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Phosphine is now well-established as a biosignature, which has risen to prominence

with its recent tentative detection on Venus. To follow up this discovery and related

future exoplanet biosignature detections, it is important to spectroscopically detect

the presence of phosphorus-bearing atmospheric molecules that could be involved

in the chemical networks producing, destroying or reacting with phosphine. We start

by enumerating phosphorus-bearing molecules (P-molecules) that could potentially be

detected spectroscopically in planetary atmospheres and collecting all available spectral

data. Gaseous P-molecules are rare, with speciation information scarce. Very few

molecules have high accuracy spectral data from experiment or theory; instead, the best

current spectral data was obtained using a high-throughput computational algorithm,

RASCALL, relying on functional group theory to efficiently produce approximate spectral

data for arbitrary molecules based on their component functional groups. Here,

we present a high-throughput approach utilizing established computational quantum

chemistry methods (CQC) to produce a database of approximate infrared spectra for 958

P-molecules. These data are of interest for astronomy and astrochemistry (importantly

identifying potential ambiguities in molecular assignments), improving RASCALL’s

underlying data, big data spectral analysis and future machine learning applications.

However, this data will probably not be sufficiently accurate for secure experimental

detections of specific molecules within complex gaseous mixtures in laboratory or

astronomy settings. We chose the strongly performing harmonic ωB97X-D/def2-SVPD

model chemistry for all molecules and test the more sophisticated and time-consuming

GVPT2 anharmonic model chemistry for 250 smaller molecules. Limitations to our

automated approach, particularly for the less robust GVPT2 method, are considered

along with pathways to future improvements. Our CQC calculations significantly improve

on existing RASCALL data by providing quantitative intensities, new data in the fingerprint
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FIGURE 6 | Comparison of the RASCALL (blue) and scaled harmonic (gray) quantum chemistry data available for eight of the P-molecules mentioned in Table 1. The

SMILES code is presented for each molecule as well as the largest values for the predicted intensities (km/mol) with the harmonic calculations.

where both the NIST and scaled harmonic CQC-H1 data are very
alike. In the fingerprint domain (500–1,450 cm−1), the agreement
is somewhat less obvious, but still a qualitative similarity is found
between the NIST and CQC-H1 data. RASCALL, as previously
stated, performs less accurately in this area. On the other hand,
there is poorer agreement in the bottom figure as the data
collected from NIST corresponds to the solid-phase spectrum for

methylphosphonic acid [O=P(O)(C)O] as gas-phase spectrum is
not available (or at least not easily accessible). We can see that
RASCALL only provides data for the C-H stretches, disregarding
the O-H stretches present in the molecule. Though the scaled
harmonic calculations do supply frequencies for both the C-H
andO-H stretches, the calculated intensities for the C-H stretches
are significantly lower and they are therefore overshadowed by
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FIGURE 7 | Comparison of the RASCALL (blue) and scaled harmonic (gray) quantum chemistry data for six P-molecules produced by life (according to the AllMol list).

The SMILES code is presented for each molecule as well as the largest values for the predicted intensities (km/mol) with the harmonic calculations.

the other frequencies. In the fingerprint region, the agreement
between the experimental and scaled harmonic data is somewhat
better, with the scaled harmonic frequencies being slightly off and
missing some bands. This discrepancy could be due to anomalous
frequencies or hydrogen bonding manifesting in the solid-phase
spectrum. A gas-phase spectrum would be preferred for a more
meaningful comparison.

Something particularly important to highlight from this
analysis is that among all the 958 P-molecules considered in our
study, we could only find easily accessible reference spectroscopic
data for the two molecules illustrated in Figure 8, justifying the
necessity of supplemental sources of reference data.

3.3.3. Consideration of Anharmonic Vibrational

Treatment
Further improvements to our harmonic CQC-H1 approach may
be achievable by performing the calculations with the more

expensive and complete Generalized Vibrational Second-order
Perturbation Theory (GVPT2) approximation (Barone, 2005;
Puzzarini et al., 2019); an anharmonic method that allows the
calculation of overtones and combination bands along with the
fundamental frequencies. We tested this approach (hereafter
named as CQC-A1) by calculating anharmonic frequencies and
intensities for 250 smaller molecules in our dataset, finding
significant issues.

Specifically, substantial deviations were found between
the scaled harmonic (CQC-H1) and anharmonic (CQC-A1)
fundamental frequencies across the molecules tested. These
deviations were predominately observed in two cases: (1)
low-frequency transitions with small force constants, where
differences of up to a factor of 50 between the scaled harmonic
and anharmonic frequencies were found; and (2) the P-H stretch
frequencies, where the anharmonic frequencies are 200–700
cm−1 or higher over the scaled harmonic ones. The first issue
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FIGURE 8 | A comparison of the RASCALL (blue), quantum chemistry (gray) and experimental (red) data for two P-molecules for which experimental data is available.

The figure also presents the SMILES code for each molecule.

is well-known for large amplitude vibrations (LAMs) and is an
inherent limitation of perturbative approaches, while the second
issue is farmore concerning and can be traced back to deficiencies
in the density functional to compute higher-order derivatives of
the potential energy, as recently noted by Barone et al. (2020).

The theoretical foundations, technical specifications and
analysis of our anharmonic results are provided in Appendix A,
including a discussion of these two key failures and their
likely causes.

For the purposes of the main article’s objectives, we can
conclude that (1) anharmonic GVPT2 calculations are not yet
suitable for automated high-throughput calculations due to the
prevalence of unexpected anomalous unreliable results and (2)
to establish the best anharmonic treatment will require careful
testing against experimental frequencies and some criteria that
identifies when calculations are unreliable.

3.3.4. Challenges, Limitations, and Future Directions
The calculation of vibrational spectra for all P-molecules has
various challenges and limitations that are worth discussing.

Our automated approach for obtaining molecular geometries
is generally successful, but some issues and limitations were
found with its performance. First, as the current version of
the libraries used in our automated script for initial geometries
does not support the optimization of molecules containing
Se, these molecules were excluded from our final data set.
Second, the generated geometries often optimized to saddle-
points (indicated by one or more imaginary frequencies)
and needed to be manually corrected. As a matter of fact,
one of the C4H7P isomers (CC#CPC) had to be removed
from our working set due to the prevalence of imaginary
frequencies in the calculation despite testing the available
options to deal with this problematic; future work will
attempt to automate this process to enable high throughput
calculations. Finally, for three molecules [namely C2H4FO2P
(O=P1(O)C(F)C1), C3H4ClOP (O=PCC=CCl), and C2H5O2P
(O=P1(O)CC1)], the geometry optimization procedure led
to their decomposition in the final state, due to their
inherent instability. These molecules were identified through
their anomalous vibrational partition functions that were
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calculated for a future application, but could have easily
been missed.

Perhaps the most significant limitation of our current method
is that only one conformer, as calculated by our automated
approach, was considered. However, other conformers may
certainly have lower energies than the ones used in our
calculations. This limitation will be addressed in the future
by consideration of multiple conformers generated by an
automated semi-empirical conformational search followed by
DFT optimizations. Data for the low energy conformers will
be presented concurrently in the database alongside their
relative energies to enable a Boltzmann-weighted summation
of their contributions at the target temperature to be used in
spectral predictions.

In this study, we have only considered one model chemistry
(ωB97X-D/def2-SVPD); however, the level of theory (e.g., density
functional approximation), basis set, vibrational treatment, and
software package can be easily modified within the same analysis
framework as new software capabilities and better benchmarking
results become available. Indeed, beyond the anharmonic
approach discussed above, we are also very interested to explore
a hybrid approach, where harmonic calculations are performed
at a very high level of theory [usually corresponding to CCSD(T)
or B2PLYP calculations with larger basis sets] and the calculated
frequencies and intensities are then corrected by means of
GVPT2 anharmonic calculations performed at a computationally
less-demanding method (e.g., hybrid functionals coupled with
double-zeta basis sets) (Biczysko et al., 2010, 2018; Barone et al.,
2014). The method has shown to provide reliable results for small
to medium-sized molecules at reasonable computational times
(though significantly longer than the current method), and will
be considered for future work.

Our analysis has not included isotopes because the non-
dominant isotope has abundances below 4.5% in all cases
except for chlorine. Nevertheless, expansion to isotopes
is straightforward in Gaussian and will be considered in
future work.

Ideally, the calculated spectra should incorporate the true
rotational profiles associated with the vibrational bands. The
necessary band-by-band A, B, and C rotational constants and
dipole moments in the principal molecular axis are given
within the Gaussian output file. An automated method for the
generation of rotational spectra and rotational envelopes for each
vibrational band from calculated rotational constants and dipole
moment components will be considered in a future publication.

3.4. Synergies Between RASCALL and
CQC Data
RASCALL and our CQC approach are symbiotic methods.
RASCALL supplies preliminary data on any arbitrary molecule,
providing guidance and helping to prioritize theoretical
calculations. Conversely, CQC data can easily contribute to the
refining, expanding, and improving the functional group data
that are the primary input for the creation of RASCALL data.
For example, a major limitation of RASCALL is the reliance on
good data for the prediction of the spectral behavior of different

functional groups. In RASCALL 1.0 (Sousa-Silva et al., 2019),
these data are generated from experimental spectra and/or
theoretically extrapolating from existing functional group data.
Future updates to the RASCALL database can use a small
number of CQC calculations to parameterize these functional
group data; specifically, infrared spectra can be computed for
a representative series of molecules containing a functional
group, with the average predicted vibrational frequencies and
intensities extracted for the functional-group related vibrations
(as identified most robustly through consideration of the
vibrational eigenvectors). In this way, a relatively small number
of high level CQC calculations can be used to parameterize
RASCALL. Subsequently, RASCALL can predict vibrational
spectra for very large molecules beyond the reach of traditional
CQC methods, a key future application of this approach.

4. DISCUSSION

In this section, we discuss a few important aspects of this
research, including: the diverse potential uses of these data; how
the spectroscopic data work alongside the kinetic and reaction
network data to enable better understanding of remote gaseous
environments; and a brief discussion of the advantages and
challenges of our interdisciplinary approach for biosignature
detection follow-up.

4.1. Data Utilization
Our data predicts semi-quantitative spectral intensities for most
of the P-molecules studied for the first time, essential information
to assess detectability in remote environments. Molecules with
strong transition intensities can be far more easily detected than
those with weaker transitions. For instance, on Earth, the very
strong infrared absorption of CO2, which, at over 0.041% of
the atmosphere, dominates associated spectroscopy and majorly
influences global temperatures, while O2 at 21% atmospheric
concentration does not absorb infrared light due to selection
rules and only has very weak (forbidden) visible transitions.
The data in this paper provides sufficiently accurate intensity
predictions to both rank molecular detectability and place good
thresholds on the minimum observable abundance of molecules
in a given environment.

Accuracy requirements for frequencies are much more
demanding and certainly our CQC results, as expected, do not
reach spectroscopic accuracy, unlike some molecule-specific line
list approaches. Thorough error analysis is beyond the scope
of this paper but is certainly a worthwhile future pursuit. For
the CQC-H1 harmonic data, we estimate our errors as 38 cm−1

based on the root-mean-squared error of the scaling factor of the
ωB97X-D/def2-SVPD model chemistry from Kesharwani et al.
(2015) which was calculated for 119 experimental frequencies
of 30 molecules, similar to other model chemistries with hybrid
functionals and augmented double-zeta basis sets. RASCALL
errors are expected to be larger but this needs to be verified by
comparison to experimentally-measured frequencies.

Despite being unsuitable for definitive molecular
identification in complex gaseous mixtures, such as
remote atmospheres, our frequency information provides
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useful information for remote characterization of gaseous
environments, such as planets. First, our data can be used
to categorize molecules into groups that may be difficult to
disambiguate with observational data at certain resolutions and
spectral windows. Second, our data can help assess the difficulty
of detecting a molecule or class of molecules and identify optimal
spectral windows by considering the specific molecule amongst
possible contaminants. For example, the major contaminant to
the P-H peak prevalent in our P-molecules is the CO2 infrared
absorption, which can then be closely considered as discussed
above. Finally, the scope and accuracy of our data is still enough
to both comprehensively build up and selectively constrain
a pool of molecular candidates that may be responsible for a
particular signal.

The value of this is evident when considering the detection
of phosphine on Venus and subsequent debate about whether
the single observed microwave line possibly arose from a
differentmolecule. According to the data available to the involved
astronomers, the only possible contender for the signal was the
nearby absorber, SO2, which could be ruled out. However, while
the available data did cover the molecules that are likely to be
most abundant in that context, it was limited in coverage; the
data we produce as part of this work could support a much
more comprehensive investigation for similar detections in the
infrared region.

Another key use of this data is the assignment of
experimental spectra. For example, computational quantum
chemistry calculations have been used previously to correct
misassignments in P-molecule infrared spectroscopy (Robertson
and McNaughton, 2003; McNaughton and Robertson, 2006).
The CQC approach can be useful to aid molecule identification
for experiments with complex molecular mixtures formed, for
example, by a discharge or as reaction products.

Finally, the generation of a large molecular dataset is worth
consideration within the context of machine learning (ML).
Certainly, the last few years have witnessed a delayed but
definitive permeation of techniques and approaches from the
latest wave of artificial-intelligence research, i.e., deep learning,
into chemistry (Butler et al., 2018; Tkatchenko, 2020), and
more broadly, the physical sciences (Carleo et al., 2019). This
influence has extended to the production of infrared spectra,
with, for example, one study considering the hybridization of
ML andmolecular-dynamics simulations (Gastegger et al., 2017).
More recently, VPT2 calculations have been mixed with data
generated by neural networks to explore anharmonic corrections
to vibrational frequencies (Lam et al., 2020). However, ML is
more traditionally used in processing pre-produced data, and
indeed, ML models can be trained on a variety of relations
present in the dataset within this work. Certain coding packages
support such an approach, for example, the Python-based
DeepChem (Ramsundar et al., 2019), which wraps around
RDKit (RDK, 2000) to convert molecular SMILES codes into
hashed extended-connectivity fingerprints (Rogers and Hahn,
2010); these breakdowns of molecular structure are useful as
input feature vectors for ML models. Consequently, it is possible
to efficiently learn how combinations of molecular substructures
influence infrared frequencies and intensities; RASCALL is based

on a similar principle derived from domain knowledge in organic
chemistry that functional groups determine infrared frequencies
and approximate intensities. It is likely that ML can improve on
the RASCALL dataset by providing updated functional group
information extrapolated from CQC data. As a related example,
Kovács et al. (2020) recently explored ML for predicting infrared
spectra for polycyclic aromatic hydrocarbons based on a NASA
Ames dataset of more than 3,000 spectra. Given that ML benefits
from the statistical power provided by big data, the high-
throughput nature of our CQC results is particularly valuable in
fueling the performance of future ML models.

4.2. Molecules in Reaction Network
Modeling
Important species in reaction networks might be difficult to
detect remotely as they have low concentrations, e.g., the
important OH radical in Earth’s atmosphere is mostly detected
with in situ measurements (Piccioni et al., 2008; Stone et al.,
2012). Therefore, the spectroscopic measurements need to be
combined with a chemistry-based reaction network model that
contains reaction rates for all molecules in the atmospheric
system. For observable species, if the observed abundance is
very different from the predicted abundance this could be due
to incorrect model predictions, misinterpreted data, or could
indicate unusual chemistry that warrants further investigation
(e.g., the detection of phosphine on Venus).

To help readers understand the strengths and limitations of
existing approaches in reaction network modeling and kinetics
rate predictions, we provide appendices with brief summaries
of the current approaches in these fields. Appendix B provides
an overview of reaction network modeling, which is important
to contextualize the sources and sinks of volatile molecules.
Appendix B focuses on approaches to modeling the Earth’s
atmosphere and references some introductory texts on the more
limited reaction network modeling of exoplanets. Appendix C
introduces the fundamentals of theoretical kinetics calculations,
which can be used to supplement rate constants whenever
they are missing from reaction networks. Popular codes for
performing theoretical kinetics calculations are also referenced
in Appendix C.

The application of reaction networks and kinetics modeling
is considered below for the specific situation of the potential for
atmospheric formation of phosphine on Venus.

4.2.1. Constraining Models Involving Phosphine on

Venus
The preceding sections of this paper present spectra for a wide
array of P-molecules that could feed into PH3 formation in the
Venusian atmosphere. Ultimately, if PH3 were being formed
from volatile P-molecules and not through a geological process,
these P-molecules must decompose into single-phosphorus
molecules that can be successively reduced to PH3. To
understand this process and elucidate potential abiotic pathways
to PH3, we ideally want spectroscopic measurement of the
Venusian atmospheric concentrations of these PH3-precursor P-
molecules which could greatly constraint the Venus atmospheric
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models. The high-throughput spectra in this paper are a first step
toward these future spectroscopic measurements.

The thick cloud layers in Venus’s atmosphere around 48–70
km prevent significant solar radiation from penetrating to the
lower Venusian atmosphere (Titov et al., 2007; Bains et al., 2020).
The atmospheres within and above the cloud deck, however, do
receive significant solar radiation (Titov et al., 2007). Thus, this
middle Venusian atmosphere, like Earth, is largely driven by
reactions with radical species formed through photochemistry
(Prinn and Fegley, 1987). A photochemical network approach
can therefore be used to simulate the composition of the middle
atmospheres of Venus, which typically has temperatures of 200–
350 K (Ando et al., 2020). This approach is considered Bains
et al. (2020) when modeling the production and destruction of
phosphine in Venus.

However, the atmospheric processes of Venus are far less
studied than for Earth and considerable data is missing. Even
in modeling the most abundant species in the middle and lower
atmospheres of Venus (SOx, COx, Cl

•/HCl), Bierson and Zhang
(2020) note that ∼40% of their reaction rates used have no
experimental measurements, and those that are measured are
only upper limits, or for a single temperature. This statistic
reveals much is unknown about the reaction rates of core
Venusian atmospheric processes, especially minor cycles like
phosphorus reactions.

Bierson and Zhang (2020) highlight which rates contained
in their Venus atmospheric model are of highest priority
for experimental measurement or ab initio prediction. The
photochemical model of PH3 formation by Bains et al. (2020)
presents similar crucial reactions that can be considered a priority
in terms of: spectroscopic detection of these species (or their
precursors), lab-based measurement of key reaction rates with
radicals, or ab initio calculations. These are radical-mediated
reactions that could generate the direct precursors of PH3, as
shown in Scheme 1.

The spectroscopic detection and quantification of any of the
intermediates shown in Scheme 1 would greatly help constrain
photochemical models of PH3 formation. High quality line
lists are available for PO from ExoMol (Prajapat et al., 2017).
However, spectroscopic signatures of molecules in Scheme 1,
such as the P−H stretch, P−−O stretch, and P−H bending modes,
are common to multiple P-molecules (see Figure 3). Therefore,
a moiety-based approach to predict spectra, like RASCALL, will
yield false positives, and the CQC spectra presented in this

SCHEME 1 | Proposed, network limiting, reactions of P-molecules in the

model of photochemical PH3 production by Bains et al.

paper provide an improvement for the identification of these
intermediates. In the absence of spectroscopically determined
abundances of these P-molecules, reaction network modeling
must be used.

The reactions in Scheme 1 generate immediate PH3-
precursors and are the presumed bottle-necks in the
photochemical reaction pathway. These key reactions also
lack any reaction rate data. Instead, surrogate rate data
from equivalent nitrogen-containing species undergoing the
equivalent reaction are used (Bains et al., 2020). However,
the nitrogen surrogate reaction energies differ by ∼50–60
kJ/mol from calculated energies of the actual phosphorous
compounds (Chase, 1998; Bains et al., 2020). In theoretical
kinetics calculations each 10 kJ/mol difference in activation
energy can alter calculated reaction rates by an order of
magnitude. Therefore, the use of nitrogen surrogates could
lead to misestimation of rates by several orders of magnitude,
with implications on the importance of Scheme 1 reactions as
network bottlenecks.

Therefore, rate data crucially needs to be determined
for the true phosphorous compounds in Scheme 1, either
experimentally or with ab initio calculations. The instability of
HPO and PO• limits the availability of lab-based kinetics studies
(Douglas et al., 2020), but their chemistry can be calculated
with high-level quantum chemical methods since only 2–3 atoms
are involved. Highly accurate composite ab intio methods can
calculate energies of these small systems to kJ/mol, or even sub-
kJ/mol, accuracy (Tajti et al., 2004; Karton et al., 2006; Karton,
2016). After accurate calculation of the geometries and energies
of these reactions, the theoretical kinetics methods outlined in
Appendix B could be used to calculate reaction rates. In fact,
many molecules in the atmospheric reaction networks are likely
to be transient and hard to detect, so theorymay provide themost
viable route to good estimates of their reaction rates.

4.3. Initial Interdisciplinary Survey
Approach to Biosignature Followup
Astrobiology and the related study of the chemistry of planetary
atmospheres are such a diverse fields that no single person can be
an expert on all aspects. Instead, interdisciplinary collaborative
approaches are essential.

Establishing productive interdisciplinary collaborations is
rewarding but challenging, and proved essential in this pilot
to appreciate diverse aspects of biosignature follow-ups. We
found that astronomers, geologists, origin of life researchers,
experimental spectroscopists, computational spectroscopy
theorists and data scientists all had significant core knowledge—
sometimes trivial in their field but unknown to others and
useful in combination. Identifying and refining the salient
contributions of each sub-discipline—often not what was
originally anticipated—and placing it within the context of this
work required time and frequent communication, aided by
modern technology tools. As a concrete example, the scarcity
of gaseous P-molecules and the relative lack of knowledge on
P-molecule speciation in Earth’s atmosphere was surprising to
many authors. Unexpectedly, most key knowledge on gas-phase
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P-molecules came not from modern atmospheric chemistry
modeling, but from origin of life research. Atmospheric
chemistry expertise instead was crucial in highlighting an under-
appreciated limitation of spectroscopy in remote characterization
of atmospheres; crucially important intermediates and radicals
may be unobservable remotely as their reactivity makes their
atmospheric lifetime extremely short and prevents atmospheric
buildup to observable concentrations.

5. CONCLUSIONS

The key new data presented in this paper is the calculated
infrared spectra of 958 phosphorus-bearing molecules (P-
molecules), which represents the best available data for almost
all of these molecules. These data can be useful to highlight
ambiguities in molecular detection in remote atmospheres and
thus prevent misassignments of spectral features while suggesting
potential assignments for a given spectral signal. These data
also provide sufficiently reliable intensities of different spectral
features between molecules to enable evaluation of the limits of
detectability for different molecules.

These data were produced with a high-throughput mostly
automated methodology using computational quantum
chemistry (CQC) with the ωB97X-D/def2-SVPD model
chemistry used to calculate harmonic frequencies and intensities
(CQC-H1) for all 958 P-molecules. Compared to the previously
available RASCALL spectral data which was produced based on
the frequencies of functional groups within individual molecules,
these new CQC data introduce for the first time quantitatively
accurate predicted intensities and frequencies data for vibrations
within the fingerprint spectral region (∼500–1,450 cm−1) that
involve large molecular motions as well as improved frequency
predictions for higher frequency modes through consideration
of detailed chemical environmental effects. Though further
improvements to our CQC-H1 approach may be obtained by
performing the calculations with anharmonic methodologies
like GVPT2, we identified some challenges and limitations,
particularly for anharmonic prediction of modes with low
force constants, and highlighted future opportunities for
methodology improvements, noting that modifications of the
quantum chemistry procedure are trivial to implement within
our framework. We also note the recurrence of the sporadic large
errors in GVPT2 ωB97X-D calculations (first noted by Barone
et al., 2020), which seemed to affect mostly P-H stretches for a
significant number of molecules. Future work to determine an
appropriate functional for anharmonic calculation is warranted
as these calculations are the only data source for accurate
frequencies and intensities for overtone and combination bands,
which provides a more complete picture of molecular opacity
and may help distinguish between some molecules.

The other key contribution of this paper is the demonstration
of significant advantages with an interdisciplinary approach to
follow-up of biosignature detection. Phosphine and P-molecules
are certainly of broad interest astrophysically in gas giants and as
potential biosignatures, but the immediate impetus for this paper
was the tentative detection of PH3 in the clouds of Venus with

extraordinary high abundance (Bains et al., 2020). An important
aspect of investigating this detection is to look for other gaseous
P-molecules that could be sources or sinks of phosphine in Venus
and can provide insights into the possible atmospheric network
that allows for the accumulation of phosphine. To identify the
molecules of interest, we used two approaches; the targeted
approach consolidating known or predicted chemistry to identify
gas-phase P-molecules of particular interest for characterization
of remote planetary atmospheres, and the reaction agnostic
approach which instead considered all potentially volatile stable
P-molecules with six or fewer non-hydrogen atoms.We conclude
that, given the low volatility of many P-molecules and the relative
poor understanding of gaseous phosphorus chemistry, a more
reaction-agnostic comprehensive search for volatile molecules is
probably the most suitable path forward for P-molecules.

DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included
in the article/Supplementary Material, further inquiries can be
directed to the corresponding author/s.

AUTHOR CONTRIBUTIONS

LM conceived, designed, and managed the project. MG, EC,
LJ, FL, A-MS, and JZ collated the pre-existing data. JZ, LM,
PK, and JO’S developed the CQC approach. JZ applied CQC to
produce novel vibrational spectra. A-MS and JZ produced the
figures. JZ, A-MS, EC, FL, and JO’S analyzed the data. CM, ER,
and CT provided the expert knowledge and feedback to assist
with analysis. JZ, LM, CS-S, KR, BB, LJ, DK, GS, LS, and BT
provided the expert knowledge and wrote the significant sections
of the paper. All authors reviewed the literature and wrote, edited,
or provided the feedback on sections of the paper. All authors
reviewed and approved the final manuscript.

FUNDING

KR was supported from a grant by the Australian Research
Council (DP160101792).

ACKNOWLEDGMENTS

The authors thank to Maria Cunningham, Maria Paula Pérez-
Peña, and Max Litherland for their enthusiastic participation in
the hackathon that started this project.

LM would also like to thank her awesome colleagues for the
writing groups and active encouragement that fast-tracked this
paper to submission in the difficult 2020 year.

This research was undertaken with the assistance of
resources from the National Computational Infrastructure (NCI
Australia), an NCRIS enabled capability supported by the
Australian Government.

Frontiers in Astronomy and Space Sciences | www.frontiersin.org 18 April 2021 | Volume 8 | Article 639068

https://www.frontiersin.org/journals/astronomy-and-space-sciences
https://www.frontiersin.org
https://www.frontiersin.org/journals/astronomy-and-space-sciences#articles


Zapata Trujillo et al. Infrared Spectroscopy of Phosphorus-Bearing Molecules

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fspas.
2021.639068/full#supplementary-material

The supplementary data consists of:

• A read.me file explaining the full supplementary
information contents;

• A csv file listing all molecules considered with relevant
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