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ABSTRACT
We have developed a novel instrument to study reaction kinetics of astrochemical interest at low temperatures. This setup integrates laser-
induced fluorescence (LIF) and vacuum ultraviolet (VUV) photoionization reflectron time-of-flight mass spectrometry (ReTOFMS) with a
supersonic uniform low-temperature flow. A pulsed helium Laval nozzle with a Mach number of 6 was employed, achieving a temperature
of 23 ± 3 K and a density of (2.0 ± 0.4) × 1016 molecule cm−3. The second-order rate coefficient for the reaction between the methylidyne
radical (CH) and propene (C3H6) at 23(3) K was determined to be (3.4 ± 0.6) × 10−10 cm3 molecule−1 s−1 using LIF kinetics measurements.
VUV (118.27 nm) photoionization ReTOFMS detected a dominant product channel, CH + C3H6 → C4H6 +H, without isomer identification.
Another less intense mass peak at m/z 53 was also observed, which could either result from the dissociative ionization of the energized C4H6
primary products or indicate another product channel, C4H5 +H2. Given the presence of CH and C3H6 in cold molecular clouds (e.g., TMC-1,
Lupus-1a, L1495B, L1521F, and Serpens South 1a), it is predicted that these products can exist in low-temperature interstellar environments.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0249941

I. INTRODUCTION

Low-temperature gas phase kinetics are crucial for develop-
ing accurate astrochemical models that enhance our understanding
of chemical evolution in cold molecular clouds, the interstellar
medium (ISM), and planetary atmospheres. As of September 2024,
over 320 molecules, including more than 50 hydrocarbons, have
been identified in the ISM or circumstellar shells.1,2 Polycyclic aro-
matic hydrocarbons (PAHs) are of particular interest, as they likely
contribute to the unidentified infrared emission bands observed
throughout the universe.3,4 Consequently, understanding the chemi-
cal processes that produce longer carbon chains, aromatic molecules,
and ultimately PAHs is increasingly important in low-temperature
environments. Numerous chemical networks have been developed
to replicate observed abundances of these interstellar species.5–9

However, in the absence of experimental low-temperature kinetics
data, reaction rate coefficients are often extrapolated from high-
temperature data, which can be problematic for reactions deviating
from Arrhenius behavior. Due to quantum effects, the rate coef-
ficient for such reactions can increase significantly as temperature
decreases.10–13 Therefore, experimental studies on low-temperature
kinetics—including reaction rate coefficients and product branch-
ing ratios (BRs)—are essential for astrochemical modeling and serve
as benchmarks for theoretical studies. The methylidyne radical
(CH), a highly reactive species, plays a crucial role in synthesiz-
ing larger hydrocarbons and complex organic interstellar molecules.
Although the reaction kinetics and product formation from the reac-
tion between CH and propene (both species have been detected in
dark molecular clouds) have been studied at room temperature, they
remain unexplored at low temperatures.
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A de Laval nozzle has an axisymmetric convergent–divergent
profile that accelerates high-pressure gas to supersonic speeds
through isentropic expansion. This process converts the thermal
energy of the gas into kinetic energy, producing a uniform super-
sonic flow characterized by a high Mach number, low tempera-
ture, and relatively high number density (1016–1017 molecule cm−3)
within the isentropic core along the flow axis.14,15 This approach
overcomes issues seen in traditional cryogenic cooling, where reac-
tant molecules condense on chamber walls at low temperatures. In
the 1980s, Rowe and colleagues pioneered the CRESU (Cinétique de
Réaction en Ecoulement Supersonique Uniforme) technique, which
uses a Laval nozzle in gas-phase ion-molecule reaction kinetic stud-
ies at temperatures as low as 20 K, with detection by quadrupole
mass spectrometry.16,17 In initial experiments, ions were generated
by electron impact on the gas in the flow, and later advancements
introduced mass-selective capabilities for the ions.18,19

Many radical–neutral reactions in the gas phase remain rapid
at low temperatures due to barrierless pathways or quantum
effects. The CRESU technique has been widely adopted by several
international groups to study the neutral–neutral reaction kinet-
ics using spectroscopic detection methods.11,20–23 In this setup,
radicals are typically produced by pulsed laser photolysis (PLP)
along the flow axis, and the time-dependent concentration pro-
file of reactants (or products) is monitored via laser-induced-
fluorescence (LIF),10,15,20,24,25 chemiluminescence,13,26 and reso-
nance fluorescence.27,28 These detection methods are highly sensitive
and selective for small species but lack the capability to probe larger,
complex molecules. Suits and colleagues employed chirped-pulse
Fourier-transform microwave spectroscopy (CP-FTMW) as a nearly
universal probe in pulsed Laval uniform flow experiments.29,30 This
microwave spectroscopy technique, with its wide frequency range,
provides isomer and conformer-specific, quantitative simultaneous
detection of multiple reaction products and intermediates.29,31 CP-
FTMW probes the free induction decay of rotational coherence,
which is unfortunately attenuated by high collision frequency in the
dense Laval flow. Recent efforts have improved detection sensitivity
under lower-pressure conditions by using airfoil-shaped sampling in
the flow32 or secondary expansion following an extended Laval noz-
zle.33 Infrared absorption spectroscopy has also been coupled with
uniform Laval flow experiments using single-frequency lasers34,35

and broadband light sources.36,37 The extended interaction path
length between the light and sample achieved by cavity-enhanced
techniques is desired to increase sensitivity for detecting trace
species during reactions.

Universal detection using vacuum ultraviolet (VUV) photoion-
ization time-of-flight mass spectrometry was first introduced by
Leone and colleagues for studying neutral–neutral reaction kinet-
ics in Laval uniform flows.38–40 This technique has since been
adopted by other groups for fundamental studies on gas-phase
nucleation,41,42 cluster formation,36 and soot formation43 at low
temperatures. A skimmer samples the isentropic core of the uni-
form flow and supports differential pumping to maintain the high
vacuum required for mass spectrometry. Concerns arose regarding
flow uniformity disturbances from shock waves created by the skim-
mer mounting surface; thus, airfoil sampling44 and, more recently,
skimmers mounted on a streamlined flange45 were designed to
minimize such effects. The photoionization light source has also
been upgraded to tunable VUV synchrotron radiation, enabling soft

ionization to identify isomer-specific reaction products.44,45 This
advancement has been successfully demonstrated in kinetics studies
of reactions between C2H and ethene, propene, and butene isomers
at 79 K, where isomer-resolved products were identified, and their
branching ratios and overall bimolecular reaction rate coefficients
were measured.46,47 To our knowledge, only stable products, not
radicals, have been detected in bimolecular reactions in the uniform
supersonic flow experiment using mass spectroscopy.

In this study, we present a new instrument for studying
radical–neutral reaction kinetics of astrochemical interest, which
combines LIF and VUV (118.27 nm) photoionization reflectron
time-of-flight mass spectrometry (ReTOFMS) detection with low-
temperature supersonic uniform flow generated by a pulsed Laval
nozzle. PLP-LIF detection monitors the radical’s temporal profile
during the reaction, allowing for determination of the reaction rate
coefficient, while ReTOFMS detects reaction products and interme-
diates. The reaction between CH and propene has been studied by
several groups, with reaction rate coefficients measured from 77 to
298 K and product branching ratios determined only at 298 K.48–51

The reaction mechanism has also been theoretically explored with
different levels of theory, showing CH addition or insertion to
propene followed by complex isomerization and decomposition
pathways.52–54 At room temperature, 1,3-butadiene is the primary
product channel,50 which has been seen as a precursor to synthesize
the simplest aromatic hydrocarbon, benzene.55 However, no experi-
mental characterization of reaction products at low temperatures has
been reported. Here we present the design of our new experimental
setup, characterization of the uniform supersonic flow, measure-
ments of the reaction rate coefficient, and product detection for the
CH + C3H6 reaction at 23 K.

II. EXPERIMENTAL METHODS
A. Laval flow chamber design

The new experimental apparatus consists of a pulsed low-
temperature uniform (Laval) flow chamber, LIF detection, and a
ReTOFMS detection chamber. As shown in Fig. 1, the uniform
flow molecular source is housed in a cylindrical vacuum chamber
(1.8 m in length, 0.5 m in diameter), evacuated by a mechanical
booster pump (Edwards EH2600) backed by two dry multistage
Roots pumps (Edwards nXR60i and nXL200i). Slip gas is introduced
to maintain a vacuum between 0.1 and 1.0 Torr, depending on flow
conditions. A helium Laval nozzle was designed and utilized here to
generate a supersonic uniform flow with a Mach number of 6. Based
on the pulsed-flow design by the Suits group, a high-throughput
homemade pulsed valve driven by a piezoelectric stack actuator
(Coremorrow PSt 150) is coupled to the Laval nozzle, reducing the
gas load and pump capacity requirements compared to continuous-
flow designs. The pulsed Laval nozzle operates at a 5 Hz repetition
rate with a 7.6 ms pulse duration. Two fast pressure transducers
(Kulite XTL-190), located in the reservoir and downstream of the
post-nozzle flow, monitor the flow pressure to achieve the required
conditions. Capacitance diaphragm gauges (INFICON CDG025D)
measure the source chamber pressure and calibrate the pressure
transducers. The entire pulsed Laval nozzle assembly is mounted
on a linear translation stage with a 60 cm travel distance inside the
source chamber, allowing precise remote adjustments during flow
characterization.
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FIG. 1. Apparatus: The schematic used
for the low-temperature kinetics study.
The setup highlights the pulsed Laval
nozzle assembly (red), uniform super-
sonic flow (orange), PMT detection (yel-
low), VUV tripling cell (blue), ReTOFMS
detection (green), and lasers labeled
with their corresponding wavelengths.

B. Radical generation and LIF detection
The CH radical is generated coaxially within the uniform super-

sonic flow via multiphoton photolysis of CHBr3 at 248 nm. The
precursor, CHBr3 (Sigma-Aldrich, 99%), is vaporized using a home-
made vaporizer and mixed with C3H6 (Dalian Special Gases Co.,
LTD., 99.5%) and helium carrier gas. The uniform supersonic flow
has typical densities of CHBr3: ∼7.5 × 1012 molecule cm−3, C3H6:
(1.5–14)× 1013 molecule cm−3, with the He carrier gas balancing to a
total density of 2.0 × 1016 molecule cm−3. All gas flows are controlled
by mass flow controllers (MKS, GM50 series). The 248 nm radiation
from an excimer laser (Coherent COMPex 205, photon flux 90 mJ
cm−2) is equipped with unstable resonators to improve the collima-
tion of the output laser beam and is counter-propagated through the
uniform flow. Using the same CH yield of (5 ± 2.5) × 10−4 from the
photolysis of CHBr3 at 248 nm, as reported by Romanzin et al.,56

under a laser fluence of 44 mJ cm−2 per pulse, the density of CH
radical under the flow condition in this work is estimated to be 3.8
× 109 molecule cm−3. CH radicals are state-selectively probed using
in situ LIF detection, with excitation at the CH B2Σ− ←Ð X2Π (1,
0) band around 364 nm and fluorescence via the CH B2Σ− Ð→ X2Π
(1, 1) band around 404 nm. The UV radiation around 364 nm for
the probe laser is generated by frequency-doubling the output of a
Nd:YAG (Beamtech Nimma-900, 532 nm) pumped dye laser (Sirah,
Cobra Stretch) utilizing dye LDS 722 (Exciton). The UV radiation
is directed perpendicular to the uniform flow, and a fluorescence

collection assembly is positioned above the intersection of photol-
ysis and probe laser. The collection assembly (yellow parts in Fig. 1)
consists of a plano-convex lens (150 mm focal length, anti-reflection
coated at 404 nm), filter sets (Semrock, FF01-300/LP, FF01-420/10),
and a photomultiplier tube (Hamamatsu PMT, R1398). The tempo-
ral profile of CH loss due to reaction with propene is monitored by
LIF while adjusting the delay time between the photolysis and probe
lasers, which allows for the derivation of the overall reaction rate
coefficient. At each laser delay time, the CH intensity was collected
by averaging its LIF trace 128 times and integrating between 100 and
800 ns. The kinetics trace of the CH loss profile was repeated three
times for each propene concentration.

C. ReTOFMS detection
The reactants, intermediates, and products of the reaction in

the low-temperature uniform flow are detected by VUV (118.27 nm)
photoionization ReTOFMS detection. A 1 mm diameter skimmer
(Beam Dynamics, Model 2) samples the isentropic core of the uni-
form flow, and provides differential pumping from the low vacuum
of the Laval flow chamber to the high vacuum condition required
for mass spectrometry detection. A streamlined flange, inspired by
Durif et al.,45 was designed to mount the skimmer, minimizing dis-
turbance to the uniform flow caused by the shock wave induced
by the skimmer mount. The ion accelerator and detection regions
are evacuated by two turbomolecular pumps (Edwards nEXT730,
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730 L/s) backed with a dry scroll pump (Edwards XDS35i, 35 m3/h),
maintaining the vacuum in the detection region at ∼10−6 Torr dur-
ing the experiment. A homemade ReTOFMS assembly (green parts
shown in Fig. 1) has been designed to couple to Laval flow, and con-
sists of ion accelerator electrodes, an Einzel lens, x axis and y axis
deflectors, ion reflector, and a microchannel plate (MCP) detector.
A constant voltage of 1200 V is applied to the repeller electrode,
while a pulsed voltage of 150 V is applied to the y axis deflector
to deflect unwanted ion signals, specifically the overwhelming C3H6
signal in the present work. The VUV photoionization interaction
region is located 5 cm from the skimmer tip. The VUV radiation
at 118.27 nm is generated by tripling the third harmonic output
of 355 nm radiation from a Nd:YAG laser (Beamtech Optronic
Nimma-900) in a xenon cell. The ions are then extracted and accel-
erated in ReTOFMS and detected by a Z-stack MCP detector. These
signals were amplified by a preamplifier (Femto, DHPCA-100) and
recorded by an ADC card (FCFR-USB9982C). The resolution of the
mass spectra (m/Δm) was estimated to be around 1000. Synchro-
nization and timings of all components, including the pulsed valve,
lasers, and detection instruments, are controlled by a delay generator
(Quantum Composers 9528).

III. RESULTS AND DISCUSSION
A. Uniform flow characterization

A helium Laval nozzle with a Mach number of 6 was employed
in this study,34,57 and the properties of its post-nozzle uniform
supersonic flow were characterized through Pitot impact pressure
measurements. One pressure transducer was placed in the reservoir
to monitor reservoir pressure (P0), while another was positioned in
a Pitot tube facing the flow to measure the impact pressure (Pi). For
isentropic flow, the Mach number (M)—defined as the flow veloc-
ity divided by the local speed of sound—is related to P0 and Pi,
as derived from the Rayleigh formula,58 shown in Eq. (E1). Here,
γ = Cp/Cv = 1.667 represents the heat capacity ratio for the helium
carrier gas,

Pi

P0
= ( (γ + 1)M2

(γ − 1)M2 + 2
)

γ
γ−1

( γ + 1
2γM2 − γ + 1

)
1

γ−1

. (E1)

A trial value of M is determined iteratively to match the measured
value of Pi/P0 at various positions in the post-nozzle flow. Sub-
sequently, the temperature (T), pressure (P), and density (ρ) of
the post-nozzle flow can be calculated from M using the following
equations:

T
T0
= [1 + (γ − 1

2
)M2]

−1
, (E2)

P
P0
= [1 + (γ − 1

2
)M2]

−γ
γ−1

, (E3)

ρ
ρ0
= [1 + (γ − 1

2
)M2]

−1
γ−1

, (E4)

where T0 and ρ0 represent temperature and density in the
reservoir region.58 Optimal flow conditions are achieved by adjust-
ing the reservoir and flow chamber pressures. The reservoir pressure
is controlled by pulsed valve timing and gas flow rate, while the
flow chamber pressure is regulated by adding slip gas flow into the
chamber and partially closing the vacuum pump gate. Both the
pulsed Laval nozzle (red part in Fig. 1) and the Pitot tube assemblies
are mounted on linear translational stages with travel distances of
60 and 20 cm, respectively. This setup allows for two-dimensional
(2D) translation of the Pitot tube relative to the Laval nozzle,
providing a comprehensive 2D view of the experimental flow
conditions. The optimal flow conditions of this helium Laval nozzle
were achieved by setting the reservoir pressure to 39 mbar and the
chamber pressure to 0.16 mbar, generating a uniform flow length
of 400 mm. Figure 2(a) displays the contour map of density with
a radial distance of 13 mm and an axial distance of 400 mm, and
Fig. 2(b) illustrates the flow temperature (23 ± 3 K) and density
([2.0 ± 0.4] × 1016 molecule cm−3) along the axis of the post-nozzle
supersonic flow, as indicated by the black line in Fig. 2(a). The flow
velocity was measured to be 1696 ± 10 m/s, and the 400 mm length
of the uniform flow corresponds to a maximum reaction time of
∼230 μs under the current flow conditions.

The low-temperature Laval supersonic uniform flow creates a
thermal environment that cools the rotational temperature of the
species within the flow. Our previous research, along with other
studies in the CRESU community, has demonstrated that the rota-
tional temperature correlates with results from the Pitot impact
pressure measurement.20,59 The CH (X2Π, ν = 0) radical in a spe-
cific rotational state was detected by exciting it using the CH B2Σ−
← X2Π (1, 0) band and collecting fluorescence emitted from the
CH B2Σ− → X2Π (1, 1) band. The population of the rotational
states can be measured by tuning the wavelengths of the probe laser.
Because the multiphoton photolysis of CHBr3 generates CH with
internal excitation, it takes a few microseconds for relaxation under
flow conditions;59 therefore, the CH rotational state distribution was
measured with a photolysis-probe delay time of 30 μs. The rotational
temperature was simulated to be 27.2 ± 0.5 K using the PGOPHER
program60 with known parameters for both the X2Π, ν = 0 and B2Σ−,
v = 1 states.61 A good agreement is observed between the rotational
state distributions from both experimental and PGOPHER simu-
lation results, with the highest population in the lowest rotational
level, as shown in Fig. 2.

B. CH + propene reaction kinetics measured with LIF
The temporal evolution measurements of the CH radical,

detected using the PLP-LIF technique, have been widely employed
to determine reaction rate coefficients in Laval low-temperature
experiments. The temporal profile of the CH radical in the lowest
rotational level (X2Π, ν = 0, N = 1, J = 1.5) shows a rapid rise followed
by a slower exponential decay, as shown in Fig. 3(a). The rise corre-
sponds to the relaxation of the CH radical from higher rotational
levels upon colliding with helium carrier gas under low-temperature
supersonic flow conditions.59 This relaxation process is rapid, allow-
ing the CH radical to reach its lowest rotational level and approach
a maximum plateau within 10 μs, consistent with previous studies.59

The exponential decay of the CH radical’s temporal evolution results
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FIG. 2. (a) Density contour map of the
uniform supersonic flow from the helium
Laval nozzle. (b) Temperature and den-
sity profiles along the flow axis obtained
from the Pitot measurements. (c) Com-
parison of the experimental (black) and
PGOPHER simulation (red) data on the
CH (X2Π, υ = 0) rotational state distribu-
tion.

from its reaction with propene, CHBr3 precursor, or other impuri-
ties (such as 2-methyl-2-butene, a stabilizer in the CHBr3 sample,
60–120 ppm), as well as diffusion out of the detection region. This is
described by the following equation:

[CH]t = [CH]0 ⋅ exp{−(k2[C3H6] + kother) ⋅ t}
= [CH]0 ⋅ exp (−k1st ⋅ t), (E5)

where [CH]t and [CH]0 are the instantaneous and initial concentra-
tions of the CH radical, respectively, k2 is the bimolecular reaction
rate coefficient for the reaction CH + C3H6 → products, kother
accounts for CH reaction with other molecules and diffusion pro-
cesses, and k1st is the pseudo-first-order rate coefficient for a given
concentration of propene. The temporal evolution of the CH LIF
signal occurs under pseudo-first-order conditions, where [C3H6]
∼ 1013 molecule cm−3 ≫ [CH] ∼ 1010 molecule cm−3, leading to
an exponential decay process with a decay rate coefficient given by
k1st = k2[C3H6] + kother . Furthermore, careful analysis indicates that
the experimental LIF signal in the decay region (after 30 μs) is unaf-
fected by its relaxation process; thus, the LIF signal is fitted using
(E5) for times longer than 30 μs. An increase in C3H6 concentra-
tion results in a faster decay in [CH]t, as illustrated in Fig. 3(a).
Plotting k1st against various C3H6 concentrations yields a linear rela-
tionship, with its slope representing the second-order reaction rate
coefficient for the CH + C3H6 reaction, as shown in Fig. 3(b). Using
this PLP-LIF pseudo-first-order method, the reaction rate coefficient

for the CH +C3H6 reaction at 23(3) K was measured to be (3.4 ± 0.6)
× 10−10 cm3 molecule−1 s−1.

C. ReTOFMS characterization for validation
We have coupled VUV (118.27 nm) photoionization

ReTOFMS with Laval uniform supersonic flow to detect the
products of low-temperature reactions. Several aspects must be
carefully addressed to validate the kinetics measurements with
ReTOFMS. First, a 1 mm skimmer mounted on a streamlined
flange samples the isentropic core of the uniform flow. The repeated
CH rotational distribution measurements in Fig. 2(c), taken just
before the skimmer tip, indicate negligible perturbation effects
on the flow uniformity caused by the shock wave induced by
the skimmer assembly. Second, the linear calibration curve for
our ReTOFMS was verified using propene molecules. Propene at
various concentrations was introduced into our mass spectrometer
via the Laval nozzle, resulting in a linear fit between the mass
signal and propene concentration, with R2 = 0.9998, as shown
in Fig. S1. This indicates a strong linear MS response associated
with the species in the uniform Laval flow. Third, we compared
the propene mass signal from skimmer sampling to the pulsed
gas profile from the Pitot measurement (shown in Fig. S2). The
time-resolved mass response profile is broader than the gas density
measured by the Pitot tube. This broadening effect was further
characterized by detecting the iodine’s temporal evolution using
ReTOFMS following the photolysis of CH3I 248 nm. As shown
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FIG. 3. (a) Representative transient CH integrated fluorescence signal as a func-
tion of the delay time between the photolysis and LIF probe lasers at 23(3) K,
along with single exponential fits for various C3H6 concentrations. (b) Plot
of the pseudo-first-order rate vs different C3H6 concentrations. The slope of
the linear fit determines the second-order rate coefficient, k2 = (3.4 ± 0.6)
×10−10 cm3 molecule−1 s−1 (1σ level) for the CH + propene reaction at 23(3) K.

in Fig. S3(a), the I temporal profile exhibits a slow formation.
However, in the previous UV photodissociation dynamics studies
of CH3I, the product’s anisotropic distribution feature indicates
that photodissociation is prompt (<1 ns).62,63 The slower rise of
the I temporal profile in the present work is attributed to the
velocity spread occurring during transit from the skimmer tip to the
photoionization probe region, as discussed by Taatjes64 and recently
by Gurusinghe et al.32 A Gaussian-shaped system response function
is introduced here to compensate for this and enable valid time-
resolved mass spectroscopy measurements, inspired by Bouwman
et al.47 If we consider a unit yield following the photolysis of CH3I,
a step function, as shown in Fig. S3(b), is used here as the original
function. A Gaussian profile with a Full-Width-at-Half-Maximum
(FWHM) of 12 μs and unit area [shown in Fig. S3(c)] accounts for
the response function of our time-resolved ReTOFMS in the He

supersonic uniform flow at 23(3) K. Since the assumed step function
is an ideal case for a photodissociation process, the 12 μs FWHM
Gaussian profile is likely to be overestimated.

D. Product detection using ReTOFMS
A careful search using 118.27 nm photoionization ReTOFMS

was conducted to identify products from the CH+ propene reaction.
Figure 4 displays the mass spectrum (average over 150 shots for each
trace) with mass-to-charge ratios (m/z) of 53, 54, and 55 detected
in the presence of both CHBr3 and propene molecules, along with
the 248 nm photolysis laser present. The mass peaks of m/z 53 and
54 were not observable without either CHBr3, propene, or the pho-
tolysis laser. Some background signal was seen at m/z 55 with only
propene present in the uniform flow, likely due to VUV photolysis or
VUV-induced reactions of impurity molecules, and this signal will
be subtracted in further analysis. To determine whether these mass
peaks m/z 53, 54, and 55 (C4H5, C4H6, and C4H7) originate from
the CH + propene reaction, their temporal evolution profiles were
measured over different reaction times. The raw TOF traces were
averaged 150 times and integrated for each mass at each reaction
time to generate their temporal evolution. As shown in Fig. 5(d), the
kinetics traces of m/z = 53 and 54 increase with reaction time, reach-
ing a maximum within 50 μs. Moreover, the rise time and maximum
plateau for each mass vary with different propene concentrations,
which is a typical pattern for products arising from a reaction. How-
ever, the kinetics trace for m/z 55 (after background subtraction)
exhibits a decay pattern between 0 and 30 μs, followed by an increase.
The distinct behavior of m/z 55, compared to 53 and 54, indi-
cates that m/z 55 (C4H7 cations) does not directly result from the
CH + propene reaction.

The dominant mass peak appears at m/z 54 (C4H6 cations)
and corresponds to CH + C3H6 → C4H6 + H reaction channel.
Eight C4H6 isomers are predicted from the CH + C3H6 reaction,
as summarized in Table I, based on the comprehensive poten-
tial energy surface calculations by Ribeiro and Mebel using the
ab initio CCSD(T)-F12/CBS//B3LYP/6-311G(d,p) level of theory.54

All C4H6 isomers have ionization energies below 10.48 eV (the pho-
ton energy of the present VUV probe)65 and are produced in the
overall exothermic reaction, as listed in Table I. Since the single VUV
photon energy does not have the capability to resolve isomers, all
these C4H6 isomers seem to be observable in the present work using
118.27 nm photoionization ReTOFMS. A tunable VUV light source
is desired to collect the photoionization efficiency (PIE) spectrum
to identify the isomers. Recently, this reaction has been studied in
the gas phase at 298 K and 4 Torr using VUV synchrotron pho-
toionization mass spectrometry (PIMS) by Trevitt et al.50 In their
PIMS study, only the C4H6 +H product channel was observed, with
C4H6 isomers identified as 1,3-butadiene (branching ratio, BR = 0.63
± 0.13), 1,2-butadiene (BR = 0.25 ± 0.05), and 1-butyne (BR = 0.12
± 0.03), based on fitting experimental PIE spectra to measured spec-
tra of known C4H6 isomers. More recently, the reaction dynamics of
this reaction was studied by crossed molecular beams (CMBs) under
single-collision conditions by the Kaiser group.51 The product chan-
nel of C4H6 + H was also detected by electron impact (80 eV) ion-
ization. In contrast to the detection of 1,3-butadiene, 1,2-butadiene,
and 1-butyne isomers in the PIMS experiment under thermal flow
conditions, 1-methylcyclopropene and 3-methylcyclopropene were
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FIG. 4. VUV photoionization mass spec-
tra under different conditions at a kinetic
time of 100 μs. Mass spectrum of (a)
only CHBr3 with photolysis laser on, (b)
only C3H6 with photolysis laser on, (c)
both CHBr3 and C3H6 present with pho-
tolysis laser off, (d) both CHBr3 and
C3H6 present with photolysis laser on,
and (e) subtraction of spectrum (c) from
spectrum (d).

FIG. 5. (a) Gaussian shaped (12-μs
width) instrumental response function
used for convolution in this mass spec-
troscopy detection. (b) First-order pro-
duction rate of 66 000 s−1, utilized for
convolution with the response function.
(c) Comparison between the convoluted
results (brown solid line) and direct
kinetic measurement of the m/z = 54
product (brown open circles) for [C3H6]
= 1.43 × 1014 mol/cm3. (d) Kinetic evo-
lution of m/z = 53 (green), 54 (orange),
and 55 (violet) products for [C3H6] = 1.43
× 1014 mol/cm3. (e) Pseudo-first-order
rate of the m/z = 54 product vs C3H6
density, along with its linear fit.

observed in the CMB experiment, according to the product transla-
tional energy and angular flux distributions. The underlying reaction
mechanism will be discussed in Sec. III E. Despite the lack of isomer
identification capability in the present work, our results on prod-
uct detection of the dominant channel at m/z 54 (corresponding
to CH + C3H6 → C4H6 + H) qualitatively agree with the previ-
ous PIMS and CMB studies, with different C4H6 isomers being
observed.

The less intense mass peak observed at m/z 53 corresponds
to C4H5 cations, which have not been detected previously in either
PMIS or CMB experiments. One possible explanation for the detec-
tion of C4H5

+ is that it arises from the dissociative ionization

of the energized C4H6 primary products. For example, accord-
ing to the photoionization cross section measurements of 1-butyne
(CH3CH2CCH), the fragment ion C4H5

+ appears near 11.04 eV.66

If we assume that most of the excess energy (2.37 eV) from the CH
+ propene exoergic reaction goes into the internal excitation of 1-
butyne, and that the cooling effect from the bath gas is negligible
(although it is not likely, as the collision frequency is >106 s−1 under
the flow conditions), it may be possible to observe C4H5

+ from
dissociative ionization of 1-butyne with our VUV photoionization
probe (10.48 eV). Another possible explanation for the observation
of C4H5

+ is that it arises from the CH + C3H6 → C4H5 + H2 reac-
tion channel. Some C4H5 radical isomers, along with their ionization
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TABLE I. C4H6 isomer name, its adiabatic ionization energy, and reaction energy to form the corresponding C4H6 + H product
channel.

Species name Chemical formula
Ionization

energy (eV)
Reaction energy

(kcal mol−1)a

1,3-butadiene CH2=CHCH=CH2 9.08b −67.8
1,2-butadiene CH3CH=C=CH2 9.23b −55.8
1-butyne CH3CH2C≡CH 10.20b −54.6
2-butyne CH3C≡CCH3 9.59b −59.7
Cyclobutene c(CH2CH=CHCH2) 9.43b −56.2
Methylenecyclopropane CH2=c(CCH2CH2) 9.6b −48.3
1-methylcyclopropene CH3–c(CHCHCH) 9.12c −34.2
3-methylcyclopropene CH3–c(C=CHCH2) 9.06c −37.4
aCalculated results in Ref. 54.
bReference 65.
cReference 50.

energies and reaction energies associated with C4H5 + H2 reaction
channels, are summarized in Table S1. From an energetic point
of view, it is feasible to form C4H5 + H2 as a product of the CH
+ propene reaction, even though this channel has not been predicted
theoretically or detected experimentally. The potential energy sur-
face of C3H5 radical has been calculated by Narendrapurapu et al.,67

with a predicted conversion pathway predicted from C3H4 + H
(allene +H and propyne +H) to C3H3 +H2 (propargyl +H2). Since
C4H7 is the methyl derivative of C3H5, a similar pathway could exist
here, leading to the C4H5 + H2 product channel from the highly
exothermic CH + C3H6 reaction. A tunable VUV source is again
desired to confirm whether the mass peak at m/z 53 arises from dis-
sociative ionization or from a reaction product channel. This will
be part of future work when this apparatus is coupled to the Dalian
Coherent Light Source, a tunable free electron laser user facility in
China that operates in the 50–150 nm region with high pulse energy
and a repetition rate up to 50 Hz.

In addition, the LIF kinetics measurements on the radical reac-
tant, the bimolecular rate coefficient, can also be determined from
the time-dependent evolution of the reaction products. The CH
+ C3H6 reaction produces multiple products Pm along with accom-

panying coproducts Ym, expressed as CH + C3H6
km→ Pm + Ym with

∑mkm = k2 (m = 1, 2, 3, . . .), where k2 is the overall bimolecular reac-
tion rate coefficient as in (E5), and km is the reaction rate coefficient
for each product channel. Under pseudo-first-order conditions, the
formation of product species Pm is given by

d[Pm]
dt

= km[CH]t[C3H6]. (E6)

Substituting Eq. (E5) into (E6) and solving the differential equation
yields the formation of Pm as follows:

[Pm]t =
km[C3H6][CH]0
(k2[C3H6] + kother)

(1 − exp [−(k2[C3H6] + kother) ⋅ t])

= km[C3H6][CH]0
k1st

(1 − exp [−k1st ⋅ t]). (E7)

Equation (E7) shows that the product evolution [Pm]t increases
exponentially with the pseudo-first-order rate k1st = k2[C3H6]
+ kother of the overall reaction, and it is important to note that
this trend is independent from each product channel. Therefore, we
can employ the same method used in LIF measurements to deter-
mine the bimolecular reaction rate coefficient k2 via ReTOFMS by
obtaining the slope of the values of k1st vs the reactant concentra-
tion [C3H6]. Since ReTOFMS has a response function, as discussed
in Sec. III C, Eq. (E7) is convoluted with a Gaussian profile with a
width of 12 μs to fit the experimental product evolution (m/z = 54) as
shown in Figs. 5(a)–5(c). The resultant pseudo-first-order rate coef-
ficients as a function of reactant density are shown in Fig. 5(e). A
bimolecular rate coefficient of (5.8± 2.9)× 10−10 cm3 molecule−1 s−1

for the CH + propene reaction is obtained from the weighted linear
fit in Fig. 5(e). The k2 value obtained from ReTOFMS has a large
uncertainty and is almost twice that from the LIF kinetics measure-
ment in Sec. III B. This large uncertainty is due to the low signal
level combined with the influence of the velocity spread during tran-
sit from the skimmer tip to the photoionization probe region. The
overestimated k2 value from ReTOFMS compared to the LIF result
may arise from an overestimation of the FWHM of the Gaussian sys-
tem response function. Nevertheless, our results clearly indicate that
the CH + propene reaction produces C4H6 + H products. Further-
more, we prefer to report the LIF kinetics results, k2 = (3.4 ± 0.6)
× 10−10 cm3 molecule−1 s−1, as the overall rate coefficient of the
CH + propene reaction at 23(3) K. This rate coefficient value is
smaller than those measured at temperatures from 77 to 298 K, as
shown in Fig. 6. The second-order rate coefficients increase as the
temperature decreases to 77 K and subsequently drop at 23 K. The
similar trend is observed in the reactions between CH and CH4,
methylacetylene, and allene.48

E. Reaction mechanism
The CH + propene reaction is barrierless and exothermic, ini-

tiated by either CH addition to the double bond in propene or
CH insertion into the C–H or C–C bonds of propene.53,54 The
newly formed complex, C4H7, is highly energetic and undergoes
further isomerization and decomposition to produce various prod-
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FIG. 6. Comparison of second order reaction rate coefficients for the CH + C3H6
reaction at various temperatures and methods. LIF (blue solid circles) and mass
spectrometry (violet solid circles) measurements at 23(3) K are presented with
±1σ error from this work. LIF measurements by Daugey et al. using CRESU at
77, 128, and 170 K (brown solid circles) with ± 2σ error.48 LIF measurements by
Loison et al. using a fast-flow reactor at 300 K (green solid circle) are represented
with ± 1σ error.49

ucts. The reaction product branching ratios (BRs) were calculated
both at a zero-pressure limit under single collision conditions and at
p = 5 Torr and T = 300 K. The BRs under both conditions appear
similar, but they depend on the initial C4H7 complex formed in
the entrance channel. If the reaction is initiated by CH addition
to the double bond in propene or by CH insertion into the ter-
minal sp2 C–H bond or the C–C bond, 1,3-butadiene + H is the
dominant product (∼85%), with a minor (∼11%) product channel
of ethene + vinyl and a smaller (∼4%) channel of 1,2-butadiene
+ H. If CH inserts into a C–H bond in the terminal CH3 group,
leading to the ⋅CH2CH2CHCH2 complex, the dominant reaction
products are predicted to be ethene + vinyl radical (67%–77%)
and 1,3-butadiene + H (20%–30%). If CH inserts into the middle
sp2 C–H bond in propene, CH3C(⋅CH2)CH2 complex is produced,
which predominantly decomposes to allene + CH3 (99%). The com-
puted BRs agree quantitatively well with the experimental results
by Loison and Bergeat, who measured the H eliminated product
channel, C4H6 + H, as the dominant channel (BR = 0.78 ± 0.10)
using LIF detection on H atoms in a fast-flow reactor at room tem-
perature.49 However, the calculated BRs disagree with the PIMS
experiments at p = 4 Torr and T = 298 K by Trevitt et al., who
observed only C4H6 + H products, with C4H6 isomers further iden-
tified as 1,3-butadiene (BR = 0.63 ± 0.13), 1,2-butadiene (BR = 0.25
± 0.05), and 1-butyne (BR = 0.12 ± 0.03).50 In addition, the isotope-
labeled CD + propene reaction by Trevitt et al. clearly indicates
that the CH addition channel is dominant. This leads to a cyclic

C4H7 intermediate, which further ring opens to CH3CHCH⋅CH2
and decomposes to lose a hydrogen atom, producing 1,3- or
1,2-butadiene. A small amount of 1-butyne (0.12 ± 0.03) might
be formed by secondary H assisted isomerization of 1,2-butadiene.
Overall, the statistical Rice–Ramsperger–Kassel–Marcus (RRKM)
calculations and the PIMS experimental results indicate that the CH
+ propene reaction predominantly produces 1,3-butadiene +H.

The dynamics study under single-collision conditions, con-
ducted via a crossed molecular beam experiment, revealed that the
cyclic products 1-methylcyclopropene and 3-methylcyclopropene
are formed in the CH + propene reaction.51 This finding clearly
contradicts both the experimental kinetics measurements and the
theoretical RRKM theory results, which suggest that 1,3-butadiene +
H is the major product channel, demonstrating a critical non-RRKM
behavior in the reaction. Systematic experimental isotope-labeled
reactions, such as CH + CD3CD=CD2, CD + CH3CH=CH2, and
CD + CD3CHCH2, further confirmed that this reaction is initi-
ated by CH addition to the double bond in propene, forming a
cyclic C4H7 intermediate, CH3c(CHCHCH2), which is consistent
with the PIMS study. However, the experimentally derived reac-
tion energy of −168 ± 25 kJ mol−1 and a tight exit transition
state from decomposing long-lived reaction intermediates in CMB
suggest that the H atom loss to form 1-methylcyclopropene and
3-methylcyclopropene occurs on a timescale faster than the isomer-
ization of CH3−c(CH⋅CHCH2), a methyl-substituted cyclopropyl
radical intermediate. The CMB experiment under single-collision
conditions studied the reaction dynamics by observing the nascent
product distributions, which provide a glimpse of the reaction prod-
ucts (1-methylcyclopropene and 3-methylcyclopropene). In con-
trast, under thermal conditions, where more collisions with bath
gas occur and the time scale for reaction intermediates to isomer-
ize is longer, the kinetics studies by Trevitt et al.50 in a flow reactor
detected 1,3-butadiene as the major product, as predicted by statisti-
cal RRKM calculations. Similarly, we expect 1,3-butadiene to be the
dominant product under the present Laval uniform supersonic flow
conditions. Since the single VUV wavelength (118.27 nm) used for
the photoionization does not permit isomer-specific analysis, a low-
temperature kinetics study station is being developed at the Dalian
Coherent Light Source. With a tunable VUV probe and ReTOFMS,
this will provide a definitive answer.

F. Astrochemical importance
Both the methylidyne radical (CH X2Π) and propene (C3H6)

have been detected in dark cold molecular clouds (e.g., TMC-1,
Lupus-1a, L1495B, L1521F, and Serpens South 1a) and in the low-
mass protostar IRAS 16293-2422 B.68–71 The CH radical possesses
an unpaired electron and an empty molecular orbital, contributing
to its high ground-state reactivity. This reactivity significantly influ-
ences hydrocarbon growth and the synthesis of complex organic
molecules under low-temperature interstellar conditions. Currently,
over 50 interstellar hydrocarbon species have been detected, most
of which exhibit a high degree of unsaturation. However, the for-
mation mechanisms of many of these unsaturated hydrocarbons
remain poorly understood, highlighting a critical area of research in
astrochemistry.

This study demonstrates that the reaction between CH and
propene at low temperature forms a complex that proceeds via
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H elimination, producing unsaturated hydrocarbons such as C4H6
isomers. Among these, 1,3-butadiene (a C4H6 isomer) has been
identified as the primary product at room temperature.50 Notably,
1,3-butadiene can further react with ethynyl radicals (C2H) to form
benzene, the simplest PAH molecule under interstellar conditions.55

The C4H5 isomers, including 1,3-butadien-2-yl, 1-butyn-3-yl, and 2-
butyn-1-yl radicals, are also highly unsaturated and may contribute
to the formation of PAHs and other complex organic species in the
interstellar conditions. However, proving this experimentally is chal-
lenging due to the difficulty in generating these radicals with high
density. The present work highlights the significant role of the CH
radical in forming highly unsaturated hydrocarbons, warranting its
inclusion in the astrochemical modeling in the dark cold molecular
clouds. Incorporating CH driven reactions into astrochemical mod-
els may improve predictions of unsaturated hydrocarbon and PAH
abundances, refining our understanding of molecular complexity in
the early stages of star and planet formation.

IV. CONCLUSION
We have developed a new instrument for studying the reac-

tion kinetics and dynamics of astrochemically important reactions
at low temperatures. In this setup, two well-established detection
techniques, LIF and VUV photoionization ReTOFMS, have been
successfully coupled to a supersonic uniform low-temperature flow.
A helium Laval nozzle designed with a Mach number of 6 was
characterized, achieving a temperature of 23 ± 3 K and a den-
sity of (2.0 ± 0.4) × 1016 molecule cm−3. The second-order rate
coefficient for the reaction between the methylidyne radical (CH)
and propene (C3H6) is measured at 23(3) K using LIF, yielding
k2 = (3.4 ± 0.6) × 10−10 cm3 molecule−1 s−1. VUV (118.27 nm) pho-
toionization ReTOFMS detected a dominant product channel, CH
+ C3H6 → C4H6 + H, without isomer identification. Another less
intense mass peak at m/z 53 was also observed, which could either
result from the dissociative ionization of the energized C4H6 pri-
mary products or indicate another product channel, C4H5 + H2.
Given that both CH and C3H6 are present in cold molecular clouds
(e.g., TMC-1, Lupus-1a, L1495B, L1521F, and Serpens South 1a),
these products, particularly the (isomeric) C4H6 species, are likely
to exist in interstellar environments. Their contribution to the for-
mation of highly unsaturated hydrocarbons should be considered in
astrochemical models of cold molecular clouds to improve predic-
tions of unsaturated hydrocarbon and PAH abundances, advancing
our understanding of molecular complexity in early star and planet
formation.

SUPPLEMENTARY MATERIAL

The supplementary material contains more information on the
linear correlation of MS and propene density in the flow, a com-
parison of the gas profile from Pitot and MS measurements, an
analysis of the instrument response function, and selected C4H5
isomer information.
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