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Crossed beams study of the reaction  'CH,+C,H,—C3H;+H
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The reaction of electronically excited singlet methyleh@Hl,) with acetylene (GH,) was studied

using the method of crossed molecular beams at a mean collision energy of 3.0 kcal/mol. The
angular and velocity distributions of the propargyl radicakig) products were measured using
single photon ionizatiot9.6 e\) at the advanced light source. The measured distributions indicate
that the mechanism involves formation of a long-livegHz complex followed by simple C-H bond
fission producing gH;+H. This work, which is the first crossed beams study of a reaction
involving an electronically excited polyatomic molecule, demonstrates the feasibility of crossed
molecular beam studies of reactions involvit@H,. © 2004 American Institute of Physics.

[DOI: 10.1063/1.1785152

I. INTRODUCTION this approach is that by tuning the photon energy of the ion-
ization light source just above threshold, it is possible to
Methylene is the simplest building block of hydrocarbon minimize dissociative ionization, so a larger fraction of the
molecules. The singlet electronically excited stat€H,) species of interest can be detected at the parent mass to
lies just 9.0 kcal/mol above the triplet ground sthgnd is charge ratio. As a side benefit, it is possible to avoid contri-
readily quenched by collisions with inert gagésLike  butions from dissociative ionization processes involving pre-
O('D), CH, has a very long radiative lifetime and can in- cursor molecules used for production of radical reactants that
sert into the covalent bonds of stable small moledutesan  may contribute to the background signal at the mass to
add across double or triple bonds of unsaturated spécies. charge ratio of interest.
In the absence of stabilization by collisions in the gas phase, The only molecular beam source of singlet methylene
the activated reaction intermediates will undergo unimolecuwas reported in a spectroscopic study by Smalley and
lar decompositior. The ground triplet state of methylene co-workers?® Although it was clear thatCH, beams could
(3CH,), on the other hand, is only reactive with open-shellbe prepared at intensities sufficient for spectroscopic studies,
species like @ and NO® Both electronic states of methylene whether or not a beam of intensity sufficient for bimolecular
are known to be formed in combustion, at@H, has been reactions could be produced remained an open question.
directly detected in methane/oxygeand methane/oxygen/ Here, we report the experimental study of the reaction of
nitrogen flames? While there have been a number of kinetic singlet methylene in crossed beams. As far as we know, this
studies of reactions involving both singft'® and triplet is thefirst report of the reaction of an electronically excited
methylene*~1%to date there have been no studies in whichpolyatomic molecule under single collision conditions.
the product angular and velocity distributions have been

measured.
Reactions of a number of atomic and diatomic radicals“' EXPERIMENT
have been studied in crossed molecular bedn{lt is no- The CH, source employed photolysis of ketene

table, however, that few studies of reactions involving open{CH,CO) at 308 nm at the orifice of a supersonic nozzle. At
shell species more complex than diatomics have been carrigtis wavelength, most of the singlet methylene is produced in
out. A review paper summarizing such work reveals that its vibrational ground state, with about 20% produced with
reactions of only two polyatomic radicals, N\ and CH;,?*  one quantum of bending excitatiéh?° The ketene was syn-
have been studied under crossed beam conditions. The lathesized by pyrolysis of acetic anhydride and trapped at 77
of information on polyatomic radical reaction dynamics K.?® The ketene beam was produced by bubbling helium
largely results from difficulties associated with production ofthrough a liquid sample of C}O held at—30 °C, produc-
such species at densities sufficiently high to permit studies ahg a 5% beam. In all experiments, a piezoelectrically actu-
their chemical reactivity. ated pulsed valve wit a 1 mmdiameter orifice was em-
In an effort to overcome limitations in the sensitivity of ployed.
mass spectrometric detection of polyatomic products from  The initial development of the source was carried out at
crossed beam reactions, several technical advances ha@ernell using laser induced fluorescerité~) to monitor the
been introduced. One approach involves the use of synchrdCH, beam directly. Figure 1 shows GKbB,—a'A,)
tron radiation for single photon nonresonant ionization offluorescence excitation spectrd’ recorded under two dif-
products at energies just above thresHdl@ne advantage of ferent conditions. Although this apparatus was not optimized

0021-9606/2004/121(13)/6254/4/$22.00 6254 © 2004 American Institute of Physics

Downloaded 21 Oct 2004 to 128.253.86.26. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp


http://dx.doi.org/10.1063/1.1785152

J. Chem. Phys., Vol. 121, No. 13, 1 October 2004 Reaction: CH,+C,H,—C3H; 6255

SLANLINLINL N SR S N S B R L B IO N N B N N B

o) T ion Regi 40,4, ] signal from reaction ofCH, with H,, which is known to
_a) nteraction Region J proceed with no potential energy barrfér:

'CH,+ H,— CH;— CHz+ H. (1)

2021, 3057313 ot [
The raw undulator radiation near 10.5 eV was used to ionize

the CH; products(IP=9.84 eV} in the UHV detector of the
i 1 T T T T T T T A S T apparatus. It should be noted th&H,, which is also inevi-
L 1,,-1 _ g tably present in the beam due to collision induced quenching,
[ b) Front of Nozzle RN is not reactive with H*° or C,H, (Ref. 30 under our experi-
- mental conditions. Therefore, the gHignal intensity from
reaction(1) was a direct measure of th€H, beam intensity.
In the experiments at the ALS, the 308 nm excimer laser was
aligned along the axis of rotation of the source assembly,
llIl|IllI|Il]llJIll|llIl .
focused gently using a 50 cm focal length lens, and then
16926 L. 16928 1693(2 periscoped into the source chamber using a pair of quartz
Excitation Frequency (Cl’l’l ) prisms. Because the excimer beam was aligned to be exactly
coaxial with the axis of source rotation, the laser remained
FIG. 1. 5;”9'etbmelg?gresnztf'il;‘?;igzgﬁer gxﬁ‘i:)étsi(;f%sepgﬁ??mﬁggpggag“sger aligned with respect to the nozzle as the source assembly was
f:;:gnaertlj t(?rt;)ez mm from nozzle. I P y rotated to different angles. . L
It was found that the source conditions vyielding the
maximum CH signal from reaction(1) were essentially
identical to those used in the LIF experiments. Thebidam
was then replaced with a beam of neatHg, in order to
Sptudy reaction2):

for LIF studies, it provided sufficient detection sensitivity for
the purpose of evaluating tH€H, beam. In the upper por-
tion of Fig. 1, the skimmed ketene beam was photolyzed
320 nm using the frequency doubled radiation from a tunable  CH,+ C,H,— C3H;+H. (2
dye laser, and théCH, was probed by LIF near 590 nm,
using a copropagating laser beam triggeres ns follow-
ing the photolysis laser. This spectrum thus corresponds t
the nascent collision-free GHoroduced from CHCO pho-

From the measured beam velocity distributions, the mean
ollision energy employed in our study of reacti®) was
.0 kcal/mol. The gH3 products from bimolecular reactions

todissociation at 320 nm. The lower spectrum was recorde €'® lonized using a photon energy of 9.6 eV, somewhat

under similar conditions, except the 320 nm photolysis Iaseﬁboogg th\(jallpFOf tT]e propargyl radical, rr;ﬂea;vgrzd to be 8.67
was relocated to be=3 mm in front of the orifice of the — o< €V- PO these experiments, a Mghvindow was

pulsed valve. Following dissociation of GHO in the colli- plageq Into thg VUV beam to remove shorter wavelength
sional region of the expansion, the gHadicals passed rad'a“o.” passing through a Ne gas filter employgd to Sup-
through the skimmer and were probed by LIF, as before. A ress hl_gher ord_er ha_rmom_cs._lt was found that without this
evidenced by the spectra, rotational excitation has been r _ng_ window, dlssougtlve lonization O.f ketene led to sub-
laxed considerably due to collisions with He carrier gas inSt"fmtlal background 3|gna_l an/e=39, likely due to mass
the supersonic expansion. The signal intensity remaineapIIIOVer from CCO', nominally observed an/e=40.
comparable to that for “collision free” CH, indicating that

only a modest fraction of thCH, was consumed by colli- IIl. RESULTS
sional quenching or bimolecular reaction in dilute beams
seeded in He. Time-of-flight spectra were recorded at various labora-

It was found that théCH, intensity decreased sharply if tory angles atn/e=39, GH; . The time-of-flight spectra of
the distance between the nozzle and photolysis laser wake propargyl radical productsgB;, from the reaction with
decreased to be less than 3 mm. This behavior results fromcetylene, are shown in Fig. 2. Each time-of-flighiOF)
collisional quenching of'‘CH, to 3CH, in the supersonic spectrum corresponds te120 000 laser shots, involving 20
expansion, which becomes more complete if photolysis isnin of data acquisition. These spectra were integrated to
carried out in higher density regions closer to the orifice.obtain the laboratory angular distribution shown as solid
Since rotational cooling ofCH, is nearly an order of mag- points in the upper portion of Fig. 3. At laboratory angles
nitude more efficient than quenchifbit is possible to pre- smaller than or equal to 28°, some time dependent back-
pare an intenséCH, beam with some rotational cooling ground signal was present, and this was subtracted from the
through careful control of the location of the laser positionTOF spectra using data recorded with the excimer laser
relative to the nozzle. turned off. The solid-line fits to the laboratory time of flight

At the advanced light sourd@dLS), the CH, beam was and angular distributions were simulations of the experimen-
produced by photodissociation of GEO at 308 nm, using a tal data, calculated using a computer program that takes as
Lambda-Physik LPX 210i excimer laser. The laser producednput trial CM translational energy¥(E), and angulai ( 6)
~300 mJ/pulse, and was operated at 100 Hz. Since LIF exdistributions, as well as the measured beam velocity distri-
periments were not possible using this apparatus, we instedulitions and known apparatus functions. The two input func-
reoptimized the source conditions by monitoring the reactiveaions were iteratively adjusted until satisfactory agreement
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FIG. 3. Laboratory angular distribution, and CM distributioR{E) and
T(6), for *CH,+ C,H,— C3H;+ H reaction atE .= 3.0 kcal/mol.
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formation of propargyl radicals was monitored directly by IR
FIG. 2. TOF distributions at indicated laboratory angles fgHgproducts ~ absorption spectroscopyin that work,'CH, was produced
from 1C'H2Tk CszﬂQHs‘f‘ H rgaction. Open circles are experi_mental data by photolysis of ketene at 308 nm, as in our experiment. The
and solid line are theoretical fits based B(E) andT(6) shown in Fig. 3. rate constant for formation of propargyl radicals was mea-

sured to be (3.50.7)x 10 °cm® molecule s, indicat-

between the experimental data and theoretical simulation&d, that reaction occurs on nearly every collision, which is

were obtained. The optimizeRl(E) andT(6) are shown in typical of reactions involving-CH,. Blitz and co-workers
Fig. 3. have studied the dependence of the reaction rate constant on

temperature, and have used a master equation model employ-
ing a three-well mechanism to model the temperature and
pressure dependence of the branching ratios for formation of

The reaction of singlet methylene with acetylene is ini-propargyl radicals and collisionally-stabilized reaction
tiated either by addition across the triple-bond forming cy-intermediate$.These studies, as well as more detailed theo-
clopropene ¢-C3H,), or by C-H insertion forming propyne retical modeling by Frankcombe and Smiithpredict that
(Fig. 4).3273% The potential energy barrier to isomerization under collision-free conditions, the;8, intermediates de-
between cyclopropene and propyne is small relative to theay primarily to GHs+H, with negligible decay back to
available energy. In the absence of collisions, both isomericeactants. Since the rate for this decay process is of the order
forms, as well as allene, are likely to be accessed by thef 10°s !, the energized §H, intermediates decay on a
initially-formed highly vibrationally excited ¢H, adduct. time scale of a few microseconds or less. Although this life-
Fission of a C-H bond in the propyne isomer leads to formatime for the GH, intermediates is extremely long, due to the
tion of propargyl radicals, CFCCH, the most thermody- geometry of the apparatus essentially ajHg+H products
namically stable isomer of {8.%33* The enthalpy of for- are formed within the viewing range of the detector, and a
mation of the propynyl radical C4€C is 39.9 kcal/mol negligible error in the measurd®{E) andT(#) should arise
higher than propargy® and is energetically closed at this due to bulk transport of the reaction intermediates out of the
collision energy. Reactiof®) is thought to be the dominant detector viewing region prior to their decay.
source of propargyl radicals in combustion environ- From the thermodynamics shown in Fig. 4, the reaction
ments>®’ These radicals are believed to be important inis exothermic by 18 kcal/mol. At a collision energy of 3
soot formatiort® as they may subsequently dimerize to form kcal/mol, the total energy available to be partitioned into
benzené?~3%or undergo further reaction, leading to produc- CzHs rovibrational excitation and 8+ H relative product
tion of other aromatic moleculés. translational energy is 21 kcal/mol. TIREE) shown in Fig.

In studies of the reaction of singlet methylene with 3 is broad and structureless, with the most probable transla-
acetylene in a static gas cell by Adamson and co-workers, thigonal energy release near 3 kcal/mol, extending to the maxi-

IV. DISCUSSION
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