
MIT Open Access Articles

A Signature of Roaming Dynamics in the Thermal 
Decomposition of Ethyl Nitrite: Chirped-Pulse 
Rotational Spectroscopy and Kinetic Modeling

The MIT Faculty has made this article openly available. Please share
how this access benefits you. Your story matters.

Citation: Prozument, Kirill, Yury V. Suleimanov, Beat Buesser, James M. Oldham, William H. 
Green, Arthur G. Suits, and Robert W. Field. “A Signature of Roaming Dynamics in the Thermal 
Decomposition of Ethyl Nitrite: Chirped-Pulse Rotational Spectroscopy and Kinetic Modeling.” 
The Journal of Physical Chemistry Letters 5, no. 21 (November 6, 2014): 3641–48.

As Published: http://dx.doi.org/10.1021/jz501758p

Publisher: American Chemical Society (ACS)

Persistent URL: http://hdl.handle.net/1721.1/99150

Version: Author's final manuscript: final author's manuscript post peer review, without 
publisher's formatting or copy editing

Terms of Use: Article is made available in accordance with the publisher's policy and may be 
subject to US copyright law. Please refer to the publisher's site for terms of use.

https://libraries.mit.edu/forms/dspace-oa-articles.html
http://hdl.handle.net/1721.1/99150


	
   1	
  

 

A Signature of Roaming Dynamics in the Thermal Decomposition of Ethyl Nitrite: 
Chirped-Pulse Rotational Spectroscopy and Kinetic Modeling 

 

Kirill Prozument 1)*, Yury V. Suleimanov 2), Beat Buesser 2, 3), James M. Oldham 4),  
William H. Green 2), Arthur G. Suits 4), and Robert W. Field 1) 

 
1) Department of Chemistry, Massachusetts Institute of Technology, Cambridge, MA 02139, USA 
2) Department of Chemical Engineering, Massachusetts Institute of Technology, Cambridge, MA 02139, USA 
3) IBM Research, Smarter Cities Technology Centre, Dublin 15, Ireland 
4) Department of Chemistry, Wayne State University, Detroit, MI 48202, USA 
 
 
 
 
 
 

September 26, 2014 

 

 

ABSTRACT 

Chirped-pulse (CP) Fourier transform rotational spectroscopy is uniquely suited for near-
universal quantitative detection and structural characterization of mixtures that contain multiple 
molecular and radical species. In this work we employ CP spectroscopy to measure product 
branching and extract information about the reaction mechanism, guided by kinetic modeling. 
Pyrolysis of ethyl nitrite, CH3CH2ONO, is studied in a Chen type flash pyrolysis reactor at 
temperatures of 1000–1800 K. The branching between HNO, CH2O, and CH3CHO products is 
measured and compared to the kinetic models generated by the Reaction Mechanism Generator 
software. We find that roaming CH3CH2ONO → CH3CHO + HNO plays an important role in the 
thermal decomposition of ethyl nitrite, with its rate, at 1000 K, comparable to that of the radical 
elimination channel CH3CH2ONO → CH3CH2O + NO. HNO is a signature of roaming in this 
system.  
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Broadband chirped-pulse (CP) Fourier transform rotational spectroscopy, invented by Brooks 
Pate and coworkers1-6, has become a standard instrument in molecular spectroscopy 
laboratories7-16. Traditional rotational spectroscopy in the microwave and the millimeter-wave 
(mm-wave) regions is known for its exceptional resolution, which is ideal for precise 
determination of molecular structure.17 A rotational spectrum can also be used to unambiguously 
identify the species that are produced in a chemical reaction. A principal limitation of the pre-
chirped-pulse rotational spectrometer18-19 for chemical dynamics studies is that it is a narrowband 
apparatus. A scan over a wide spectral range that includes transitions from more than one species 
or conformer, may require a prohibitively long time2 and does not ensure that the line intensities 
can be meaningfully compared. Broadband chirped-pulse rotational spectroscopy opens new 
areas of chemical research while retaining the advantages of traditional pure rotational 
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spectroscopy. Broad spectral regions are covered in a single chirped pulse, with meaningful 
relative line intensities in the resultant broadband spectra that can be converted to (vibrational 
state-specific) product branching ratios. CP rotational spectroscopy is a nearly universal 
(applicable to all polar species) chemical tool that is conformer- and state-specific, quantitative, 
non-destructive, and suitable for studies of stable and transient species. Pate and coworkers have 
introduced the CP technique to isomerization dynamics studies by measuring the rate of 
isomerization between the syn- and anti- conformations of cyclopropane carboxaldehyderate.2 
CP spectroscopy of nascent photolysis products in multiple vibrational states was demonstrated 
by Field and coworkers and the approach was proposed for studying transition state(s) 
properties.12 Recently, in a series of CP experiments, flash pyrolysis was characterized for 
rotational and vibrational temperatures of species exiting the reactor and quantitative detection of 
multiple pyrolysis reaction products was demonstrated.14 

The roaming mechanism20-26, is a recently discovered pathway in chemical reactions, 
which is proving to be a ubiquitous phenomenon observed in unimolecular laser-initiated20, 27-29 
and shock-tube30-32, and even bimolecular33 chemistry. In unimolecular decomposition following 
thermal or laser excitation, the energized precursor molecule (i) may proceed over a barrier, 
through a conventional tight transition state (TS) on its potential energy surface (PES) to form 
molecular products: the barriers arise as old chemical bonds are broken and new bonds are 
formed. Alternatively (ii), a simple bond fission (SBF) reaction may lead to formation of two 
radicals; since no new bonds are formed, the reaction proceeds without a barrier onto a PES 
plateau on the product side of the reaction until the radical products are completely separated. 
Roaming is a third scenario of unimolecular decomposition (iii), in which the system, upon 
reaching the above-mentioned plateau, reorients and “roams” over the PES while maintaining a 
few Å separation between the two radical fragments. Eventually, a reactive configuration is 
found, at which the roaming radicals rearrange into two closed-shell molecular products. The 
roaming dynamics typically has its threshold in a relatively narrow (~1 kcal/mol) energy window 
just below the SBF TS, and is associated with a very loose roaming transition state (RTS).  

Transition state theory (TST) is commonly used to relate the properties of the TS to 
reaction rates. There have been proposals23 to extend TST to include roaming dynamics and 
several approaches are in development22-24, but this is a very challenging task. To benchmark 
these approaches, one needs an experimental method to measure the branching between these 
three reactive channels, but to-date, even for very small systems, branching measurements 
between these three reactive pathways has not been achieved. The capability of CP spectroscopy 
to measure the branching into multiple products, and, through that, the related reaction rates, 
may prove to be a decisive technique for revealing roaming reaction mechanisms. The 
vibrational population distribution of photolysis12 products is also measurable in a CP 
experiment, and encodes the properties of a TS. However, when studying complex chemistry 
involving secondary and higher order reactions that follow the initial unimolecular 
decomposition event, kinetic modeling will also be essential to extract the reaction rates from the 
measured product concentrations. 
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In this Letter we use CP spectroscopy to detect and quantify three reaction products and, 
by means of kinetic simulation, show that the observed yield of nitrosyl hydride (HNO) relative 
to other products in the pyrolysis of ethyl nitrite (CH3CH2ONO) is evidence for roaming 
dynamics. The other two products that we measure are formaldehyde (CH2O) and acetaldehyde 
(CH3CHO). A similar system, methyl nitrite (CH3ONO) was studied in a recent theoretical work 
and a roaming mechanism for CH3ONO → CH2O + HNO molecular elimination was 
suggested.34 We employ the Reaction Mechanism Generator (RMG) software that has been 
demonstrated to be a reliable tool for modeling complex chemical reactions.35 Introducing the 
roaming mechanisms into the model can affect, in a major way, the predicted rates of some 
reactions and thus the concentrations of products predicted by the model. We find a unique set of 
reaction rates that reproduces the measured branching between the HNO, CH2O, and CH3CHO 
products of CH3CH2ONO pyrolysis, and through that learn about the underlying dynamics and 
estimate the contributions of various mechanisms in the thermal decomposition of ethyl nitrite. 

 

 

Figure 1. Experimental setup schematic. The molecules exiting the heated tubular reactor expand supersonically into 
vacuum and are probed by the mm-wave beam of the CPmmW spectrometer. The interaction region is situated in 
the collision-free zone of the expansion and is represented as a cloud of polarized molecules. The mm-wave beam is 
broadcast by a horn antenna and is focused into the interaction region by a Teflon lens. The frequency of the mm-
wave beam is swept linearly in time (chirped) as illustrated schematically by the wave in the figure. The other lens 
and the horn collect the free induction decay (FID) emitted by the polarized molecular rotational transitions. The 
FID is digitized by the CPmmW spectrometer and Fourier-transformed to a frequency domain rotational spectrum 
that contains the transitions, including their relative intensities, of all species covered by the chirp.8, 14 Reproduced 
from Ref. 14 by permission of the PCCP Owner Societies. 

 

The experimental setup (Fig. 1), consisting of the Chirped-Pulse millimeter-Wave 
(CPmmW) spectrometer8 coupled to a Chen type nozzle36-39, was discussed in detail in a recent 
publication14 and some relevant aspects are reviewed in the Experimental Methods section. The 
precursor ethyl nitrite molecules, entrained in argon gas at 0.1% by mole, are introduced into the 
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reactor by a pulsed valve that operates at the stagnation pressure p0 = 3 bar. After passing 
through the heated SiC tube, in which the pyrolysis reactions take place, the products and 
remaining precursor molecules expand supersonically into the vacuum chamber and can be 
measured by the CPmmW spectrometer. The CPmmW spectra of the CH2O, CH3CHO, and HNO 
products of ethyl nitrite pyrolysis and the corresponding branching ratio were previously 
observed at the reactor wall temperature Twall = 1500 K.14 

 

 

Figure 2. Branching of the ethyl nitrite pyrolysis products determined in the CPmmW experiment. The relative 
concentrations of CH2O (black squares), CH3CHO (red circles), and HNO (blue triangles), measured at the reactor 
temperature Twall of 1000, 1200, 1500, and 1800 K are displayed with the experimental uncertainties.  

 

In order to investigate the chemistry inside the reactor, we measured the branching ratios 
of the three products of CH3CH2ONO pyrolysis at various reactor temperatures. In Fig. 2 the 
relative concentrations of the three products, HNO, CH2O, and CH3CHO are shown at Twall = 
1000, 1200, 1500, and 1800 K. In the present work we are only concerned with relative 
concentrations of products or branching ratios and leave analysis of the absolute concentrations 
for future studies. 

The residence time of the molecules inside the reactor is estimated39 to be ~100 µs, 
which, as discussed below and in the Supporting Information (SI) section, is sufficient, at 
elevated temperatures, for both the initial unimolecular decomposition of ethyl nitrite and the 
subsequent chemistry to take place. It was proposed in the earlier ethyl nitrite pyrolysis studies37, 

40-42 that formaldehyde and acetaldehyde products can result from a SBF radical elimination 
reaction 

CH3CH2ONO 
!"#

 CH3CH2O + NO, (Rxn 1) 

followed by fast dissociation of the ethoxy radical (CH3CH2O) via either of two channels: 
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CH3CH2O → CH2O + CH3 (Rxn 2) 
or  

CH3CH2O → CH3CHO + H. (Rxn 3) 

The mechanism leading to the formation of HNO is less certain. It may involve abstraction of H-
atoms by free NO radicals 

CH3CH2O + NO → CH3CHO + HNO, (Rxn 4) 
RH + NO → R + HNO, (Rxn 5) 

conventional unimolecular decomposition via a tight TS 

CH3CH2ONO 
!"#$!  !"

 CH3CHO + HNO, (Rxn 6) 

or the NO radical roaming pathway 

CH3CH2ONO 
!"#

 CH3CHO + HNO. (Rxn 7) 

While reactions 1–6 are commonly accepted, additional, unknown reaction pathways may be 
responsible for the observed product yields. In order to correctly describe the kinetics in the flash 
pyrolysis reactor, the Python version of the Reaction Mechanism Generator (RMG-Py) 
software35 has been used to explore the complete reaction network. The automated procedure 
implemented in RMG-Py for kinetic model generation is designed to avoid the process of 
constructing kinetic models manually, which can be error-prone and can often lead to wrong 
conclusions. The principles of RMG-Py modeling and the details of the present simulation are 
described in the Computational Methods section. 

As output, RMG-Py automatically generates all possible reaction pathways and 
constructs a comprehensive (CHEMKIN43-format) list of relevant elementary reaction steps, 
including values of reaction rate constants and thermochemical properties. CHEMKIN 
simulations were performed in an isobaric homogeneous batch reactor model. We appreciate that 
such a model is an oversimplification of the real reactor used in the present experiment. The 
sufficiency of this model to the goal of understanding the role of roaming dynamics in the 
present system is discussed below. Computational fluid dynamics (CFD) simulations of 
continuous flow through a similar SiC tubular reactor,39 and measurements in a different type of 
pyrolysis reactor,44 show a pressure drop toward the end of the tube, and temperature variations. 
We found that, at lower temperatures, the product distribution profiles do not change within the 
selected pressure region and use the values of the average pressure, p = 0.5 bar, and the 
temperature, T = Twall, inside the reactor. 

The list of the key chemical reactions that generate and consume the three observed 
products, CH2O, CH3CHO, and HNO are summarized in Part 1 of the SI and the CHEMKIN file 
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containing all the reactions considered in the model generated by RMG-Py is supplied in the SI. 
RMG-Py confirms the key role of all Rxns 1–6 indicated above. However, the roaming 
unimolecular dissociation (Rxn 7) requires special treatment. Roaming paths have not been a part 
of the RMG-Py reaction family set and the rate of Rxn 7 is not well-known. The nature of this 
reaction, as discussed above, is intimately related to the radical elimination channel (Rxn 1). 
Therefore, in order to introduce the roaming mechanism to the kinetic simulation, we adopt the 
following simple model of proportionality between the rates of Rxn 1 (radical dissociation 
channel) and Rxn 7 (roaming channel) 

𝛼 𝑇 =
𝑘(CH!CH!ONO

!"#
CH!CHO+ HNO)

𝑘(CH!CH!ONO
!"#

CH!CH!O+ NO)
 ,                       (Eq 1) 

 

with α(T) as the proportionality coefficient, which is, in general, a function of temperature. All 
RMG-Py calculations were repeated for different values of α and the results at T = 1000 and 
1500 K are displayed in Fig. 3 (the simulation results at other temperatures and pressures are 
available in the SI). Each panel shows the time evolution of the concentrations of CH2O, 
CH3CHO, and HNO at a certain temperature, T. The t = 10-4 s time point corresponds to the 
residence time in the reactor and thus the product branching at t = 10-4 s can be compared to the 
experimentally measured branching in Fig. 2. 

 

  
 

Figure 3. RMG-Py simulations at temperatures a) T = 1000 K and b) 1500 K and p = 0.5 bar: CH2O, CH3CHO, and 
HNO mole fraction (product concentration) distribution as a function of time for different values of α and reactor 
temperatures. Plateau regions of the mole fraction profiles do not change qualitatively at other pressures in the 0.1–3 
bar range (see SI, Part 3). The dotted vertical lines in each panel indicate the 100 µs time point at which the 
molecules exit the reactor in our experiment. The intersections of the CH2O, CH3CHO, and HNO traces with the 100 
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µs line indicate the mole fractions relevant to this experiment and can be compared with the measured branching in 
Fig. 2. 

 

The best agreement between the experiment and the model is achieved at lower reactor 
temperatures. For example, at T = 1000 K and α = 1, (Fig. 3a) the branching ratio CH2O : 
CH3CHO : HNO = 17.5 : 5.5 : 4.5 is close to that of Fig. 2 at Twall = 1000 K. Decomposition of 
ethyl nitrite starts at t = 10-9 s and by the t = 10-7 s time point, formation of CH2O, CH3CHO, and 
HNO, and decomposition of CH3CH2ONO are complete. An important observation is that, 
according to our kinetic model, bimolecular chemistry that sets in at about t = 10-5 s consumes 
the three products and does not produce HNO. Therefore the observed HNO product is formed in 
a fast unimolecular decomposition reaction via a roaming path (Rxn 7), or through a tight TS45 
(Rxn 6). Roaming is expected to have a much larger reaction rate because of both the entropic46-

47 and energetic25, 34 factors: proceeding via a loose RTS, a system samples a much greater 
configuration space than when dissociating through a conventional tight TS; in addition, the 
latest calculations34 of the CH3NO2/CH3ONO system place the RTS in the CH3ONO → CH2O + 
HNO reaction 6.8 kcal/mol lower in energy than the corresponding tight TS. Indeed, in Fig. 3a, 
when the parameter α is set to smaller values, effectively “switching off” the roaming 
mechanism, the predicted concentration of HNO at t = 10-4 s decreases to a level far below what 
is observed experimentally. The roaming mechanism (Rxn 7) that is introduced into the kinetic 
model via Eq. 1 is required, with α ~ 1, for agreement between theory and experiment. Lin and 
coworkers, in their recent calculations of thermal decomposition of methyl nitrite34, come to a 
similar conclusion: the SBF and the roaming channels are of equal importance for HNO 
formation (see Fig. 7 in their work). 

The temperature distribution inside the reactor is likely to be non-uniform with the 
regions adjacent to the reactor wall heated up to Twall and with colder core flow at T < Twall.14, 48 
In order to account for possible contributions of colder layers, the T = 600 and 800 K simulations 
are provided in the SI. Whereas no chemistry takes place before t ~ 1000 µs at T = 600 K, 
roaming with α > 1 is required for modeling the T = 800 K flow layer inside the tube heated to 
Twall = 1000 K. Therefore, even (and especially) if HNO is formed in the colder regions of the 
reactor at T < Twall, it signifies the roaming mechanism. Variation of the pressure within the 0.1 ≤ 
p ≤ 3 bar range has only a minor effect on the results of the simulation at T = 1000 K (see Figs. 
S2 and S3 in the SI). Even at the highest possible pressure in the SiC tube of p = p0 = 3 bar, 
bimolecular chemistry does not produce a significant amount of HNO, CH2O or CH3CHO.  

The RMG model leads to an important understanding of the kinetics at hand: the CH2O : 
CH3CHO : HNO branching ratio is defined during the initial exponentially fast formation of 
products (10-8 ≤ t ≤ 10-7 s in Fig. 3a) by a set of unimolecular decompositions (Rxns. 1, 2, 3, 7) 
and remains steady during the subsequent plateaus of concentration (10-7 ≤ t ≤ 10-2 s in Fig. 3a), 
with some perturbation due to product consumption. Because the branching ratios are formed 
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very quickly and remain constant for extended periods of time, the current model is applicable 
even if the effective residency time trxn during which the reactions occur is different from 100 µs. 
Since similar branching ratios are observed for all reactor pressures considered, this suggests the 
results of the current model, which assumes a constant pressure throughout the reactor, would be 
immune to the effects of pressure dropping along the reactor axis that are predicted48 by the CFD 
calculations. We estimate that as long as the effective conditions in the reactor when Twall = 1000 
K are within the 800 ≤ T ≤ 1000 K, 0.1 ≤ p ≤ 3 bar, 1 ≤ trxn ≤ 1000 µs volume of the (T, p, trxn) 
parameter space, the measured CH2O : CH3CHO : HNO branching ratio is described by the 
kinetic model in which most of the HNO product is formed by NO radical roaming in the 
thermal decomposition of CH3CH2ONO. Once the conditions in the reactor can be controlled 
with more certainty, it would be interesting to experimentally investigate the subtle question34 of 
how the unimolecular roaming pathway depends on pressure. Collisions with argon atoms may 
quench the roaming NO radical and shift the product branching from Rxn 7 to Rxn 1. In the 
present study this effect is implicitly included in the α(T) parameter. 

At higher temperatures (T = 1500 K in Fig. 3b, and T = 1200–1800 K in the SI, Parts 2 
and 3) inside the reactor, we obtain poorer agreement of the predicted CH2O and CH3CHO 
concentrations with experiment. Likely contributors to this discrepancy are the rate constants for 
the ethoxy decomposition used in the present model, specifically those for the branching between 
Rxns 2 and 3. Although the rates from Batt49-50 measured at 393 – 433 K give more satisfactory 
agreement with our experiment, we use the data from the compilation of Curran50-51 for 
consistency with the other reaction rates that are taken from Ref.50-51. At elevated temperatures it 
is also the case that smaller α, within the 0.1 < α < 1 range, are required to explain the measured 
HNO branching ratio. This is in accordance with the calculated increase of roaming branching at 
lower, near-threshold energies in a microcanonical ensemble21-23, 25, and the observed 
temperature behavior of roaming in shock-tube experiments31-32. 

An important consideration in these experiments is the poorly-understood role of wall 
reactions in the SiC tube that are capable of skewing the product distribution. The possibility of 
wall reactions was considered in a previous investigation52 by isotope scrambling experiments, 
leading to the conclusion that wall reactions were not an important factor in that study. A new 
CFD investigation48 calculates the characteristic time of diffusion of acetaldehyde molecules to 
the wall of the reactor and concludes that it is less, but comparable to the residence time. In 
principle, there is a possibility for NO radicals that are formed in Rxn 1 to abstract an H-atom 
that may reside on the wall and form the HNO product.  
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Figure 4. The yield of HNO in the pyrolysis of 0.1% CH3CH2ONO + 99.9% argon (squares), and in the pyrolysis of 
0.1% NO + 0.1% CH3OD + 99.8% argon (circles) measured at the reactor temperature Twall of 1000, 1200, 1500, 
and 1800 K. Displayed with the experimental uncertainties. 

 

To elucidate the possible contributions of non-unimolecular mechanisms of HNO 
formation we conducted a set of additional measurements. NO gas was pre-mixed with CH3OD 
in argon with mole fractions 0.1% NO + 0.1% CH3OD + 99.8% Ar, and expanded through the 
reactor at various temperatures. The observed yield of HNO is plotted in Fig. 4 and compared to 
the results of ethyl nitrite pyrolysis. A DNO signal was not observed. Direct H-atom abstraction 
CH3OD + NO → CH2OD + HNO is expected to be slow and the observed HNO is likely to be 
associated with the wall reactions. Thus the NO and CH3OD mixture measurements suggest that 
wall reactions can be responsible for ≲10% of HNO formed in the ethyl nitrite pyrolysis 
experiments described in this work. Although the wall-mediated reactions are likely to be 
present, they are expected to make only a minor contribution that is on a par with other 
uncertainties in the present study. 

In summary, we suggest that the roaming mechanism plays an important role in the 

thermal decomposition of ethyl nitrite. The CH3CH2ONO 
!"#

 CH3CHO + HNO reaction, 
proceeding via NO radical roaming, is found to be responsible for the appearance of most of the 
HNO product. We estimate that at the reactor temperature of Twall = 1000 K the rate of 

decomposition by roaming, CH3CH2ONO 
!"#

 CH3CHO + HNO, is of the same order of 

magnitude as the rate of simple bond fission reaction CH3CH2ONO 
!"#

 CH3CH2O + NO. Other 
reactions (unimolecular or bimolecular) are found not to make a significant contribution to the 
thermal decomposition of ethyl nitrite. Quantitative and nearly universal detection of multiple 
reaction products by chirped-pulse Fourier transform rotational spectroscopy in combination 
with accurate kinetic modeling has shown to be a fruitful approach to studying molecular 
dynamics and kinetics of complex systems. 
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The development of the CP method to the study of pyrolysis reactions in a Chen type 
nozzle will benefit from several improvements. The significance, and mechanisms, of wall 
reactions need to be clarified in more detail. Applying calculated48 or measured temperature and 
pressure fields in RMG-Py and CHEMKIN simulations will be a further major improvement in 
the accuracy of the modeling part of the present type of experiments. Establishing more subtle 
properties of roaming dynamics through the exact value of the α parameter and its temperature 
and pressure dependencies would then be within reach. The rates of the crucial reactions, such as 
Rxns 2 and 3 in the present work, can be measured or calculated ab initio to improve the 
agreement between the measured and predicted CH2O : CH3CHO branching ratios. 

Understanding the role of roaming in thermally induced reactions is important for 
combustion and biomass pyrolysis research and applications. Roaming is now known to be a 
ubiquitous phenomenon with sizable branching that needs to be considered in accurate kinetic 
modeling along with the conventional molecular and radical elimination mechanisms. A further 
investigation of roaming dynamics in the pyrolysis of ethyl nitrite, as well as methyl nitrite and 
nitromethane would be possible and desirable. Detecting and quantifying additional pyrolysis 
products such as CO and NO would further facilitate gauging kinetic models against the CP 
measurements. Other chemical systems that may be studied using the combination of CP 
spectroscopy and kinetic modeling are pyrolysis of esters and carboxylic acids that are of 
importance for combustion research. Investigations of roaming in acetaldehyde, propanal and 
acetone are also within reach. 

	
  	
  

EXPERIMENTAL METHODS 

The Chen type flash pyrolysis reactor36 used in the present work, similar to the reactor 
used in the Ellison research group37-39. The reactor is a 5.7 cm long 1 mm i.d. SiC tube mounted 
inside the vacuum chamber that operates at 2.5 × 10-5 mbar pressure. The 3.2 cm long section of 
the tube can be resistively heated to wall temperatures of Twall = 1000–1800 K that is measured 
by an optical pyrometer with the experimental uncertainty of ± 100 K. 

Despite the high temperature of the SiC reactor, the molecules are efficiently cooled in 
the expansion to rotational temperatures of Trot = 4 ± 1 K14 and can be studied by rotational 
spectroscopy. While rotational relaxation is considered to be fast for most species, vibrational 
relaxation is highly dependent on the molecule’s vibrational energy level separations, symmetry 
and couplings.14 Unlike in the slit jet experiments12 where nascent vibrational population 
distributions are available for investigation, heavy rotation-vibration cooling in the expansion 
from the flash pyrolysis reactor imprints on the vibrational level population. Scrambling of the 
nascent vibrational population information is compensated by the efficient rotational cooling in 
the present flash pyrolysis experiments, which facilitates rotational thermalization of reaction 
products and allows for product branching to be quantified.   
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To maximize the overlap between the mm-wave beam and the molecular sample in the 
collision-free zone of the expansion (Fig. 1), where the molecules reach their terminal rotational 
temperature Trot, no skimmer is used in this experiment. A CPmmW spectrometer8, 14 that 
operates in the 63–102 GHz spectral region is utilized in this work in the multi-chirp14 mode of 
operation. Preference is given to the mm-wave spectral region4, 6, 8 over the more commonly used 
microwave region (2–50 GHz) in order to observe the more intense, at Trot = 4 ± 1 K, JKaKc = 101–
000 rotational transitions53-54 of small (2 heavy atoms) molecules, such as CH2O and HNO, and 
also higher-J transitions of larger molecules. 

Conversion of the experimentally observed rotational line intensities to product 
concentrations is performed14 using the PGOPHER54 software, which is set to include the rotational 
levels’ population differences in the intensity calculations. A rotational temperature of Trot = 4 ± 
1 K measured for the acetaldehyde product molecules is assumed to be common to all species in 
the interaction region.14 The other required parameters are permanent electric dipole moments53 
that are converted to transition electric dipole moments17, and the chirp bandwidths and their 
duration. 

 

COMPUTATIONAL METHODS 

RMG-Py is a rate-rule-based reaction network generator that constructs reaction networks 
at given conditions (temperature, pressure, initial concentration) and user-defined tolerances for 
accuracy. RMG-Py estimates the high pressure kinetics using over 40 reaction family templates 
filled with representative kinetics (e.g. H-abstraction, radical recombination, β-scission) 
including recently added nitrogen chemistry. This is supported by vast libraries of measured and 
calculated rates. RMG-Py constructs reaction mechanisms in a hierarchical manner. Starting 
from a seed mechanism, it continues extending the mechanism by searching for new reactions 
until all newly found reactions are slower than a predefined fraction of the characteristic rate 
constant of the overall mechanism. A seed mechanism is defined as a list of species, reactions, 
and rate coefficients that will remain part of the reaction mechanism and contains mostly small 
molecule reactions that are not well captured by characteristic rates defined in reaction families, 
which apply better for larger molecules, but that are essential for phenomena like ignition. The 
RMG-Py software then proposes new reactions, using the list of species supplied in the seed 
mechanism and the new larger molecules of interest, by comparing each combinatorial 
possibility against the reaction family templates in the RMG-Py database. A complete and 
continuously expanding list of reaction family templates can be found online.35 Any reactions 
composed exclusively of those species in the seed mechanism are added to the core of the 
reaction mechanism (the “cross-reactions”); all others are added to the edge of the reaction 
mechanism. Application of the rate-based algorithm55 for the temperature, pressure, and species’ 
concentrations of interest, until the user-specified tolerance is satisfied, results in the final 
chemical kinetic model. 
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In the present case, the seed mechanism consists of small-molecule chemistry that 
originates from the EFRC Foundation Fuel Mechanism v.0.956 and several nitrogen chemistry 
mechanisms.50, 57-60 The simulation was run at pressures of 0.1, 0.5, and 3 bar and temperatures T 
= 600, 800, 1000, 1200, 1500, and 1800 K to include low and high temperature chemistry in the 
model and for initial mole fractions of 0.001 for ethyl nitrite and 0.999 for Ar to mimic the 
conditions of the experiment. Pressure dependent kinetics has been estimated by the Modified 
Strong Collision approach,61 using estimates of ρ(E) described by Allen et al 62. The 
thermochemistry of all species is either supplied by thermochemical libraries or estimated using 
Benson’s group additivity scheme.63 Transport properties, such as Lennard-Jones parameters, are 
estimated using an empirical relationship that depends on a species’ critical temperature and 
pressure.64 The termination criterion was 0.99% conversion of the initial reactants in all cases. 
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The rates of some reactions that are used in the present RMG-Py model are given in Part 1 of the 
Supporting Information. The results of the RMG-Py simulation at temperatures T = 600, 800, 
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1000, 1200, 1500, 1800 K and α = 0.01. 0.1, 0.5, 1 and the pressure p = 0.5 bar are shown in Part 
2. The RMG-Py modeling results at p = 0.1, 0.5, 3 bar, T = 1000, 1200, 1500, 1800 K, and α = 
0.01, 1 are shown in Part 3. The CHEMKIN file is supplied. This material is available free of 
charge via the Internet http://pubs.acs.org. 
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