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Abstract

time / ps
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Conspectus
The study of gas-phase chemical reactions at very low temperatures first became possible with

development and implementation of the CRESU (French acronym for Reaction Kinetics in



Uniform Supersonic Flows) technique. CRESU relies on a uniform supersonic flow produced by
expansion of a gas through a Laval (convergent-divergent) nozzle to produce a wall-less reactor
at temperatures from 10-200K and densities of 10%-10'8 cm™ for the study of low temperature
kinetics, with particular application to astrochemistry. In recent years, we have combined
uniform flows with revolutionary advances in broadband rotational spectroscopy to yield an
instrument that affords near-universal detection for novel applications in photodissociation,
reaction dynamics and kinetics. This combination of uniform supersonic flows with chirped-pulse
Fourier-transform microwave spectroscopy (Chirped-Pulse/Uniform Flow, CPUF) permits
detection of any species with a modest dipole moment, thermalized to the uniform temperature
of the gas flow, with isomer-, conformer-, and vibrational state-specificity. In addition, the use of
broadband, high-resolution and time-dependent (microsecond time scale) micro- and mm-wave
spectroscopy makes it an ideal tool for characterizing both transient and stable molecules, as

well as studying their spectroscopy and dynamics.

In this account, we will review recent advances made using the CPUF technique, including studies
of photodissociation, radical-radical reaction dynamics, and low temperature kinetics. These
studies highlight both the strength of the universal and multiplexed detection and the challenges
of coupling it to a high-density collisional environment. Product branching and product evolution
as a function of time have been measured for astrochemically-relevant systems, relying on
detailed characterization of these flow conditions via experiments and fluid dynamics
simulations. In the photodissociation of isoxazole, an unusual heterocyclic molecule with a very

low-energy conical intersection, we have identified 7 products in 5 reaction channels and



determined the product branching, pointing to both direct and indirect pathways. We have also
approached the same system from separated NO and CsHs reactants to explore a broader range
of the potential energy surface, demonstrating the power of multichannel branching
measurements for a complex radical-radical reactions. We determined the product branching in
the CsH2 isomers in photodissociation of the propargyl radical and identified the importance of a
hydrogen atom catalyzed isomerization to the lowest energy cyclic form. This then motivated a
study of direct D-H exchange reaction in radicals, in which we demonstrate that it is an important
and overlooked pathway for deuterium fractionation in astrochemical environments. Recently
we have shown the measurement of low temperature kinetics inside an extended Laval nozzle,
after which a shock-free secondary expansion to low temperature and density affords an ideal
environment for detection by rotational spectroscopy. These results highlight the power and
potential of the CPUF approach, and future prospects will also be discussed in light of these

developments.
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1. Introduction

Surprising chemical complexity is seen in the large inventory of molecules now detected in
interstellar and circumstellar environments, and the widely varying conditions of density,
temperature, and radiation load in these sources make it a challenge to unravel the mechanisms
that form these molecules.® To understand the chemistry in these remote environments,
experimentalists would like to replicate the conditions in the laboratory and simply make
measurements. However, the densities are many orders of magnitude lower than the lowest
pressures accessible in the laboratory, collision frequencies typically measured in terms of years
rather than nanoseconds and mean free paths of hundreds of kilometers. As a result, it is
necessary to develop experiments which can be applied to understand select key aspects
underlying the formation or destruction of molecules in space rather than attempting to replicate

the conditions exactly.®

One of the most important such methods has been the CRESU technique (a French acronym
meaning “reaction kinetics in uniform supersonic flows”) developed by Rowe and coworkers’.
This method relies on a supersonic expansion of a gas via a Laval nozzle, a convergent-divergent
nozzle familiar as the shape of a rocket-nozzle. If the upstream and downstream pressures are
controlled to match the nozzle's design parameters, the result is a collimated, low-temperature
gas flow. Unlike a typical molecular beam, however, this is a collisional environment at a uniform
temperature and density, and it may be centimeters in diameter with densities typically over 10®
cm3. This provides a wall-less reactor in which the kinetics of astrochemically-relevant reactions

have been studied down to 6 K.82 When the method was first developed in the 1980’s, it was



believed that only ion-molecule reactions lacking any activation energy could make a significant
contribution to the chemistry in cold astrophysical environments. CRESU experiments showed,
however, that many radical-molecule reactions may be barrierless thus remain very fast at low
temperature and can play an important role in molecular growth and transformation even in
cold, dark molecular clouds at 10-50 K and densities 10*-10° cm™3.% 10

The CRESU method has since been implemented in many laboratories around the world, and
most of them use laser induced fluorescence (LIF) as the method of detection.!! LIF has the
advantage that it is extremely sensitive, and it can readily be employed in Laval flows where the
collision frequency may be up to 10 MHz. It has some disadvantages, however: most significant
is the limited number of systems that are available for LIF detection. LIF is most favorable for
systems with convenient, long-lived excited electronic states that exhibit strong fluorescence,
readily accessed with tunable dye lasers in the visible or near-UV. Important examples include
CN® 1215 QH10, 1618 and CH%-22, Some atomic species have also recently been probed in CRESU
experiments using vacuum ultraviolet (VUV) LIF?> 24, but this is quite challenging. Another
limitation of LIF detection is that it cannot readily be used in multiplexed approaches or for
determining product branching. Nevertheless, it has proved to be extremely important in
measuring reaction kinetics for many astrochemical and atmospheric reactions. One alternative
probe technique, first developed by Leone and Wilson at the Advanced Light Source, is VUV
photoionization mass spectrometry?>, also used more recently by the Rennes group at the SOLEIL
synchrotron?®. This is a sensitive and universal detection method but requires low density in the
probe region to prevent interference from ion-molecule reactions that might occur en route to
detection. To address this challenge the flow is sampled using a skimmer or airfoil with a small
aperture. Although the sampling strategy can be effective, questions remain about shocks at the
entrance to the sampling orifice or just after it that may alter the conditions. These issues will be

considered in greater detail below.



In 2008, the Pate group at the University of Virginia reported a novel approach to rotational
spectroscopy that delivered a thousand-fold (or more) increase in the data acquisition rate or
“spectral velocity” compared to the traditional cavity-based Balle-Flygare approach?’. This
method, Chirped-pulse Fourier-Transform Microwave (CP-FTMW) Spectroscopy, takes
advantage of modern high-speed electronics to produce a high-power frequency sweep of
several GHz in a microsecond or less that irradiates the sample. The free induction decay (FID) of
the coherently excited sample is averaged in the time domain, then, after down-conversion and
Fourier transform, any molecules excited are detected with fingerprint signatures and reliable
abundances. Not long after this development, we recognized that the low-temperature uniform
flow environment would be ideal for application of the CP-FTMW method, as reaction products
could be cooled in the flow to reduce the rotational partition function, a necessary step to
achieve sensitive detection by rotational spectroscopy’ 28. The approach could then be used to
study reaction product branching in photodissociation or bimolecular reactions and applied to
low temperature kinetics as well. We note Sims et al. recently developed a CPUF apparatus for
continuous uniform flows and they have shown both reaction?® and linewidth measurements3®

directly in the flow.

In this Account we describe this approach, termed Chirped Pulse/Uniform Flow (CPUF), and
illustrate both the strengths of the method and the challenges that must be overcome to
optimize its performance. In Section 2 we present the experimental method, describing both our
implementation of a pulsed uniform supersonic flow, and the CP-FTMW spectrometer. We also

introduce the “quasi-uniform flow” and the computational fluid dynamics (CFD) investigations



we have used to understand the flow performance throughout this work.2 We then turn to
applications, showing in two cases how CPUF studies of multichannel branching in
photodissociation can complement and enrich related studies of bimolecular reactions. In
Section 3, we show how our studies of propargyl radical photodissociation? led to the
identification of D-H exchange in radicals as an overlooked pathway to interstellar deuterium
enrichment.3! Section 4 presents two distinct approaches to exploring the C3HsNO potential
surface: one by photodissociation of isoxazole3? and another by the C3Hs + NO reaction.?
Application of CPUF to kinetics is described in Section 5, achieved by performing the reaction
entirely inside an extended nozzle.? Finally, we point to future opportunities and challenges for

the CPUF method.

2. The Experimental Approach

Here we introduce the CPUF instrument, shown in Fig. 1, and highlight some unique features
both in the Laval flow system and in the spectrometer. In generating the uniform flow, we made
some design choices that diverge from those generally employed elsewhere.! First, we chose to
use a pulsed flow as originally developed by Atkinson and Smith33, and widely used in CRESU
implementations outside of Rennes.'® 343¢ However, rather than using solenoid valves, we

developed a high-throughput pulsed valve based on a stacked piezo actuator.?’ This allows us to



fill a 15 cm3 reservoir to the target pressure despite the large throat aperture (3-10 mm) of the

Laval nozzle, ensuring high quality pulsed flows at low temperature. In addition, we employ a
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Figure 1. A schematic representation of CPUF instrumentation. Linearly chirped pulses (0.25 — 3.75 GHz) are
produced in an arbitrary waveform generator (AWG) and then mixed with a PLDRO (frequency 8.125 GHz) or a BNC
RF synthesizer locked to a 10 MHz Rb standard. The resulting frequencies are then multiplied, amplified, and
broadcast onto the flow via a feedhorn that is oriented perpendicular to the flow axis. Bandpass filters and isolators
are inserted into the setup as necessary. The pulsed uniform flow source consists of a piezoelectric stack valve3®,
connected to mass flow controllers (MFC), and a Laval nozzle mounted on one end of a polycarbonate vacuum
chamber.8 A quartz window is located on the other end of the chamber to allow radiation from an ArF excimer laser
to propagate down the axis of the Laval nozzle, such that the core of the flow is irradiated. The resultant molecular
emission from the core is collected as free induction decay (FID) by a second feedhorn, amplified through a low noise
amplifier (LNA), down-converted before detection, and phase-coherently averaged in an oscilloscope, where it is
fast Fourier-transformed to produce a frequency-domain spectrum.



high-throughput magnetically suspended turbomolecular pump (in fact two of these in the
present apparatus). Another distinct feature of the apparatus is the chamber itself, which is a
large polycarbonate tube through which we send the microwave excitation and detect the FID
from the excited molecules. The goal here is to minimize the reflections off metal surfaces that

can interfere with the recorded signals.

The CP-FTMW approach relies upon a high bandwidth (8 GS/s) arbitrary waveform generator to
produce a linear frequency sweep (or perhaps a series of singe-frequency bursts) that is amplified
and mixed with a fixed frequency produced by a PLDRO or an RF synthesizer and frequency-
multiplied to the region of interest before being broadcast into the sample. The emitted FID is
down-converted and averaged in the time domain in a high-bandwidth oscilloscope (4 GHz
analog bandwidth). The spectrometer we developed initially operated in the Ka band from 26-
40 GHz and relied upon a 40 W traveling wave tube amplifier to excite the sample.?® We
subsequently changed to the mmWave regime, 60-92 GHz, and all the data presented here was
obtained using variations of this spectrometer configuration which is based on that of Park et al.
(Fig. 1).38 Although the available power in the mmWave regime is 3-4 orders of magnitude lower,
the fact that the signal scales as the square root of the power, the focal volume is much smaller,
and the 20 K Boltzmann population for 3-6 heavy atom molecules peaks closer to this
spectrometer window, means only a modest price is paid in signal for the greater versatility of
the mmWave regime and the access to smaller molecules such as HCO and HCN.

Rotational spectroscopy is a near-universal technique in that almost any molecule with a

dipole moment can be detected. In general it is less sensitive than LIF or photoionization. The

10



signal depends quadratically on the dipole moment and scales linearly with the inverse of the
rotational partition function. The results shown here highlight the range of molecules that can
readily be detected.

Although ideally one would wish to probe the reaction directly in the flow, the collision frequency
is typically too high to permit this as collisions interfere with the creation of the coherent
excitation as well as the FID. Instead, we have developed an alternative strategy in which the
chamber pressure is reduced well below the design target for the nozzle, giving a “quasi-uniform
flow” that is uniform within the nozzle (or nearly so), but undergoes a second expansion to low
density and temperature which is ideal for detection by CP-FTMW. We have implemented this in
our 20 K high density (2x10” molecules cm3) helium nozzle.? This approach allows time for
reactions to take place and for cooling of reaction products while still giving excellent sensitivity
in the probe region. We have used CFD modeling of the flow to understand its properties and to
aid in interpreting the results. The simulation results are shown in Fig. 2. Figure 2(a) shows the
overall 2D temperature profile from the nozzle throat to the chamber itself. The mmWave probe
is located 8 cm from the exit of the nozzle. Fig 2(b) shows the evolution of key thermodynamic
parameters along the axis of the flow. The lower abscissa scale in Fig 2(b) shows the distance
from the nozzle exit, while the upper scale gives the corresponding “birth time” relative to the
probe time based on the flow velocity. This highlights this very useful feature of the flow that
spatial origin is mapped to arrival time. The figure shows the steep density drop that accompanies
the initial expansion from the nozzle throat from 100 to 90 us before detection, which is followed
by a temperature near 40 K for the next 50 ps or so. The high collision frequency here promotes

rapid rotational thermalization to the flow temperature, and slower vibrational relaxation that is
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Figure 2(a) Distribution of the temperature calculated from CFD simulations. (b) Evolution of various thermodynamic
properties (temperature, density, pressure and collision frequency) along the axis of the flow from the reservoir to the shock
layer in the vacuum chamber. Reproduced with permission from reference 2. Copyright 2018 The Royal Society of Chemistry.

sometimes observed. After the nozzle exit, there is a second expansion that leads to
temperatures around 5 K and collision frequencies at 100 kHz or below for detection by CP-
FTMW. This quasi-uniform flow is suitable for studying photochemistry and bimolecular reactions
focused on product branching but is less so for kinetics measurements in which temperature and
density must be carefully controlled for the duration of the measurement. For kinetics

applications we expand on the idea of the secondary expansion by extending the nozzle length
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and performing the kinetics inside the nozzle itself.* The secondary expansion again then gives

conditions optimized for detection. This is described in detail in Section 5 below.

3. Propargyl photodissociation and D-H exchange in radicals

In this section we show how insights obtained studying propargyl radical photodissociation in the
flow environment led to a study of bimolecular chemistry with significant astrochemical
implications. Propargyl radical, CH,CCH, is a ubiquitous resonance-stabilized radical found in
combustion environments3® 4% and recently detected in the Taurus Molecular Cloud (TMC-1) in
great abundance.*! It is challenging to detect by rotational spectroscopy owing to its small dipole
moment (0.15 D) but it is known to be a central player in hydrocarbon combustion and in models
of Titan’s atmosphere as well.*> Our CPUF study used either propargyl bromide or 1,2-butadiene
as photolytic precursors for formation of the propargyl radical. Absorption of a second photon
then can lead to photodissociation of the radical and formation of hydrogen atom and a range of
CsH; radicals as the primary pathway.** %4 These radical products include both linear I-CsH; and
cyclic c-C3Hz and triplet propargylene, HCCCH. The first two are readily detected by rotational
spectroscopy: c-CsH; was the first cyclic species to be detected in space and both are seen in a
wide variety of sources.** Propargylene, however, has a negligible dipole moment and is
undetectable by rotational spectroscopy. Nevertheless, we were able to infer its presence and

guantify it as described below.
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Figure 3. Microwave spectra of photoproducts arising from the 193 nm photodissociation of the propargyl radical. Four single-
frequency m/2 pulses corresponding to the 3,,73,,(82.966 GHz) and 2, -1 (85.338 GHz) transitions of c-C.H, and 4, -

3,,(83.165 GHz) and 4, -3, , (83.933 GHz) transitions of I-C_H, irradiate the sample. A fifth line due to the 54 transition of

propyne is observed nearby at 85.457 GHz excited off-resonance. The times are offset 20 us relative to those in Fig. 2. Reproduced
with permission from reference 2. Copyright 2018 The Royal Society of Chemistry.
In this experiment, 1% 1,2 butadiene is seeded in the helium quasi-uniform flow and dissociated
at 193 nm. The products are detected using a burst of single frequency 1/2 pulses (i.e., with the
duration chosen to maximize the coherence for each target species) followed by a listening time

of several microseconds during which the FID is recorded. This is repeated at 10 us intervals
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following the laser photolysis to trace the chemistry occurring in the flow. The overall repetition
rate of the experiment is 5-10 Hz. The results are shown in Fig. 3. Here and elsewhere the
transitions are labeled as Jkqk. for asymmetric tops and Jkfor symmetric top molecules. The cyclic
radical is seen promptly, 30 s after the laser fires, with the weaker signal from the linear isomer
appearing somewhat later. The remarkable aspect of the results is the distinct subsequent
behavior of the signals: The I-C3H> signal decays at 70-80 ps just as the c-CsH> signal grows
dramatically, up to twenty times larger than its onset. This is understood to be the result of H-
atom catalyzed isomerization: recombination of CsH, radicals with H atoms that are also
produced in the dissociation of the precursor will produce propargyl radicals that will again
decompose but given the low energy available following the recombination in the cold flow, they
exclusively produce the lowest energy species, c-CsHz. The much larger growth seen at the later
times is attributed to the same process occurring for the propargylene species: this allows us to
estimate the branching for that product as well. The results are summarized in Table 1 and
compared to calculations from Nguyen et al.** Reasonable agreement is found, except the CPUF
results suggest a larger branching to the cyclic species. The discrepancy was attributed to a higher
barrier (and asymptotic energy) for decomposition to c-CsH, than subsequently found in very
high-level calculations.** Note the spectra also show the appearance of propyne very late in the
flow corresponding to the high-density region at the throat of the nozzle. This is the result of
recombination of propargyl radical with H atoms that are then stabilized by third-body collisions.
Allene formation is also possible by the same mechanism, but it cannot be detected by rotational

spectroscopy.
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Table 1. Experimental branching fractions in comparison with those computed by Nguyen et al. in the 193 nm photodissociation
of the propargyl radical from reference 48. Although we did not directly detect CsH, we place an upper bound of 1% branching to
this channel on the basis of the noise floor in the spectrum at the location of its 3-2 transition at 80388.1 MHz.

C-C?’H2 +H |-C3H2 +H 3HCCCH +H C3H + H2
This work 16.8% (+3.2/-1.3) 2.9% (+1.1/-0.5) 80.2% (+1.8/-4.2) 0% (+1)
Nguyen et al. 3.60% 3.50% 86.50% 5.50%

These results then suggested that a similar reaction involving D atoms, at the low temperature
of the flow or in cold interstellar clouds, should produce c-CsHD by an analogous mechanism. The
exothermicity of the process c-C3H; + D -> ¢-C3HD + H is 7.5 kJ mol™?, and of course larger for D-
H exchange in the other CsH, isomers, to give c-C3HD.3! Similar considerations apply for
transformation of CsHs to CsH2D and CsH4 isomers to their deuterated isotopologues. We thus
performed an analogous experiment except in this case we added NDs as a source of D atoms,
and the results are shown in Fig. 4. We indeed see formation of c-CsHD as anticipated, but no
evidence for doubly deuterated species nor of I-C3HD. We also see both forms of deuterated
propyne. These may be formed by D-H exchange in the propargyl radical followed by H addition
and stabilization, or by D addition and stabilization to normal propargyl radicals. We found the
relative yield of these was sensitive to experimental conditions suggesting complex and

competing pathways.

Motivated by these findings, we performed modeling of two interstellar cloud conditions in
collaboration with T. J. Millar at Queen’s University, adding these D-H exchange reactions that
had not previously been included. The models showed a significant impact on the abundance and

deuterium fractionation for both a TMC-1 type cloud and a warmer Orion Ridge Cloud condition.
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We found that in cold conditions of TMC-1, more than 78% of the c-CsHD is formed by the D-H
exchange mechanism, while in warmer conditions it is 69%. The results suggest the importance

of including D-H exchange involving radicals in a more comprehensive model, and one that can

explicitly include nuclear spin effects which were absent in our preliminary study.

CH,CCH
85.457 GHz

CH,DCCH CH, LCH,
83.933 GHz So-49

c-GHD 80.902 GHz
798126Hz 5 4 82.966 GHz
23151 312-303 44331,

140%% i
. ¥ RS
L o

CH5CCD
77.880 GHz

ﬁ
|
H
F b L

1
I I
78 79.6 81 82.8
Frequency (GHz)
Figure 4. Rotational spectra of the products observed in the 193 nm dissociation of propargyl bromide and NDs. Probe delay after
laser pulse is indicated on left. The red arrows indicate the positions of each rotational line observed, and the details of each line
are indicated just above it. The times are offset 20 us relative to those in Fig. 2. By N. Dias et al., reproduced from reference 31,

2022. Licensed under CC-BY 4.0.
4. Isoxazole photodissociation and the NO + C3Hs reaction

We now turn to an examination of chemistry on the C3H3NO potential energy surface,
approaching it from two distinct starting points: photodissociation of the isoxazole molecule, c-

C3H3NO, and from the NO + C3Hs3 bimolecular reaction. Key stationary points on the potential
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surface are shown in Fig. 5, synthesized from calculations reported in references %6 and . The

isoxazole molecule is shown as IM5 in the figure.
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Figure 5. Key stationary points on the potential energy surface for the NO + CsHs reaction. The energetics and pathways are
based on high-level theoretical calculations by Wang et al. and Danilack and Goldsmith from refs 44 and 45, respectively.
Reproduced with permission from reference 3. Copyright 2022 American Chemical Society.

The crossing between the nit* and o™ excited potential surfaces in heterocyclic aromatic
molecules such as pyrrole and furan has been found to control the dissociation dynamics, leading
to many studies of the dynamics at this conical intersection (Cl) in these and related molecules.*®
Although it is isoelectronic with furan and pyrrole, isoxazole exhibits quite distinct excitation and
decay dynamics owing to ring opening via a low-lying Cl involving a singlet biradical B-formyl vinyl
nitrene intermediate (TS10). Isoxazole dissociation has been studied using surface hopping

dynamics calculations,*® by pyrolysis with IR probing of the intermediates and products and
extensive electronic structure calculations®® and more recently by time-resolved photoelectron

spectroscopy.! Based on previous studies, we infer that the dissociation of isoxazole can be
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characterized as an ultrafast process where N—O bond cleavage immediately occurs and is
followed by internal conversion to the ground state at the low-lying conical intersection. This
internal conversion leads either directly to certain products by ultrafast dissociation, or to a more
protracted exploration of the ground state ultimately yielding other products consistent with
thermal decomposition. Both direct and indirect dissociation occurs through this Cl. This
discrimination between direct and indirect pathways was based on a comparison of the product
yields to those from the pyrolysis experiments and the ultrafast surface hopping dynamical
calculations. The primary decomposition pathway observed for isoxazole dissociation yields HCN
and CH,CO (3CH; + CO), representing a predominantly non-statistical, ultrafast, direct process
immediately following internal conversion to Se. Similarly, HCN, HCO and CH,CN are produced
directly. Additionally, we confirm that the products CH3CN, HCCCN, and HNC are produced via an
indirect mechanism extensively involving dynamics on the ground state. The qualitative

illustration of the decomposition pathways of isoxazole are shown in Fig 6.
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Figure 6. Qualitative illustration of the decomposition pathways of isoxazole. Reproduced with
permission from reference 32. Copyright 2018 American Chemical Society.
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We subsequently approached the isoxazole system from a bimolecular radical-radical
reaction of NO with CsHs. In these experiments the propargyl radical is formed from the 193 nm
photodissociation of either 1,2-butadiene (see section 3) or propargyl bromide (0.5% C3H3Br or
CH,CCHCH3 with 0.5 % NO, seeded in He). Broad scans were used to identify the reaction products
and then /2 pulses were used to maximize the signals. In contrast to the photodissociation of
isoxazole, where 193 nm photons electronically excite isoxazole with a higher total available
energy, the bimolecular reaction has lower total energy. Therefore, we expected product
branching to be similar to that of ground state dissociation of isoxazole. The comparison of
product branching ratios obtained for both studies are shown in table 2. As shown in Fig. 5,
isoxazole is a key intermediate on the PES of the reaction of CsHs with NO. Many bimolecular
products are formed from isoxazole through the key intermediate -formylvinylnitrene. Just as
in isoxazole photodissociation, HCN was observed as a major product and the branching fractions
are comparable. However, in both cases the co-product CH,CO is nonstoichiometric with HCN.
From these two experiments, we confirm that the coproduct CH.CO undergoes secondary
dissociation to form triplet methylene and CO. Triplet methylene readily reacts with NO to
produce HCNO and the reaction is fast and barrierless. HCNO emerges as the second most
abundant product observed in the NO+Cs3Hs reaction but is thus not a primary product. We find
the combined branching of HCNO and CH,CO is comparable to the branching of HCN. The absence
of NO in the isoxazole study accounts for the absence of HCNO in that case. The third most
abundant channel we observed in the NO + C3Hs reaction was CH,CN + HCO. We observed lower

branching for HCO, and we attribute this to secondary decomposition or reaction of this radical
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given its weak (~18 kcal/mol) C-H bond energy. This work also highlighted the importance of the

excess energy possessed by the photolytically prepared reactant molecules as energy barriers

can be overcome. We found this excess energy was critical to the formation of HCCCN and HNC.

The pathway leading to HCCCN requires 69 kJ/mol of energy (TS14), while the reactant molecules

possess approximately 200 kJ/mol of energy, which is sufficient to overcome that barrier.

Similarly, there is a possibility of isomerization of hot HCN to HNC. The isomerization of HCN to

HNC proceeds via highly excited bending states and a barrier of 187 kJ/mol®2. At the energy of

the reaction, it is likely that both HNC and HCN are formed, and a fraction is quenched to the

HNC side of the barrier.

Table 2. Product branching observed for the NO+ CsH; compared to isoxazole photodissociation.

Branching Branching
Species
(NO +C;H,) (isoxazole dissociation)
HCN 50.5 (+6.4/-4.0) 53.8 (+1.7)
HCNO 18.9 (+1.8/-0.8) -
CH,CN 11.7 (+0.8/-0.3) 7.8(+2.9)
CH,CN 7.4 (+1.2/-0.7) 23.4(16.8)
HC,N 6.2 (+2.6/-2.1) 0.9(20.2)
HNC 2.3 (+0.3/-0.2) 0.9(20.2)
CH,CO 1.3 (+0.5/-0.4) 3.8(+0.9)
HCO 1.8 (+0.2/-0.1) 9.5(+2.3)

In addition to ground state molecules, we detected two vibrationally excited HCN states

populated in the NO+C3Hs reaction. These excited molecules appear earlier in the flow than the

ground vibrational state HCN products, suggesting vibrational cooling in the high-density region
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at the nozzle throat. Typically, vibrational cooling is considerably less efficient than rotational

cooling, but due to the possibility of upwards of 10 collisions with helium, it may still occur.

5. Low Temperature Kinetics

Next, we explore CPUF applications in reaction kinetics. The use of microwave detection for
kinetics was pioneered by Koda et al. for studies at room temperature.> This is challenging given
the temperature scaling of the rotational partition function, and this is one of the motivations for
developing the CPUF approach. For application in low temperature kinetics, uniform conditions
of temperature and pressure are required for the duration of the reaction time. The quasi-
uniform flow we have discussed to this point is not suitable, as the thermodynamic parameters
are only constant for 30-40 ps within the nozzle. For detection by VUV photoionization, skimmers
and airfoil sampling of the uniform flow have been used to achieve sufficiently low densities in
the probed region.?® > We adopted a similar strategy and showed sampling could be used with
mmWave detection.>> Unfortunately, such sampling may interfere with the measurement owing
to the presence of shocks before the sampling aperture or after. Therefore, we recently
developed an extended Laval nozzle, an alternative approach wherein a uniform flow is created
within the nozzle itself after which it undergoes a shock free low density secondary expansion.
This is analogous to the quasi-uniform flow discussed above except that the nozzle is long enough
to ensure uniform conditions and an adequate hydrodynamic time persists inside it in which to
perform kinetics. The profile of the extension is calculated to compensate for the evolution of
the boundary layer thickness which allows for the formation of a uniform flow within the tube

itself. Then, the shock-free secondary expansion originating from the output of the extended
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nozzle can be probed as demonstrated in the quasi-uniform flow approach described above. This
new method has first been modeled through CFD simulations; however, experimental validation
of the thermodynamical conditions is required before proceeding with kinetic measurements. To
address this, we took advantage of another probe strategy we had developed at the same time:
resonance-enhanced multiphoton ionization (REMPI) of species within the flow. By seeding a
trace of NO in the flow, we could monitor the electron current on a wire anode as we scanned a
probe laser across the rotationally resolved (0-0) band of the NO A-X transition around 44200 cm’
1, The rotational distribution could be fitted to give the rotational temperature in the flow. To
adapt this same approach to determine the temperature inside the nozzle, we produced a version
of the nozzle extension in which alternating ring cathodes and anodes were embedded. The
REMPI probe laser was propagated counter to the flow and the local temperature was
determined from the photoelectron yield collected at each respective anode as the laser was
scanned. With this approach we found the temperature within the flow (19.7 K) closely matched

the nozzle design (20 K) and the fluid dynamics simulations (21.7 K) (Fig 7).
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Figure 7. Comparison of theoretical and experimental temperature of the flow along
the axis of the extended nozzle along with the underexpanded secondary expansion.
Solid black line is the CFD simulation of the temperature. Green diamonds are the
temperature of the flow retrieved by REMPI spectra of the dilute sample of NO, and
red squares represent the temperature of the secondary expansion obtained by the
CP-FT mmW spectra of furan. Reproduced with permission from reference 4. Copyright
2023, AlIP.
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To demonstrate use of the extended nozzle configuration for kinetics, we chose the HCO + 0, -
CO + HO; reaction, the first such measurement below room temperature. The experiments were
carried out in pseudo-first order with respect to HCO. Furan was used as the precursor for HCO,

which dissociates at 193 nm to give HCO + C3Hsz as a major pathway, although other product
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channels are present as well.”® The HCO reactant decay which was probed on the 101-Ooo
(3/2¢-1/2) transition at 86670.76 GHz. Fig. 8(a) shows a sample kinetics trace at a single O3
density with the window region highlighted that is used to determine the pseudo first order rate.
Fig. 8(b) shows the result of many such measurements plotted against the O, density. The slope
of the plot is the bimolecular rate of the reaction, which was found to be 6.66 + 0.43 x 10! cm?
molec? s, roughly twelve times faster than the room temperature rate. Hsu et al. examined the
direct and indirect pathways contributing to the reaction and their rates in detail at the
G2M(RCC)//B3LYP/6-311G(d,p) level of theory with variational treatment of the barrierless
pathway and RRKM calculations.>” They found at low temperature the reaction proceeds by
formation of the long-lived intermediate HC(O)OO, which is 36.1 kcal/mol below the reactant

entrance channel which then decomposes via a loose 4-center transition state 12.6 kcal/mol

below reactants to give HO, + CO.

6. Conclusions and Outlook

Although we have demonstrated some of the capabilities of the CPUF combination of a low
temperature flow environment with CP-FTmmW spectroscopy, the technique is still in its infancy
and has room to grow immensely in breadth of applications. As the associated electronics
continue to improve, significant advances in sensitivity and throughput are on the immediate
horizon. The capability of the approach to give absolute densities for reactants and products has
not been fully exploited, but we are making use of this now in ongoing experiments. This will be
a boon to future studies and is simply not feasible for LIF or REMPI based detection. Future

studies can couple laser excitation in double-resonance studies to enhance sensitivity and
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explore vibrational or conformational-dependence of reactivity. Vibrational distributions are
both a blessing and a curse here: CP-FTmmW can be used detect and quantify reactant
vibrational satellites and explore the dependence on reactivity on vibration in direct ways.?®
However, the presence of considerable vibrational excitation in products dilutes the signal into
many quantum states that may not cool efficiently in the flow, preventing detection or distorting
inferred branching. Studies of vibrational relaxation in the flow, or of the K-dependent relaxation
or reaction rates, are also untapped capabilities. These are exciting times for CP-FTmmW and for

CPUF.
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