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by 
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ABSTRACT 

High resolution infrared diode laser kinetic spectroscopy has 

been used to investigate the properties of C2H reaction kinetics. The 

ethynyl radical (C2H) was produced in a flowing system by excimer 

laser photolysis (ArF, 193 nm) of either CF3CCH or C2H2 and the 

transient infrared absorptions of C2H or possible reaction products 

were followed with the diode laser probe. 

The kinetics of the C2H + 02 reaction were studied with a goal of 

determining the reaction products. Only two reaction products were 

observed, CO and C02, with the amount of CO produced being about 

five times larger than the amount of C02 produced. Both products 

are produced in vibrationally excited states. C02 was produced long 

after C2H reacted and thus is not a product of the direct reaction. 

Two processes leading to CO formation have been observed: a fast, 

direct process for which the rate of CO appearance approximately 

matches the rate of C2H decay and a much slower indirect process. 

The fast process produces vibrationally excited CO (v=5f- 4 and 

higher). The indirect process is observed to be dominant for the 

lower vibrational transitions and its rate exhibits saturation with 
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increasing Oz pressure. In order to approximate these kinetics, it 

appears that at least two intermediates between CzH and CO must be 

involved for the indirect process. 

In other kinetic studies, the rate constants of C2H reactions were 

measured to see if other CzH reactions might exhibit addition 

channels. The time decay of a CzH infrared absorption line 

originating from the ground vibronic state was monitored as a 

function of reactant pressure to determine a second order rate 

constant. When possible the dependence of the reaction rate on 

helium pressure was iuvestigated over the range of 8-70 Torr. 

Second order rate constants of 3.0(2)xiQ-12, 1.3(3)x1Q-10, 

3.6(2)xiQ-11, 4.4(4)xiQ-13, 2.3(3)xiQ-13 cm3 molecule-1 s-1 were 

obtained for the reactions of CzH with Cf4, CzH4, CzH6, Hz and Dz 

respectively. A third order rate constant of 2.1(3)xiQ-30 cm6 

molecule-2 s-1 was obtained for the reaction of C2H with CO. 
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CHAPTER 1 

INTRODUCTION 

One of the primary goals of chemica:! kinetics is the elucidation 

of the fundamental chemical processes occurring during a chemical 

reaction. This requires knowing both the rate of reaction and the 

detailed mechanism involved. In many cases the reactants do not 

react directly to give the products observed, but go through a series 

of intermediates which may go through one or more sequential steps 

to form stable products. An important class of such reactive 

intermediates is the free radical which, on account of its unfilled 

valence orbital, easily reacts with other molecules to form more 

radicals in chain propagation steps, or reacts with radicals to form 

stable species in chain termination steps. Free radicals are found in 

such interesting chemical systems such as combustion and upper 

atmosphere reactions. 

Since free radicals are so reactive, their lifetimes are very 

short and the steady state concentrations attainable are 

consequently very low. This has, in the past, often resulted in their 

properties being deduced by observing the more abundant stable 

products. In order to observe free radicals directly, the technique 

used must be very sensitive to the small quantities present and very 

1 
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fast so that temporal data can be obtained. Spectroscopic methods 

have proven most valuable in free radical observation, and in 

addition, they do not usually chemically alter the system being 

studied. 

All regions of the electromagnetic spectrum have made 

contributions to free radical research, however, the infrared region 

offers some particular advantages. _ Most molecules have absorptions 

in the infrared; corresponding to transitions of vibrational 

fundamentals, overtones, and low lying electronic states. With the 

advent of tunable infrared lasers, high resolution infrared gas phase 

spectroscopy of free radicals has flourished. This in turn allows for 

the study of free radical reaction mechanisms once the absorptions 

have been identified and the line positions accurately determined. 

Infrared spectroscopic techniques enable the identification of 

the radical being observed, but in order to obtain kinetic information 

it's temporal behavior must be followed from immediately after its 

creation to its demise. This was achieved in early experiments by 

the technique of kinetic spectroscopy, where flash lamps were used 

to photolyze stable species to produce free radicals, and the products 

were then monitored by visible or UV spectroscopy using an 

additional flash lamp triggered at a fixed delay time. This method 

made possible both the determination of information about the 

structure of the radical from the spectrum, and the following of its 

temporal dependence. 



3 

Today, flash lamps have been replaced by pulsed UV and IR 

lasers enabling deposition of large amounts of energy into a reaction 

system on time scales that are much shorter than the subsequent 

chemical process. These lasers also have a narrow band-width 

which sometimes allows for · selective photolysis where only one 

species m the reaction mixture absorbs at the wavelength supplied. 

This is of value for kinetic studies since by selective photolysis the 

number of possible radicals and radical reactions can be reduced. 

As mentioned previously, the advent of tunable infrared lasers 

opened the door to free radical infrared spectroscopy. With the use 

of fast infrared detectors, in combination with the tunable infrared 

lasers produces Doppler limited infrared spectra on the 

submicrosecond time scale. 

In this work this method of infrared laser kinetic spectroscopy 

was applied to investigate the chemistry of C2 H reactions with 

particular emphasis on reaction mechanisms. The apparatus consists 

of an excimer laser photolysis source and a diode laser scanned 

under computer control for the infrared probe. The ethynyl radical, 

C 2H, has been the focus of many investigations in recent years 

because of its role as an important intermediate in a number of 

chemical systems. Ethynyl radicals have been detected m 

interstellar spacei and in planetary atmospheres.2 Its most 

interesting role, however, is in combustion reactions such as 

oxygen/acetylene flames, where C2H is thought to be a precursor to 

soot formation.3,4 Soot formation might proceed through a. free 



4 

radical chain propagation where CzH reacts with CzH 2 or other 

hydrocarbons to form larger hydrocarbons. Thus, it is of relevant 

interest to understand both CzH + Oz reaction kinetics and the 

reaction of CzH with hydrocarbons. 

An considerable amount of work has been done measuring rate 

constants of CzH reactions since these numbers are required in 

kinetic combustion modeling systems. In many cases this 

information was obtained by monitoring the formation of products, 

because CzH has no known electronic absorptions in the visible or 

UV. Of course, measuring the formation of a product does not 

necessarily guarantee the reactant decays at the same rate. To gain 

insight into detailed reaction mechanisms, it is desirable to be able to 

monitor both reactants and products as a function of time. This was 

of considerable use in unraveling some of the complex kinetics 

involved in the CzH + Oz reaction. A detailed look at the CzH + Oz 

reaction mechanism is presented in Chapter 3, along with some 

unusual results which uncovered some interesting kinetics, and led 

to further kinetic studies involving reactants besides oxygen in a 

search for a general trend in C2H kinetics as described in Chapter 4. 
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CHAPTER 2 

DIODE LASER KINETIC SPECTROSCOPY TECHNIQUE 

2 .1 EXPERIMENTAL APPARATUS 

The apparatus design and its computer controlled scanning 

characteristics have been described in great detail in the thesis of 

Brent Dane.s Briefly, C2H was formed by flowing either CF3CCH or 

C2H2 through a glass tube and photolyzing with a 193-nm (ArF) 

excimer laser normally operated at 20 Hz. The concentrations of C2H 

reactant and CO product were probed with a tunable diode laser 

(Laser Analytics) operating between 1850 and 2800 cm-1. An IR 

multi-pass (White) cell of 1-meter length capable of a total path 

length of 60 m was used. 

In order to have maximum photolysis of the precursor (C2H2 or 

CF3CCH) the excimer beam was directed into the multi-pass cell 

through a CaF2 window positioned directly below the D-mirrors of 

the White cell. To avoid the infrared fluorescence caused by the 

excimer laser passing through the CaF2 window reaching the 

experimental detector, the UV beam was intercepted at the other end 

by an angled beam block placed directly above the White cell 

notched mirror. This resulted in a UV -IR beam overlap over 

approximately the middle one third of the cell. 
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The resulting IR signal from the diode laser probe beam was 

detected by a liquid N2 cooled InSb detector, fed into a preamplifier, 

amplified and then collected by a transient digitizer (Biomation 805) 

interfaced to a PDP 11/23 minicomputer. The time response of the 

complete detection system for this arrangement was measured to be 

approximately 1 Jl s. Figure 1 shows the time response for the 

complete detection system. A schematic of the experimental 

apparatus can be seen in Figure 2. 

Radio frequency interference from the excimer discharge caused 

a continuing problem, since this noise interference in the electronics 

was subject to random changes. The largest noise problem from this 

radio frequency pickup was in the preamplifier of the experimental 

detector. Occasionally the radio frequency would be picked up on 

the diode laser, but this could usually be avoided by making sure the 

grounding straps for the current controller and. cold head were in 

place. Faulty cables usually result in increased electronic noise pick 

up on the detection system as do loose connections. 

It should be stressed that a good overlap between the IR and the 

excimer beam is essential to obtain good signals and that this overlap 

drifts with time and should be checked frequently. The best overlap 

is achieved when the IR beam is aligned for a maximum chopped 

signal without the beam block in place. The beam block is then 

placed just above the IR beam and the excimer is aligned so as to just 

hit the bottom of the beam block after traversing the cell. The 

position of the precursor inlet tube does affect the size of a signal but 

j 
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Figure 1 

Time response of diode laser spectrometer to a 3 ns pulse of red 

radiation from excimer lasing on a F atom transition. Arrangement 

consists of InSb Santa Barbara detector (with numerous filters placed 

in front) + Infrared associates preamplifier + 1 OOx homemade 

amplifier connected to a Biomation transient digitizer which feeds 

into the computer. 
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Figure 2 

Schematic of the layout of the diode laser spectrometer for kinetic 

spectroscopy experiments. 



NITROGEN~ 
PURGE 

lnSb 
77K 

NOTCHED 
MIRROR 

PUMP~ 

PRESSURE 
GAUGE 

D-MIRRORS~ 

SP5150 COLD 
HEAD 

~FROM 
MONOCHROM. 

1m MULTI-PASS 
CELL 

10 

STEPPING MOTOR 
GRATING DRIVE 

lnSb 
77K 

COARSE 
ETALON 

REFERENCE 
GAS 

FINE 
ETALON 

~PRECURSOR INLET 

EXCIMER BEAM n ~ BUFFER GAS INLET 



1 1 

not much difference is observed as long as it is above the middle and 

below the top 1/3 of the cell. 

The C2H precursors were introduced into the white cell about 25 

em from the D-mirrors, near the start of the overlap region. All 

other gases were fed into the D-mirror box with the pumping done 

from the notched mirror end of the white cell. To prevent soot 

formation on the IR mirrors or the excimer input window, 75% of the 

buffer gas was added directly below the D-mirrors and just above 

the excimer input window, the rest being added at a port near the 

notched mirror. Soot forms rapidly on the excimer input window 

when photolyzing C2H2 or CF3CCH in the presence of a total flowing 

pressure of less than 10 Torr or in the case of static fills so that 

frequent cleaning is necessary in order to observe a sizable signal. 

The concentration of C2H radicals in the reaction cell can be 

calculated to be less than 5xi012 cm-3 from the cross section of the 

trifluoropropyne precursor at 193 nm (<2x10-19 cm2)6 (the 193 nm 

cross section for the other precursor used, acetylene, is similar) and 

the typical excimer laser flux (2x1016 photons pulse-1 ). Thus, for 

these experiments, the time between collisions of the species 

produced by photolysis is around 1 J..I.S and since a 500-fold excess of 

reactant gas was always present, any radical-radical reactions during 

the reaction time are of no importance. With the diameter of the 

White cell being 10 em, wall reactions cannot affect the observations 

since radial diffusion to the walls takes place on a multimillisecond 
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time scale at pressures of 20 Torr compared with the C2H reaction 

time of less than 100 J..LS. 

Trifluoropropyne (PCR Chemicals) was used directly from the 

cylinder for all experiments. Laufer has noted that his sample 

contained about 6% of hydrocarbon impurity which reacted rapidly 

with C2H.7 Our samples of CF3CCH were checked for such impurities 

by analyzing by gas chromatograph/mass spectrometry using a 10% 

squalene column but only small amounts (<1.2%) of hydrocarbon 

impurities were found. These impurities and unwanted side 

reactions with them do not affect our final rate constants because the 

precursor contribution to the rate was always subtracted from all 

measured C2H decay rates. 

Commercial acetylene was not used as a precursor since even 

after activated charcoal filtering it contained some acetone which 

produces CO with 193 nm photolysis and CO was often monitored. 

Instead acetylene was synthesized by dripping deionized water onto 

calcium carbide and passing the gas through a dry ice/acetone trap 

to remove water vapor. All other gases were commercially obtained 

and their purities and more experimental details will be mentioned 

in the relevant chapters. 

To ensure that the kinetic data is meaningful, C2H must be 

relaxed into the ground state. The A2rr state of C2H is only about 

4000 cm-1 above the X2.:E state8,9,10 so that a low lying excited state 

is present. Thus it is important to observe the rate of removal of the 

ground state directly as done in these experiments. In our 
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measurements, we can assume that the upper state of the infrared 

transition has been relaxed. For all experiments, helium was added 

to ensure thermal equilibrium and to moderate the temperature rise 

following photolysis, and for C2H monitoring SF6 was added to ensure 

vibrational relaxation of C2H. Previous studies6 indicated that the 

excited C2H(X2:E+(0,0,1)) state has a lifetime less than 1 JlS under 

these conditions, thus vibrational relaxation of this particular state 

occurs before the ground-state measurements are made. All 

experiments were performed at room temperature. 

The flow of each gas was determined by timing the pressure rise 

when the gas was flowed into the White cell with all other gases shut 

off. All pressures were measured with a Baratron gauge, and partial 

pressures were calculated from the relative flow rates and the total 

pressure. Flow rates of all gases were measured before and after 

each data point in order to minimize errors in the calculated 

pressures. The range of measurable flow rates is limited; if the flow 

rate is too slow ( <.3 mTorr/s) the time required to measure an 

accurate flow rate takes too long, on the other hand if the flow rate is 

too fast (>5.1 Torr/s) there is not enough time (since the Baratron 

gauge only goes to 100 Torr) to measure an accurate flow rate. If, as 

happened occasionally, the flow rate of one of the gases changed by 

more than 5% during the measurement, the data point was excluded. 
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2. 2 DATA ANALYSIS METHODS 

For most of the reactions studied previously, it was assumed that 

bimolecular reactions were occurring. The reactant pressures were 

always in excess so that their depletion in a single step process is 

negligible. This results in an exponential decay of the C2H signal, 

which enabled pseudo first order decay constants to be determined 

by exponential fits to the decay curves. In order to make the 

lifetime of C2H as long as possible the precursor concentration was 

kept as low as consistent with good signal to noise. When CO was 

monitored, an exponential formation curve was observed and was fit 

to determine the appearance rate constant of CO, kapp, with the 

formula S = So[l-exp( -kappt)]; where So is the CO signal after the 

production is over, but before vibrational relaxation starts. 

Decay and formation rate constants were calculated by usmg 

points between 80% and 20% of the maximum signal size and 

weighting each point by its magnitude.ll In determining second 

order rate constants, signals were obtained at different reactant 

pressures and the decay rate constants or formation rate constants 

plotted versus reactant pressure. Since different reaction mixtures 

contained different amounts of precursor, it was necessary to correct 

each measured decay rate for the appropriate contribution of the 

precursor. 

The C2H + CF3CCH reaction rate constant was determined from 

measurements of the CzH decay signal at different CF3CCH pres~ures. 
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A Stern-Vollmer plot of rate versus CF3CCH pressure was made and 

the slope of the resulting straight line yields a second order rate 

constant for the reaction. The slopes were determined by a simple 

least squares fit weighting by the inverse of the standard deviation 

of the points. These rate constants are reported with uncertainties 

corresponding to two standard deviations. Figure 3 shows an 

example of the C2H signals observed and Figure 4 shows the resulting 

Stern-Vollmer plot for the C2H + CF3CCH reaction. From the least 

squares fit the rate constant determined was 3.5(1)xi0-11 cm3 

m o 1 e c u 1 e -1 s-1. This result is in exact agreement with the rate 

constant measured by with the color center laser in our lab. It is 

important that the value determined for the rate constant of the C2H 

+ CF3 CCH reaction be as reliable as possible since this contribution is 

always subtracted from the C2H decay signal and any error incurred 

would directly affect the rate constant determined for the reaction 

being measured. 
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Figure 3 

Time decays of the CzH absorption signal (QR (3) transition at 

2089.0720 cm-1) in the presence of varying pressures of 

trifluoropropyne. Conditions: He pressure = 22 Torr, SF6 pressure = 
135 mTorr, ArF pulse energy = 80 mJ, and repetition rate = 20 Hz. 

The upper trace has 63 mTorr of trifluoropropyne added and the 

lower trace has 152 mTorr CF3CCH added. 
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Figure 4 

The resulting Stern-Vollmer plot of the pseudo first order C2H decay 

constants versus CF3CCH pressure. The slope of the least squares fit 

gives a rate constant of 3.5(1)xl0-11 cm3 molecule-1 s-1. 
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CHAPTER 3 

REACTION MECHANISM OF C2H + 02 

3. 1 A REVIEW OF PREVIOUS STUDIES 

Despite several previous studies on this reactionl2,13,14,6 it is 

still uncertain which product channels are important. There are five 

different sets of products which are known to be energetically 

accessible. 

(3.1) 

C2H+02 ~CO+HCO ~H=-157 kcal moi-l (3 .1 a) 

~2CO+H ~H=-129 kcal mol-l (3.1 b) 

~CH+C02 ~H=-80 kcal mol-l (3.1c) 

~c20+0H ~H=-50 kcal moi-l (3.1d) 

~c2HO+O ~H=-10 kcal moi-l (3.1e) 

For the more exoergic channels, the products may be vibrationally or 

even electronically excited. 

In previous work on the mechanism of this reaction, Lange and 

Wagnerl4 using mass spectrometry in a fast flow system observed 

C 2 H and looked for other products. The ethynyl radical was 

produced by a microwave discharge in dilute 
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bromoacetylene/helium mixtures. Because they estimated that 

mixing was incomplete in their observation zone, the authors only 

quoted lower limits for the rate constant. They reported a reaction 

rate constant of 5.5xiQ-12 cm3 molecule-1 s-1 for the C2H + 02 

reaction. No mass peaks were detected for HCO or C02 but a signal 

corresponding to C2HO was observed, indicating that channel (3.le) 

might be present but channels (3.la) and (3.1c) are of small 

importance. Lange and Wagner could not detect if CO was produced 

from channels (3.1a) and (3.1b) due to a background signal at mle = 
28 arising from N 2. 

Renlund et al.l2 observed the chemiluminescence of CH(A2Ll), 

CO(a'3:E+), and C02(X1Lg+; v>l) from the reaction of 02 with C2H 

produced by UV photolysis or IR multiple-photon dissociation, 

although branching ratios to these products were not determined. 

They proposed that the reaction proceeded through a peroxy radical 

intermediate, with the formation of the observed products requiring 

an interaction of the terminal oxygen atom with the carbon II

electrons. A rate constant of 2.1xiO-ll cm3 molecule-1 s-1 for the 

reaction of C2H + 02 was reported. Later work by the same group 

indicated that these measurements may have involved the reaction 

of an excited state of C2H.l5 

The production of CO from reaction (3.1), with C2H prepared by 

flash photolysis, was followed by Laufer and Lechleider.13 They 

reported a rate constant for formation of CO from reaction (3 .1) of 

S.Oxi0-12 cm3 molecule-! s-1. From their yield measurements,. they 
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determined that two COs are produced for every CzH consumed. 

Analysis of the CO signal's temporal profile indicated an estimated 

branching ratio of 80/20 for reactions (3.1a + 3.1b)/3.1e, assuming 

that for reaction (3.1e) CO is ultimately produced by the reaction: 

(3.2) 

and that for reaction (3.1a) an additional CO was produced either by: 

(3.3) 

or by spontaneous decomposition of HCO. 

More recently in our lab, CzH was prepared by excimer laser 

photolysis, and the rate constant of the CzH + Oz reaction was 

measured by directly monitoring the CzH infrared absorption signal 

with color center laser probing.6 The resulting rate constant, 

4. 2 ( 1 ) x 1 0-11 cm3 molecule-1 s-1 was much faster than those 

previously determined by monitoring the rate of appearance of 

products. This discrepancy indicated that an intermediate might be 

present so that the rate of formation of product could be slower than 

the decay of the reactant. Unfortunately, at the time the IR 

absorption signals of the product could not be followed and thus 

these rate constant discrepancies could not be investigated in more 

depth. 
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With the addition of a tunable infrared diode laser to our lab, it 

was possible to monitor both the reactants and products of the C2H + 

0 2 reaction with the same apparatus. The color center laser was used 

as the probe in the search for OH and H02 products and the diode 

laser was used to search for CO, C02, HCO, and CD products. Increased 

IR sensitivity was achieved by the multi-pass arrangement for both 

the diode and the color center laser. By monitoring both C2H and CO 

absorption signals it was hoped that the discrepancies between the 

rate constants could be resolved. In searching for other products 

besides CO it was hoped that a better understanding of the C2H + 02 

reaction mechanism would be gained, and that the branching ratios 

for the possible channels might be determined. 

3. 2 EXPERIMENTAL CONDITIONS 

Most experimental information has already been given in 

· Chapter 2, but a few specifics for the C2H + 02 reaction will be given 

here. All gases except as previously mentioned C2 H 2 were 

commercially obtained and had the following purities: CF3CCH, 98.5%; 

02, 99.7%; He, 99.995%; C02, 99.8%; CO, 99.5%; N02, 99.5%. Typical gas 

conditions were 20 Torr helium, 500 mTorr to 4 Torr 02, and either 

60 mTorr CF3CCH or 16 mTorr of C2H2. For a typical measurement, 

absorption data were collected from I 000 excimer flashes and 

averaged together by the data collection computer. On account of the 
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expensive nature of trifluoropropyne the valve between the 

photolysis cell and the pump was throttled down, leading to a 

replenishment of the gas mixture every 40 seconds. For acetylene 

experiments faster flows were used resulting in a gas turnover every 

2 seconds. In some experiments, SF6 was added to induce rapid 

vibrational relaxation in OH and C02, and in others C02 was added to 

relax CO vibrationally. 

It is possible to estimate the concentration of products under the 

conditions of the experiment. The excimer pulse contains about 1017 

photons of which 5% to 15% are absorbed in the cell, producing about 

1016 photolysis products per pulse. If the cell volume of 12 L is 

turned over every 10 seconds (200 excimer shots), the steady-state 

concentration of products is estimated as 1014 cm-3 or 5 mTorr. The 

precursor concentrations used here are about 3-20 times larger than 

this. Thus, there is the potential for interference from secondary 

reactions involving species produced by photolysis of products of the 

C 2H reactions, particularly if these products have larger UV 

absorption cross sections than acetylene or trifluoropropyne. 

Fortunately, the diode laser provides a sensitive test for evidence of 

product buildup. CO is the primary product of this reaction. Excimer 

laser radio frequency interference pulls the frequency of the diode 

laser. If the diode laser is tuned to the peak of a ground-state CO 

absorption and there is CO product present, this frequency pulling 

manifests itself as an alteration of the time profile of the transient 

absorption signal. Figure 5 compares a normal CO ground . state 
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Figure 5 

Comparison of CO(v = 1~0) P(12) absorption signals at 2094.8627 

cm-1 under different conditions: (a) a normal signal observed with 

100 mT CF3CCH, 100 mTorr 02 , 50 Torr He, and an excimer repetition 

rate of 1 Hz; (b) a signal manifesting frequency pulling with same 

pressures but an increase in flow rate and excimer repetition rate 

(20 Hz). 
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absorption signal and one manifesting frequency pulling due to flow 

rates being too slow or excimer repetition rates being too fast. The 

flow rates and photolysis repetition rates were chosen such that the 

frequency pulling effect on the ground-state CO was absent. Thus, 

under these conditions, the residual CO from previous flashes absorbs 

only a minor portion of the IR probe. The CO ground-state peak 

absorption cross section is 2x 10-1 7 c m 2 (on P( 15) at 2082.0026 cm-1), 

and the path length is 40 meters, resulting in an estimate of the CO 

concentration of less than 0.5 mTorr. Therefore, the results of this 

study are very unlikely to be seriously affected by secondary 

reactions brought about by product buildup from repeated flashing. 

3.3 OBSERVATIONS AND RESULTS 

3. 3 .1 Formation of CO Product 

Infrared absorption transitions of carbon monoxide were 

observed with the diode laser spectrometer to determine the 

formation rate of CO. Contrary to Laufer et al.'s observations13 

vibrationally excited CO was observed. Absorption lines involving 

excited vibrational CO states were monitored up to the v = 7 ~ 6 

transition. Figure 6 shows on a long time scale some of the infrared 

absorptions between various vibrational states of CO with acetylene 

as the precursor. For the CO(v = 1~0) signal, an initial formation can 

be seen followed by a slow increase in absorption due to vibrational 
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Figure 6 

Transient infrared absorption signals between vanous vibrational 

states of CO produced in a mixture of 16 mTorr acetylene, 4.2 Torr 02 

and 20 Torr He flash photolyzed at 193 nm: (a) CO(v = 1~0) P(12) 

absorption signal; (b) CO(v = 3~2) R(2) absorption signal; (c) CO(v = 

1 ~ 0) R(2) absorption signal. The excimer pulse energy was 80 mJ 

and 1000 excimer laser shots were averaged to produce the resulting 

scans. 
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relaxation from excited CO levels. The 1/e lifetime for relaxation of 

CO into v = 0 under the conditions of Figure 6 was calculated using 

the known vibrational relaxation cross sections of CO by helium16 

and Oz17, and ignoring contributions to the CO relaxation from the 

small concentration of CzHz. The resulting 1/e lifetime was 55 ms. 

The fact that vibrational relaxation is occurring on a multimillisecond 

time scale can be demonstrated by the addition of a molecule which 

is an efficient relaxer but chemically inert. Figure 7 shows the effect 

4.2 Torr of C02 had on the relaxation of the CO signal, as can been 

seen, the relaxation of CO is much faster than in Figure 6. 

The formation rate of CO for different vibrational states was also 

monitored with CF3CCH as the precursor to CzH, and some of the 

resulting signals are shown in Figure 8. It can be seen that the CO(v 

= 2~ 1) and CO(v = 4~ 3) signals are returning to the baseline within 

the 2.4 ms observation time, whereas, the excited CO vibrational 

states for the acetylene precursor did not. This is probably because 

of both CF3 CCH being a more efficient relaxer than acetylene and the 

trifluoropropyne pressure in Figure 8 being higher than the 

acetylene pressure in Figure 7. 

An estimate of the lower limit of the ratio of CO produced in the 

ground state to the total CO produced, can be made by comparison of 

the CO(v = 1~ 0) signals observed with and without relaxation. A 

comparison of such signals, with He and C02 as the buffer gas and 

C zH 2 as the precursor, is shown in Figure 9. The bottom trace 

demonstrates that there is only a small CO signal produced from 193 
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Figure 7 

Effects of C02 vibrational relaxation of CO on the transient infrared 

absorption signals between various vibrational states of CO produced 

under the same conditions as Figure 6, except that 4.2 Torr of carbon 

monoxide has been added: (a) CO(v = It-O) P(12) abs~rption signal; 

(b) CO(v = 3t- 2) R(2) absorption signal; (c) CO(v = 5t- 4) R(2) 

absorption signal. 
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Figure 8 

Transient infrared absorption signals between various vibrational 

states of CO reaction product in a mixture of 61 mTorr CF3CCH, 587 

mTorr 0 2 , and 21 Torr He flash photlyzed at 193 nm: (a) CO(v = 
1 ~0) P(12) absorption signal; (b) CO(v = 2~ 1) P(4) absorption signal; 

(c) CO(v = 4~ 3) R(8) absorption signal. The excimer pulse energy 

was 80 mJ and 1000 excimer laser shots were averaged to produce 

the resulting scans. 
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Figure 9 

Comparison of CO(v = 1 ~ 0) signal strengths in the acetylene system 

(16 mTorr CzHz, 4.2 Torr Oz, and 20 Torr He) with relaxation by 9.2 

Torr COz (top trace) to the unrelaxed signal strength under same 

conditions but without COz (middle trace). The bottom trace shows 

that very little CO is produced from photolysis of 10 Torr C02 by 

itself. 
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nm photolysis of COz. No reaction, on the time scales of interest, 

between CzH + COz was observed so the ratio of tte CO( v = 1 f- 0) 

signal with COz added compared to the CO(v = 1f-0) signal with on.ly 
ij. 

helium can be used to estimate that at least 25% of the CO IS 

produced in the vibrational ground state. Only a lower limit IS 

obtained because the v = 1 f- 0 absorption depends on the difference 

in population of v = 1 and v = 0, and thus, for the same population m 

v = 0, the absorption is reduced if there is population in v = 1. 

It is possible to explore the initial portion of the CO signal growth 

by shifting to a timescale fifty times faster than that of Figure 6, and 

the resulting signals are shown in Figure 10. Acetylene is being 

photolyzed here under the same conditions as Figure 6. With these 

conditions, CzH has a lifetime of approximately 0.14 J..l.S which is much 

faster than our instrumental rise time of about 1 J..1 s. It must be 

remembered that on the time scale of Figure 10 (50 J..LS) vibrational 

relaxation of excited CO has not yet appeared. A first observation of 

Figure 10 is that the CO(v = 5f-4) signal appears promptly, while that 

of the CO(v = 1f- 0) signal rises slowly, but again much faster than 

vibrational relaxation. Upon a closer look, it can be seen that some of 

the intermediate transitions, most notably v = 4f- 3, appear to have a 

biexponential time dependence indicating contributions from two 

different processes with different time dependences. 

Thus the data provides evidence for what appears to be two 

types of CO formation. The first is the prompt formation of highly 

vibrationally excited CO at rates comparable to the CzH decay. rate. 
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Figure 10 

Comparison of the CO signals arising from different vibrational 

transitions on a short time scale: (a) CO(v = 5f- 4) R(14) absorption 

signal; (b) CO(v = 4f-3) R(6) absorption signal; (c) CO(v = 4f-3) R(8) 

absorption signal; (d) CO(v = 2f-1) P(4) absorption signal; (e) CO(v = 
1 f- 0) P(12) absorption signal. These lines are the same lines 

monitored in Figure 6, and the conditions are the same as those of 

Figure 6. 
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The second is a slower formation of ground state CO at a rate similar 

to the rate Laufer and Lechleider13 observed for ground state CO. 

Presumably, the slow formation of CO(v = 1~ 0) involves some 

intermediate(s). 

Previously, Stephens et al. 6 measured the dependence of the C2H 

decay rate on oxygen pressure and found the C2H decay rate to be 

proportional to oxygen pressure. Since the appearance rate of CO(v = 

1 ~ 0) in Figure 10 is entirely dominated by the indirect process, it 

might exhibit a different dependence upon oxygen pressure. The 

results of the dependence of the appearance rate of CO(v = 1 ~ 0) 

upon oxygen pressure can be seen in Figure 11. It is clear from 

Figure 11 that the CO(v = 1 ~ 0) formation does not follow simple 

kinetics. In fact, the CO(v = 1~ 0) appearance rate reaches a 

saturation level with increasing oxygen pressure which can only be 

explained by complex kinetics. 

Not much has been said about the system using CF3CCH as the 

precursor, since the rate of appearance of CO(v = 1~0) by chemical 

reaction tends to be mixed with CO(v = 1~0) formed by vibrational 

relaxation. This is evidenced in Figure 11, where the CO(v = 1~0) 

appearance rate from CF3 CCH as a precursor is plotted versus the 

oxygen pressure. The CF3 CCH rates are being affected by 

contamination with vibrational relaxation which tends to make them 

slower, but the vibrational relaxation rates appearing in Figure 8 for 

C F 3 CCH seem to be much slower than the v = 1 ~ 0 formation rate. 

Thus, the apparent dependence of CO rate on precursor in Figure 11 

I 
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Figure 11 

A plot of the formation rate of CO(v = It- 0) versus 02 pressure for 

both the acetylene and trifluoroproyne systems. The pressures were 

16 mTorr C2H2 and 20 Torr He for the acetylene system and 100 

mTorr CF3 CCH and 20 Torr He for the trifluoropropyne system with 

the 0 2 pressure being varied. 
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is probably real indicating that the precursor must play a role m the 

indirect process. 

With the precursor involved in the indirect process the 

possibility exists that the mechanism producing CO(v = lt--0) could be 

different for each precursor. The acetylene system is closer to real 

combustion systems that are of important interest, therefore, 

understanding its role is a priority. However, ·it is worth studying 

the reaction with CF3 CCH as a precursor because this was the system 

studied by Laufer and Lechleider.13 Figure 12 shows the decay of 

C2H and the appearance of CO in two vibrational states on a short 

timescale. Under these conditions, the rate of appearance for CO(v = 

2t-l)(not shown) is 0.17xl06 s-1, the rate of appearance for CO(v = 

4t-3) is 0.37xl06 s-1, and the rate of decay for C2H is 0.34xl06 s-1. 

The rate of decay for C2H that we measured agrees well with that 

previously measured by Stephens et al. (0.37xl06 s-1 )6 Although 

from this plot a quantitative rate for CO(v = It- 0) cannot be 

determined because the asymptote is not reached, the CO(v = It- 0) 

rate is clearly slower. Since v = 4t- 3 is not decaying at the maximum 

time, the slow formation of CO(v = It- 0) can not be attributed to 

vibrational relaxation and can only be explained by the presence of 

an intermediate. When the CO(v = It- 0) appearance rate is 

monitored under conditions similar to those used by Laufer and 

Lechleider,I3 we obtain an appearance rate of 0.8xi04 s-1 which is in 

reasonable agreement with their result of 1.3(2)xi04 s-1. 
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Figure 12 

Comparison of C2H absorption decay signal in the trifluoropropyne 

system with the CO(v = 1~0) and CO(v = 4~3) absorption formation 

signal: (a) CO(v = 1~0) P(ll) absorption signal; (b) CO(v = 4~3) R(6) 

absorption signal; (c) C2H Q2(6) absorption signal. All traces had the 

following conditions; 63 mTorr of CF3CCH, 271 mTorr of 02, 21 Torr of 

helium, excimer pulse energy of 100 mJ, and the signal is a result of 

1500 excimer laser shots averaged together. 
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3. 3. 2 Observation of C02 Product 

In addition to CO, C02 product is observed for both the 

acetylene and the trifluoropropyne reaction. A comparison of C02(v3 

= 1~0) and CO(v = 1~0) formation is shown in Figure 13. The trace 

shown with helium as the buffer gas shows an induction period 

characteristic of an indirect process. Even with the addition of 

substantial pressures of the suitable C02 vibrational relaxant, SF6, 

C0 2(v3 = 1~0) formation is still slower than that of CO(v = 1~0). 

That C02 is produced vibrationally excited (although this was not 

observed directly) is evidenced by the disappearance of the 

induction period and the increase in the rate of appearance of C02 

ground state absorption upon the addition of SF6. 

It is possible to measure the overall final product ratio of CO to 

C 0 2 in order to determine the importance of the channel producing 

C02. The ratio of the CO to C02 infrared absorption cross-sections 

determined from an equimolar mixture of CO and C02 was 0.64±0.07 

for the P(15) CO and R(O) C02 rotational components. Using this ratio, 

an overall final product ratio of CO/C02 = 5/1 is obtained by 

measuring the relative intensities of these absorptions after 

photolyzing a static fill containing 300 mTorr of C2H2, 500 mTorr of 

0 2, and 10 Torr of He with 250 excimer pulses. Therefore, C02 

production is a minor channel. It was not possible to measure the 

primary product ratio (the "fast" CO to C02) because of the difficulty 

in reproducing exact experimental conditions in tuning the diode 
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Figure 13 

Comparison of the CO(v = 1~0) formation signal. with the COz(v3 = 
1~0) formation signal: (a) CO(v = 1~0) P(12) absorption signal with 

same conditions as Figure 6; (b) C02(v3 = 1~0) R(O) absorption signal 

with 186 mTorr of C2Hz, 870 mTorr of 0 2 , and a buffer gas of 15 Torr 

of SF6; (c) COz(v3 = 1~0) R(O) absorption signal with 186 mTorr of 

CzH2, 4.2 Torr of 0 2, and a buffer gas of 20 Torr of helium. 
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laser from a CO line to a COz line, which takes a considerable amount 

of time. 

3.3.3 Search for Other Products 

An extensive search for other products was made in hopes of 

determining the source of the direct formation of vibrationally 

excited CO. Transient signals at the frequencies of known 

absorptions of the HCO radical were monitored with the diode laser 

apparatus. The HCO lines in the v3 N=3 band18 were used which had 

similar intensity to those previously observed in the v 1 band.19 The 

frequencies 1879.1010, 1879.2060, 1879.2139, 1879.2432 cm-1 

corresponding to 42~32 Ft> 4z~32 Fz, 414~313 F1 and Fz respectively 

were monitored and no HCO absorptions were observed. Although it 

is expected that HCO will be converted rather rapidly to HOz by 

reaction (3.3), under typical conditions (Po 2=300 mTorr) the 1/e 

lifetime for HCO as the result of depletion by reaction (3.3) is 20 Jls20 

while the time required for its formation by reaction (3.1) is 2.5 J!S.6 

Therefore reaction (3.3) should not interfere with the observation of 

HCO produced by the reaction of C2H + 0 2. Nevertheless, a search was 

made with the color center laser for signals arising from HOz 

absorptions. The rRo(6) and rQ 0(12) lines of H0221 at 3469.3269 and 

3457.6470 cm-1 respectively were monitored to determine the 

importance of this channel. However, as expected no H02 absorption 

signals were detected. Thus, one can conclude that any (or almost 
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all) HCO formed by reaction (3.la) decomposes before the first 

stabilizing collision. 

A search was made for CH by using C2D 2 for photolysis and 

looking for its deuterated analog, CD, with the diode laser via the C2D 

+ 02 reaction. The CD absorptions were predicted from the 

spectroscopic constants22 obtained from its electronic spectrum and 

the P branch of the N=4 level of the C-D stretch was monitored, no 

absorption - signals were observed at the predicted frequencies 

2001.875, 2001.948, 2001.978, 2001.905 cm-1 corresponding to 

Pu (4) e, Pu (4) f, P22(4) e, P22(4) f. 

The color center laser was used to look for OH production. These 

results are described in more detail in the thesis of James 

Stephens.23 Briefly, no OH signal was observed in the system CF3CCH 

+ 02 at the OH line at 3484.5957 cm-1 v=lO P(2.5)I-.24 However, 

upon the addition of 100 mTorr N02 a strong OH signal was observed 

verifying that OH could be observed under these conditions. The OH 

observed in this latter case could be due to the reaction 

N02+H-7NO+OH (3.4) 

where the H atoms are produced by reaction (3.lb). It is worth 

noting that no OH signal was observed in the photolysis of 

trifluoropropyne and N02. An attempt was made to measure the 

hydrogen atom branching ratio by converting H atoms to OH. The OH 
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signal was quantified by measuring the OH produced in the system 

acetylene + NOz assuming that the major reactions were 

CzHz + hv ~ C2H + H 

C2H + CzH2 ~ C4H2 + H 

(3.5) 

(3.6) 

with the H atoms produced in reaction (3.5) and (3.6) then reacting 

with NOz via reaction (3.4) to produce OH. Unfortunately, because 

the C2H + Oz reaction seems to involve intermediates it is possible for 

the NOz to react not only with H atoms but with the intermediates of 

the indirect reaction to give OH. Although branching ratios could not 

be determined, it is possible to get some indirect evidence of direct H 

atom formation by comparison of the OH signal in the presence of 

CzHz and NOz, to that in the presence of CzHz, NOz and excess 0 2 . By 

adding a large excess of Oz to intercept CzH before it is removed by 

reaction (3.6) one would expect to observe a stronger OH signal if H 

atoms were being produced directly as in reaction (3.1b). Indeed, a 

slightly stronger OH signal was observed under these conditions 

which is consistent with the direct reaction being the production of 

2CO+H. 
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3 • 4 DISCUSSION 

The major product from the reaction of C2H + Oz is carbon 

monoxide which is consistent with the previous observations by 

Laufer and Lechleider.13 However, it is clear that this reaction is 

more complicated than previously thought with ground state CO 

formation coming from an indirect rather than a direct process. 

Figure 10 shows quite clearly that with acetylene as the precursor CO 

is formed by two entirely different pathways, one occurring during 

the period of C2H removal and populating vibrationally excited CO, 

and the other populating the lower vibrational states of CO (v = 0,1,2) 

over a much longer timescale. Since as can be seen from Figure 12, 

vibrationally excited CO is formed at least as rapidly as CzH is 

removed, its formation is most likely a direct mechanism. The fact 

that no HCO signals were observed suggests that reaction (3.1b) is the 

likely candidate for prompt formation of CO. This is further 

supported by the indirect evidence that atomic hydrogen is formed 

in the early stages of the reaction from the appearance of OH signal 

when Oz is added to the CF3CCH/N02 system. Since the majority of CO 

(v = 0) is not formed until long after all the C2 H is removed, the 

second pathway for CO production must take place through the 

formation of some intermediate(s). 

We have already established that the "slow" CO can not arise 

from vibrational relaxation because vibrational relaxation is too slow 

occurring on a much longer timescale than considered in Figur~s 10 
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and 12. Another possibility that must be considered is that CO (v = 

0) is produced in highly rotationally excited states and the slow rise 

of signal is due to rotational relaxation. This has been seen before in 

the photolysis of formaldehyde, where the slow rise of CO low J 

signals has been accounted for in this way. 2 5 Under the 

experimental conditions of these studies the total pressure was 

typically 24 Torr, so each CO molecule experiences 240 collisions/Jls, 

which should be sufficient for rotational relaxation.25 Furthermore, a 

search for CO (v = 1~ 0) absorptions arising from high rotational 

states was performed but no such absorptions were observed. 

Rotational relaxation seems even more unlikely since the appearance 

rate of the "slow" CO signal depends very strongly on the precursor 

used (CzHz or CF3CCH), which should not be the case if it was formed 

by the relaxation of CO formed rotationally excited from the reaction 

of CzH with Oz. 

It is possible to gain some understanding of the overall 

mechanism of "slow" CO production by studying Figures 10, 11, and 

12. Since Cz H is removed much more rapidly than CO (low v) is 

formed, there must be an unobserved intermediate I 1 which is either 

a product of the reaction of CzH + Oz or possibly an excited electronic 

state of the precursor produced by photolysis. However, if the 

intermediate is formed from CzH it can not react directly with 0 2 to 

form CO, since the rate of formation of "slow" CO differs by an order 

of magnitude when the CzH precursor is changed from CF3CCH to 

CzHz. This change is apparent if one makes a comparison of F.igure 
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10 to Figure 12 and examines Figure 11. Figure 11 also shows that 

the rate of slow CO formation reaches a saturation level, such that 

any further increase in oxygen pressure has no effect on the 

measured formation rate. If the intermediate is an excited electronic 

state of CzH 2 or CF3 CCH formed directly by the photolysis, the 

difference in reactivity found for the two precursors is accounted for, 

but if such a reaction produces CO(v = 1~0) directly, the leveling off 

in rate at high Oz pressure is inexplicable. This complex behavior can 

only suggest that the formation mechanism for CO(v = 1~0) involves 

more than one intermediate. 

It is possible to arrive at a general mechanism that is consistent 

with all the observations and it is derived below: 

It+ P ~ Iz (3.7) 

Iz + Oz -7 CO(low v) +products (3.8) 

Iz + P -7 products (3.9) 

where It is produced by the reaction of CzH (or CzH2*) with 0 2, P 

represents the precursor (CF3CCH or CzHz), and It and I2 are 

intermediates. 

The mechanism can be analyzed in a relatively straightforward 

manner if the steady-state assumption is applied to Iz and if I 1 is 
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assumed to be formed instantaneously. Applying the steady-state 

approximation to Iz, we have 

(3.10) 

(3.11) 

Substituting expression (3.10) into (3.11), we have 

(3.12) 

where 

k - k [P] ( k3.s[Oz] + k3.9[P] ) 
cff- 3.7 k_3.7 + k 3.8[02] + k3.9[P] (3.13) 

which can be integrated to give 

(3.14) 

From reaction (3.8), the rate of formation of CO is given by 

d[CO]/dt == k3_8[0z][Iz] (3.15) 

Finally substituting expression (3.10) for lz, introducing equation 

(3.14) for Itt and integrating, we have 

[CO] == [CO]oo[1-exp(-kcrrt)] (3.16) 
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The resulting CO signal has a time dependence consistent with 

that observed. 

Within the context of this mechanism, Figure 11 represents a 

plot of keff versus Oz partial pressure at fixed values of [P] ( 16 mTorr 

of CzHz and 100 mTorr of CF3CCH, respectively). A closer look at 

expression (3.16) reveals that at high enough Oz partial pressures, 

kerf approaches an asymptotic limit equal to k3•7 [P]. Since [P] was 

known actual values for k3. 7 could be determined from the limit 

observed. For the acetylene system k3•7 was determined to be 

2 x 1 0- 10 cm3 s-1, and for the trifluoropropyne system it was 

determined to be less than ix 10-11 cm3 s-1. Perhaps it should be 

reiterated that even the maximum value of keff (105 s-1) is much 

smaller than the decay constant for CzH loss (6x106 s-1 at 4.2 Torr of 

Oz), establishing the validity of the assumption in the model that CzH 

was instantaneously converted to I 1· 

The suggested model is quite complicated but perhaps one of the 

steps is of minor importance with its rate constant being equivalent 

to zero. It is clear, however, that k3•7 cannot be equal to zero since 

this would lead to expression (3.13) being simplified to the form of 

kerf = k3.7 [P]. It is possible that k3.9 could be zero. That the effects of 

reaction (3.9) are negligible under these conditions is shown by the 

reploting of the data in Figure 14. Here, the inverse of keff is plotted 

versus the inverse of the Oz partial pressure. Inverting expression 

(3.13) yields 
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(3 .17) 

This expression shows that a linear plot in Figure 14 can only be 

obtained if k3.9[P] << k3.8[0z]. 

The mechanism that was proposed does not identify I 1 and Iz 

since these were not observed directly. However, since l1 is most 

likely a product of CzH reaction with Oz, it might be one of the 

products of the five channels (3.1a-e) previously considered. No HCO 

(channel 3.1a) was observed although it had been seen previously19 

in the same apparatus with a SIN of ""' 100 when 2.5 Torr of 

acetaldehyde was photolyzed at 308 nm. Since the absorption cross 

section for CH3CHO at 308 nm is only 3x10-20 cm2,26 this suggests 

that reaction (3.1a) is not a major channel. Since reaction (3.1 b) is 

thought to be the major channel producing "prompt" CO, the 

possibility exists that H atoms could be I 1. This cannot be the case 

since I 1 then reacts rapidly with the precursor and the reaction of H 

atoms with acetylene is known to be much slower.27 Neither product 

of reaction (3.1c) could be detected at early reaction times, although 

some C02 was observed at reaction times late enough to indicate that 

it is probably produced by reaction mechanisms involving 

intermediates. The OH radical of reaction (3.1d) also was not 

detected, although it can be detected with high sensitivity with the 

color center laser and indeed was observed when N02 was added to 

the reaction mixture. In the case of reaction (3.le), it was not 
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Figure 14 

A plot of the inverse of the exponential rise rate of CO(v = 1f- 0) 

verus the inverse of 02 pressure for the acetylene data of Figure 11. 
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possible to look for the presence of the ketyl radical since its high 

resolution spectrum has not been observed, nor can 0 atoms be 

directly detected in the infrared. However, if 0 atoms are produced, 

CO should be produced at long times as a result of secondary 

reactions of 0 atoms with acetylene.27 The rate constant for the 

reaction of 0 with C2H2 is very slow,27 and carbon monoxide will be 

produced at reaction times much longer than those with which the 

C 2 H + 02 reaction are concerned. In a series of experiments 

performed in the presence of 10 Torr of C02, added to ensure 

vibrational relaxation of any excited CO, no extra CO formation was 

observed at reaction times between 400 J.LS and 2.4 ms in mixtures 

containing 107, 149, and 443 mTorr of C2H2. Under these conditions, 

atomic oxygen should have been converted to CO by reactions with 

C2H2, having half-lives of 1.8, 1.3, and 0.42 ms, respectively. It 

therefore seems unlikely that any of the products from reaction 

(3.1a-e) could be l1. 

Since keff depends so much on the precursor present, it seems 

likely that different reactions are involved with each of the 

precursors and the reaction schemes might differ. The 

trifluoropropyne system is more difficult to analyze since reactions 

with CF3CCH are not as well studied as C2H2 systems. Therefore only 

a mechanism for the acetylene system is discussed in more detail. 

The most likely candidate for I 1 appears to be the addition complex, 

HC202, which probably has the structure of a peroxy radical. This is 

further supported by the observation of Lange and Wagner14 of an 
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ion with m/e = 41 in the C2H/02 system. This ion could arise from 

fragmentation of HC202 or from ionization of ketyl radicals formed in 

subsequent reactions of the addition complex. The results from our 

experiments indicate that It reacts primarily with the precursor. In 

hydrocarbon combustion, peroxy radicals often react with fuels to 

abstract H. In the context of the proposed mechanism, such a 

reaction would be highly endothermic because of the high CH bond 

strength in acetylenic molecules. In this case the addition complex, 

HC202, would most likely undergo an addition reaction, as follows, 

(3.18) 

which would make l2 correspond to HC=COOCH=CH. This species 

would then react with 02 ultimately producing CO. Unfortunately, it 

is impossible to observe a species as complex as HC=COOCH=CH with 

our technique. 

Since these intermediates were not directly observed, this 

mechanism is merely a suggested one that fits the dependence of the 

rate on 02 pressure and gives a rate dependent on the precursor 

identity. At this time, it is still not known how many moles of CO are 

produced per C2H formed so more information is needed before the 

mechanism can be explored in more detail. 

Other possible candidates for the role of I 1 must also be 

considered. The photochemistry of acetylene at 193 nm has been 

studied previously28 and might reveal some useful information: In 
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this previous photochemistry study, an intermediate such as 

vinylidene or electronically excited acetylene(C2H2*) was proposed28 

as necessary in addition to C2H to account for the observations. It 

was proposed that the state of acetylene excited by the laser follows 

two paths with a branching ratio near unity: dissociation into C2H + H 

and intersystem crossing into a long lived triplet state (C2H 2 *) 

thought to be vinylidene. However, regardless of the exact identity 

of the C2H 2 * intermediate, it can not be the It of the proposed 

mechanism because C2H2* reacts too slowly with the C2H2 groun~ 

state.28 On the other hand, a reaction product of this C2H2* with 02 

could be fitted into the reaction as I 1 . 

The rate of reaction of vinylidene with 0 2 has been measured by 

Fahr and Laufer29 so the decay rate of vinylidene was calculated for 

the conditions of Figure 10 and was found to be about a factor of 5 

too slow to account for the rise of the CO(v = 1f-0) signal. If CO(v = 

1 f- 0) were formed from vinylidene, the rise of the CO(v = 1f- 0) 

signal could not be more rapid than the decay of vinylidene. 

Therefore, if C2H 2 * reacts with 02 to form the intermediate I 1 this 

C 2H 2 * can not be identified as vinylidene. In addition, Laufer 

produced vinylidene from acetylene with wavelengths shorter than 

193 nm which are capable of exciting the .... 8 state of acetylene as 

well as the .... A state. Thus, it is possible that the electronically 

excited intermediate proposed28 to explain the 193 nm photolysis is 

not vinylidene. 
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In conclusion, the reaction mechanism of C2H + 02 has been 

studied in detail and found to be more complex than previously 

thought. There is a direct reaction forming vibrationally excited CO 

which seems most likely to come from channel (3.1b) 2CO + H. The 

main motivation of this study was to resolve the large discrepancy 

that existed between the value for k3 .I obtained in this laboratory3 o 

and that determined by Laufer and Lechleider.I3 This discrepancy 

has been completely resolved by the present study. When CO(v 

= 1 t- 0) was monitored under conditions similar to those used by 

Laufer and Lechleider (100 mTorr of CF3CCH; 100 mTorr of 02; and 

50 Torr fo He), a rise time almost identical with that observed 

previously by Laufer and Lechleider was obtained. It is now clear 

that this slow rise time resulted from a complex coupling of 

vibrational relaxation and two different formation mechanisms and 

· should not be interpreted in terms of the rate constant for the C2H + 

02 reaction. 
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CHAPTER 4 

REACTION OF C2H WITH CH4, C2H4, C2H6, CO, D2 AND H2 

4 .1 A BRIEF REVIEW OF PREVIOUS STUDIES 

Most of these C2H reactions that have been previously studied 

· were thought to be bimolecular reactions. In the case of C2H + CH4, 

H 2, or C2H 6 the reaction was thought to proceed by hydrogen 

abstraction: 

C2H + H2 ~ C2H2 + H (4.1) 

(4.2) 

C2H + C2H() ~ C2H2 +C2Hs (4.3) 

with acetylene being the major product. 

Renlund et al.3l measured the rate constant of the C2H + CH4 

reaction indirectly by monitoring the time resolved CH(A2 ~) 

chemiluminescence following laser photolysis production of C2H in 

the presence of 02. Laufer and Bass32 measured the C2H + H2 

reaction, via an indirect method. They measured the rate of the C2H 

+ C2H2 reaction by following the appearance of C4H2 using ultraviolet 

absorption spectroscopy and then measured the effect of H2 on the 

yield of C4H2. Laufer33 measured the rates of C2H with CH4 and C2H6, 
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using the kinetic absorption spectroscopy method, by following the 

formation of the abstraction product C2H2 with C2H being produced 

by flash photolysis of CF3 CCH. As was demonstrated for the C2H + 02 

reaction, measuring the formation of a product does not necessarily 

guarantee the reactant decays at the same rate because the reaction 

may proceed through intermediates. 

Table 1 is a collection of rate constants previously measured for 

C 2H reactions compared to those measured here. Also listed are 

previous results measured by following the C2H absorption with the 

color center laser in our lab.6 Table 1 shows that there are obvious 

discrepancies between the rate of removal of C2H and the formation 

of product. Other C2H reaction rates, with CO or C2H4, never 

previously measured were determined in this study and are listed in 

Table 2. The products of these reactions have not yet been 

identified. This work was motivated by a desire to extend the 

knowledge of C2H chemistry and was spurred by the possibility that, 

in view of the complexity of the C2H + 02 reaction, these other 

reactions might exhibit complex kinetics. 

4. 2 EXPERIMENTAL CONDITIONS 

Once again only experimental details not given m Chapter 2 will 

be given. All experiments involved monitoring C2H concentrations 

from the ground vibronic state; the transition chosen for these 

kinetic studies was QR(3) of the 2089cm-1 band at 2089.0720 cm-1,34 
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TABLE 1 

Comparison of CzH Reaction Rate Constantsa 

Stephens Renlund Laufer 

Reaction This work et al. b et al. et al. 

C2H + 02 2.9(3)x1 o-11 4.2( l)xl o-11 2.1x10- 11 C s.ox1 o- 12e 

C2H + H2 4.4(4)x1 o-H 4.8(3)x 1 o-13 l.Sxl o- 13 f 

C2H + CH4 3.0(2)x1 o-12 4.8xl 0- 12 d 1.3x1 o-129 

C2H + C2H 6 3.6(2)x10- 11 6.5x10-129 

a1n cm3 molecule-1 s-1• The uncertainties reported correspond to 
two standard deviations. 
bFrom Ref. 6. 
CFrom Ref. 12. 
eFrom Ref. 7. 
dFrom Ref 31. 
!From Ref. 32. 
gFrom Ref. 33. 



TABLE2 

C2H Rate Constants Previously not Measureda 

Reaction This work 

2.3(3)x1 o-1 ~ 

1.3(3)x1 o-10 

2.1 (3)x1 o-~0 * 

a An in em~ molecule-1 s-1 except for * which is in cm6molecule- 2 

s- 1 • The uncertainties reported correspond to two standard 
deviations. 

67 
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For a typical measurement, transient absorption data were collected 

from 3000 excimer flashes and averaged. 

The ethynyl radical was again produced by 193 nm photolysis of 

CF3CCH (PCR Speciality Chemicals), and its temporal behavior was 

monitored as a function of added reactant pressure or as a function 

of buffer gas pressure. Typically, reaction mixtures contained 50 

mTorr of CF3CCH, 20 Torr He, and 130 mTorr SF6. Helium was added 

to ensure thermal equilibrium and to moderate the temperature rise 

following photolysis. SF6 was added to ensure rapid vibrational 

relaxation of C2H. All gases were commercially obtained and had the 

following purities: CF3CCH (98.5%), He (99.995%), CO (99.5%), C~ 

(99.7%), C2H4 (99.5%), C2H6 (99.0%), 02 (99.7%), D2 (99.5%), H2 

(99.9995%). At the flows used, the gas mixture in the cell was 

replenished every 25 seconds which is in the same domain as that 

discussed in Chapter 3, hence the same conditions apply. 

Some of the experiments required monitoring the C2H decay rate 

as a function of total helium pressure. For all these experiments the 

effect of the C2H + CF3 CCH reaction were subtracted out. Since this 

reaction is assumed to be second order it should not be dependent on 

helium pressure. Figure 15 confirms the validity of this assumption 

by showing that there is no pressure dependence on the second 

order rate constant for this reaction. 

There are some important things to keep in mind when 

measuring rate constants. It is important to remember the 

limitations of the apparatus in order to obtain a meaningful. rate 
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Figure 15 

The second order rate constant of C2H + CF3CCH plotted as a function 

of buffer helium pressure with a typical trifluoropropyne pressure of 

55 mTorr. 
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constant. Thus, the detector response time limits how fast a decay 

can be measured. It is not advisable to use a signal with a lifetime 

less than 3x the response time (ie. 3us) since the detector may not 

respond linearly on this time scale. For very fast rates, it can be 

difficult to obtain a C2H signal with a sufficiently long lifetime 

without using extremely low reactant pressures. It may then be 

difficult to accurately measure the flow rate of the reactant. At the 

other extreme if the reaction is very slow a large reactant pressure is 

necessary in order to observe its contribution to the C2H decay signal. 

Since the observed C2H signal is a composite of the reaction being 

measured and the reaction of C2H with its precursor, poor precision 

results unless the C2H reaction with precursor, which must be 

subtracted from the signal, makes up less than 40% of the total decay 

rate. The range of rate constants that can be measured with 

reasonable accuracy using the current apparatus is 2.0xi0-10 to 

S.Oxi0-14 cm3 molecule-1 s-1. 

The purities of the gases used in determining rate constants are 

important. If one is measuring a fast reaction, the competition by 

impurity reactions does not cause much error, but for a slow 

reaction, the presence of a impurity that reacts rapidly with C2H can 

seriously affect the results. Laufer observed a significant impurity 

(6%) in his trifluoropropyne that reacts rapidly with CzH to form 

CzH 2 .33 We performed GC/MS analyses using a 10% squalene on 

chromosorb P column for our trifluoropropyne bottles and found 

only minor contaminations: 1% m/e=188, probably a dimer; 1% 
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m/e=164, a dichloro impurity; and 1% C02. We did not find any 

relevant amount of hydrocarbon impurity except for a 1.0% impurity 

of m/e=28 that might correspond to C2H4. 

In order to estimate the effect the presence of a reactive 

impurity can have on rate constants, let us calculate the effect that a 

3% impurity might have on different rates. Assume there is 100 

mTorr (3.25x1015 molec cm-3) CF3CCH present containing a 3% 

impurity (3 mTorr, 9.75x1013 molec cm-3). The effect of the 

impurity on the apparent rate constant is given by 

X= k[reactant] + kimp[imp] (4.4) 

assuming a worst case scenario, kimp is 2xl0-10 cm3 molecule-1 s-1 (a 

reaction on every other gas kinetic collision). [imp] = 9.75x1013 molec 

cm-3, and [reactant] = 3.25xl015 molec cm-3. As an example consider 

C2H + 0 2 with k=2.9xl0-11 cm3 molecule-1 s-1. Then X = 0.17 or the 

impurity makes up 17% of the decay signal. However for reaction 

C 2H + D2 where k=2.3xl0-13 cm3 molecule-1 s-1, X = 0.95 or the 

impurity would make up 95% of the decay signal! Obviously it is 

important to appreciate the potential effects of impurities upon the 

measurement of rate constants. 
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4.3 RESULTS 

4.3.1 CzH + CH4 Reaction 

The effect of added methane on the the decay rate of the C2H 

absorption signal is shown in Figure 16. The Stern-Vollmer plot of a 

series of such measurements of decay constants corrected for CzH + 

CF3CCH contribution versus CH4 pressure can be seen in Figure 17. 

The measured rate constant is 3.0(2)x1Q-12 cm3 molecule-1 s-1. 

Because we observed dependence of rate on total pressure for the 

C2H 6 reaction (vide infra), decay constants were obtained at different 

helium pressures in an effort to observe a dependence of rate upon 

pressure. No helium pressure dependence was observed for helium 

pressures in the range of 8-70 Torr. 

The rate of this reaction had not been previously measured. In 

contrast with CH4 which proceeds via hydrogen abstraction, it 

probably proceeds by a fast addition process, k = 2x1Q-11 cm3 

molecule-1 s-1, to give an excited C4H5 adduct which decomposes to 

give C4H4 (vinyl acetylene) + H.35 Figure 18 shows the transient C2H 

absorption signal at different ethylene pressures. The resulting 

Stern-Vollmer plot can be seen in Figure 19. The scatter in the 

corrected decay constants shown in Figure 19 is quite large. This 
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Figure 16 

Decay traces of C2H absorption signal (QR (3) at 2089.0720 cm-1). 

Conditions were; (a) 1444 mTorr methane, 55 mTorr 

trifluoropropyne, 143 mTorr SF6, 21 Torr helium, and (b) 387 mTorr 

methane, 53 mTorr trifluoropropyne, 140 mTorr SF6, 22 Torr 

helium. These signals are the average of 3000 excimer laser shots. 

The excimer pulse energy was 80 mJ. 
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Figure 17 

Dependence of the corrected exponential decay rate of C2H on 

methane pressure. The conditions are the same as those of Figure 

15. The slope of the least squares fit yields a rate constant of 

3.0(3)xl0-12 cm3 molecule-1 s-1. 
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Figure 18 

Time decays of the C2H absorption signal (QR(3) at 2089.0720 cm-1) 

in the presence of different pressures of ethylene. Conditions were; 

(a) 8.5 mTorr ethylene, 44 mTorr trifluoropropyne, 141 mTorr SF6 , 

22 Torr helium, and (b) 49 mTorr ethylene, 42 mTorr 

trifluoropropyne, 123 mTorr SF6, 23 Torr helium. The resulting 

signals are the average of 3000 excimer laser shots. 
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Figure 19 

The resulting Stern-Vollmer plot of the corrected pseudo first order 

C 2H decay constants versus C2H 4 pressure. The rate constant 

determined from the least squares fot is 1.3(3)xl0-10 cm3 molecule-1 

s-1. 
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large scatter arises as a result of the difficulty in measuring the very 

slow CzH4 flow rates required to make the decay rate small enough 

to avoid distortion by the response time of our detection system. 

The rate constant determined from the slope of this Stern-Vollmer 

plot is 1.3(3)x10-10 cm3 molecule-1 s-1. Because of the high scatter in 

the measurements of this fast rate, no attempt was made to vary the 

total pressure. 

Figure 20 shows the CzH absorption signal at different ethane 

pressures. The resulting Stern-Vollmer plot in Figure 21 yields a 

second order rate constant of 3 .6(2)x 10-11 cm3 molecule-1 s-1 at a 

total pressure of 24 Torr. In Figure 22, a plot of the second order 

rate constant versus helium pressure is shown. There seems to be a 

slight increase in reaction rate with increasing helium pressure. 

However, this is not typical third body pressure dependence, since 

the -intercept is much greater than zero. We are limited to a total 

pressure range of 8-70 Torr in our experiments because of the 

difficulties in measuring accurate flow rates at low and high 

pressures. Thus, unfortunately, this dependence could not be 

investigated over a wider pressure domain. 
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Figure 20 

Decay traces of the same C2H absorption signal as in Figures 15 and 

17 in the presence of different pressures of ethane. Conditions were; 

(a) 17 mTorr ethane, 77 mTorr trifluoropropyne, 146 mTorr SF6, 22 

Torr helium, and (b) 79 mTorr ethane, 77 mTorr trifluoropropyne, 

153 mTorr SF6, 23 Torr helium. 3000 excimer laser shots were 

averaged to give the resulting signals. 
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Figure 21 

The resulting Stern-Vollmer plot of the corrected psuedo first order 

C 2H decay constants versus ethane pressure. The slope of the least 

squares fit gives a second order rate constant at a total pressure of 

24 Torr of 3.6(2)xlO-ll cm3 molecule-1 s-1. 
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Figure 22 

.The second order rate constant of C2H + C2H6 versus helium pressure. 

The conditions were; 35-90 mTorr CF3CCH, 80-270 mTorr SF6, and 

35-60 mTorr C2H6. 
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4.3.4 C2H + CO Reaction 

The rate of this reaction had not been previously measured, but 

was expected to be very slow with a suggested rate of k = 2.5xi0-

13exp(-2420/T) cm3 molecule-1 s-1 (= Sxl0-17 cm3 molecule-1 s-1 at 

300K).35 Figure 23 shows the resulting Stern-Vollmer plot at a total 

pressure of 24 Torr. The resulting rate constant was 1.9(2)xl0-12 

cm3 molecule-1 s-1 which was much faster than expected. However, 

from Figure 24 where apparent rate constant is plotted versus He 

pressure, it can be seen that this second order rate constant 

increased with increasing helium pressure indicating a third order 

reaction. A third order rate, k3, of 2.1(3)x1Q-30 cm6 molecule-2 s-1 

was determined for helium as the third body by requiring a zero 

intercept. This means that we are least squares fitting k2, the 

apparent 2nd order rate constants, with a third order constant, k3, in 

the series of equations 

(k2h = k3P1 

(k2h = k3P2 

weighting by dividing each equation by the estimated standard 

deviation of its k2. 
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Figure 23 

Corrected decay constants for C2H plotted as a function of carbon 

monoxide pressure. The conditions were; 74 mTorr CF3CCH, 150 

mTorr SF6, and 22 Torr helium. The rate constant determined from 

the least squares fit is 2.1(2)xi0-12 cm3 molecule-1 s-1. 
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Figure 24 

The second order rate constant of C2H + CO plotted as a function of 

buffer helium pressure. Trifluoropropyne pressure "" 35-90 mTorr, 

SF6 pressure "" 90-240 mTorr, CO pressure "" 600-1200 mTorr. The 

third order rate constant of 2.1(3)xi0-30 cm6 molecule-2 s-1 was 

determined by requiring a zero intercept and weighting the points 

by the inverse of their respective standard deviations. 



93 

,......_, 8 
...-
I 
en 

...-
I 
(.) 
(J) _. 
0 6 
E 

1":) 

E 
(.) 

f N 
...-
I 
0 4 -......., 
0 J u 
+ 

::r: 
N 2 ~ u 

~ 
1-. 

~ ~ 0 
ct-

~~ 
N 
~ 

0 
0 20 40 60 80 

Helium Pressure (Torr) 



94 

4.3.5 C 2H Reaction with H2 and Dz 

Figures 25 and 26 show the plots of the corrected C2H decay 

rates versus H2 and D2 reactant pressures respectively. As can be 

seen in Table 1, our rate for the reaction with H2 agrees with that 

previously measured by Stephens.6 In addition no helium pressure 

dependence was observed for the second order rate constant. The 

reaction with D2 has not been previously measured; our result is 

2.3(3)x1Q-13 cm3 molecule-1 .s-1. No helium pressure studies were 

performed on the D2 reaction because of the expensive of deuterium. 

Using our rates for these reactions, the H/D isotope effect is 1.9. 

4. 4 DISCUSSION 

The results of these experiments indicate that C2H reactions 

often have an addition channel competing with abstraction channels. 

In the case of the C2H + CO reaction, it is clear that addition 

predominates since it exhibits a third order rate constant. For this 

reaction, the addition complex must be stabilized by a third order 

body before it can yield further products. The pseudo second-order 

rate at 22 Torr He, 1.9(2)x1Q-12 cm3 molecule-1 s-1, was substantially 

faster than the previous estimate of 7 .8x10-17 cm3 molecule-1 s-1. 

The fate of the C2HCO addition complex is still unknown since it was 

not observed directly and no search was made for the final products 

of this reaction. 
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Figure 25 

The resulting Stern-Vollmer plot of the corrected pseudo first order 

C 2H decay constants versus H2 pressure. The conditions were; 42 

mTorr CF3CCH, 118 mTorr SF6, and 23 Torr helium. A second order 

rate constant of 4.4(4)xiQ-13 cm3 molecule-1 s-1 was determined 

from the slope by a least squares fit. 



96 

6 ....-... 
..-

I 
en 

.q- 5 
0 
,__ 
.._.... 

(]) 4 ......, 
ro 
a: 
:::n 3 
ro 
0 
(]) 

Cl 
2 

:r: 
N 

u 
1 

0+-----~----~----~----~--~ 

0 1 2 3 4 5 

H2 Pressure (Torr) 



97 

Figure 26 

The resulting Stern-Vollmer plot of the corrected pseudo first order 

C2H decay constants versus D2 pressure. The conditions were; 35-58 

mTorr CF3CCH, 110-123 mTorr SF6, and 20-23 Torr helium. A second 

order rate constant of 2.3(3)xl 0-13 cm3 molecule-1 s-1 was 

determined from the slope by a least squares fit. 

j 
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Because addition channels seem to play such an important role 

in C2H reactions, it seems useful to discuss a model for the possible 

channels for these CzH reactions: 

C2H + HX ~ CzHz +X Abstraction (4.5) 

C2H +X~ C2HX* Addition (4.6) 

C2HX* ~ C2H +X Reversion (4.7) 

C2HX*~Y+Z Dissociation (4.8) 

C2HX* + M ~ C2HX + M Stabilization (4.9) 

When an addition reaction (4.6) occurs there are three possibilities 

for what follows: the excited intermediate can undergo unimolecular 

decay back to reactants (4.7), it can dissociate into products (4.8), or 

it can be stabilized by a third body ( 4.9). 

The disappearance of C2 H can be expressed as 

(4.10) 

here HX has been replaced by its equivalent X. Applying the steady 

state approximation to C2 HX*, we have 



100 

Solving for [C2HX*] in expression (4.11), we have 

(4.12) 

and substituting expression (4.12) into (4.10) results in the following 
expression for the rate of C2H disappearance 

( 4.13) 

where 

k -k +k .. 
( 

k4s+k49[Ml ) 
eff - 4.5 4.6 k4.7 + k4.8 + k4.9[M] (4.14) 

The abstraction channel ( 4.5) has been thought to be the main 

reaction pathway for C2H reactions. It yields simple second order 

kinetics. However, for many of the reactions studied, the resulting 

second order rate constant was faster when the decay of C2H was 

followed than when the C2H2 ·formation was followed. Perhaps more 

than simple abstraction is occurring. 

It is possible to arrive at the third order dependence of the CO 

reaction from (4.14) if k4 .5 =0, if k4 .9 [M] << k4 .7 , and if k4 .8 is 

negligible. This is the standard case for a third order reaction. Since 

no third body pressure dependence was observed for the reactions of 

C2H with H2 and CH4, the abstraction channel seems to predominate 

for these reactions. Laufer33 also found no helium pressure 

dependence on the C2H2 product for reaction of C2H with CH4. ·Table 
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1 shows some disagreement among the second order rates for these 

clear cut abstraction reactions. However, it must be remembered 

that Laufer et al.'s rate for the H2 reaction32 was determined via an 

indirect measurement and the same applies for Renlund's rate for 

the Cl4 reaction.31 As mentioned previously, Renlund followed the 

products of the C2H + 02 reaction and added methane to measure the 

rate of CzH + CJ4 indirectly .31 Since the CzH + Oz reaction has been 

found to be complex it is not surprising that their results do not 

agree with our measurement or that of Stephens et al..6 Laufer e t 

al.'s rate of the Hz reaction was determined similarly using the CzH + 

C2H2 reaction.32 Stephens et al.6 measured the rate of the CzH + C2H2 

reaction by following the CzH absorption. Their result 1.5(1)x1Q-10 

c m 3 molecule-1 s-1 disagreed substantially with that measured by 

Laufer and Bass by following C4H 2 formation (3 .1 x 1 Q-11 cm3 

molecule-1 s-1 ).32 Thus it seems likely that the CzH + CzHz reaction 

may also exhibit complex kinetics. It is clear that direct 

measurements are preferable in determining reaction rates. 

Since we know CzH + Oz exhibits complex kinetics suggestive of 

an addition mechanism, it seemed likely that a third order 

dependence might be found. Figure 27 shows that the CzH + 02 

reaction is not dependent on helium pressure. The reaction probably 

proceeds by addition. In order to explain the absence of a pressure 

dependence, either the reaction is in the high pressure limit (k4.9[ M] 

>> k4 . 7 , k4 . 8) over the pressure regime studied or (and this 

explanation is favored) k4.8 >> k4.9[M]. 



102 

Figure 27 

The second order rate constant of CzH + Oz plotted as a function of 

buffer helium pressure. Trifluoropropyne pressure "" 50 mTorr, SF6 

pressure "" 70 mTorr, and Oz pressure "" 70 mTorr. 
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The C2H + C2H6 reaction is more difficult to explain, since as can 

be seen in Figure 22, there is a slight pressure dependence on the 

second order rate constant. This pressure dependence is quite 

surprising, but might be explained. by invoking an addition channel 

with k4.9[M] < 14.7 and 14.s < 14.9[M]. The intercept is then given by 

k4.6+k4.6k4.8/(k4.7 +k4.8) and the resulting slope is k4.6k4.9/(k4.7+k4.8). 

This seems to imply that C2H might attack the CC or CH bond to form 

an addition complex. Such an attack has no precedent and seems 

unlikely, but it is difficult to find another explanation of the weak 

pressure dependence observed for this reaction. In addition, for this 

reaction there is a substantial difference m the measured second 

order rate constant between Laufer33 and this work. The pressure 

dependence observed provides a way of explaining this discrepancy 

by suggesting that a multistep mechanism between the reactant C2H 

observed in this work and the product C2H2 which Laufer observed. 

For the C2H + H2 and D2 reactions, the question of whether the 

transition state formed is loose or tight can be answered by taking a 

closer look at our measured HID isotope ratio of 1.9. If the transition 

state does not differ much from the reactants (ie. H2 or D2 are not 

perturbed), one would expect little change in the activation energy 

upon substituting D2. In this case the difference in rate constants 

would depend mainly on the pre-exponential factor which is 

dependent on the average relative velocities. Thus, a loose transition 

state would predict an isotope ratio HID = /2 . For a tight transition 

state the activation energy would change by an amount depending 
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on the zero point energy differences between the transition state and 

reactants (H2 or D2) thereby giving a larger isotope effect. Ab initio 

calculations36 predict that the H-H bond length in the transition state 

is only 6% greater than in the unreacted H2 molecule. This prediction 

along with our results indicates that the reaction of C2H with H2 or D2 

occurs via a relatively loose transition state. 

A final look at Table 1 shows that there still remain some 

unexplained discrepancies between this work and previous studies. 

There is substantial disagreement, between Laufer33 and this work, 

in the second order rate constant for the C2H + Cf4 reaction. The 

reason for this discrepancy is still not clear. As large as this 

difference seems in comparison with the expected errors in each 

work, it may be just combined experimental errors. For example, 

there is a nearly as large discrepancy between the C2H + 02 rates in 

this work and that reported by Stephens et al.6 and the experimental 

methods used for this comparison are much more similar. In the 

future it would be desirable to further study these reactions with the 

color center laser, where it is also possible· to observe C2H2, in order 

to compare tl.e rate of appearance of C2H2 (and CH3) product with the 

rate of disappearance of C2H. 



CHAPTER 5 

CONCLUSION 
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The technique of laser kinetic spectroscopy has proven itself as 

an effective way to measure rate constants. When the excimer laser 

photolysis method is combined with the diode's laser operating 

region of 1850 - 2800 cm-1 it becomes possible to monitor a great 

deal of radicals. C2H reactions were focused on since it has no known 

UV or visible absorptions but can be observed in the infrared. It is 

most desirable to measure the decay of the reactant in determining 

rate constants. In most of the previous experiments only the 

products had been observed. This technique has proven its ability to 

accurately measure rate constants, the agreement between the color 

center laser and diode laser measured rate constants for some of the 

C2H reactions verifies this ability. 

In tire case of the C2H + 02 reaction being able to monitor both 

the reactant and product on the same apparatus was necessary to 

unravel the complicated kinetics. Even though the reaction was 

complicated, and the proposed intermediates too large to be 

observed by our technique, important information about the reaction 

was deduced. The fact that the C2H + 02 reaction has two channels 

for producing CO; one through a direct reaction to produce 

vibrationally excited CO, and one through an indirect reaction to 

produce ground state CO could be important for combustion mo4eling 
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studies. Perhaps this will lead to further studies by other techniques 

to identify these intermediates and the importance of each channel. 

The results of the measurement of rate constants for CzH 

reactions has shown that CzH reacts not only by abstraction but that 

addition channels can also play an important role in these reactions. 

The results from the CzH + CO reaction were quite surprising since it 

was thought to be such a slow reaction. Now that its kinetics have 

been studied and it follows third order kinetics it would be 

interesting to learn what the final products are. As with most kinetic 

studies every new piece of information uncovers another set of 

questions. The case of the CzH + CzH 6 reaction is a good example of 

this. The slight dependence of the second order rate constant on 

total pressure is quite confusing. It is hard to believe that CzH could 

attack a CC or CH bond since this has not been observed before but 

the large difference in the disappearance rate of Cz H and the 

formation rate of CzHz does indicate that more complex kinetics than 

simple abstraction might be occurring. This is another example of 

the need to be able to study both the reactant and product with the 

same apparatus. It would be very interesting to do this experiment 

on the color center laser where one can easily monitor both CzH and 

CzHz. 

Finally measuring rate constants not only yields information 

about the kinetics of the reaction under investigation but by 

measuring the rate of the reaction's deuterated analog some physical 

information about the transition state can be deduced. By measuring 
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the rate constant for the C2H reaction with H2 and D2 and obtaining 

the isotope ratio HID it was possible to infer what kind of transition 

state the reaction passes through. For the C2H + H2 abstraction 

reaction the isotope ratio of 1.9 predicts a loose transition state 

which concurs with the previous ab initio calculations.36 Thus, a 

great wealth of information can result from measuring reaction rates 

that can further enhance our understanding of chemical reactions. 

j 
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