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operating in the FastFramet mode. The 50 ms interval between
the gas pulses (@ 20 Hz) provides time to transfer that FID
sequence from the fast memory to the main memory of the
oscilloscope, where it is stored to be averaged, each FID
separately, with the sequence of FIDs that result from the next
gas pulse. In the example shown in Fig. 3 we have averaged over
10 000 gas pulses, which takes about 10 minutes. Averaging of
up to 200 000 gas pulses (3 hours) is practical and has been
used to detect weaker signals. After the experiment is com-
pleted, the file containing the sequence of 22 averaged FIDs is
transferred to a personal computer where the FIDs from each
kind of chirp are additionally averaged with each other. The
resulting three time-domain FIDs are Fourier-transformed to
obtain the frequency-domain spectra shown in Fig. 3(b–d).

In some instances it may be useful to omit the last averaging
step and convert each FID in the sequence to a frequency
domain spectrum.31 As mentioned before, this approach can
be used to monitor transient processes. We have converted
each of the 22 FIDs to spectra and examined the time evolution
of the spectral line intensities. The vibrational temperature of
H2CO, gauged by its n4 state effective temperature (see below),
decreases slightly toward the end of the 220 ms portion of the
gas pulse. One of a few possible explanations for that is that the

SiC tube is cooled by the fast passage of the gas pulse. In this
work we are not focusing on modeling the gas flow in the
reactor and take advantage of averaging FIDs of the same kind
from all parts of the multi-chirp sequence. It is important to
note that, for best S/N, averaging in the time-domain followed
by Fourier-transformation is superior to Fourier-transformation
of the individual FIDs with subsequent averaging in the
frequency-domain.

The bandwidth of chirps of a particular kind and their
repetition frequency in the sequence can be chosen to attain
comparable S/N for all pyrolysis products; thus re-allocation of
the spectrometer’s sensitivity between transitions with different
intensities is implemented. This multi-chirp scheme further
improves the ability of the chirped-pulse technique to simulta-
neously detect multiple species and to quantify the branching
between reaction products. Finally, the chirps may contain
frequencies situated both above and below the frequency of
the mm-wave local oscillator (77.51 GHz in this experiment)
that is used for down-conversion. The HNO line in the
81.468–81.488 GHz region and the broadband spectrum of the
70.4–77.4 GHz region span more than 11 GHz, yet are obtained
using an 8 GHz bandwidth oscilloscope. Aside from the B200 MHz
dead region near the down-conversion frequency, this method
effectively doubles the oscilloscope-limited bandwidth available
for FID detection.

A noteworthy feature of these spectra is that some species
are detected solely from the broadband chirps, namely the
formaldehyde product and the remaining ethyl nitrite parent
species. Acetaldehyde transitions can also be detected, albeit
with S/N of only 4 : 1 (Fig. 3(b), insert). If the entire chirp
sequence consisted of broadband chirps, this acetaldehyde
S/N would increase to 9 : 1. However, excitation of these acet-
aldehyde transitions by the narrowband chirps of the sequence
illustrated by Fig. 3(a) results in the acetaldehyde spectrum
(Fig. 3(c)) that has a S/N approaching 100 : 1. Similarly, the
narrowband HNO chirps achieve the high S/N ratio of a known
transition (Fig. 3(d)). While the transitions in this example are
all sufficiently intense to be detected using broadband chirps,
the power of the multi-chirp technique is demonstrated for
future detection of transitions of products from minor reaction
channels or with weak transition moments.

Rotational temperature
Determination of rotational temperatures is crucial for deter-
mining the relative species concentrations in a CPmmW experi-
ment.48 We use the ratio of intensities of the JKaKc

= 404–303

transitions to the sum of the 423–322 and 422–321 transition
intensities in acetaldehyde molecules as a thermometer.60,61

The line intensities were corrected for the frequency-dependent
profile of the chirp obtained with 40 dB attenuation of the !8
active frequency multiplier, and matched by a PGOPHER56

simulation. Acetaldehyde, which is a reaction product of ethyl
nitrite pyrolysis, was measured using a chirp sequence that
contains the broadband chirps exclusively. Despite the high

Fig. 3 CPmmW spectroscopy of CH3CHO, H2CO, and HNO products of
CH3CH3ONO pyrolysis using the multi-chirp approach. (a) Example of a
multi-chirp sequence. In this sequence, a broadband 7 GHz chirp covering
70.4–77.4 GHz (black) is used in combination with 20 MHz chirps centered
on relevant known transitions for CH3CHO60,61 (red) and HNO61,62 (blue) to
study pyrolysis of ethyl nitrite. (b–d) Spectra obtained from use of the chirp
sequence in (a). Rotational JKaKc

assignments of the transitions are provided.
(b) The broadband chirp, covering 70.4–77.4 GHz, provides an overview of
the possible products and contains transitions of formaldehyde in the
vibrational ground state (G.S.) and in the n4 excited state. The insert magnifies
the spectral region that contains two acetaldehyde transitions. (c) The
narrowband chirp covering the 76.862–76.882 GHz region with the two
acetaldehyde transitions that belong to the E and A symmetry ground states
of the internal rotor excitation.60,61 (d) The narrowband chirp covering the
81.468–81.488 GHz region with the HNO transition.61,62
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Chirped-Pulse / Uniform Flow!
Schematic 
  
-  Flow Chamber: The pulsed uniform flow source consists of a piezoelectric stack valve connected to mass flow controllers 

(MFC), and a Laval nozzle mounted on one end of a polycarbonate vacuum chamber. 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. 

-  Spectroscopy CP-FTMW: Linearly chirped pulses (0.25−3.75 GHz) are produced in an arbitrary waveform generator (AWG) 
and then mixed with a local oscillator (frequency 8.125 GHz) phase-locked to a 10 MHz Rb clock. Frequencies are then 
multiplied, amplified, and broadcast onto the flow via a feedhorn oriented perpendicular to the flow axis. Bandpass filters and 
isolators are inserted into the setup as necessary. The resultant molecular emission, a free induction decay (FID) is collected  
by a second feedhorn, amplified through a low noise amplifier (LNA), downconverted before detection, and phase-coherently 
averaged in a broadband fast oscilloscope (8 GHz, 25 Gs/s), where it is Fourier transformed to produce a pure rotational 
spectrum with MHz resolution.  

Nearly all kinetics studies report the observed rate of reactant disappearance, with product identity and branching largely unknown. This limitation arises 
from considerable experimental challenges inherent in the quantitative detection of the full range of products of a given reaction, particularly for large 
polyatomic systems. Recent advances have relied upon tunable synchrotron photoionization or low-energy electron impact ionization to achieve selective 
product detection in dynamics, kinetics, and flame studies. Challenges remain, however, as these studies require fitting of composite and often 
incompletely resolved spectra to infer branching, and clear product signatures are often lacking. To address these issues, we have developed an 
alternative approach, which incorporates chirped-pulse Fourier transform microwave spectroscopy [1] in low-temperature uniform supersonic flows [2] 
(“chirped-pulse / uniform flow”, C-PUF). This technique provides clear quantifiable spectroscopic signatures of polyatomic products in bimolecular or 
unimolecular reactions for virtually any species with a modest electric dipole moment. 
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with k the Boltzmann constant, ω0 the transition frequency, α
the sweep rate, and Qrot and Trot the partition function and
rotational temperature, respectively. The quantities S, μi, gI, and
gK represent the line strength, dipole moment, nuclear spin
weight, and K degeneracy.41 Fractional abundances relative to
CH3CCCN were calculated for each product using their
respective integrated line intensities. For CH2CCHCN, an
upper limit to its abundance could be obtained from the noise
level of the spectrum. Although the spectra shown in Figure 3
were collected separately, the presence of CH3CCCN in both
spectra enabled scaling of the two scans. Thus, quantitative
branching ratios could be determined between the direct
(HCN) and indirect (HCCCN, CH3CCCN) reaction path-
ways. Error bars (2σ) on the branching were based on the
uncertainty in the spectral line widths and intensities for each
species, determined from Gaussian fits of each line. No other
sources of error were assumed.
Experimental and calculated branching ratios for this reaction

are shown in Table 1. The CPUF results include the HCCCN
and CH3CCCN products arising from indirect addition/
elimination reactions and the HCN product from direct H
abstraction. The RRKM results are only applicable to branching
between the various addition−elimination channels (i.e.
indirect pathways); thus, they have been adjusted accordingly
to account for the measured branching into the direct channel.
Experimental results show the branching between the direct

and indirect channels to be roughly 12% to 88%, respectively.
The fairly small branching to the direct reaction is perhaps not
surprising despite the exoergicity given the low collision energy
and the strong electrophilic interaction of CN with the propyne
π system. The indirect addition/elimination pathway produces
three possible products: HCCCN by CH3 elimination and
CH3CCCN and CH2CCHCN from H elimination, with
experimentally determined branching of 66%, 22%, and an
upper bound of 8%, respectively. RRKM calculations initiated
at the C1 and C2 minima support this result, with 48 or 65%
into HCCCN and 33 or 19% into CH3CCCN, respectively.
These values are also consistent with the fact that that HCCCN
is the lowest-energy product in this pathway and can be
produced from either the HmigC1 or C2 complex. Both
CH3CCCN and CH2CCHCN can also arise from either C1
adducts, but not from C2. From either C1 complex, the
pathway leading to CH3CCCN formation has a lower exit
barrier, making it the more favorable of the H elimination
products.

These results can also be compared to previous crossed
molecular beam (CMB) studies conducted at collision energy
of 27 kJ mol−1.34,35,42 The CMB studies only reported
detection of the H elimination products, and based upon
selective deuterium labeling, nearly equal branching to the two
H loss products was inferred. This estimate required some
assumptions about product detection efficiencies and also
neglects the isotope dependence of the decomposition, which
may well be important for H elimination. In general, these
CMB investigations suffer from kinematic constraints that favor
detection of products with small center-of-mass recoil
velocities. As such, the CMB studies were unable to detect
the CH3 elimination product, HCCCN, or the direct reaction
to HCN.
The good agreement between the theoretical and observed

product branching underscores the ability of CPUF to obtain
reliable branching among competing channels and their
products. CPUF can provide detailed product branching with
unambiguous, isomer-specific product detection, adding a
powerful new tool to the reaction dynamics repertoire for
polyatomic systems that includes CMB methods with electron
impact detection as well as synchrotron-based VUV photo-
ionization.

■ EXPERIMENTAL SECTION
The spectrometer consists of an 8 gigasamples/s arbitrary
waveform generator (AWG; Tektronix AWG7082C), which is
used to produce a linear frequency sweep, and a phase-locked
dielectric resonator oscillator (PLDRO) at 8.125 GHz to
upconvert the AWG pulse via a broadband mixer (Marki
M10418LC). The mixer output is amplified with a broadband
amplifier (ALC Microwave ALS030283), and the desired band
is selected through a bandpass filter and propagated through a
8× multiplication stage to obtain the final frequency of 60−90
GHz with an output power of ∼100 mW. Typical chirp
duration was ∼1 μs with FID collection for 1−2 μs. The laser
and gas pulse were operated at 3.5 Hz.
The final frequencies were transmitted via a feedhorn into

the high-density polycarbonate uniform flow chamber where
the bimolecular reaction is initiated. The free induction decay
(FID) of the polarized sample is collected through the
detection feed horn, amplified with a low noise amplifier
(LNA; Miteq AMF-4D-00100800-18-13P), downconverted,
and sent to a digital oscilloscope (Tektronix DPO70804C)
for time-domain averaging and signal processing.
In order to achieve a uniform mixture throughout the scans,

two mass flow controllers (Bronkhorst EL-Flow) were used.
Pure He gas (600 sccm) was passed over solid cyanogen
bromide (BrCN; Sigma-Aldrich, 97%) at room temperature
with a backing pressure of 3 bar. The output was mixed with a 9
sccm flow of pure methylacetylene (Sigma-Aldrich, 99%) to
obtain a 1.5% mixture of CH3CCH in BrCN/He. Total density
in the flow was ∼3.8 × 1016 cm−3. An excimer laser (GAM
Laser, EX200/60) with 60 mJ/pulse of 193 nm (loosely
focused to a fluence of ∼100 mJ/cm2) was used to
photodissociate BrCN and produce the CN radical at an
estimated density of 5 × 1013 cm3. Additional details are
provided in our previous publication.7

Computational. Electronic structure calculations were per-
formed at the CBS-QB3 level of theory, which extrapolate
the energetics at the complete basis limit in order to obtain an
accuracy of ∼5 kJ mol−1 after zero-point energy correction.
This composite method involves geometry optimization and

Table 1. Product Branching, in Percent, for the Reaction of
CN with CH3CCH at 22 K with 2σ Uncertainty in the Last
Digita

addition−elimination
direct

abstraction

HCCCN CH3CCCN CH2CCHCN HCN

CPUF 66(4) 22(6) 0(8) 12(5)
RRKM C1 cplx 48 33 7

C2 cplx 65 19 4

aRRKM calculations for the product branching in the addition/
elimination reactions starting from either C1 or C2 addition
complexes.
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Applications for reaction dynamics and astrochemistry!

SO2 + hν (193 nm) ! SO (v, J) + O (3PJ) 

Time evolution of SO spectra 
generated from the 
photodissociation of SO2 with 193 
nm radiation. SO begins to 
appear 20 µs after the laser is 
fired at 65% in the v = 2 
vibrational level. This value is in 
good agreement with the nascent 
vibrational populations 
determined from imaging studies. 
Ref. [5] 

How to maximize signal? 
 

Ar Nozzle

(a) The impact pressure profile from an Ar Laval nozzle 
from which a temperature of 22 K is derived. 

(b) CP-FTMW rotational spectrum of vinyl cyanide 
CH2CHCN showing a temperature of ~ 20 K. Ref. [4] 

Typical time sequence with segmented chirps to monitor 
the products formed in the pyrolysis of CH3CH2ONO.  
Here a broadband 7 GHz chirp covering 70.4–77.4 GHz 
(black) is used in combination with 20 MHz chirps 
centered on relevant known transitions for CH3CHO 
(red) and HNO (blue). Ref. [3] 
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Several rotational transitions of dimethyl ether (J′Ka′,Kc′ –J′′Ka′′Kc′′) over 
the 34–40 GHz frequency range are shown to illustrate the effects of 
collisional dephasing on signal intensities. The top row of spectra 
was taken with chirp duration of 1000 ns, and a clear asymmetry 
exists in the line intensities between up- (red trace) or down-swept 
(black) frequencies. This asymmetry is less severe in spectra 
obtained with a 250 ns chirp duration (middle row) or shorter. 
Averaging up- and down-chirped spectra can compensate for the 
dephasing effects, as shown in rows two and four (blue traces) for 
the 1000 and 250 ns spectra, respectively. Ref. [5] 

Photodissociation of SO2 

Relative product populations is deduced from the spectra using 
the relationship between the integrated line intensities (W) and 
column densities (Ntot):  
 

Key stationary points on the potential energy surface for the CN + 
CH3CCH reaction, calculated at CBS-QB3 level of theory. Ref. [6] 

Segmented macrochirp scan that targets transitions of HCCCN, 
CH2CCHCN, and CH3CCCN; J = 9−8 transition at 81.881 GHz, JKa,Kc = 
160,16 − 150,15 at 81.674 GHz and JK = 200 − 190 at 82.627 GHz. The 
inset shows the K = 0, 1, 2, and 3 transitions of CH3CCCN. Ref. [6] 
 

Product branching, in percent, at 22 K with 2σ 
uncertainty in the last digit: 
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On the collisional environment 


