th in its priority 

ranking of high profile pesticides, based on 1990 data on applied 

volumes.3 Because of its high vapor pressure (12.8 ± 0.5 torr at 297 K), 

MITC can enter the troposphere by spray drift during application or 

subsequent volatilization. Estimating that -60% of the applied dosage of 

metam-sodium is emitted as MITC into the air,4 -lo4 metric tons of 

MITC were released into the atmosphere in 1991. For comparison, this 

amount represents -0.04% of the total anthropogenic emissions of SOx 

and NOx in the U.S. in 1987.5 While the relative total amount of MITC 

released into the atmosphere may seem small, local concentrations of 

MITC may be sufficiently high to warrant concern. The threshold for 

toxicity of MITC is presently under debate within the state regulatory 

agencies: however, it is.believed that MITC levels above 1 ppb may cause 

discomfort in some members of the population. 6 Concentrations as high 
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as 3 to 242 IJ.g m-3 (1 to 81 ppb) have been measured at sites downwind 

from fields injected with metam-sodium.7,8 It is expected that the 

application of metam-sodium by sprinkler irrigation in warm weather (as 

is typical in the San Joaquin Valley) should lead to even higher ambient 

MITC concentrations. 8 

The persistence of pollutants in the atmosphere may pose health 

and environmental hazards. In order to assess the potential risks arising 

from the use of toxic substances, it is useful to know the dominant 

mechanism and the rate for their removal from the atmosphere. The fate 

of species in the troposphere is determined by some combination of i) 

photodissociation: ii) chemical removal, e.g., reaction with other trace 

species such as OH and 03: and iii) physical removal, such as through 

dry deposition or rainout. 9 Figure 2.1 schematically illustrates the 

possible fates of a pesticide in the environment. This study deals with the 

fundamental photochemistry of MITC and indicates that solar 

photodissociation could be the chief removal pathway of MITC. 

The ultraviolet (UV) 10-12 and vacuum-ultraviolet (VtN) 13,14 

absorption spectra of MITC have been previously reported, but the 

spectrum at wavelengths with significant solar flux (A. ;::: 295) has not been 

measured. The NCS radical in various electronic states has been detected 

as a product from the UV and VUV photolysis of MITC using a wavelength 

selected broadband source, 13 synchrotron radiation, 14 and excimer 

lasers, 15 as well as from electron impact on MITC.l6 The decomposition 

of MITC in a discharge has been observed to yield Ncs17, 18 and CS, CN, 

and S2.l8 The distribution ofvibrational energy in the NCS fragment15 

and rotational and vibrational energy in the CN fragment 19 resulting 

from the 248- and 193-nm photolyses of MITC have been reported. The 
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production of S(3P) atoms and CH3NC in solutions of MITC irradiated 

with 254-nm light has also been reported to occur, with a maximum yield 

of 45%.20,21 However, nothing is known about the photolysis of MITC at 

energies corresponding to the long-wavelength tail of its lowest energy 

absorption band, and the quantum yields of the photolysis products have 

not been quantified at any wavelength. 

II. Experimental 

The UV spectrum of MITC was acquired on an HP 8452 UV /VIS 

spectrometer with a resolution of 2 nm. An 8.0-cm quartz cell held the 

sample and the evacuated cell served as the blank for all scans. The 

100% transmittance level was determined by averaging the %T values in 

the 340 - 360 nm range where no signal was detected. All spectra were 

taken at 298 ± 2 K where a = Absorbance(base e) I [P(MITC) x (3.25 x 

1016) x 8.0], see Appendix 1. Sample pressures were measured with a 

calibrated 10-torr capacitance manometer (MKS Instruments). and 

accounting for possible wall loses (adsorption or catalyzed decomposition) 

are correct to ± 5%. The UV spectrum of MITC, taken in the quartz UV 

cell, was constant to within 10% over a 19-hour period. Over longer 

times (3- 4 days) the absorbance at wavelengths below 310 nm fell by as 

much as 10% while rising considerably (10- 30%) for wavelengths 

between 310 and 350 nm. This suggests the possible slow decomposition 

of MITC and formation of CS2. whose near-UV absorption spectrum 

peaks near 320 nm.22 The UV spectra were taken within 3 minutes of 

filling the cell to minimize any such losses. 

The diode laser flash kinetic spectrometer is described in detail in 

Chapter 1. An excirner laser (Lambda Physik, EMG 103 MSC) running on 

65 



XeCl was used to photolyze MITC at 308 nm. A diode lasing in the region 

2060- 2190 cm-1 with a resolution of0.0003 cm-1 probed the v2 band of 

CH3NC.23 Transient changes in the cw infrared laser power of 5 parts in 

104 could be detected. giving a detection limit for CH3NC of -5 x loll 

molecules cm-3 per laser shot (S/N- 1. in the absence of collisional 

broadening). All transient yield experiments were performed at T = 298 ± 

2 K. Peak absorption coefficients and their attenuation by collisional 

broadening were determined by scanning the diode laser over a CH3NC 

absorption feature. using the program FLASH as described in Chapter 1. 

The FflR analysis of CH3NC production was performed on a Nicolet 

SlOP at 1-cm-1 resolution and averaging over 64 scans. A 15.4-cm long 

glass cell (inner diameter = 22 mm) sealed with CaF2 windows held the 

samples. Spectral analysis was performed using the au tosubtract. 

baseline. and integrate routines ofthe PC/IR software. Typical precision 

for the FfiR analyses is estimated to be± 20% (2cr). Even in the absence 

of photolysis. the MITC samples decayed considerably in the IR cell over 

the period of observation (20% loss in 20 minutes. e.g.). but the decay did 

not lead to production of CH3NC. and is probably due to some wall loss 

process. The conditioning of the cell walls. i.e .. the substances to which 

the cell ~ad been exposed. appears to play a role in this decay of MITC. 

All photolysis/FfiR experiments were performed over similar lengths of 

time to minimize errors due to loss of MITC. 

MlTC was obtained from Aldrich with a specified purity of> 97o/o. 

However. lot analysis (gas chromatography. Aldrich Technical Services) 

revealed that our sample was considerably purer (99.6%). The sample 

was received as a yellowish solid. heated past its melting point (310 K). 

and transferred with a pipet intq an Erlenmeyer flask which was fitted 
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with a ground glass joint so that it could be adapted with a stopcock and 

evacuated. The sample was degassed by 3 successive freeze-pump-thaw 

cycles and then vacuum transferred .at room temperature into a clean 

Pyrex finger. yielding a white solid which gave a clear liquid when melted. 

The vapor pressure of MITC was measured with a Hg manometer to be 

12.8 ± 0.5 torr at T = 297 K. CS2 was identified as the sole impurity by 

MS (m/e = 76) and FTIR (1530 cm-1).24 It was observed to build up 

slowly, probably via a heterogeneous mechanism. and could be removed 

by pumping on the MITC sample at T = 195 K ([CS2] < 0.5o/o). The MITC 

sample was kept covered with a black cloth at all times. 

CH3NC (96%) was obtained from Karl Industries, Sapon 

Laboratories Division (Aurora, OH) and was received as a dark brown 

liquid. The sample was degassed and vacuum transferred from 279 to 77 

K, yielding a clear liquid which turped light brown slowly over time. The 

1-cm-1 FTIR spectrum matched literature spectra23 and no impurities 

were detected (< 1 %). 

m. Results and Discussion 

m.A. Ultraviolet Absorption Spectrum of MITC 

We have measured the absorption cross section, cr, of MITC in the 

lN. Figure 2.2. Special attention was focussed on the long wavelength 

tail which overlaps the spectrum of solar. or actinic, flux.25 The MITC 

absorption band extends out to at least 340 nm, but the wavelength 

interval from 305 to 330 nm accounts for 86% of the total rate for MITC 

absorption of the actinic flux in the troposphere. For a photodissociation 

quantum yield of 1.0. the total absorption rate of6.7 x 10-6 s-1 yields a 
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lifetime with respect to photolysis of 41 hours, for July 1, ·noon sunlight 

at a latitude of 400 N (see Table 2.1). The MITC absorbance was linear in 

MITC pressure over the range 1.0- 9.7 torr, as illustrated by the Beer's 

Law plot in Figure 2.3. The relative uncertainties in the cross sections at 

the 95% confidence level were 3%, 8%, and 23% at 300, 320, and 330 

nm, respectively. With a conservative estimate of ±10% for the 

systematic error in the cross section determination, the reported values 

and polynomial fit to the spectrum in Table 2.1 are believed to be correct 

to within 10%> for A< 300 nm, 15-20% for 300::;; A< 320 nm, and 30% for 

320 ::;; A ::;; 330 nm. Despite the magnitude of these uncertainties, it is 

clear that photochemical degradation in the atmosphere could be an 

effective removal pathway, if the photodissociation quantum yield were 

sufficiently high. This possibility was explored by quantitatively studying 

the yield of photolysis products. 

m.B. Fundamental Photochemistry of MITC 

Neat MITC samples (0.7- 10 torr) were photolyzed with a 308 nm 

excimer laser. FTIR spectra revealed that methyl isocyanide, CH3NC, was 

the major stable product formed, as shown in Figure 2.4 and Table 2.2. · 

The yield of CH3NC was then examined with the diode laser flash kinetic 

spectrometer. Figure 2.5a displays the te~poral profile of the CH3NC 

produced in the 308-nm photolysis of MITC. The CH3NC production can 
/ 

be described by the combination of a direct photolytic component and a 

secondary bimolecular channel, reactions 1 and 2, respectively: 

CH3NCS + hv (308 nm) ~ CH3NC + S(3P) 

S(3P) + CH3NCS ~ CH3NC + S2 

(I) 

(2) 
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From biexponential fits to the CH3NC rise, it could be estimated that 

reactions 1 and 2 each contributes approximately 50% of the observed 

signal. The rate constant k2 was measured to be (2.0 ± 0.3) x 10-11 cm3 

molecule-1 s-1 by fitting a single exponential to the slow component of 

the CH3NC rise over the MITC pressure range of 0.092 - 0.32 torr, Figure 

2.6. The analogous reaction of S(3p) with HNCS has been observed and 

proceeds with a rate constant~ 3 x lo-ll cm3 molecule-1 s-1.26 

To determine the photolytic quantum yield for CH3NC production 

in reaction 1, 2-methyl-2-butene was introduced to remove the S atoms 

by forming a thiirane, reaction 3.27,28 

...... 
S + CH3CH=C(CH3b ~ CH3CHSC(CH3b (3) 

Figure 2. 7 displays the attenuation of the CH3NC product signal as a 

function of the added scavenger. The CH3NC signal was measured after 

reactions 1 - 3 were complete and the signal had reached a maximum 

amplitude. Superimposed on the data is a fit to equation 4, which 

describes the dependence of the CH3NC yield on the relative amount of 

added scavenger. 

ICH3NC)• =<lJ{l+ r(l+ k 3(2m2b))-l} 
[CH3NCS) k2IMITC) 

(4) 

Equation 4 was derived from a mechanism consiting of reactions 1 - 3; 

[CH3NCS]* represents the initially excited MITC, <I> is the quantum yield 

for dissociation of excited MITC into CH3NC + S(3P) in reaction 1, y is the 
' 

yield for CH3NC production in reaction 2. and 2m2b represents 2-methyl-
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2-butene. This analysis is similar to the one employed i~ determining the 

CO yield from the reaction of 1CH2 with CH2C0.29 

The data in Figure 2. 7 suggests that k3/k2 = 0.97 ± 0.3 and that y 

= 1.12 ± 0.13 (the uncertainties are 2cr from the fit). The value of k3 is 

expected to lie between the measured rate constants for S-atom reactions 

with ci.s-2-butene and 2,3-dimethyl-2-butene at T = 298 K, 6.6 x Io-12 

and 4.1 x 10-11 cm3 molecule-1 s-1, respectively.28 It is predicted to be 

i.8 x 10-11 cm3 molecule-1 s-1 (A= 4.7 x Io-12 cm3 molecule-1 s-1 and 

Ea = -0.80 kcal mol-l), based on an empirical correlation of olefin 

ionization potentials with their activation energies for reactions with 

S(3P).28 The predicted value of k3 is consistent with our measured k2 

and the ratio k3/k2 extracted from Figure 2. 7. 

As shown in Figure 2.5b, in the presence of sufficient 2-methyl-2-

butene (which prevents S atoms from reacting with MITC in reaction 2) 

the CH3NC rise indeed appears to be prompt. The CH3NC appearance 

rate in Figure 2.5b is determined by the time constant of the detector (-1 

JlS}. and the signal amplitude is 51% of that in 2.5a. Row 5 ofTable 2.2 

provides independent evidence which indicates that the yield of CH3NC 

as an end-product in the presence of excess scavenger is half of its value 

in the absence of scavenger, within the experimental uncertainty of ±20%. 

It thus appears that S atoms quantitatively react with MITC to yield 

CH3NC, on the basis of both time-resolved and end-product analyses, 

and are effectively removed by addition of 2-methyl-2-butene. 

Table 2.3 summarizes the results of the time-resolved CH3NC yield 

measurements. There was no systematic variation in the results over a 

broad ratio of 2-methyl-2-butene to MITC pressures, indicating that the 

scavenging of S atoms was complete to within <5 %. From the CH3NC 

\ 

70 



yield, one can calculate the quantity cr(308)<I>, the product of cr(308). the 

MITC absorption cross section at 308 nm, and <I>, which is defined above. 

The yield data indicate that cr(308)<I> = (8.0 ± 0.6) x 1o-21 cm2, where the 

uncertainty is the 95% confidence level for precision. Propagating the 

estimated uncertainties in the measured quantities which factored into 

the calculation leads to a total relative uncertainty of 17% (2cr). Allowing 

for the possibility of systematic error in the experimental method, the 

totaJ system uncertainty is estimated to be 20% and a value of cr(308)<I> = 
(8.0 ± 1.6) x 1o-21 cm2 is thus reported. Combining cr(308)<I> with an 

independent value of cr(308) = (8.1 ± 1.0) x 1o-21 cm2, which was 

extracted from the Beer's Law plot in Figure 2.3, the value of <I> = 0.98 ± 

0.24 is derived. The measurement of a photodissociation quantum yield 

near unity is consistent with the lack of structure in the absorption 

spectrum, which usually suggests a short-lived excited state. 30 

Because our measured quantum yield applies only at the low total 

pressures employed in these experiments (P:::;; 20 torr), we carried out the 

308-nm photolysis of 0.67 torr MITC in 740 ± 20 torr N2 and compared it 

to the equivalent photolysis with no added buffer. Analysis of the 

resulting ITIR spectra for MITC removal and CH3NC production (using 

relative integrated absorptions as summarized in Table 2.2) revealed that 

<I> at 7 40 ± 20 torr is equal to the low-pressure value to within the 

experimental uncertainty of± 20%. This suggests that a lower limit for 

the dissociation rate of excited MITC is 1010 s-1, and that our measured 

values for the MITC UV cross sections and CH3NC quantum yield can be 

extrapolated with confidence to atmospheric pressure in order to model 

the photochemical removal of MITC in the atmosphere. 
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m.C. Secondary (Photo)chemistry and Environmental Consequences 

The photodissociation of MITC into CH3NC and S(3P) with a 308-

nm photon leaves the products with -4600 em -1 of excess energy, using 

the following tabulated thermochemical data: .1Hf(CH3NCS) = 27 kcal 

mol-1,31 L\Hf(CH3NC) = 41 kcal moi-1,32 .1Hf(S) = 66 kcal moi-1.33 

There is insufficient energy for production of S(1D), which lies 9200 cm-1 

above the ground state triplet.27 The persistence, fate, and health 

consequences of CH3NC should be examined, since it is the princip~l 

stable MITC photodegradation product at solar wavelengths. CH3NC 

does not absorb light with A.> 260 nm (cr < 10-21 cm2),34 and would thus 

be stable with respect to ph_otolysis in the troposphere. At present, no 

toxicological data exist for CH3NC: it has an unpleasant odor and is 

thought to behave like CO in binding to hemeproteins.35 

The formation of CH3NCO (methyl isocyanate) in the photolysis of 

MITC samples in environmental chambers has been observed.36 We 

have taken FfiR spectra of the products formed in the 308-nm photolysis 

of MITC (0.5 torr) in the presence of 02 (60 torr) and confirmed the 

presence of CH3NCO by its absorption band at 2283 cm-1.24 After 

sufficient irradiation, the concentration of CH3NCO is comparable to that 

of CH3NC, as evidenced by analyzing their integrated absorptions. S02 

(1361 cm-1). some unidentified product(s) with bands at 1700, 1150 and 

1050 em -1, and particulate matter were also formed in this experiment. 

The latter gave the cell contents after photolysis a cloudy appearance and 

scattered a HeNe laser beam traversing the cell. In some experiments, CO 

and C02 also appeared as products, but they likely arose from wall 

reactions since they were not observed when a clean cell was used. A 

representative product FTIR spectrum is shown in Figure 2.8. 

72 



CH3NCO is classified as a toxic chemical and as an extremely 

hazardous substance by the EPA;37 the OSHA 8-hour Permissible 

Exposure Level is 20 ppb. 38 The chemical was the cause of 2000 deaths 

as a result of an explosion at a Union Carbide plant in Bhophal, India in 

1984. In order to assess the likelihood of CH3NCO production from MITC 

in the atmosphere, we set out to determine the mechanism of its 

formation in our system. 

The formation of CH3NCO in the 308-nm photolysis of 0.86 torr 

MITC and 14.8 torr 02 could not be detected with the flash kinetic 

spectrometer on a 200 J..LS timescale. Based on the somewhat poor 

detection sensitivity for the CH3NCO line probed (a sharp feature near 

2283 cm-1 superimposed on a broad background absorbance), an upper 

limit of 13o/o could be placed on the yield of CH3NCO on short timescales. 

FTIR spectra of a mixture of0.50 torr CH3NC and 1.5 torr S02 

irradiated with 308-nm photons (800 pulses at -24 mJ em -2) revealed the 

production of CH3NCO, although none was produced in the absence of 

light. No CH3NCO was produced in a mixture (not irradiated) of 0.26 torr 

CH3NC in 250 torr 02 (the absence of the CH3NCO band after 1 hour is 

estimated to represents 5o/o of the CH3NCO produced in the CH3NC/ 

S02/hv experiment above), nor was it produced in significant amounts in 

the photolysis of a mixture of 0.64 torr MITC and 1.4 torr S02. In the 

latter case, some CHsNCO would be expected as the CHsNC formed in 

the photolysis of MITC accumulated and reacted with S02, and this easily 

accounts for the small amount of CHsNCO observed. 

These results strongly suggest that CH3NCO is produced by the 

(photo-oxidative) reaction of CH3NC with electronically or vibrationally 

excited S02. S02 *, as shown in reactions 5 and 6. 
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S02 + hv ~ S02* 

S02 * + CH3NC ~ CH3NCO + SO 

(5) 

(6) 

Because CH3NC does not absorb at 308 nm, S02 must be the absorbing 

species which promotes the reaction. S02 has a significant absorption 

cross section at 308 nm, <1 = 2 x.lo-19 cm2,39 but it does not dissociate 

at wavelengths longer than -220 nm. 33 The formation of CH3NCO in a 

fast bimolecular step was verified with the flash kinetic spectrometer, but 

only to the extent that CH3NCO transient absorptions could be detected 

by flashing mixtures of CH3NC and S02, i.e., no quantum yields or rate 

constants were measured. 

The formation of S02 in the MITC/02 system can be explained by 

reactions 7 and 8.33 

S+02~S0+0 

S0+02~S02+0 

(7) 

(8) 

As a consequence of the hypothesis that CH3NCO is formed in reaction 6, 

CH3NCO should not be produced in this system in the absence of S02. 

This was tested by photolyzing a mixture of 0.49 torr MITC, 60 torr 02. 

and 310 torr 2-methyl-2-butene (added in excess to scavengeS atoms 

and prevent SO and S02 formation). The ITIR spectrum of the resulting 

products revealed that indeed no CH3NCO was produced in this system. 

An alternate mechanism for production of CH3NCO, namely the reaction 

of vibrationally excited CH3NC with 02. is not consistent with the data. 

To ensure that the absence of CH3NCO production in the MITC/02/2-

methyl-2-butene experiment did not simply result from quenching of 
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excited (hypothetically reactive) CH3NC molecules by the high pressure of 

2-methyl-2-butene, rather than to the absence of 802 production, the 2-

methyl-2-butene was replaced with 250 torr Ar or 8F5, buffer gases 

capable of quenching the vibrationaJly excited CH3NC. Both CH3NCO 

and S02 were produced in amounts comparable to those produced in the 

absence of added buffer, effectively ruling out the alternate mechanism. 

The secondary chemistry of the MITC I 02 system in the presence of 

ultraviolet photons is quite complicated. The observed formation of 

CH3NCO can be rationalized by the build-up of 802 which can then react 

with the primary MITC photoproduct CH3NC according to reactions 5 and 

6. In the troposphere, however, localized concentrations of 802 are not 

likely to be sufficiently high, so that the potential for CH3NCO formation 

in the atmosphere by this mechanism does not appear to be significant. 

The reactions of CH3NC with 03. NO:x, or H02, atmospheric species 

which can undergo facile 0-atom transfer reactions from the ground 

state, should be examined as potential sources of CH3NCO. The 

conversion of alkyl isocyanides to· isocyanates by 0340 and N041 has 

been observed to occur in solution. 

Finally, experiments should be carried out to determine the 

importance of additional MITC removal pathways, such as reaction with 

OH, in order to gain a more complete understanding of its fate in the 

atmosphere. Little is known about the reaction of isothiocyanates with 

OH. A crude relative measurement of the rate constant for the reaction of 

MITC with OH yielded a value of 3 x Io-11 cm3 molecule-1 s-1,42 but the 

results were neither very compelling nor published in a journal. For the 

related molecule 8-methyl-N,N-dimethyl thiocarbamate, 

(CH3)2NC(0)8CH3, an OH reaction rate constant of 1.3 x Io-11 cm3 
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molecule-! s- ~ has been reported. 43 The lifetime of MITC with respect to 

reaction with OH in the atmosphere can be crudely estimated to be 28 

hours' assuming a rate constant of 1 o-11 cm3 molecule-1 s-1 and an OH 

concentration of 106 cm-3, a typical value for rural areas.25 It is thus 

quite possible that the bimolecular reaction with OH competes with 

photolysis as an MITC removal pathway. The dominant chanpel will 

depend on factors such as geographic location, season, and daily 

atmospheric and meteorological conditions. Similarly, the reaction of OH 

with CH3NC could provide an effective pathway for removal of CH3NC 

from the atmosphere. 

IV. Conclusion 

The photolysis of MITC in sunlight was demonstrated to be an 

efficient removal pathway in the troposphere. The primary products from 

the 308-nm photolysis were CH3NC and S(3P), produced with a quantum 

yield of 0.98 ± 0.24. The CH3NC yield at a total pressure of 740 torr was 

equal to the value at low pressure, and so we conclude that the UV cross 

sections and dissociation quantum yield measured here are applicable to 

atmospheric conditions and should be used to model the fate of MITC in 

the atmosphere. The reaction of MITC with OH should be explored as a 

possible additional sink of MITC in the atmosphere. Further studies on 

the chemistry and toxicology of CH3NC, along with accurate field 

measureme~ts of MITC, CH3NC, and CH3NCO concentrations are needed 

to adequately assess the health risks resulting from the widespread 

agricultural use of metam-sodium. 
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Table 2.1. Calculated photolysis rate of MITca 
Wavelength Estimated MITC absorption Photolysis 

inteiVal, actinic flux. b cross section. c rate,d 
run 1014 photons cm-2 s-1 w-20 cm2 1o-6 s-1 

295-300 0.031 1.70 0.05 

300-305 0.335 1.23 0.41 

305-310 1.25 0.852 1.06 

310-315 2.87 0.563 1.62 

315-320 4.02 0.348 1.40 

320-325 5.08 0.196 1.00 

325-330 7.34 0.096 0.70 

330-335 7.79 0.040e 0.31 

335-340 7.72 0.017e 0.13 

a A photodissociation quantum yield of 1.0 is assumed: the total photolysis rate 

iS (6.7 ± 1.7) X w-6 s-1. 

b Noon. July 1 sunlight at 400 N latitude; values from ref 25. 

c The spectra were fit to a polynomial: e1 = 2.029 - 0.1184A.' + 0.002346A.'2 -

(1. 74 x 1o-5)J..'3 + (3.57 x 1o-8)J..t4. where A.'= (A.- 294) over the inteiVal294 to 

330mn. 

d Rate= I: {J(A.)cr(A.)<l>(A.)}, where J(A.) is the actinic flux. cr(A.) is the absorption cross 

section, and <I>(A.) is the photodissociation quantum yield. 

e Estimated from an MITC spectrum taken at a pressure of 9. 7 torr: the 

uncertainty in these values is estimated to be ±40%. 
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Table 2.2. Summary of FTIR analysis of CHsNC production 

P(MITC). P(N2). P(2m2b).a CH3NC P(CH3NC) Fluence.b Expected 
torr torr torr integrated P(MITC) w19 photons cm-2 yieldc 

absorbance 

0.67 0 0 0.26 0.13 3.0 0.13 

0.66 740 ± 20 0 0.27 0.11 3.0 0.13 

0.68 0 0 0.13 0.062 1.8 0.078 

0.67 730± 20 0 0.15 0.061 1.6 0.070 

0.70 0 11 ± 1 0.30 0.14 6.0 0.13 

a 2m2b = 2-methyl-2-butene 

b Determined from (measured fluence x number of pulses). The average pulse energy 

was multiplied by 1.2 and 1.07 to account for window losses and back reflections. 

c P(CHsNC) = (Fluence x <1(308) x <I>) 1 3. 7. where <I>= 1.0 or 2.0 for experiments with 
P(MITC) 

or without 2m2b scavenger. respectively; the factor of 3. 7 accounts for dilution of the 

products into the total cell volume. 
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Table 2.3. Summary of prompt CHsNC production measurements 

P(MITC). P(2m2b).a P(CH3NC),b Fluence,c cr(308)<l>,d 

torr torr mtorr 1016 photons cm-2 1o-21 cm2 

0.300 15.9e 0.134 5.4 8.3 

0.298 5.6e 0.0857 4.0 7.2 

0.293 14.2 0.142 6.0 8.0 

0.244 16.3 0.133 6.0 9.0 

0.128 7.0 0.0586 5.9 7.8 

0.220 9.2 0.0858 5.2 7.6 

0.263 11.4 0.111 5.4 7.8 

a 2m2b = 2-methyl-2-butene. 

b Detennined from the magnitude of the transient absorbance and the measured 

peak absorption coefficient of the probed CH3NC line, which was normalized for 

collisional broadening. CH3NC was probed near 2140 and 2158 cm-1. 

c Measured with a calibrated volume absorbing disc calorimeter with the rear 

CaF2 cell window removed. and adding 6. 7% for back reflection from the two 

window surfaces. The index of refraction of CaF2 at 308 nm is 1.453 (D. F. 

Bezuidenhout. in Handbook of Optical Constants of Solids, E. D. Palik, Ed. 

(Academic, San Diego. 1991}, p. 831). A 7.0-mm diameter circular mask was 

placed before the cell to define the cross-sectional area of the excimer beam. 

d cr(308)<l> = P(CH3NC) I (P(MITC) x fluence). 

e 3.8 torr of SF6 was also added as a buffer. 
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Fi2ure 2. I. Schematic of possible fates of a pesticide in the environment. Pesticides 

may enter the troposphere by spray drift durtng application or subsequent volatilization. 

The partitioning between the different compartments (soil/water I air) and attendant fate 

are deternlined by the chemical and physical properties of the pesticide. 
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Figure 2.2. Ultraviolet spectrum of CH3NCS. The CH3NCS was pumped at 195 K prior 

to use to remove any CS2 impurity, as verified by MS and rnR {(CS2l ~ 0.5%). An 8.0-

cm quartz cell held the sample and the evacuated cell served as the blank for all scans. 

The 1000!0 transmittance level was determined by averaging the %T values in the 340 to 

360 nm range where no signal was detected. All spectra were taken at 29.8 ± 2 K where 

a = Absorbance(base e) I [P(MITC) x (3.25 x 1Q16J x 8.0). 
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Fi~ure 2.3. Beer's Law plot of the MITC absorbance at 308 run extracted from the UV 

spectrum. The slope of the linear least-squares fit indicates that cr(308) = 8.1 x 1o-21 

cm2. 
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Fi(lure 2.4. FTIR difference spectrum of the products resulting from the 308-nm 

photolysis (960 pulses. 12 mJ cm-2) of 0.66 torr MITC in 740 torr N2. All bands are 

attributed to CH3NC. The structured absorbance in the 1400-2000 cm-1 region and 

the band at 2350 cm-1 are due to H20 and C02. respectively, and result from 

fluctuating background levels. Integration of the 2160 cm-1 band (relative to a standard 

sample) suggests that 73 mtorr of CH3NC was produced. See Table 2.2 for full analysis. 
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Fiflure 2.5. CH3NC temporal profiles from the 308-nm excimer laser photolysis of 

CH3NCS obtained with a diode laser flash kinetic spectrometer. Conditions: (al 0.300 

torr MITC and 3.8 torr SF6. (b) same as in a but introduced·15.9 torr 2-methyl-2-butene 

into cell. In both traces. the CH3NC line probed was located at -2140 cm-1 and the UV 

pulse energy was 32 mJ cm-2. Trace b was normalized for the measured collisional 

broadening by the added 2-i:nethyl-2-butene by multiplying the signal by 2.59. The 

concentration of CH3NC in b represents 51% of that in a. the attenuation resulting from 

2-methyl-2-butene scavenging the S atoms produced in reaction 1. Time= 0 was 

arbitrarily offset for clarity. 
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Ft~ure 2.6. Rate constant for production of CH3NC tn reaction 2. The rates were 

extracted from exponential fits to the slowly rising secondary components of CH3NC 

transient signals. such as that shown in Figure 2.5a. The slope suggests that the rate 

constant k2 = (2.0 ± 0.3) 1o-11 cm3 molecule·1 s-1. 
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Fi~ure 2. 7. Attenuation of the CH3NC product signal as a function of added 2-methyl-2-

butene scavenger. The signals were normalized for collisional broadening due to the 

added scavenger. The superimposed fit to equation 4 suggests that k:3/k2 = 0.97 ± 0.3 

and that y = 1.12 ± 0.13: the uncertainties are 2cr from the fit. 
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Figure 2.8. ITIR difference spectrum (0.5 cm-1 resolution) of the products formed from 

the photolysis (2000 pulses, 24 mJ cm-2) of a mixture of 0.49 torr MITC, 62 torr 02. and 

250 torr Ar. The major product bands are due to CH3NC (2166 cm-1), CH3NCO (2283 

cm-1). and S02 (1361 cm-1). For this experiment, the cell was carefully washed with 

acid solution and adapted with new NaCl windows. No CO or C02 (above backgound 

levels) were evident in this spectrum. 
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Appendix 1. Definition of Beer's Law.I 

The absorption of incident light, with intensity lo, by a sample results 

in a reduction of the transmitted intensitY. I. The transmittance, T, is 

given by T = U/lo) and the absorbance, A, is defined as A= -ln(T). The 

absorbance of a sample is proportional to the number of absorbing 

species and the two are related according to Beer's Law. In its most 

general form, Beer's Law is A= abc, where cis defined as the 

concentration of the absorbing species, b is the pathlength of the light 

through the absorbing medium, and a is a proportionality constant 

related to the ability of a species to absorb a photon. The exact value of a 

will depend on the units of b and c. 

The form of Beer's Law which was employed in Chapter I is given by 

(10 -~IJ A = -ln 
10 

= alP x (AI). 

In equation AI, ~I is the transient change in the CW diode laser signal lo. 

a. is the absorption coefficient at line center (torr- I cm-I ), lis the 

pathlength (em), and Px is the pressure (torr) of the absorbing species at 

T = 298 K. Equation AI is used to calculate the pressure of a product 

species from a measured transient absorption signal. 

In addition to using AI in Chapter 2, another form of Beer's Law was 

also employed: 

(A2). 

In equation A2, a(A.) is the absorption cross section (cm2) at a particular 

wavelength, 1 is the pathlength (em) of the cell holding the sample, Px is 

the pressure (torr) of the absorbing species at T = 298 K, and No = 3.24 x 

Ioi6 molecules cm-3 torr- I is a constant which converts the pressure to 

a number density (molecules em -3) at T = 298 K, assuming ideal gas 
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behavior. Equation A2 was used to convert the measured UV spectrum to 

wavelength-dependent absorption cross sections. 

1 D. A Skoog. Principles of InstrumentaL Analysis (Saunders: San Francisco. 1985). pp. 

160-164. 
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