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ABSTRACT: Using chirped and cavity microwave spectroscopies, automated
double resonance, new high-speed fitting and deep learning algorithms, and large
databases of computed structures, the discharge products of benzene alone, or in
combination with molecular oxygen or nitrogen, have been exhaustively
characterized between 6.5 and 26 GHz. In total, more than 3300 spectral features
were observed; 89% of these, accounting for 97% of the total intensity, have now
been assigned to 152 distinct chemical species and 60 of their variants (i.e., isotopic
species and vibrationally excited states). Roughly SO of the products are entirely new
or poorly characterized at high resolution, including many heavier by mass than the
precursor benzene. These findings provide direct evidence for a rich architecture of
two- and three-dimensional carbon and indicate that benzene growth, particularly the
formation of ring—chain molecules, occurs facilely under our experimental
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conditions. The present analysis also illustrates the utility of microwave spectroscopy as a precision tool for complex mixture
analysis, irrespective of whether the rotational spectrum of a product species is known a priori or not. From this large quantity of
data, for example, it is possible to determine with confidence the relative abundances of different product masses, but more
importantly the relative abundances of different isomers with the same mass. The complementary nature of this type of analysis to

traditional mass spectrometry is discussed.

B INTRODUCTION

The pathways by which benzene dissociates, isomerizes, and
reacts to form more complex molecules has implications in
fundamental chemical physics and is central to understanding
combustion processes and the carbon budget in the interstellar
medium. Notwithstanding that formation of the first aromatic
ring, widely hypothesized to be benzene, is thought to be the
rate-limiting step in polycyclic aromatic hydrocarbon (PAH)
growth, the mechanism or mechanisms by which larger rings
are formed remains an area of intense experimental and
theoretical study with no fewer than four schemes put forth to
date.”” In space, the ubiquity of PAHs has long been inferred
from infrared emission features characteristic of C—C and
C—H stretching and bending motions of aromatic molecules
toward many different lines-of-sight. From these observations,
it has been estimated that 10% or more of the carbon is locked-
up in this class of molecules,”” but owing to the similarity of
emission features of many different PAHs and the modest
resolving power of astronomical observations (R < 3000) it
has not yet been possible to uniquely identify a single PAH in
space. For this reason, the recent radioastronomical discovery
of benzonitrile (c-C4HCN) in the molecule-rich starless cloud
core TMC-1 is noteworthy. Because the reaction of benzene
with CN radical, a highly abundant species in TMC-1, to form
benzonitrile is both exothermic and barrierless,® ™" it implies
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this fundamental aromatic ring is present at the very earliest
stages of stellar evolution where the temperature (<10 K) and
pressure (10*—10° particles/cm®) are remarkably low by
terrestrial standards. Prior to this observation, benzene had
only been detected in a handful of evolved sources, mostly
toward remnants of old stars, using infrared space tele-
scopes.'”~"> The extent of aromatic chemistry in TMC-1 and
other primordial molecular clouds is now very much an open
question, as are the pathways by which larger ring molecules
might be formed in these extreme environments. (Unless
otherwise noted, here and elsewhere we refer to chemical
species by their common names; a complete list of IUPAC and
common names, rotational constants, and images of molecular
structures is provided in the Supporting Information.)
Motivated by the astronomical discovery of benzonitrile
specifically, and the desire to better understand the
fragmentation, isomerization, and growth of benzene more
generally, two of the coauthors of this paper reported new
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discharge products of benzene'® using high-resolution micro-
wave spectroscopy between 8 and 18 GHz. Evidence was
found for nine hydrocarbon species that had not been the
subject of prior study, roughly half of which are larger in mass
than benzene. Ring-chains such as phenylacetylene and
phenyldiacetylene are particularly prominent, indicating that
carbon atom or carbon-chain addition to benzene occurs
rapidly under our discharge conditions.

As emphasized in the earlier study, complex chemical
mixtures are highly amenable to study by rotational spectros-
copy because of the intrinsically high spectral resolution that
can be achieved at low-pressure (R ~ 10°~107) and because
the frequencies of rotational transitions are highly diagnostic of
the elemental composition and molecular geometry of the
molecular carrier. Taken together, isomers and isotopic species
of the same isomer can be readily distinguished from one
another since their rotational features are separated by many
resolution elements. The benzene study is only one of several
recent microwave investigations that have sought to character-
ize mixtures with varying degrees of comglexity, either in an
automated or semiautomated fashion.'” ™

In this paper, a significant extension of our early work is
described, in which the frequency range of the original benzene
reaction screening study was extended to 26 GHz, and an
analogous study of the discharge products of benzene in
combination with molecular oxygen and nitrogen was also
performed between 6.5 and 26 GHz using chirped and cavity
microwave spectroscopies. As before, automated microwave
double resonance spectroscopy (AMDOR)'® was extensively
used to spectrally separate unassigned features arising from
different compounds. Additionally, efforts to determine a
unique set of rotational constants consistent with small subsets
of lines sharing a common upper or lower state are highlighted
in the context of a new high-speed fitting algorithm. Several
approaches, including a newly developed deep learning model
trained on a modestly large database (~86k) of calculated
structures, were then adopted to determine the likely
stoichiometry of each compound on the basis of the
experimental rotational constants and other observables (e.g,
nonzero projections of the dipole moment, inertial defect,
etc.). From this narrow range of stoichiometries, rotational
constants for all possible structures were than calculated
theoretically and compared to those derived experimentally.
The discharge chemistry of benzene is then discussed in light
of the more complete chemical inventory afforded by the wider
frequency observations. The effect of oxygen and nitrogen on
the chemistry of benzene is also examined in the context of the
large number of known and newly identified products. Finally,
we conclude by demonstrating how the present methodology
can provide complementary information to mass spectrometry
and by commenting on its applicability to characterize other
complex gas-phase mixtures.

B EXPERIMENTAL METHODS

Chirped and Cavity Microwave Spectroscopies.
Discharge products from three gas mixtures were studied in
this investigation: benzene alone or mixed with small quantities
of molecular oxygen or nitrogen; the resulting mixtures were
then heavily diluted with Ne buffer gas to a level of 1% or less.
The rationale for adding nitrogen or oxygen to the benzene
mixture arose because of the difficultly in completely removing
all traces of atmospheric gases in the preparation of the dilute
benzene sample. As a consequence of this low-level
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contamination, lines from molecules bearing these heteroatoms
were found in the chirped spectrum, and since oxygen and
nitrogen-bearing species are generally fairly polar (at least
compared to most hydrocarbons), their lines can sometimes be
intense. Since an overarching goal of the present work was to
perform an unbiased and exhaustive spectral analysis, and
because these binary mixtures are also highly topical in
combustion and astrochemistry, they were also studied in great
detail here.

The design and characteristics of the discharge nozzle have
been described in other publications,””** so only a brief
summary is provided here. The dilute gas mixture is injected
into a large vacuum chamber using a small orifice (1 mm
diameter) pulsed nozzle source operated at a low repetition
rate (6 Hz). In the throat of the nozzle, gas is subjected to an
electrical discharge by applying a potential of 1kV or more
between two annular copper electrodes separated by an
insulator. In this high density region, many two- and three-
body collisions with electrons and metastable rare gas atoms or
their ions take place and are sufficiently energetic (a few eV or
more) to fragment the precursors. Owing to fast ion—molecule
and neutral—neutral reactions, a rich broth of products is
quickly formed before the discharge chemistry is arrested as
the gas exits the discharge nozzle assembly and undergoes
adiabatic expansion. Because of the large pressure differential
behind the nozzle (~10° Torr) relative to the chamber (~107¢
Torr), the rotational temperature in all vibrational and
electronic states reaches about 2K near the center of the
chamber where the microwave radiation intersects the gas.
Vibrational energy, however, is poorly coupled to collisions,
and furthermore the population in different modes is not well-
described by a simple Boltzmann distribution. Those with
frequencies of order kT (T ~ 300K) may be prominent,”
ostensibly because these modes are populated prior to
expansion but are difficult to cool owing to the mismatch
between the collisional frequency and the vibrational
frequency.

Broadband chirped spectra were recorded in two frequency
bands, the first with a nominal frequency bandwidth of 8—18
GHz, and the second from 18 to 26 GHz. In both
measurements, a 4us chirp from a high-speed arbitrary
waveform generator (65 Gs/s) excites the entire frequency
range over which the traveling wave tube has high gain (8—18
GHz, 200 W; 18—26 GHz, 40 W). Ten chirps, each separated
by 25 ps, were used to probe each gas pulse. Prior to data
acquisition, the experimental conditions were adjusted to
maximize the production of S-methylenecyclopenta-1,3-diene
(fulvene, C;H,—CH,), a higher energy isomer of benzene
using the neat benzene sample. This task was accomplished by
monitoring one of its centimeter-wave lines™ using a cavity-
enhanced FT microwave spectrometer operating between $
and 26 GHz. Because both spectrometers reside in the same
vacuum chamber but are positioned along perpendicular axes
relative to one another, it is possible to rapidly switch (~1
min) between the two.

During and following acquisition of the broadband
spectrum, a peak-finding algorithm identifies and collates in
real time the frequency and intensities of features above a user-
defined intensity threshold. In our prior analysis and this one, a
threshold of six times the noise RMS was chosen because it
was found by trial and error to prevent erroneous detections,
while flagging the largest number of real spectral features for
subsequent analysis. Summarized in Table 1 are the salient
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Table 1. Summary of the Measurements, Analysis, and Assignments for the Three Benzene Discharges Studied in This Work

benzene
freq. range (GHz) 6.5-19 17-26
no. of gas pulses (1000s) 106 100
no. of features” 482 185
no. unassigned 54 37
% assigned 89 80
total intensity” 13223 5828
unassigned intensity 412 293
% assigned 97 9S
no. of species 65 47
no. of variants® 97 62

“A signal-to-noise ratio (SNR) of six or greater was used as a threshold.

threshold. “Includes vibrationally excited states and isotopic species.

benzene/O, benzene/N,
6.5—19 17-26 6.5—19 17-26
141 100 42 100
1158 260 850 404
135 26 76 46
88 90 91 89
47185 10395 21535 10717
1461 194 623 371
97 98 97 97
120 60 98 79
166 83 136 104

YDefined as the sum of the SNR of all features at or above the SNR
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Figure 1. Broadband spectrum of the discharge products from a dilute benzene/O, mixture between 6.5 to 19.5 GHz. The top panel shows the raw
spectrum after approximately 18 h of integration; the middle panel displays the identical spectrum but with all assigned lines removed; the bottom
panel is the same spectra shown in the middle panel but with the vertical axis expanded by a factor of 20. Unassigned features constitute
approximately 11% of the total number of observed lines (1158) and less than 3% of the total intensity (see Table 1).

details for each measurement. Even in the most line-rich
spectrum, benzene/O,, the line density on average is only
about one feature per 10 MHz, which corresponds to a filling
factor of ~2—3%, that is, defined here as the number of active
or “bright” resolution elements in the chirped spectrum.
From these sets of frequencies, assignments of each feature
in each chirped spectrum followed. This task was greatly
facilitated by using PySpecTools, a highly flexible, automated,
and open-source assignment pipeline written in Python.”” The
first step consists of querying online databases, most of which
focus primarily on astronomical species; catalogs of other
molecules previously measured by microwave spectroscopy at
high spectral resolution; and a look-up table of clock spurs
which arise from subharmonics of the arbitrary waveform
generator clock (occurring at multiples of 253.90625 MHz).
Each molecule was separately and sequentially queried against
the frequency list; an assignment is then made provided a
transition lies within a user-specified tolerance (0.2 MHz in the
present case) and its intensity is consistent with that expected
for a molecule with an extremely low rotational temperature.
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For instrumental artifacts, the sole criterion was a much tighter
frequency tolerance (0.0S MHz).

At the completion of this step, at most one-third of the lines
were assigned in each spectra, which necessitated follow-up
cavity measurements to ascertain the identity of the remaining
features. These were performed either in the same vacuum
chamber with the aforementioned cavity spectrometer or with
a second cavity spectrometer of similar design but which
operates up to 40 GHz. Nearly all of the subsequent cavity
experiments consisted of exhaustive AMDOR measurements in
which binary double resonance tests are used to identify
transitions that share a common energy level and hence arise
from the same carrier. Once three or more double resonance
linkages were found, it was often possible to test a small
number of possible assignments using a new high-speed fitting
algorithm by searching for additional predicted lines below 40
GHz. If successful, new catalogs were generated and
incorporated into the PySpecTools automated analysis pipeline
in an iterative fashion, even if the identification of the carrier
was not obvious at this juncture. By this procedure, it was

https://dx.doi.org/10.1021/acs.jpca.0c02919
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Figure 2. Hydrocarbons discussed in the text, along with their formula, systematic IUPAC name, and common name, if applicable. The list is
organized by increasing molecular weight. For a complete list of species identified in this work, see the Supporting Information.

ultimately possible to assign nearly 90% of all the lines and
97% of the spectral intensity in the three benzene discharges.
For example, as Figure 1 illustrates, nearly all of the remaining
unassigned lines in the benzene/O, spectrum are relatively
weak.

A New High-Speed Fitting Algorithm. Evaluating the
relatively small number of double resonance linkages that are
generated in the AMDOR experiments requires screening
against a large number of spectral catalogs. This process is
limited by the sheer speed with which a catalog can be
predicted and rotational constants in a Hamiltonian model fit
to the spectral lines. To perform both tasks (prediction and
fitting) in a reasonable time frame, we have developed an
algorithm®® that uses precalculated eigenvalues to speed up this
process by a factor of several hundred or more relative to the
SPFIT/SPCAT suite of programs”” which is widely used for
analysis of high-resolution spectroscopic data. Briefly, the
eigenvalues of all asymmetric rotor levels of interest are solved
numerically as a function of Ray’s asymmetry parameter k =
(2B — A — C)/(A — (), which provides a quantitative
measure of molecular structure relative to the oblate (x = +1)
or prolate (k = —1) symmetry limits. By interpolating between
precomputed values of k, it is then possible to calculate
transition frequencies with an average error comparable to
experimental uncertainty very rapidly.

To determine if a rotational energy level pattern is consistent
with a set of double resonance linkages, a grid of catalogs is
first calculated in which the three rotational constants are
varied from 500 to 12000 MHz in 10 MHz steps. For
simplicity, only states with ] < 9 and K, < 3 are considered
here owing to the uniformly very low rotational temperature of
our supersonic jet. The program then rejects all combinations
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except those where predicted transitions are close in frequency
to each line linked by double resonance, and additionally
where predicted transitions do not share either a common
upper or lower rotational level, as required by experiment. This
step typically involves about 250 million individual calculations
but can be performed in approximately one hour with a
standard desktop computer. Rotational constants are then
derived by least-squares optimization for catalogs meeting
these two criteria, and the number of possible solutions are
pruned further by removing highly oblate and prolate species
(i.e, Ikl > 0.95), and those with unphysical structures (e.g, A
> 0 and A < — 200amu A?). Finally, by comparing the
coincidence rate of other predicted lines against the list of
unassigned features in the chirped spectrum it is possible to
score the likelihood of different solutions. The unique solution
is ultimately established with the detection of additional lines,
and double resonance tests consistent with the predictions. A
visualization and discussion of the convergence of this
algorithm is provided in Figure SI.

B THEORETICAL METHODS

Database for Rotational Spectroscopic Data. We have
recently developed a probabilistic deep learning model that
assists in identifying unknown molecules based on available
spectroscopic parameters.”’ The model comprises a set of
decoder architectures, where the rotational constants,
asymmetry parameter, inertial defect, and approximate dipole
moment values along each axis are used to predict a set of
corresponding Coulomb matrix eigenvalues, and subsequently
decoded into possible chemical formulas and estimates the
likelihood of functional groups being present. The models are
trained on a newly created database of molecules, consisting of

https://dx.doi.org/10.1021/acs.jpca.0c02919
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Figure 3. Oxygen-bearing hydrocarbons discussed in the text, along with their formula, systematic IUPAC name, and common name, if applicable.
The list is organized by increasing molecular weight. For a complete list of species identified in this work, see the Supporting Information.

~86 000 structures optimized at the wB97X-D/6-31+G(d)
level pertaining to simple organic molecules containing oxygen,
nitrogen, both, and pure hydrocarbons. This level of theory,
based on our earlier benchmarking, provides a good
compromise between computational cost and the accuracy
and uncertainty of the predicted rotational constants.”> For
specific details on the generation of isomers within this
database, we direct the reader to ref 31; succinctly, the
database was populated by two methods: first by scraping the
PubChem database for valid SMILES, followed by systematic
generation using Open Molecule Generation,” randomly
sampling up to 2000 SMILES strings generated this way.

B RESULTS

Given the plethera of spectroscopic data generated in this
study, only a general overview of our findings is presented here.
Figures 2—4 illustrate only a fraction of the molecules that
were identified in the course of this work. For simplicity and to
assist the reader, these are separated into hydrocarbons (Figure
2), oxygen-bearing hydrocarbons (Figure 3), and nitrogen-
bearing hydrocarbons (Figure 4). Many other salient details of
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our analysis are instead provided as Supporting Information,
including line-by-line assignments in each chirped spectrum;
cavity measurements of normal and isotopic species in the
ground and vibrationally excited states; and theoretical
calculations of molecular structure and vibration—rotation
coupling constants.

Benzene Discharge. Relative to our preliminary analysis
reported in ref 16 (6.5 and 19 GHz), the fraction of assigned
lines has risen from 82% to 89%, the fraction of intensity that
can be assigned has increased from 90% to 97%, and the
number of new hydrocarbons has grown from 9 to 12. The
three new discoveries are phenyltriacetylene (C;,Hy) and the
cis and trans isomers of propenylacetylene (CsHy), see Figure
2. Although the fraction of assigned lines (80%) in the higher
band measurements (17—26 GHz) is the lowest of the six
discharge/frequency band combinations, less than 200 lines
were observed, and most of the remaining unassigned lines are
relatively weak. Nevertheless, the inability to assign more
features likely arises from the small polarity (4 < 1 D) of most
stable hydrocarbons. As a consequence, their lines are often
less intense compared to oxygen and nitrogen derivatives of

https://dx.doi.org/10.1021/acs.jpca.0c02919
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comparable size at the same level of abundance, and saturating
their transitions using double resonance may be more difficult.

In terms of intensity, the low frequency (6.5—19 GHz)
spectrum is dominated by hydrocarbons containing acetylenic
chains, including methyl (C;H,), vinyl (C,H,), and allenyl
(CsHg) substituents, as well as ring substituents as in the case
of phenylacetylene (CgHy), phenyldiacetylene (C,oHg), and
both 1 and 2-ethynyl-1,3-cyclopentadiene (C,H4). Other
prominent hydrocarbons include fulvenallene (C,Hy), the syn
and anti chain isomers of benzene (1,3-hexadien-S-yne, C¢Hy),
and cyclopropenylidene, ¢-C;H,. With respect to the number
of lines, the most conspicuous is phenyldiacetylene which is
responsible for slightly more than 10% of all the lines in this
frequency region (51 out of 482), followed closely by
phenylacetylene in its ground and vibrationally excited states
(49). The three cyclopropadiene chains (C,Hg), S-ethenyli-
dene-, 1-ethynyl-, and S-ethynyl-1,3-cyclopentadiene, together
account for about 13% of the lines (63).

In the high band (17—-26 GHz) spectrum, the spectral
intensity is dominated by ground and vibrationally excited c-
C;H, along with its isotopic species, followed by vinylacetylene
(C,H,), the cumulene carbene butatrienylidene (C,H,), and o-
benzyne (C¢H,). No one molecule is particularly prominent in
terms of number of lines in this frequency band. In both bands,
evidence for oxygen and nitrogen bearing species is observed
owing to low-level contamination from atmospheric gas. The
top portion of Figure 5 provides a histogram showing the most
prominent hydrocarbon species in terms of total intensity and
of number of lines across both bands.

Benzene/Oxygen Discharge. As indicated in Table 1, the
benzene/O, discharge gives rise to the most intense and
richest spectrum between 6.5 and 19 GHz. Nevertheless, 88%
of the lines and 97% of the intensity (Figure 1) has been
assigned to 166 variants from 120 species. Comparably good
agreement in terms of number of lines and intensity has also
been achieved in the high band, although the line density is
considerably lower in this frequency region.

The strongest oxygen-bearing features in the low band
spectrum are 2-propynal (C;H,0) and its longer-chain
derivative 2-butynal C,;H,O; two isomers of C¢H4O, 2,4- and
2,5-cyclohexadien-1-one; cis- and trans-acrolein (C;H,0); two
isomers of C;H,O, (E)-2-penten-4-ynal and 2,4-cyclopenta-
dienone; and (E)-2,4-pentadienal (C;H4O), see Figure 3.
Lines of each were observed with a SNR of at least 200.
Interestingly, some pure hydrocarbons were observed more
intensely when O, was present, particularly acetylallene
(CsH,) and the two C;H isomers, (E) and (Z)-3-penten-1-
yne. The strongest line of the latter hydrocarbon, for example,
was observed with a SNR of 229 in benzene/O, but only 30 in
benzene alone. Presumably, this enhancement comes about
owing to the corresponding loss of highly stable products such
as CO. In terms of the number of lines, the three isomers of
C¢H4O are most conspicuous with 2,4-cyclohexadien-1-one,
2,5-cyclohexadien-1-one, and phenol each giving rise to about
6% of the total.

A similar set of molecules dominates the high band
spectrum. Lines of 2-propynal and c¢-C;H, are very intense,
along with the two conformers of cyclohexadien-1-one
(C¢HgO). Although not as intense, molecules containing the
C;0 backbone are also readily observed, specifically C;0,
HC;0 radical, propadienone H,C;0, and trans-acrolein
(C;H,O) in its ground and vibrationally excited states. The
middle panel of Figure 5 summarizes the intensity and number
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of lines of the most prominent species between 6.5 and 26
GHz.

More than 20 oxygen-bearing molecules were identified for
the first time, and many others were measured at greatly
improved spectral resolution. Examples of new species include
the two cyclohexadienone isomers (C4HgO), which are so
abundant that lines from their '3C isotopic species are also
observed in natural abundance in the same spectrum; two
C,H(O isomers, ortho- and para-quinomethane; and various
ketones such as diethynyl ketone (CsH,O), trans-propenylke-
tene (CsH¢O), and anti-vinylketene (C,H,O). Evidence was
also found for phenoxy radical C;H;O but not at the
frequencies reported by Hernandez-Castillo et al;** the lines
observed here are instead systematically shifted down in
frequency by ~0.75% relative to those published and
furthermore exhibit complicated hydrogen hyperfine structure
at high resolution, much like phenyl radical.”> Owing to the
complexity of this closely spaced line structure, no attempt was
made to assign individual hyperfine components at this
juncture.

In terms of size, the oxygen-bearing species are as small as
formaldehyde H,CO and as large as C,HO. The most intense
lines in the spectrum arise from C4H4O and smaller molecules,
and nearly all of these species are aldehydes or ketones where
oxygen is in a terminal position with respect to the heavy atom
backbone or external to the ring; phenol is one of several
exceptions. Molecules containing two oxygen atoms are rare.
Only two have been found so far: anti-formylketene (C;H,0,)
and 2-pyranone (CsH,0,)* with lines of the former being
much more intense than those from the latter.

Benzene/Nitrogen Discharge. The fraction of lines and
intensity that has been assigned in the benzene/nitrogen
discharge, irrespective of the band, is uniformly high: roughly
90% of lines and in excess of 97% of the intensity. The
nitrogen-bearing molecules observed with a SNR of 100 or
greater in the low-band spectrum include benzonitrile; two
CsHCN isomers, 1-cyano-1,3-cyclopentadiene and 1-cyano-
2,4-cyclopentadiene; cyanoacetylene (HC;N) and its isomer
isocyanoacetylene; and acrylonitrile and cyanoallene, C;H;N
and C,H;N, respectively (see Figure 4). Along with trans-
crotonitrile, many of the same molecules are also conspicuous
in the high-band spectrum. In contrast to benzene or benzene/
O,, the high-band spectrum of a benzene/N, discharge is
relatively rich in lines and as a consequence 104 variants have
been identified there; by comparison, only 83 variants were
observed in benzene/O, despite a low-band spectrum that is
even richer in molecules than benzene/N,.

The high assignment rate of lines and spectral intensity in
the benzene/nitrogen discharge is not surprising. First, with
few exceptions, nitriles are highly polar, often with dipoles
calculated to be in the 2—4 D range. Second, most possess
partially or well-resolved nitrogen hyperfine structure at low
frequency, which makes their spectra fairly distinctive among a
thicket of lines and can aid their identification. Third, in the
present analysis, each feature, even if closely spaced, is treated
separately, which tends to improve the statistics when
rotational lines have substructure.

Because many nitrogen-bearing compounds are of astro-
nomical interest, roughly one-half of the species identified here
have been the subjects of prior microwave investigation, a fact
that only became obvious during the course of the analysis.
With a few exceptions, however, the present cavity-enhanced
measurements significantly improve the accuracy or extend the
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Figure 6. Newly discovered molecules with respect to Ray’s asymmetry parameter  and inertial defect A (in units of amu A?). Red circles indicate
hydrocarbons, blue triangles are oxygen-bearing species, and green squares are nitrogen-bearing species.

frequency range of their rotational spectra, since many were
originally measured at 10 to 100 times lower resolution.
Examples include 1H-pyrrole (C,H,NH)"” and the two cyano-
substituted cyclopentadiene isomers (C4HN).***° However,
the other half are entirely new, including 4,5-hexadien-2-
ynenitrile (CsH;CN), (2Z)-2,4-pentadienenitrile (C;HN), cis-
crotonitrile (C,H;N), and syn and anti-2,3-butadien-1-imine
(C,HN).

There are both similarities and differences between oxygen
and nitrogen chemistry. Like with oxygen, there is a strong
propensity to form nitrogen-bearing species in which the
heteroatom is in a terminal location. The only three exceptions
are imines, 1H-pyrrole, and syn/anti-2,3-butadien-1-imine.
Unlike with oxygen, however, addition of N, was not found
to result in increased yields of pure hydrocarbons. Compounds
with two nitrogen atoms are either very weak or not observed
in our spectra. Despite the availability of high-resolution data
on isocyanogen CNCN'’ and cyanoisocyanoacetylene
NCCCNC," no compelling evidence for their lines were
found, while lines of maleonitrile C,H,N,* are present at
roughly the signal threshold of our chirped spectra.

B DISCUSSION

The present work establishes that a quite complex chemical
mixture can be characterized in exquisite detail and
exhaustively over a sizable frequency range, as evidenced
here by the unambiguous assignment of nearly all of its
rotational features and all but a few percent of the spectral
intensity (see Figure 1). Because this type of analysis is largely
unbiased and requires fairly minimal a priori input, it is
possible to identify entirely unknown molecules regardless of
the complexity of their rotational pattern. However, it should
be noted that the effort required to achieve this level of analysis
was nontrivial. For example, we estimate that over 600 000
follow-up cavity measurements were performed. Although data
acquisition is highly automated and most measurements only
required a few seconds of integration, considerable human
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input was still needed to analyze and interpret the results.
Nevertheless, with this large body of new spectroscopic data
and improvements we have made during the course of the
analysis, analogous experiments can undoubtedly be performed
far more efficiently.

As Figure 6 illustrates, it has been possible to determine the
rotational constants of many entirely new molecules in the
three benzene discharges based only on a small subset of lines
linked by double resonance and the new fitting algorithm. The
new molecules encompass a wide range of mass and shapes.
Though many molecules are clustered near the x = —1.0
prolate limit (cigarlike), their range of A indicates varying
degrees of nonplanarity and thus a rich two- and three-
dimensional architecture. It appears as though oxygen plays an
important role in generating a variety of product symmetries (x
approaching zero), although none of the species identified here
reach the oblate extreme (frisbeelike) of benzene (k = 1.0, A =
0).

Considerable success was achieved in determining the
elemental composition and molecular structure of the newly
discovered molecules based solely on the experimental
rotational constants, quantities directly derived from these
constants, such as Ray’s asymmetry parameter (x) and the
inertial defect (A), and the nonzero projections of the dipole
moment along the three inertial axes. Although these
identifications should be considered tentative in the absence
of confirming isotopic data, the ability of theory to reproduce
the experimental constants, often to better than 0.5% for B and
C, and 1% for the A (computed at the ®B97X-D/6-31+G(d)
level of theory) rotational constant, suggests misidentifications
are unlikely even at this juncture.

Despite our best efforts, however, roughly half-a-dozen new
molecules have defied identification. Most have quite large
negative inertial detects, implying significant mass out-of-plane,
and are either oxygen-bearing or were observed with much
more intensity in a benzene/O, discharge. Perhaps not
surprisingly, most are relatively large molecules, likely
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Table 2. Spectroscopic Constants of More Prominent Unidentified Molecules in the Three Benzene Discharges”

ID # A B

201 3702.002 605.4946
202 2774.3824 1290.5666
203 4325.1802 1584.2541
204 3414.0588 1935.3531
205 3917.1283 2054.6674
206 8365.0723 2279.1881
207 32719. 2604.1471

c A K o’
569.0357 —83.04 —098 100
881.026 —0.13 —0.57 110

1286.6191 —43.05 —0.80 100
1312.4851 ~24.10 —041 110
1543.3986 —47.54 —0.57 111
1796.934 —091 —0.385 110
2418.6761 ~0.56 —0.99 100

“ID # refers to its numerical designation in the SI. The rotational constants are units of MHz, the inertial defect is in amuA? and « is
dimensionless. “0 or 1 refers to whether a transition of this type has been measured.

containing seven or more heavy (C-like) atoms. A possible
assignment for U-202 in Table 2, for example, is the planar
bicyclic species benzofulvene (C,,Hg). Owing to the large
number of possible isomers for these systems, calculations
become quite expensive, for example, for C{HgO alone, there
are over 1500 possible isomers and rotamers. Regardless, there
is no fundamental obstacle precluding an eventual identi-
fication based on the present data; rather it would appear to be
a matter of sustained effort. Table 2 summarizes the constants
of new molecules with no current identification.

The depth of the present spectroscopic analysis illustrates
the importance of sample purity, provided that the goal of a
study is to determine a complete chemical inventory under a
specific set of reaction conditions. In the present case, even
small quantities of O, and N, were responsible for secondary
chemistry at a low-level. Because molecules containing either
heteroatom are generally fairly polar, the resulting rotational
lines, although not contributing significantly to the overall
spectral intensity, can nevertheless produce many weak lines in
the chirped spectrum.

It is noteworthy that more than 160 product species were
found in the three discharges, but only one (benzylnitrile,
C¢H;CH,CN) contains more than six hydrogen atoms, the
same number as the precursor benzene. In contrast, a sizable
fraction of the products contain more than than six carbon
atoms, and they are among the most abundant species in a
benzene discharge. Taken together, these findings point to the
importance of reactions involving carbon atoms and small
carbon chains, in some cases with corresponding loss of H,.
Albeit under a different regime of temperature and pressure, a
similar conclusion was reached by Parker et al.*’ in which
phenyldiacetylene was formed under single collision conditions
by the reaction between phenyl radical with diacetylene. With
respect to cyclic structures, derivatives of both five-membered
(cyclopentadiene) and six-membered carbon rings were readily
observed. Detection of tropone (C;H4O) indicates that rings
with seven-carbon atoms are also synthesized under our
discharge conditions.

The presence of multiple isomers with the same chemical
formula was a frequent finding of our analysis, and prevalent in
all three discharges. For instance, eight isomers with the
elemental formula C,H;N were identified and six were found
for both C;H¢O and C4H¢O. Although there is often a
correlation between isomeric stability calculated theoretically
and relative abundance,”* many exceptions were found. The
isomeric pair of cyclohexadienones is one example. Even
though both are calculated to be less stable than phenol by of
order 60KkJ mol™.,* lines of these high-energy, metastable
isomers are intense in the chirped spectra, ostensibly because
of rapid stabilization by collisions in the throat of the
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supersonic jet.46 A second example is chain versus ring isomers
of C¢Hg, such as (3E)- and (3Z)-1,3-hexadien-5-yne, and S-
methylene-1,3-cyclopentadiene (Figure 2). The lines of the
former are considerably more intense than those of the latter
despite lower stability, presumably owing to entropic effects
that favor chains because they have additional degrees of
freedom.

Although the initial motivation for undertaking studies of
oxygen-bearing species was to identify carriers in the benzene
chirped spectra that come about because of low-level
contamination, in some cases oxygen-bearing species allow us
to infer the presence of otherwise weakly or nonpolar
hydrocarbons. One example is tropone (C,H4O), a non-
benzenoid aromatic molecule which consists of a seven-
membered carbon ring with three conjugated alkene groups
and a ketone group. Because it is much more polar and
therefore much easier to observe compared to its hydrocarbon
analog cycloheptatriene, C,Hg, its presence indicates carbon
insertion into the benzene ring to form larger cyclic structures
may serve as another route to form larger carbon structures.

From the comprehensive spectroscopic analysis performed
here, it is possible to determine with confidence the relative
abundances of different product masses but more importantly
the relative abundances of different isomers with the same
mass. Since accurate dipole moments are readily calculated
theoretically’> with well-characterized uncertainties and the
rotational temperature is well-defined, it is straightforward (but
somewhat arduous given the large number of species) to
convert line intensities in the chirped spectrum into an
abundance for each species. The only caveat is to first account
for the instrument response function, but this conversion is
relatively simple because molecules such as phenyldiacetylene
and the C;H O isomers each possess of the order of 50 lines
over the range of measurement and hence serve essentially as
calibrants.

Figure 7 summarizes the abundance of the different product
masses in each of the three benzene discharges, along with the
relative contribution of each isomer to each mass. The present
approach has two obvious limitations: light molecules such as
CO have transitions well above the frequency range of the our
measurements (i.e., 115 GHz) and hence their abundance can
not be determined here; and the inability to detect nonpolar
species such as HCCH (along with benzene). Nevertheless, for
polar species the present methodology has clear advantages
relative to traditional mass spectrometry which may struggle
when multiple isomers are present. Although in theory and
largely in practice there is no limit to the number of isomers
that can be simultaneously characterized by high-resolution
microwave techniques, similar analyses may prove challengin
even for multiplexed photoionization mass spectrometers,*

https://dx.doi.org/10.1021/acs.jpca.0c02919
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Figure 7. Synthetic mass spectra generated from the rotational
analysis of the three benzene discharge mixtures studied here.
Intensities (left, absolute; right, log;,) at each mass correspond to the
abundance of individual isomers and conformers for a given elemental
formula; each color represents a different isomer, where each isomer
is separated by white dashed lines. Abundances for each species were
calculated assuming a rotational temperature of 2 K, and the dipole
moments are given in the Supporting Information, most of which
have been calculated theoretically. Prior to the abundance calculation,
the instrument response was first calibrated using cyclohexa-2,4-dien-
1-one, a molecule which has a rich-line spectrum through much of the
frequency range of measurement, by scaling the experimental line
intensities to the theoretical ones at T, = 2K.

which rely heavily on clear differences in the ionization
energies of isomers.

Vibrationally excited states are widespread in the chirped
spectra. Although not unexpected, their characterization is
often of secondary interest relative to the ground state,
particularly if a species is unknown a priori. To avoid this issue
altogether, it may be worth considering other coohng methods
such as buffer gas cooling with cryogenic He.** This method i is
now widely used in the fundamental physics community*’
because it has been shown to efficiently cool molecules in all
internal degrees of freedom, including vibrational energy owing
to a large number of collisions with the cold buffer gas.

Because many of the molecules identified here are closely
related in size and composition to known interstellar
molecules, and most are calculated to be at least modestly
polar, they should be good candidates for radioastronomical
detection. One of the richest astronomical sources is TMC-1
where carbon molecules containing the nitrile functional group
are prominent. Now that benzonitrile has been found there as
well, searches for the closely related molecules would appear to
be obligatory. The rest frequencies of nearly all reported here
are accurate to a fraction of a line width in TMC-1, so a
radioastronomical search with a large single-dish telescope
such as the 100 m Robert C. Byrd Green Bank Telescope can
now be undertaken with confidence.

B CONCLUSIONS

A comprehensive analysis of the discharge products of three
benzene mixtures, either alone or with oxygen and nitrogen,
have been carried out by recording the rotational spectra over a
20 GHz wide frequency region at centimeter wavelengths.
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Using a combination of spectral catalogs of known species and
new experimental and theoretical tools, it has been possible to
assign the vast majority of all the observed lines and nearly all
of the spectral intensity in each spectrum. Evidence was found
for a rich chemical architecture of carbon, including detection
of many species which are heavier by mass than the precursor
benzene and multiple isomers with the same elemental
formula; a significant fraction of these products have not
been characterized at high spectral resolution prior to this
work. By converting line intensities into abundances, it was
possible to derive a mass spectrum for each discharge that is
analogous to a traditional mass spectrum but with exquisite
isomeric resolution. The present analysis techniques can likely
be applied to a wide range of complex gas mixtures with
equally good success.

B ASSOCIATED CONTENT
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Frequency and intensity data for each of the six chirped
spectra analyzed here along with line assignments for
each feature in each spectrum; a table summarizing the
IUPAC names and best-fit experimental rotational
constants of all molecules observed in the present
analysis, along with a unique molecule identifier,
experimental or calculated dipole moments, references
to prior high-resolution laboratory work, and compar-
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