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The reaction of electronically excited singlet methylene ( 1 CH2 ) with acetylene (C2 H2 ) 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 radical (C3 H3 ) products were measured using
single photon ionization 共9.6 eV兲 at the advanced light source. The measured distributions indicate
that the mechanism involves formation of a long-lived C3 H4 complex followed by simple C-H bond
fission producing C3 H3 ⫹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 involving 1 CH2 . © 2004 American Institute of Physics.
关DOI: 10.1063/1.1785152兴
I. INTRODUCTION

this approach is that by tuning the photon energy of the ionization light source just above threshold, it is possible to
minimize dissociative ionization, so a larger fraction of the
species of interest can be detected at the parent mass to
charge ratio. As a side benefit, it is possible to avoid contributions from dissociative ionization processes involving precursor molecules used for production of radical reactants that
may contribute to the background signal at the mass to
charge ratio of interest.
The only molecular beam source of singlet methylene
was reported in a spectroscopic study by Smalley and
co-workers.23 Although it was clear that 1 CH2 beams could
be prepared at intensities sufficient for spectroscopic studies,
whether or not a beam of intensity sufficient for bimolecular
reactions could be produced remained an open question.
Here, we report the experimental study of the reaction of
singlet methylene in crossed beams. As far as we know, this
is the first report of the reaction of an electronically excited
polyatomic molecule under single collision conditions.

Methylene is the simplest building block of hydrocarbon
molecules. The singlet electronically excited state ( 1 CH2 )
lies just 9.0 kcal/mol above the triplet ground state,1 and is
readily quenched by collisions with inert gases.2,3 Like
O( 1 D), 1 CH2 has a very long radiative lifetime and can insert into the covalent bonds of stable small molecules4 or can
add across double or triple bonds of unsaturated species.2,5,6
In the absence of stabilization by collisions in the gas phase,
the activated reaction intermediates will undergo unimolecular decomposition.7 The ground triplet state of methylene
( 3 CH2 ), on the other hand, is only reactive with open-shell
species like O2 and NO.8 Both electronic states of methylene
are known to be formed in combustion, and 1 CH2 has been
directly detected in methane/oxygen9 and methane/oxygen/
nitrogen flames.10 While there have been a number of kinetic
studies of reactions involving both singlet11–13 and triplet
methylene,14 –16 to date there have been no studies in which
the product angular and velocity distributions have been
measured.
Reactions of a number of atomic and diatomic radicals
have been studied in crossed molecular beams.17,18 It is notable, however, that few studies of reactions involving openshell species more complex than diatomics have been carried
out. A review paper19 summarizing such work reveals that
reactions of only two polyatomic radicals, NH2 20 and CH3 , 21
have been studied under crossed beam conditions. The lack
of information on polyatomic radical reaction dynamics
largely results from difficulties associated with production of
such species at densities sufficiently high to permit studies of
their chemical reactivity.
In an effort to overcome limitations in the sensitivity of
mass spectrometric detection of polyatomic products from
crossed beam reactions, several technical advances have
been introduced. One approach involves the use of synchrotron radiation for single photon nonresonant ionization of
products at energies just above threshold.22 One advantage of
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II. EXPERIMENT

The 1 CH2 source employed photolysis of ketene
(CH2 CO) at 308 nm at the orifice of a supersonic nozzle. At
this wavelength, most of the singlet methylene is produced in
its vibrational ground state, with about 20% produced with
one quantum of bending excitation.24,25 The ketene was synthesized by pyrolysis of acetic anhydride and trapped at 77
K.26 The ketene beam was produced by bubbling helium
through a liquid sample of CH2 CO held at ⫺30 °C, producing a 5% beam. In all experiments, a piezoelectrically actuated pulsed valve with a 1 mm diameter orifice was employed.
The initial development of the source was carried out at
Cornell using laser induced fluorescence 共LIF兲 to monitor the
1
CH2 beam directly. Figure 1 shows CH2 (b 1 B 1 ←a 1 A 1 )
fluorescence excitation spectra11,27 recorded under two different conditions. Although this apparatus was not optimized
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signal from reaction of 1 CH2 with H2 , which is known to
proceed with no potential energy barrier:28
1

FIG. 1. Singlet methylene fluorescence excitation spectra: 共a兲 copropagating
pump and probe lasers at interaction region; 共b兲 same but photolysis laser
realigned to be 3 mm from nozzle.

for LIF studies, it provided sufficient detection sensitivity for
the purpose of evaluating the 1 CH2 beam. In the upper portion of Fig. 1, the skimmed ketene beam was photolyzed at
320 nm using the frequency doubled radiation from a tunable
dye laser, and the 1 CH2 was probed by LIF near 590 nm,
using a copropagating laser beam triggered ⬇50 ns following the photolysis laser. This spectrum thus corresponds to
the nascent collision-free CH2 produced from CH2 CO photodissociation at 320 nm. The lower spectrum was recorded
under similar conditions, except the 320 nm photolysis laser
was relocated to be ⬇3 mm in front of the orifice of the
pulsed valve. Following dissociation of CH2 CO in the collisional region of the expansion, the CH2 radicals passed
through the skimmer and were probed by LIF, as before. As
evidenced by the spectra, rotational excitation has been relaxed considerably due to collisions with He carrier gas in
the supersonic expansion. The signal intensity remained
comparable to that for ‘‘collision free’’ CH2 , indicating that
only a modest fraction of the 1 CH2 was consumed by collisional quenching or bimolecular reaction in dilute beams
seeded in He.
It was found that the 1 CH2 intensity decreased sharply if
the distance between the nozzle and photolysis laser was
decreased to be less than 3 mm. This behavior results from
collisional quenching of 1 CH2 to 3 CH2 in the supersonic
expansion, which becomes more complete if photolysis is
carried out in higher density regions closer to the orifice.
Since rotational cooling of 1 CH2 is nearly an order of magnitude more efficient than quenching,11 it is possible to prepare an intense 1 CH2 beam with some rotational cooling
through careful control of the location of the laser position
relative to the nozzle.
At the advanced light source 共ALS兲, the CH2 beam was
produced by photodissociation of CH2 CO at 308 nm, using a
Lambda-Physik LPX 210i excimer laser. The laser produced
⬇300 mJ/pulse, and was operated at 100 Hz. Since LIF experiments were not possible using this apparatus, we instead
reoptimized the source conditions by monitoring the reactive

CH2 ⫹H2 →CH4 →CH3 ⫹H.

共1兲

The raw undulator radiation near 10.5 eV was used to ionize
the CH3 products 共IP⫽9.84 eV兲 in the UHV detector of the
apparatus. It should be noted that 3 CH2 , which is also inevitably present in the beam due to collision induced quenching,
is not reactive with H2 29 or C2 H2 共Ref. 30兲 under our experimental conditions. Therefore, the CH3 signal intensity from
reaction 共1兲 was a direct measure of the 1 CH2 beam intensity.
In the experiments at the ALS, the 308 nm excimer laser was
aligned along the axis of rotation of the source assembly,
focused gently using a 50 cm focal length lens, and then
periscoped into the source chamber using a pair of quartz
prisms. Because the excimer beam was aligned to be exactly
coaxial with the axis of source rotation, the laser remained
aligned with respect to the nozzle as the source assembly was
rotated to different angles.
It was found that the source conditions yielding the
maximum CH3 signal from reaction 共1兲 were essentially
identical to those used in the LIF experiments. The H2 beam
was then replaced with a beam of neat C2 H2 , in order to
study reaction 共2兲:
1

CH2 ⫹C2 H2 →C3 H3 ⫹H.

共2兲

From the measured beam velocity distributions, the mean
collision energy employed in our study of reaction 共2兲 was
3.0 kcal/mol. The C3 H3 products from bimolecular reactions
were ionized using a photon energy of 9.6 eV, somewhat
above the IP of the propargyl radical, measured to be 8.67
⫾0.02 eV.31 For these experiments, a MgF2 window was
placed into the VUV beam to remove shorter wavelength
radiation passing through a Ne gas filter employed to suppress higher order harmonics. It was found that without this
MgF2 window, dissociative ionization of ketene led to substantial background signal at m/e⫽39, likely due to mass
spillover from CCO⫹ , nominally observed at m/e⫽40.
III. RESULTS

Time-of-flight spectra were recorded at various laboratory angles at m/e⫽39, C3 H⫹
3 . The time-of-flight spectra of
the propargyl radical products, C3 H3 , from the reaction with
acetylene, are shown in Fig. 2. Each time-of-flight 共TOF兲
spectrum corresponds to ⬇120 000 laser shots, involving 20
min of data acquisition. These spectra were integrated to
obtain the laboratory angular distribution shown as solid
points in the upper portion of Fig. 3. At laboratory angles
smaller than or equal to 28°, some time dependent background signal was present, and this was subtracted from the
TOF spectra using data recorded with the excimer laser
turned off. The solid-line fits to the laboratory time of flight
and angular distributions were simulations of the experimental data, calculated using a computer program that takes as
input trial CM translational energy, P(E), and angular T(  )
distributions, as well as the measured beam velocity distributions and known apparatus functions. The two input functions were iteratively adjusted until satisfactory agreement
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FIG. 3. Laboratory angular distribution, and CM distributions, P(E) and
T(  ), for 1 CH2 ⫹C2 H2 →C3 H3 ⫹H reaction at E coll⫽3.0 kcal/mol.

FIG. 2. TOF distributions at indicated laboratory angles for C3 H3 products
from 1 CH2 ⫹C2 H2 →C3 H3 ⫹H reaction. Open circles are experimental data
and solid line are theoretical fits based on P(E) and T(  ) shown in Fig. 3.

between the experimental data and theoretical simulations
were obtained. The optimized P(E) and T(  ) are shown in
Fig. 3.
IV. DISCUSSION

The reaction of singlet methylene with acetylene is initiated either by addition across the triple-bond forming cyclopropene (c-C3 H4 ), or by C-H insertion forming propyne
共Fig. 4兲.32–34 The potential energy barrier to isomerization
between cyclopropene and propyne is small relative to the
available energy. In the absence of collisions, both isomeric
forms, as well as allene, are likely to be accessed by the
initially-formed highly vibrationally excited C3 H4 adduct.
Fission of a C-H bond in the propyne isomer leads to formation of propargyl radicals, CH2 CCH, the most thermodynamically stable isomer of C3 H3 . 33,34 The enthalpy of formation of the propynyl radical CH3 CC is 39.9 kcal/mol
higher than propargyl,35 and is energetically closed at this
collision energy. Reaction 共2兲 is thought to be the dominant
source of propargyl radicals in combustion environments.36,37 These radicals are believed to be important in
soot formation,38 as they may subsequently dimerize to form
benzene,32–39 or undergo further reaction, leading to production of other aromatic molecules.40
In studies of the reaction of singlet methylene with
acetylene in a static gas cell by Adamson and co-workers, the

formation of propargyl radicals was monitored directly by IR
absorption spectroscopy.5 In that work, 1 CH2 was produced
by photolysis of ketene at 308 nm, as in our experiment. The
rate constant for formation of propargyl radicals was measured to be (3.5⫾0.7)⫻10⫺10 cm3 molecule⫺1 s⫺1 , indicating that reaction occurs on nearly every collision, which is
typical of reactions involving 1 CH2 . Blitz and co-workers
have studied the dependence of the reaction rate constant on
temperature, and have used a master equation model employing a three-well mechanism to model the temperature and
pressure dependence of the branching ratios for formation of
propargyl radicals and collisionally-stabilized reaction
intermediates.6 These studies, as well as more detailed theoretical modeling by Frankcombe and Smith,34 predict that
under collision-free conditions, the C3 H4 intermediates decay primarily to C3 H3 ⫹H, with negligible decay back to
reactants. Since the rate for this decay process is of the order
of 106 s⫺1 , the energized C3 H4 intermediates decay on a
time scale of a few microseconds or less. Although this lifetime for the C3 H4 intermediates is extremely long, due to the
geometry of the apparatus essentially all C3 H3 ⫹H products
are formed within the viewing range of the detector, and a
negligible error in the measured P(E) and T(  ) should arise
due to bulk transport of the reaction intermediates out of the
detector viewing region prior to their decay.
From the thermodynamics shown in Fig. 4, the reaction
is exothermic by 18 kcal/mol. At a collision energy of 3
kcal/mol, the total energy available to be partitioned into
C3 H3 rovibrational excitation and C3 H3 ⫹H relative product
translational energy is 21 kcal/mol. The P(E) shown in Fig.
3 is broad and structureless, with the most probable translational energy release near 3 kcal/mol, extending to the maxi-
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FIG. 4. Energetics of 1 CH2 ⫹C2 H2 reaction, taken from Ref. 34.

mum available energy. This distribution is quite typical for
the unimolecular decomposition of a polyatomic species
forming two radicals by simple bond fission with negligible
reverse potential energy barrier.
The center of mass angular distribution, T(  ), is isotropic 共Fig. 3兲. For a reaction involving formation of long-lived
complexes with lifetimes exceeding several rotational periods, a forward-backward symmetric angular distribution
共symmetric about ⫽90°兲 is anticipated.41,42 In the present
case, the microsecond lifetimes of the C3 H4 intermediates
facilitate ⬃106 rotations before unimolecular decomposition
or decay back to reactants. Decay of a long-lived prolate
collision complex leads to a T(  ) with maximum product
intensities at 0° and 180°.41,42 However, for reactions leading
to elimination of a very light atom such as H, conservation of
total angular momentum often dictates that the initial and
final orbital angular momenta during the reactive encounter
are only weakly coupled.41– 43 This leads to a totally isotropic
CM angular distribution, as observed in this study and discussed recently in detail elsewhere.43
V. CONCLUSIONS

We have developed a photolytic source of 1 CH2 providing intensities sufficient for studies of chemical reactions in
crossed molecular beams, and the reaction with acetylene
leading to formation of propargyl radical was studied. The
reaction involved formation of long-lived C3 H4 complexes
which subsequently decayed via simple bond fission forming
propargyl⫹H. The signal to noise ratios obtained in this experiment are comparable to those observed previously in
photodissociation experiments using this apparatus, demonstrating the feasibility of future studies of reactions involving
1
CH2 in crossed molecular beams.
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The reaction dynamics of C2 in the ground ( Rg ) and first electronically excited ( 3 Q u) states with the simplest alkyne, acetylene
C2H2(X Rg ), were investigated in a crossed molecular beam setup at a nominal collision energy of 24.1 kJ mol . The experimental data
expose the existence of a C2/H exchange pathway to form C4H+H. The experimental results were combined with electronic structure
calculations on the singlet and triplet C4H2 surfaces.Â The experimental data expose the existence of a C2/H exchange pathway to
form C4H+H. The experimental results were combined with electronic structure calculations on the singlet and triplet C4H2 surfaces.
The reaction of C2(X Rg ) was found to proceedâ€¦ CONTINUE READING. chem.hawaii.edu. What are reaction mechanisms? Detail
step-by-step analysis of reaction pathway. i.e. sequence of reactions involved in the. conversion of reactants to products Rate Law.
â€˜Intimateâ€™ Mechanism refers to details of the mechanism at the molecular level.Â law. Type of Reactions. Ligand Substitution
reactions: are those in which the coordination sphere around the metal changes due exchange of one ligand (lewis base) with another
ligand. e.g. Octahedral ML6 + Y W ML5Y + L. s[eCcuo(nHds2O)6]2+ + conc. A balanced chemical equation accurately describes the
quantities of reactants and products in chemical reactions. The Law of Conservation of Mass states that mass is neither created nor
destroyed in an ordinary chemical reaction. This means that a chemical equation must have the same number of atoms of each element
on both side of the equation. Also the sum of the charges on one side of the equation must be equal to the sum of the charges on the
other side. This reaction has been studied several times using trapping technique with increasing accuracy and its summarised results
can be seen in Fig. 4 and can be found in [11]. Actually, at high pressures C+ + H2 reaction has another channel with CH2+ formation
through the ternary interaction. The third particle can be either He or H2.Â [5] D. Gerlich, Calculations of reactive cross sections and
rate coefficients for isotopic variants of the system in the energy range. 2 meV â€“ 1.8 eV. Maria Alm/Salzburg, 7â€“13 February 1982.
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