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COLLISIONAL REMOVAL OF CH, (IAI): ABSOLUTE RATE CONSTANTS

-FOR ATOMIC AND MOLECULAR COLLISION PARTNERS AT 29§”K

Andrew 0. Langford, Hrvoje Petek, and C. Bradley Moore

Department of Chemistry, University of California and
Materials and Molecular Research Division of the
Lawrence Berkeley Laboratory, Berkeley CA 94720

ABSTRACT

The teéhnique of cw laser resonance absorption has been used to
monitor the time evolution of 1ndi§idual CBZ (lAl) rotational levels
following .the excimer 1laser photolysis of CH,CO. Absolute rate
constaﬁts for the removal of CH2 (lAl) by He, Ar, Kr, NZ’ co, 02, CH4,
CoHg, CqHg, C,H,, 1-C,Hg, and CH,CO have been determined at 295K.
Removal efficiencies range from nearly gas-kinetic for then higher
hydrocarbons and CHZCO to 10’2 for He. For He, Ar, and CH2C0 removal
rates were measured for the vy = i excited bendiﬁg'vibrational level and
found to be identical to the ground state rates. Pseudo-first-order
rate constants for equilibration of the nascent rotational distribution

in collisions with He and CH2C0 were found to be factors of 17 and 2.7

faster than the respective removal rates.
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I. INTRODUCTION

Despite the fundaméntal importance of methylene to synthesis,
molecular structure, and chemical kinetics, its chemistry is not well
Aestablished.l Many of the problems and much of the interest stem from
the existence of two low-lying electronic states which differ
significantly in reactivity and structure. The energy difference
between the triplet ground state (381) and the singlet first excited
state (lAi) remains a subject of controversy.2'6

Although CF[2 (lAl) absorbs in the visible,7 kinetic measurements
based on .spectrosc'opic detection have been hampered by the short
lifetime of this state under collisional conditions. By coﬁtrast,
electronic transitions from the relatively long-lived (331) state lie in
the less accessible vacuum ultrayjiolet.7’8 Experimental stt'xdiesv of gas
phase methylene teactiods have therefore been confined primarily to
indirect methods such as end product analysis. Distinguishing thé
chemistry of singlet and triplet methylene by such methods is
complicated by the - efficient collision-induced intersystem crossing
which converts singlet methylene to thg triplet ground state. Indirect
studies of singlet chemistry therefore rely on the use of radical
scavengers to preferentially remove triplet methylene from the reaction
system.. Interpretation of such studies is not always straightforward.

The use of pulsed laser-induced fluorescence (LIF) for detecting
CHZ (IAl) has been successfully demonstrated 1in several labora-
tories.2>3,9712  The firse direct measurements of CH, (1A1) removal
rates have recently been reported by Ashfold et al.ll’12 who used LIF to

monitor CH, (IAI) and CD, (lAl) produced in the ir mltiphoton

dissociation (MPD) of acetic anhydride. These workers reported rate



constants for CH2 (lAl) removal approximately one order of magnitude
larger than previously accepted values inferred primarily from studies
of CH, (381) kinetics.® These new results provide information»essential'
for the further development of theoretical descriptions of collision-
induced intersystem crossing in methylene. 1In conjunction with earlier
product analysis studies, these results also imply that CH2 (IAI) is
removed by many hydrocarbons with near gas-kinetic collision
efficiency.13’14

In the present study, cw laser resonance absorption (LRA) has been
used to monitor individual rotational levels of singlet methylene
produced in the near uv photolysis of keteme. This tecﬁnique offers the
advantages of continuous temporal detection with the nérrow linewidth of
a cw laser and thus permits studies of photodissociation and reaction
processes with greater detail than is practical with pulsed probing

techniques. Absolute rate constants for CH2 (IAI) removal by the

following processes have been determined at 295 K:

ca, (lap) + cm,co > ¢, + co | (1)
cB, (!ap + He > cE, (3B)) + Be (2)
ci, (!ap + ar > ocm, 38)) + ar (3)
cy (lap + ke »cEy 3B + ke o (4)
CH, (IAI) + N, + products (5)
CH, (lAl) + €O + products (6)
CH, (lAl) + 0 + products (7)
CH, (lAl) + NO > products | (8)
CH, (lAl) + H + products (9)
CH, (lAl) + CH, - products ' (10)

CH2 (IAI) + CZH6 + products (11)
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CH, (IAI) + CyHg » products : (12)
ca, ('a)) +° C,H, > products (13)
CHZ (IAI) + i-CI‘HS > ptOducts : (14)

The rotational and vibrational 1level dependence of inert gas
removal rates have also been studied. The results are compared with

previous experimental and theoretical work.

II. EXPERIMENTAL

A. Apparatus

A schematic di:-'.lgram of the expetimental apparatus 1is shown in Fig.
1. Singlet methylene (IAl) was produced by photolysis of ketene at 308
nm with a XeCl excimer laser ‘(Lumoniés TE-262) opératéd with output
A e‘ne‘rgies ‘'of less than 20 mJ apd ;.'epetition rates of 1-5 Hz. The 12 ns
FWHM pulse and beam’ cross section of 7 x 25 mm (in the photolysis cell)
resulted in a maximum single pass energy fluence of 10 mJ/cm2 and a
maximum power density of 0.5 MW/cmz. The photolysis cell was
constructed entirely of quartz, 5 cm 1i.d. x 80 cm long with quartz
windows, flat to A/4, sealed oniat Brewster's angle using glass transfer
tape (Vitta Corp. G-105). ‘
| An Ar+-pumped ring dye laser (Spectra~Physics 171-06/380 A) with a
linewic.lth of 20 MHz was used to detect CHZ (lAl) through absorption at

rotational lines between 590 and 610 nm.7

The laser wavelength was
determined to within 0.02 cm-1 with a commercial wavemeter (Burleigh WA~
20). The dye laser beam was collimated to a diameter of 2 mm and
reflected into the photolysis cell. The photolysis beam was coupled
into the cell through a flat dichroic mirror which transmitted 70% of

the uv while reflecting > 98Z of the visible light. The visible beam



was reflected 8 times between this mirror and a 2 m f.l. visible high
reflector (O 99%) 1 meter away to give a total absorption pathlength of
.720 cm. Approximately 25/ of the transmitted uv was reflected back into
the cell by the high reflector.  Since the cross-sectional area of the

photolysis beam was much larger than the probe beam, the loss of (H2

through diffusion .from the reaction volume was unegligible on the
timescale of collisional removal.

Absorption of the dye laser beam by i, (IAi) resulted in a
transient attenuation of the 1light incident on a fast photodiode (EG&G
SGD 100A biased at -90 V) and a corresponding decrease in the dc
output. Approximately 407 of the probe beam‘was spiit off prior to the
photolysis cell and directed onto an identical photodiode. This béaﬁ
' was attenuated by a polarizer (pol.) which serVedyéé.a variable neutral
density filter in order to match the intensity on the éignal photodiode
'(typi;ally 20 mW). The output of each photodiode was amplified 10 times
(Keithley 104 wideband amplifier) and the resulting signals subtracted
and digitized by a Tektronix 7912AD with a 7A24 differential plug—in.
Baseline noise due to fluctuations in the dye laser intensity was
reduced by approximately a factor of ten through the subtraction. The
absorbance necessary to give a single shot signal-to-noise ratio of one
was approximately O0.5% with this configuration. Kinetic data was
obtained by averaging the transient absorbances (typically 64 times)
with the aid of an LSI-11 minicomputer. High resolution kinetic

absorption spectra were obtained by integrating the absorption with a

. boxcar (PAR 162/164), and scanning the dye laser.



B. Sample Handling

Ketene was prepared by pyrolysis of acetic anhydridel"5 and multiply
distilled from 156 K to 77 K before use. The purity of samples stored
-at 77 K to prevent polymerization was periodically checked by FTIR
spectroscopy. Nitric oxide (Matheson 99.0%) was purified by
distillation through a silica gel trap kept at 195 K to remove NO,
impurities. Other gases, He (LBL extra pure 99.999%), Ar (Matheson UHP
99.9992), Kr (Baker research grade 99.995%), N, (LBL 99.999%Z), CO (Baker
research grade 99.972), HZ (Baker:' research grade 99.9995%), 02 (Baker
research grade 99.995%), CH, (Matheson'UEP’99°97Z), CZH6 (Scientific Gas
Products C.P. 99.2%, with leés than 0.2% each H2, CH4, and C234 and 0.12
N, and 02), 0358 (Matheson research grade 99.99%), C H, (Matheson C.P.
99.5%), and -:l.-C,.’H8 (Matheson C.P. 99.32, with less. than 0.4% l-butene,
0.22 n—C,H;;, and 0.12 1-C,H;,) were used without further
purificgtion‘. Gases were transferred to the cell from a standard glass
and grease vacuum line with a base pressure of lO"6 Torr. Pressures
were measured using a 0 - 10 Torr capacitance manometer (Baratron 145AH-
10) accurate to within + 0.1Z.

In typical experiments with He, Ar, Kr, and NZ, ketene was first
loaded into the cell and the desired partial pressure of the added gas
expanfied in from a high pressure reservoir. When other gases were used,
ketene was frozen into a sidearm of the cell while the reactant gas was
added. The ketene was then allowed to thaw and the desired partial
pressure of helium added as before. Mixing times of several minutes
were generally adequate for the low pressutés ({ 10 Torr) used in these

experiments. All experiments were performed at an ambient temperature

of 295 £ 2 K.



III. RESULTS AND ANALYSIS

A.  Production of CH, (la).

At 308 nmm, all of ‘the methylene produced through .single-photon
excitation of ketene is in the E(IAI) state.6’16 Rate constants for thg
collisionai removal of CH2 (1A1) were .obtainea primarily from the
analysis of absorption data for the 414 rotational level, monitored via
the 43,(0,14,0) + 4,,(0,0,0) transition near 16928.79 cm '.” A high
regolution spectrum of the pQI;J (J) sub-branch .containing this
transition is shown in Fig. 2. Although perturbations in the upper
‘state of this transition prohibit the determination of rotational

populations,7’9

the 414 level ﬁas found to have the strongest absorbance
near 590 nm under rotationally thermalized conditions. The temporal
evolution of this level under typical conditions is shown in Fig. 3.
Even though the 414 level always decayed exponentially due to
bimolecﬁlar collisions under pseudo-first-order conditions, the decay
was preceeded by an exponential rise reaching a maximum several hundred
nanoseconds after the 12 ns photolysis pulse. Bi-exponential analysis
of the absorbance leads to production and removal rates proportional to
collision gas pressure (Figs. 4 and 5). This indicates that the 414 ‘
level 1is populated primarily through bimolecular relaxation of the
initial population rather than direct dissociation. The production rate
constants obtained from the data in Figs. 4 and 5 are consistent with
rotational relaxation. The production of CH, a (lAl) by electronic
quenching of CH2 b (IBI) formed via two-photon excitation of ketene can
be ruled out through the Ilinear fluence dependence of the CH, (IAI)

absorbance (Fig. 6). Vibrational relaxation from the (0,1,0) level also

seems to be unimportant (see below). Deconvolution of the exponential



decay from this rise should therefore give removal rates for thermalized
1
ca, (la)).

B. Removal of (sz (IAL).

1. Absolute Rate Constants

Absolute rate constants for CH, (IAI) removal by helium and ketene
were derived from a linear least-squares fit of Eq. (15) using decay
rates obtainéd over ketene and helium pressure ranges of 0.05 to 0.50
Torr and 1 to 10 Torr, respectively.

Kexp = k;[CH)CO] + k,[He]. (15)
Some of these data are éhown in Figs. 4, 5, and 7. Figures 4 and 5
indicaﬁe' that for ketene pressures below 0.20 Torr and helium pressures
above 3 Torr, the rotational relaxation rate is more than an order of
magnitude faster than the deéay rate. Under these condiﬁions, the rise
can be neglected and the data analyéed as a single exponential decay.
Whenever pogsible, the experimental conditions were chosen to permit
this simplification.

Rate constants for CH2 (IAI) removal by Ar, Kr, and N2 were
- determined by a least-squares fit of decay rates covering an inert gas
pressure range of 3 to 10 Torr with a constant' partial pressure of 0.100
or 0.20Q Torr CBZCO. The value of kl was constrained to 2.7 x 10~10 cm3
molec™! g1 (determined from CE_IZCO/He experiments) in these fits. The
pressure dependence of CH2 (lAl) decay rates in He, Ar, Kr, and Nz are
shown in Fig. 7.

The rotational-level 1independence of these removal rates,
illustrated for N2 in Fig. 8, probably results from rotational

equilibration which is fast on the timescale of collisional removal.

The levels shown in Fig. 8, spanning a rotational energy range of nearly



500 cm~!, were probed via absorptions in the pQI’J (J) and pPI,J—l (&))
branches near .16930 en~t.7 Rate constan£s for the removal of
vibrationally excited CH, (lAl) (0,1,0) by He, Ar, and CHZCQ were
determined using the 2,,(0,15,0) <« 101(0,1,0) transition at 16405.25
cmf1;7 The absorbance due to this level was approximately le of the
414(0,0,0) absorbance. The (0,1,0) removal rate constants were found to
be equal within experimental error to the ground state values (Fig.
9). For He and Ar, these results imﬁly that vibrational-translational
transfer from the (0,1,0) level is probably slow compared to intersystem
crossing. This conclusion 1is consistent with measured rates for
deactivation of the bending modes of HZO, D20, DZS, ste,17’18'and NH219
by 1inert gases which are 10-100 times slower than the methylene
intersystem crossing rates.

Rate ?onstants for CHZ removal by reactive species were obtained
from a_least-squares fit of Eq. (16) using decay rates from mixtures
with partial pressures of 0.100 or 0.200 Torr ketene and 4.0 or 6.0 Torr
helium. Réactant pressures were varied from 0.05 to 0.50 or 1.00 Torr
depending on the reaction r;te.

exp

In these fits, kl and k2 were constrained to the values in Table I.

K = k.l[CHZCOJ + kz[He] + kR[R]- (l6)

Some of these results are shown in Figs. 10 and 11.

2. Error Estimates

The error limits given in the first column of Table I are estimates
of the total uncertainty associated with each rate constant
measurement. These limits are in all cases greater thaﬁ one standard
deviation in the result of the least-squares fit. The most important

sources of error in these measurements are: 1) uncertainty in the data
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analysis and ii) uncertainty in the reactant pressures.

Uncertainties in the data obtained by singvle. exponential ahalysis
can result from insufﬁicient .separation of the rise and decay. In
typical mixtures with 0.200 Tox"r Gy ® and 6.0 Tqrr He, rotational
relaxation was 957 complete within ZQO ns.' The single exponential fits
were typically initiated at ﬁimes much longer than 200 ns and the
quality of each fit could be cﬁecked by in_crgésing or decreasing the
delay between t = 0 and the origin of the fit. Uncertainties dué. to the
analysis are therefore less than 10%.

Although the Baratron used for pressure measurements should be
accurate to within 0.08%, uncertainties in the partial pressures of
various gases could result frop; depletion of the reactant molecules and
the Exildup of reaction products ox%ér the coursé‘pf a photolysis run.

The ketene absorpticn cross section of 2.5 x 10-20 cmZ/molecule at 308

20

nm with a quantum yield of unity for the production of @i, (lAl),
implies that irradiation of 0.100 Torr of keteme with the maximum energy

013 molecules/cm3 &,

fluence of 10 mJ;’-:m?‘ produced approximately 1
(lAl). Since the reaction volume (defined as the volume swept out by
the photolysis beam) of 140 t:m3 was less than 10%Z of the total cell
volume, less than 0.03% of the ketene was photolyzed per shot. If only
3 Torr of helium was present in the cell, an additional 0.02% was
removed through reaction (1). The net loss of ketene over the course of
64 shots, the typical number required to obtain signal-to-noise ratios
comparable to Fig. 3, was therefore always less than 4%. Depletion of
other reactants was even less. No systematic changes in reaction rai:es

due to reactant depletion or product buildup were observed, even over

the' course of several hundred laser shots.
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III. DISCUSSION

Absolute réte'constants for thé removal of CH, (IAI) by wvarious
gases are showﬁ in Table I. The present results, listed in the first
cplumn, and the results of Ashfold et al.lz,in the second colummn, are
theronly absolute rate constants based on direct measurements of singlet
coancentrations. These rate constants are approximately one order of
magnitﬁde larger than those of Braun, Basg, and Pilling8 (third column)
which are based on the appearance rates vof CH, (331) produced by
intersystem crossing or CH3 formed through reaction of the singlet with
Hz or,CHa. The source of this discrepancy, noted in ref. 12, stems from
~the incorrect assumption that reaction (1) is too slow to compete with
intersystem crossing for CH, (IAI) removal. 'Although this assumption
renders the absolute rate constants from ref. 8 incorrect, a self-
consistent set of relative rate constants 1is obtained. These rate
constants, normalized to a value of 1.0 for singlet removal by He, are
compared to relative values from the two direct studies in Table II.

Relative rate constants from three product analysis studies are
included in Table II for comparison. These studies are but a small
fraction of an exténsive literature recently reviewed by Laufer.! Cox

and Prestonz1

photolyzed ketene at 249 nm and 280 nm in mixtures with 0,
or Co'to scavenge triplet CH2 (331). Relative rates for intersystem
crossing induced by the additioﬁ of inert gases wére determined from the
reduced yield of C234 produced by reaction (1). These rates are
therefore normalized to a value of 77 for kl. With the exception of k4’
the rates shown in Table II are from 280 nm photolyses with CO as a
scavenger. |

22

Eder and Carr photolyzed ketene in the presence of propane,



- 12 -

oxygen, and various inert gases at 260 nm, 313 nm, 334 om, and 350 nm.
. Rate_constants were measured relative to the reaction of CH2 (1A1) with
CqHg. The rates listed in.Table ITI are those dbtained at 313 nm and are
pormalized tova value of 69 for singlet reaction with propane.

The experimental method of Be1123 was similar to that of ref. 22
except that CHZ (1A1) was produced by the 405 mm photolysis of
diazomethane. These rates are also normalized to a value of 69 for CHZ

(IAI) reaction with C3Hg.

A. CH, (lA,) Removal by Rare Gases

The absolute values of rate‘constants for CHZ (lAl) removal by He,
Ar, and Kr reported.in ref. 12 agree with the present results to within
15Z. Relative values of kz and k3 from ref. 8, and-k2 and k4 from ref.
21 are in reasonable agreement with the absolute values. The rare gas
rates determined by Bell23 are significantly faster than the values from
other studies.

Although it is clear that inert gases can remove singlet methylene
by inducing interéystem crossing to the triplet ground state, thé
mechanism is not' completely understood. The modest heavy atom effect,
Table I, shéws that intersystem crossing induced by collisions with rare
gases depends on the spin-orbit coupling within the methylene molecule
itselé. Translation of the rare gas interacts with the vibratiénalvand
rotational coordinates of the two states of methylene. Transitions may
occur during a collision as vibration-rotation energies of singlet
levels cross those of triplet levels. Dahler and co-workersZ4,25 have
treated such resonances involving only the bending levels. Since these
are spread by several kT in energy, calculated S~T quenching rates

depend strongly on the level spacing in the free molecule and hence on
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the singlet-triplet energy gap. The inclusion of rotational energies
and C-H stretching should decrease this strong dependence on vibrational
level position. The small changes in S-T quenching rates with singlet

12

vibrational excitation (Fig. 7) and with deuteration suggest that

' .
accidental vibrational resonances do not change rates by orders of

magnitude. Freed, Gelbart, and co-workers29 28

congider the modest
singlet—-triplet perturbations which must exisc_in the free molecule for
some rotational leQels of the singlet vibrational ground state. The
mixing of vibration, rotation, and translation during the collisioﬁ'then
gives S-T rétes proportional to the product of a wvibration-rotation
relaxation rate within the triplet manifold and the square of a
coefficient for triplet character in singlet levels. The observed rates
of a few percent gas kinetic then imply that trip}et.perturbations with
at least a few percent intensity should exist iﬁ sinélet spectra.

It 1is probable that collision-induced intersystem crossing rates
arz strong functions of the singlet vibration—r;tation quantum
numhers, Experimentally, this cannot be observed since rotational

relaxation within the singlet manifold is more than an order of

magnitude faster than intersystem crossing (Figs. 4 and 5).

B. a, (lAl) Removal by Inorganic Molecules

When the collision partner is a molecule, reactive processes may
also contribute to ;he removal of @i, (IAI). Since the present
experiments did not distinguish products, the relative contributions of
reactive channels and intersystem crossing to the measured removal rates
were not directly determined. The expected products for many of these
reactions are discussed in ref. 1.

Reactions between 4, (lAl) and diatomic molecules probably form

highly excited addition products. Since the lifetimes of such small



- 14 -

molecules with 50 - 100 kcal mol™ !l excess energy are typically less than
one nanosecénd, stabilization‘ of these adducts or buildup of a steady
state concentration is negligible over the pressure range used in the
present eiperiments. |

1. o, dap 4w, °

The present rate coastant for @, (IAI) removal by N, is
approximately 25% greater than the value of Ref. 12. Braun, Bass, and

8 found that stabilization of half the diazomethane formed in the

Pilling
addition reaction requires nitrogen pressures in excess of :400 Torr.
This conclusion is based on a deérease in the i, (3B1) yield with
increasing Nz pressﬁre. Quantitatively, the rate of adduct vfoi:'mation
was found to be' approximately 60% greater than the“rate of direct
interystem crossing. The excellent agreemedt €4 SZ): between the present
rate for @&, (IAl) removal by N2 and the reiatiyé rate for direct
intersyétem crossi.ng froﬁ ref. 8 ixﬁplies that the adduct dissociates

prizarily to i, (1.A.1) rather than G, (3B1).

2. a, dan+ o

The absolute values of k6 reported in ref. 12 and the present study

differ by less than 15%. In product analysis studies, DeGraff and

29

Kistiakowsky and Cox and Pr:est:onz1 found relative efficiencies for the

removal of CH2 (lAl) by @ and CHZCD to be 0.14 and 0.12,

respective‘ly. The approximations required in analysis of these indirect
measurements are larger than the difference from the present result of

k6/k1 = 0.18 + 0.02. The production of 14(1) in the reaction of 14(1{2

30

(lAl) with (O led Montague and Rowland to conclude that an oxirene

adduct forms in collisions of 1(112 with @©. They reported that a @

pressure of 840 Torr was necessarj to stabilize 507 of the excited

oxirene complexes. A complex dissociation rate of 3 x 109 s-1 was
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inferred. Their indirectly measured complex formation rate was 0.1
.kl‘ However, to the extent that oxirene decbmposes to CH2 ( 1Al) + Co,
the oxirene formation rate is not included in the value of k6 reported
here. |

3. cH, (1A1) + 0,

The only significant disagreement between this study and ref. 12 is
the factor of 2;5 difference betweep values of k7.‘ Indirect values of
this rate constant also vary considerably. Eder and Carr?2? found that a
value of 1:7/k]_2 which decreased at longer photolysis wavelengths (0.44
at 260 nm, 0.46 at 313 nm, 0.20 at 334 nm, and 0.095 at 350 nm) provided
the best fit to their data. This decrease was attributed to a sn;all
activation barrier to reaction, surmountable by internal excitation of
Cﬂz. This interpretation was favored by Ashfold et _al. since tﬁe MPD
value of k7'/1c2 was consistent with Eder and Carr's values of k7/ls:12 and
k2/k12 'wheﬁ the former was determined at 350 nm. This comparison may
not be valid, however, since more récent e.xpefiments indicate that CH2
(IAI) 18 not produced in the 350 nm photolysis of ketene.® In addition,
k2/k12 was determined only at 313 nm in ref. 22 and relative rate
constants for singlet removal by other species (including Ar and Xe)
were found to be wavelength dependent in that study.

Since both direct measurements of ky are representative of
thermalized CH, i(IAl), the discrepancy may be relafed to the method of
CH2 production. In a preliminary au:c:oum:,11 Ashfold et al. described
the production of substantial visible lumiﬁescence following the
multiphoton dissociation of (CH3C0)20 in the presence of 0y. This
luminescence (and the discrepancy in rate constants) may perhaps be due

to reaction between vibrationally excited acetic anhydride or ketene
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with oxygen.

4. CH, (IAI) + NO

The only reported rate constant for singlet CH2 removal by NO is
kalkl = 1.25 determined through product analysis by Laufer and Bass.31
This ratio is more than double the present value (k.8/k1 = 0.55) and
possibly includes contributions from CH2 (lBl) produced in the vacuum
ultraviolet photolysis of ketene. The relative efficiencies of reaction
and intersystem crossing are unknown. |

5. CH, (IAL) + B

The absolute values for k9 differ by approximately 20%. A relative
value of k9/k2 determined by Braun, Bass, and Pi.ll:l.ng8 is 10Z lower than
the present ratio. These workers spectroscopically observed the
production of CH3 in the reaction of CH2 (IAI) with Hz and by isotopic
substitution determined that the reaction pro;eeds through an excited
mef;hane- adduct. Product analysis Vin that study indicated that the

intersystem crossing rate was approximately 20Z of the reaction rate.

C. CH, ( lAl) Removal by Organic Molecules

l. Alkanes

In reactions with alkanes, Cﬂz (lAl) inserts into the C-H bonds to
form excited alkane adducts.>? Relative rates for insertion into the
various C-H bonds of several alkanes have been reported by Halberstadt
and Crump13 who produced singlet methylene by 313 om photolysis of
ketene. These rates are in good agreement with the relative insertion
rates determined by Hase and Simons,ll‘ and the relative CHZ (IAl)
removal rates determined in this study (Table III). The absolute rate

constant for Cﬂz (IAI) removal by CHA reported in ref. 12 differs from
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the present result by less than 5%.

The good agreement between relative rates derived from imsertion
product yields and the relative CH2 (IAI)' removal rate implies _that
1ntersyetem crossing is probably unimportant in these collisions. The
generaliy good agreement between the relative rates from this study and
the fates of Eder and Carr22 measured relative to CHZ (1A1) reaction
with propane lends support to this conclusion. Carr and co-worker822’33
have also indicated that the correlation of intersystem crossing rates
with collision partner polarizability (derived from inert gas removal
rates) implies intersystem crossing rates which are only 4 - 6% of the
insertien rate for collisions with CH4, CZH6’ and C3H8.

These conclusions are seemingly at odds with other studies
including that of Braun, Bass, and Pi].ling8 which found comparable
efficiencies for 4intersystem crossing and insertion in collisions
between 'CHZ (lAl) and CH4. This result i1is based both on product
analysis and spectroscopic observation of the CH3 (from CZH6*
dissociation) and CH2 (331) products. In additionm, Bell23 found CH,
(lAl) removal rates (relative to reaction with propane) significantly
greater than the present rates indicating that intersystem crossing is
very important in collisions with C3H8.

These differences mey be linked to the hethod of CH2 (IAI)
production. 1In seudies based on competition with insertion reactions,
it must be assumed that the fate of the insertion products is known. If
the degree of stabilization of these products 1is overestimated, the
resulting removal rates will be too large relative to the insertion

reaction since the apparent yield of insertion products is too small.

Since the probability of stabilizing these products depends on the
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. degree of internal excitation, the amount of energy available for .:
internal excitation (determined by the excess energy available for CH,
(lAl) excitation in the photodissociation process) can affect the
results. Thié maj explain why the relative rates determined by Bell,23
with ~ 45 kcal m1~l available for CH, (lAl) excitation in the 405 om
photolysis of CHZNZ,8 are significantly greater than both the present
rates and the rates of Eder and Carr22 and Halberstadt and Crump13 (~ 8
keal molfl available for CHZ (IAI) excifation.6) This hypothesis 1is
consistent with the results of Braunm, B#ss, and Pill;ng from CHZ (lAl)
produced in the vacuum ultraviolet photolysis of ketene and diazomethane
- (2 70 kcal 11:01"l available for CH, (IAI) excitation) which indicate that
intersystem crossing is 1mp6ttant under those conditions.

2. Alkenes

. Singlet methylene reacts with olefins primarily through addition to
the double bonds.32»34 Although absolute rate constants for CH2 (lAl)
removal by olefins have not been reported previously, Krzyzanowski and
Cvetanovic have measured rate constants for the addition of CHZ (lAl) to
ethylene, propylene, 1-butené, cigs-2-butene, trans-2-butene, trimethyl-
ethylene, tetramethylethylene, and 1,3-butadiene relative to isobutene
addition.3*  These rates range from 0.54 (ethylene) to 1.73 (1,3-
butadigne) times as fast as the isobutene rate. The present ratio of
k13/k14 = 0.67 is 1in reasonable agreement with these résults. The
relative rates for trans—-2-butene and isobutene from ref. 34,vtoge;her
with the present values of k1 and k14’ imply relative rates for trans-2-
butene and ketene in good agreement with the ratio reported by Carr and
Kiatiakowsky.35

Taylor and Simons have reported the _relative efficiencies for
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neopentane/isobutene and n-butane/cis-2-butene pairs -to be 0.87 and 1.09
respectively.36 - The relative efficiencies for 1isobutene and
cis-2-butene implied'from these resuits and the work of Hase and Simons
(Table III) are aléo in good agreement with the results of Krzyanowski
et al. The absolute rate éonstant for 1isobutene implied from the work
of Taylor and Simons and the data in Tables I and III is approximately
502 greafer than the present value of k14. |

‘3. Ketene

Ketene removes singlet methylene with virtually every collision,
the most efficient of fourteen collision partners used in the present
study. This occurs primarily through reaction (1), with possible
contributions (< 10%) from intersystem crossing.23 There 1is no evidence
that singlet methylene reacts with ketene by other channels.!

An estimate of k) =4 x 10710 cn3 molec! s-1 reported by Lengel
and Zare2 compares favorably to the present value of 2.7 x 10"lo cm3
molec™! 571, Ths result is based on LIF detection of the ketene
photoproduct. Earlier rate constants obtained by indirect methods are

one to two orders of magnitude lower than these values.31,37

v. CONCLUSIONS

Abgolute rate constants for the removal of CH2 (IAI).bj NO, CZH6'
0338’ 6234, 1~C4H8, and CHZCO have been directly measured for the first
time, using the technique of laser resonance absorption. Absolute rate
constants for He, Ar, Kr, N2’ CO, and Hz obtained by this method are in
excellent agreement with those obtained by laser-induced fluorescence.
Comparisons between these results and those of product analysis studies

indicate that carefully interpreted indirect studies can provide
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accurate relative rate constants. These may érove particularly valuable
for measurements of CH2 (lAl) removal rates at pressures significantly
greater than 10 Torr wﬁere direct meaéurements will.be hampered by the
fapid rate of collision-induced 1ntersystem.crossing.

Thé intersystem crossing rate appears to be. independent of CHZ
(IAI) bending vibrational excitation.. Thus a strongvdependence of rate
on the 1A1 - 331 vibronic 1level gaps appears unlikely. Since the
rotational state dependence of intersystem crossing rates is obscured by
rapid rotational equilibration, the ability of kinetic measurements to
test ﬁheories of collision-induced intersystem crossing 1s reduced. A
better understanding of collision-induced intersystem crossing in
methylene méy be provided by spectroscopic studies. In.particular, it
‘has _been suggested thacyinteractions between (IAI) and (381) levels may
lead to pefturbations in the (lBl) * (IAI) absorption spectrum.38’39 A

search for such perturbations through Doppler-limited kinetic absorption

spectroscopy is currently underway.

ACKNOWLEDGEMENTS

This work was supported by the Director, Office of Energy Research,
Office .of Basic Energy Sciences, Chemical Sciences Division of the U.S.
Department of Energy under contract No. DE-AC03-76SF00098. H.P. thanks

the National Science Foundation for a predoctoral fellowship.



- 21 -

REFERENCES

1. A.H. Laufer, Rev. Chem. Int. 4, 225 (1981). |

2. R.K. Lengel and R.N. Zare, J. Am. Chem. Soc. i(_)g_, 7495 (1978).

3. D. Feldmann, K. Meier, | H. Zacharias, and K.H. Welge, GChem.
Phys.Lett. 59, 171 (1978).

4, J.W. Simons and R. Qurry, Chem. Phys. Lett. 38, 171 (1976).

Se P.C. Engelking, P.R. Corderman, J.J. Wendoloski, G.B. Ellison,
S.V. O'Neill, and W.C. Lineberger, J. Chem. Phys. 74, 5460 (1981).

6. C.C. Hayden, D.M. Neumark, K. Shobatake, R.K. Sparks, and Y.T.
Lee, J. Chem. Phys. 76, 3607 (1982).

7. G. Herzberg and J.W.C. Johns, Proc. Roy. Soc. 295A, 107 (1966).

8. W. Braun , A.M. Bass, and ﬁ.J. Pilling,‘J. Chemf Phys. 52,
5131 (1970).

9. A.J. Grimley and J.C. Stephenson, J. Chem. Phys. 74, 447 (1981).

10. D.L. Monts, J.G. Dietz, M.A. Duncaﬁ and R.E. Smalley, Chem. Phys.
45, 133 (1980).

11. M.N.R. Ashfold, G. Hancock, G.W. Ketley, and J.P. Minshull-Beech,
J. Photochem. 12, 75 (1980).

12, M.N.R. Ashfold, M.A. Fullstone, G. Hancoék, G.W. Ketley, Chem.
Phys. 55, 245 (1981).

13. M.L. Halberstadt and J. Crump, J. Photochem. 1, 295 (1972/73).

14. W.L. Hase and J.W. Simons, J. Chem. Phys. 54, 1277 (1971).

15. R.L. Nutall, A.H. Laufer, and M.V. Kilday, J. Chem. Thermodyn. &,
167 (1971).

16, P.M. Kelley and W.L. Hase, Chem. Phys. Lett. 35, 57 (1975).

17. F.E. Hovis and C.B. Moore, J. Chem. Phys. 69, 4947 (1978); ibid

72, 2397 (1980).



18.

19.

20.
21.

22,

23.
24,
25.
26.
27.
28.
29.
30.
31.

32.

33.
34.
3s.
36.

37.

38.

39.

- 22 -

S.S. Miljanic, E. Specht, and C.B. Moore, v.I. Chem. Phys. 77, 4949
(1982). |

V.A. Nadtochenko, O.M. Sarkisov, M.P. Frolov, R.A. Tsanava, and
S.G. Cheskis, Kinet. Catal. USSR 22, 670 (1981).

A.H. Laufer and R.A. Keller, J. Am. Chem. Soc. 93, 61 (1971).

R.A. Cox and K.R. Preston, Can. J. Chem. 47, 3345 (1969).

T.W. Eder and R.W. Carr, J. Chem. Phys. 53, 2258 (1970).

J.A. Bell, J. Phys. Chem. 75, 1537 (1971).

M.Y. Chu and J.S. Dahler, Mol. Phys. 27, 1045 (1974).

K.C. Kulander and J.S. Dahler, J. Phys. Chem. 80, 2881 (1976).

"W.M. Gelbart and D. Cazes, Chem. Phys. Let. 15, 37 (1972).

W.M. Gelbart and K.F. Freed, Chem. Phys. Lett. 18, 470 (1973).
K.F. Freed and C. Tric, Chem. Phys. 33, 249 (1978).

B.A. DeGraff and G.B. Kistiakowsky, J. Phys. Chem. 71, 3984 (1967)
D.C. Montague and F.S. Rowland, J. Am. Chem. Soc. 93, 5381 (1971).
VA.H. i.aufer and A.M. Bass, J. Phys. Chem. 78, 1344 (1974).

W. Kirmse, “Carbene Chemistry,” 2nd Ed., (Academic Press, New
York, 1971).

V. Zabransky and R.W. Carr, Jr., J. Phys. Chem. 79, 1618 (1975).

S. Krzyzanowski and R.J. Cvetanovic, Can J. Chem. 45, 665 (1967).

R.W. Carr and G.B. Kistiakowsky, J. Phys. Chem. 70, 118 (1966)

G.W. T§y10t and J.W. Simons, Int. J. Chem._Kin. 3, 25, 453 (1971).A
M.J. Pilling and J.A. Robertson, J. Chem. Soc. Faraday Trans I.
73, 968 (1977).

G. Duxbury, J. Mol. Spectrosc. 25, 1 (1968).

T.J. Sears, P.R. Bunker, and A.R.W. McKellar, J. Chem. Phys. 77,

5363 (1982).



- 23 -

" TABLE I: Absolute rate constants x 10}2 (cmd molec 1 71y
and average'cross sections'(Az) for CHé (lAl) removal
@ k \ kP k¢
He 0.25 3.5 + 0.3 3.1 £ 0.3 0.30 + 0.07
Ne 0.50P — 4.2+ 0.6 = ————-
Ar 0.75 5.8 + 0.5 6.0 + 0.5 0.67 + 0.13
Kr 1.1 7.9 & 0.6 7.0+ 0.6 = ————m
Xe 7 L — 16 + 2 0 e
N, 1.3 1o+ 1 8.8 + 0.3 0.90 + 0.2
® 6.0 2 & 4 56 & 6 —
0, 9.2 74 £ 5 30 % 4, —
NO 20. 160 +15 @ —e—— ——
H, 5.6 105 £ 5 130+ 10 7.0 £ 1.5
al, 7.6 70 + 4 73 % 6 3.5 + 1.0
CoHg 23 190 £20 == e
C3Hg 31 240 20 @ ————- ——
CH, 18 150 +60  —————  meeee
1-C4Hg 30 225 20  me—e= mmeen
CH, O 35 270 +£20  ———— e

35 = k(8 KT/IIu)—I/2

bFrom ref. 1

CFrom ref. 8

2.
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TABLE II: Relative rate constants for CH2 (IAI) removal

this ref. ‘ref. ref. ref. ref.

work 12 8 21 22 23
He 1.0 1.0 1.0 1.3 0.7 _
Ne — 1.4 — — -;. —
Ar 1.7 1.9 2.2 1.1 2.1 8.3
Kr 2.3 2.3 _— 2.5 —_ —_
e -—_ 5.2 _— 6.0 3.2 20
N, 3.1 2.8 - 3.0 4.1 3.4 5.5
co 14 18 — 9 — —
0, .21 9.7 —_— —_ 32 | 43
NO 46 —_ — —_ - _—
;) 30 42 .28 —_— - —_
CH, 20 24 12 - — 33
C,Hy 54 —_ — —_ —_ —
C5Hg 69 _— -—_ — _'69 69
C,H, - 43 J— — — — _—
1-C,Hy 64 - -— -— -—_ e -—_

CH,CO 77 — —-— 77 —_— —_—
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TABLE III: Relative rate constants for CH2 (IAI)

collisions with alkanes

This worka‘ ref. 13  ref. 14
cH, 1.0 .o _—
_c2H6 ' 2.7 2.52 —
C4Hg 3.4 o 3.3
n-Caﬂlo ' _— 4.28 4.1
1-04310 —_— 3.89 3.5
n-CqH, , — - ‘ 3.9

8Relative rates based on singlet methylene removal.

] bRelative rates based on insertion product yields.
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FIGURE CAPTIONS

Figurev 1. Schematic diagram of laser photolysis/laser resonance
absorption apparatus (tép view, see texﬁ for details). The dye laser
beam passes beside the dichroic mirror (D.M.), then is multiply passed
between H.R. and D.M. before passing beside the high reflector (H.R.)

onto the detector.

Figure 2. Absorption spectrum of several rotational lines in the
PQ’I , g(J) sub-branch. near 16,929 cm~! obtained from the photolysis of
0.50 Torr CH, with 4.0 Torr He. The 500 ns boxcar gate was opened at

the same time as the photolysis pulse. The assignments are from ref. 7.

Figure 3. Temporal evolution of the 414 rotational level of CH,
(1a)) 1n 0.200 Torr CH,CO with 3.00 Torr He after 64 laser shots. The

solid line corresponds to the rates given in Fig. 4.

Figure 4. Prodﬁction (O) and decay (@) rates for CH, (IAI) in 3.00

Torr He and 0.050 to 0.500 Torr CH,CO. The solid lines correspond to

3 polec~! g71

3

production rate constants of 7.3 x 10710 and 5.9 x 107! cm

molec™1

and removal rate constants of 2.7 x -10-]'0 and 3.5 x 1.0"12 cm
s~! for CHZCO and He respectively. Uncertainties for the production

rate constants are ~ 10Z%.

Figure 5. Production (A) and decay (A) rates for CH, (IAI) in
0.200 Torr CH2C0 and 1.25 to 9.00 Torr He. The solid lines correspond

to the rate constants from Fig. 4.
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. Figure 6. Fluence dependence of CH, (IAI) production in 0.500 Torr
CH,CO and 6.00 Torr He. The triangles correspond to the difference

between the peak absorbance and the baseline.

?1gdre 7. Pseudo-first-order decay rates for CH2 (1A1) in 0.200
Torr CHZCO and He, Ar, Kr, and N,. The solid lines correspond to rate

constants given in Table I.

Figure 8. Pseudo-first-order decay rates for the 110, 313, 414,
and 716 rotational levels of CH2 (lAl) in 0.200 Torr CH2 and added NZ’
The rotational energies are 31, 108, 170, and 533 cm'1 respectively.

The solid line corresponds to the rate constant from Table I.

Figure 9. Pseudo-first-order decay rates for the (0,1,0) and
(0,0,0) vibrational levels of CH, (IAI) as a function of added He (A,A)
and Ar ©,@®). The CHZCO pressures are 0.300 Torr for the (0,1,0) decays
and 0.200 for the (0,0,0) decays. The solid lines correspond to the

(0,0,0) rate constants from Table I.

Figure 10. Pseudo-first-order decay rates for CH, (IAI) in 0.100
Torr CHZCO, 6.00 Torr He, and added CO, 02, HZ’ and NO. The solid lines

correspond to the rate constants given in Table I.

Figure 11. Pseudo-first-order decay rates for,CHz (lAi) in 0.100 -
Torr CHZCO, 6.00 Torr He, and added CHa, C2H6’ and C3H8. The solid

lines correspond to the rate constants given in Table I.
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