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Abstract

The detection of molecules in astrophysical environments almost always requires
remote sensing. While radioastronomical observation and associated rotational spec-
troscopy are powerful astronomical tools, infrared spectral analysis provides a unique
means of examining the observable universe, especially for molecules where permanent
dipole moments are small or even non-existent. The molecular vibrations of small
molecules are now able to be modeled via quantum chemistry and electronic structure
theory conjoined to vibrational analysis to within spectroscopic accuracy in many cases.
This chapter will showcase this success and build upon it to show how such advances are
now being leveraged to describe molecular vibrations for molecules containing dozens
of atoms, electronically excited states, “hot bands,” exoplanetary atmospheric opacity
data, and even emission of polycyclic aromatic hydrocarbons. All of these are required
to prune the interstellar spectral garden of its “weeds” in search of “flowers” that will
provide the necessary fingerprints for astronomers to be able to probe the heavens for

its past, present, and future secrets.

Introduction

Quantum chemistry and electronic structure theory have played a crucial role in the detec-
tion of molecules in space largely since molecules have been detected in space. In the early-
and mid-1970s radioastronomical observations were increasing the census of extraterres-
trial molecules nearly from zero. Observation of the protonated nitrogen cation (NoH') was
among the first detection studies and also among the first that utilized the self-consistent field
(SCF) Hartree-Fock (HF) approach to compute an equilibrium geometry and provide corre-
sponding rotational constants for comparison to astronomically-derived spectral constants. 1+
Similarly, detections of CoH, C4H, and C3N also employed a similar approach utilizing quan-
tum chemical ab initio theoretical data for corroborating evidence of detection.®?® During

this era, the famed “X-ogen” lines were reported,® but these lines were conclusively linked



to HCO* by Herbst and Klemperer” once more through the use of corroborating rotational
constants derived from quantum chemically computed equilibrium molecular geometries.

In the decades since, quantum chemistry has spread its application in astrochemistry to
more than just providing optimized geometries and the associated, complementary rotational
constants, although this is still a vital service from quantum chemistry. With the growth in
telescopic power and technology, notably for air- and space-based observatories, the infrared
region of the electromagnetic spectrum is one of the, if not the, most important wavelength
ranges for modern observations. IR photons can penetrate dust and also provide emissions
from optically-thick regions where other wavelengths become opaque or convoluted. The
ongoing usage of the Stratospheric Observatory for Infrared Astronomy (SOFIA) and the
upgraded CRyogenic high-resolution InfraRed Echelle Spectrograph (CRIRES+) instrument
at the European Southern Observatory (ESO) as well as the soon-to-launch James Webb
Space Telescope will usher in a new era of unprecedented data for the near-, mid-, and
far-IR regions. Hence, only the throughput and bottom-up approach of quantum chemistry
and electronic structure theory can hope to provide the necessary volume and labeling of
reference data for such large amounts of information to be gleaned from these observatories.

Recent work has already shown direct application of quantum chemistry to observations
from SOFIA. Rovibrational lines determined, in part, from high-level, modern electronic
structure computations have led to the first mid-IR detection of HNC and H'3CN toward
the Orion Hot Core.® Additionally, quantum chemical studies have provided the full set
of fundamental anharmonic vibrational frequencies for protonated cyclopropenylidene (c-
C3H31)? leading to its IR detection in the laboratory!'® as well as providing the target
frequency range for ongoing SOFIA and CRIRES+ searches for this postulated precursor to
larger interstellar hydrocarbon chemistry. Additionally, the determination of dense molecular
line lists of rotational and rovibrational states is also a vital service provided by quantum
chemical computations where thousands of lines can be provided for a single molecule without

any gaps in the data. These are often empirically-refined for a few known lines providing



exceptional accuracies for the vast majority of unknown lines.' ™ These such studies help
to eliminate the so-called spectral “weeds” by pruning the unknown transitions of known
molecules allowing for the potential observation of unknown transitions of unknown molecules
(the “flowers”). Hence, the role of quantum chemistry in astrochemistry continues to grow
especially with regards to molecular vibrations and their associated physics.

This present work will highlight the role of quantum chemistry in the determination of
vibrational and rovibrational properties and spectral data for numerous applications to astro-
chemistry. While this review is intended to be broad, the applications of electronic structure
theory and quantum chemistry to astrochemistry are even broader and seemingly endless.
The single molecule nature of traditional quantum chemistry and the flexibility of study for
terrestrially-unstable molecules makes it a natural fit for astrochemistry. Consequently, the
applications of quantum chemistry, even computations of molecular vibrations, would stretch
beyond any single review. Herein, we will focus on the emerging work where molecular vi-
brations utilizing electronic structure computations are vital including the aforementioned
molecular line lists as well as the observation and constraining of polycyclic aromatic hy-
drocarbons (PAHs), small molecules of astrobiological significance, and even more exotic
behaviors including molecular vibrations of electronically excited states. These areas high-
light the ways in which the intramolecular motions of atoms within molecules hold vital
significance for pushing the boundaries of knowledge for astrophysical implications. In so
many ways, molecular vibrations are the fingerprints of astrophysics, and quantum chemistry

provides the needed reference data for comparison.

Computational Aspects

Theoretical Framework

Most quantum chemical computations addressing molecular vibrations in some way rely upon

the harmonic approximation. Such is sensible when molecular vibrations are the smallest,



meaningful contributor to the total energy, as is the case for computing reaction energies.
However, when the molecular vibrations are the focus, more accurate representations are
required. The venerable quartic force field (QFF), or fourth-order Taylor series approxima-
tion to the internuclear Hamiltonian’s potential, has largely become the most-often utilized
method for producing the anharmonic potential. Mathematically, the QFF is represented

as:
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where the Fj; terms are the force constants while the A;A; ... terms are the displaced
distances for coordinates i, j, etc. from a given reference geometry,'%!” typically on the
order of 0.005 A and 0.005 radians. The reader should note that the reference point and
the first derivative needed for a more complete Taylor series expansion appear to be omitted
from Equation 1. In truth, the reference point is set to zero by construction, and the first
derivative should be zero by definition if the reference geometry is, in fact, a minimum.

The coordinates (i terms in Equation 1) can take on many forms from Cartesians to
Morse-cosine, ** but most QFF computations discussed herein utilize symmetry-internal co-
ordinates where applicable or the simple-internal coordinates if necessary. The symmetry-
internals are made up of simple-internals so the two often work hand-in-hand. The INTDER
program'? developed by Wesley Allen and coworkers at the University of Georgia has proven
to be a valuable tool in the construction and translation of coordinates especially between
simple-internals, symmetry-internals, and Cartesians.

Regardless, such a representation as Equation 1 has been in use in quantum chemical
electronic structure theory for many decades, and the evolution of such an approach for astro-
chemistry has been recently reviewed by numerous groups.?*23 In truth, this is the lowest
level anharmonic potential that can be constructed for consistently physically-meaningful
representation of molecular vibrations. However, for most molecules, even those with seem-
ingly bizarre electronic structure (bizarre in the terrestrial laboratory sense), the QFF is

sufficient to describe the intramolecular atomic motions’ potential energy.



However, the QFF is not the total computation. Once the potential has been constructed,
it must be conjoined to the kinetic and kinetic-potential interaction portions of a larger
vibrational model. The Watson Hamiltonian is the usual vehicle for such with rovibrational

perturbation theory likely among the most straightforward means of using the QFF:
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In the above Equation 2, J, represents the total angular momentum of a given cardinal
direction (x,y,or z) denoted by « or 3. The 7, term is the total vibrational angular mo-
mentum of the same direction; p,p is the inverse of the moment of inertia tensor for the
given geometric coordinates; ()5 is a single normal coordinate; Q is the set of all normal
coordinates; and V(Q) is the potential portion, the QFF in this case.®?*

Like the QFF being the lowest-level anharmonic potential, even just second-order vi-
brational perturbation theory (VPT2) is enough to generate representations of molecular
vibrations that are directly applicable to astrochemical problems. This has been extensively
utilized through various VPT2 computer programs including the SPECTRO program?’ de-
veloped by Jeft Gaw, Nick Handy, and co-workers at Cambridge University with additions
coming from the NASA Ames group. In short, VPT2 utilizes the harmonic approximation
as the unperturbed portion of the computation. The cubic and quartic terms (third- and
fourth-derivatives) in the potential represent the perturbation. Specifically, the Hamiltonian
is split into the H, (harmonic oscillator or quadratic terms from Equation 1) zeroth-order
Hamiltonian as well as the two perturbation pieces: the H, operator leading to the first-
order correction to the energy comprised of cubic terms from the QFF and the H, operator
leading to the second-order correction to the energy comprised of the quartic terms from the

QFF.2426:2T Both the first-order and second-order corrections to the energy come from the

first-order wave function as is standard in Rayleigh-Schrodinger perturbation theory.? As a



result, the energy of a state can written as:
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As with most Rayleigh-Schrodinger perturbation theory extensions such as the electronic
structure MP2 theory,?? VPT2 constructs a portion of the resulting perturbation energy to
be solved in terms of the normalized square, or inner-product space, of the integral divided
by the difference between the unperturbed (harmonic oscillator in this case) eigenvalues
of two separate states ¢ and n.2® The H, term is constructed in much the same way as
the cubic, inner-product sum, but only the given (U®|Hy|¥®) piece survives by rules of
matrix elements producing a simplified form of the anharmonic vibrational state energy
in Equation 4.2 There are other forms of this energy (with one given later in Equation
10 for asymmetric-top molecules), but the above is a more generic form of the VPT2 en-
ergy/frequency formulation.

Differently, vibrational configuration interaction (VCI) theory often utilized within the
MULTIMODE program?®3! developed by Stuart Carter and Joel Bowman along with their
students and collaborators is another means of utilizing the QFF for computing molecular
vibrational frequencies as well as other variational approaches. VCI has much more stringent
requirements on the potential than VPT2 largely because variational methods access larger
portions of the PES and, thus, require that it be positive definite or, in other words, not have
any holes and not turn over at large coordinate values, largely since an actual wave function
is created. These types of computations often require a global or semi-global potential
energy surface (PES). However, if proper limiting behavior can be built into the QFF, even
the smaller PES contained within a QFF can allow for QFF's to be utilized within VCI or

other variational approaches.!832:33 Both VPT2 and VCI usage of QFFs have benefits and



drawbacks, and if the potential cannot be accurately represented, neither will perform well.
Hence, the electronic structure computations of the displaced molecular geometries in any
PES/QFF have really driven how meaningful quantum chemical computations of molecular

vibrations are for application to astrochemistry.

QFFs in Practice

Agnostic to the level of theory, QFFs are implemented beginning with a tightly converged,
optimized, minimum geometry. This is essential since the relative energies for the A; step
sizes (from Equation 1) can often be on the order of sub-milliHartrees even if the total
electronic energy computed can be hundreds or thousands of Hartrees. The tight geometry
convergence (1076 A or rad.) also requires that the computed correlation energies also be
tightly converged (10~!* Hartrees) which also requires that the reference energy be tightly
converged (10716 Hartrees) which requires that the integrals must be tightly converged (10~2°
Hartrees or probability for S integrals).®

From this optimized, reference geometry, a set of coordinates must be constructed in order
to define the QFF properly. These coordinates are the i, 7, k,[ indices given in Equation
1. The coordinates can take on multiple forms,'® but the most successful are typically
the symmetry-internal coordinates. These are simply the symmetry-conserving coordinates
made up of linear combinations of the simple bond stretches, angle bends, and torsional
bends. Just like and closely related to the number of internal degrees of freedom, the
number of coordinates for non-linear molecules is 3N — 6, where N is the number of atoms
in the molecule being examined. Typically and from practice, the heurestic for non-cyclic
molecules is that if there N atoms, the symmetry-internal coordinate system will require
N —1 stretches, N —2 bends, and N — 3 torsions or out-of-plane bends. A simple coordinate
set example is for triatomic (N = 3) water: the symmetric and antisymmetric bond stretches
(2) as well as the bend therein (1) with no torsions. Such coordinates are akin to normal

coordinates but are not mass-weighted allowing them to be utilized for different isotopic



substitutions without having to recompute the QFF.

Displacements of these coordinates define the A, terms in Equation 1. Due to the
vanishing integral rule, only those coordinates or products of coordinates that transform
as the totally symmetric irreducible representation of the molecular point group are non-
zero. For the water example, the quadratic or harmonic terms that survive are the second
derivatives of each symmetry coordinate and the combined first derivatives of the bend
and symmetric stretch. Hence, symmetry-internal coordinates reduce the total number of
geometry points required for the QFF. The number of points grows geometrically with the
number of atoms (N), and higher symmetry can alleviate such growth to some degree.

Once the coordinates are defined and the displaced geometries (often referred to simply
as points) are constructed, the single-point electronic structure energies are computed at
the desired level of theory. These are then gathered and turned into relative energies in
order to reduce the numerical noise* for a least-squares fitting. The function fit is defined
from the displacements of the coordinates and the resulting energies. The output of the
fitting is the Fj;... in Equation 1. The function is then refit with the new stationary point
(minimum in this case) included so that the gradients are truly zeroed and the remaining
force constants are as precise as possible. These force constants can then be transformed
as desired, and our experience is that construction of Cartesian coordinate force constants
from simple-internal coordinate force constants allows for the most flexibility in the actual
VPT2 comptuations. At this point, the VPT2 procedure then produces the anharmonic
frequencies and spectroscopic constants for the molecule being examined. While QFFs are
independent of the energy-type defining them, the choice of electronic structure method

often is the principle dictation in the accuracy of the QFF conjoined to VPT2.



Predicting Vibrational & Rovibrational Spectra and Rovi-
brational Spectroscopic Constants to Identify Molecules
in Astronomical Observations

The growth in accuracy of electronic structure methods, especially during the 1990s and
2000s, greatly enhanced the applicability of QFF-based anharmonic frequency computa-
tions to molecular vibrations with an eye towards astrochemistry. The “gold standard”3?
of coupled cluster theory at the singles, doubles, and perturbative triples level [CCSD(T)]3
especially with correlation consistent basis sets3”3® has revolutionized ab initio quantum
chemistry across nearly all fields ushering in notable accuracy for acceptable computational
cost. However, the difference in chemical accuracy (typically thought of as 1 kcal/mol) and
spectroscopic accuracy (typically 1 cm™!) is orders of magnitude and many more significant
digits. Higher convergence criteria are therefore required of both optimized, reference ge-
ometries as well as the energies themselves in QFF's that are tightly fit via a least squares
procedure to construct the force constants. While CCSD(T)/cc-pVQZ was able to produce
spectroscopic accuracy on a few occasions,??3%4% QFFs employing this and similar levels of
theory were still in error compared to experiment by a variable amount on the order of tens
of cm™1.

Further enhancements to the actual energies used to produce the QFF have been able to
reduce this error in vibrational spectroscopy to single wavenumbers routinely.*! This consis-
tency began with the use of a composite approach based on CCSD(T). Taking the CCSD(T)
energy out to the complete basis set (CBS) limit and including perturbative effects for core
electron correlation, relativity, and even higher-order electron correlation emerged in the mid-
to-late 2000s.42*3 Over the past decade, such an approach has consistently been employed
to produce experimentally comparable results for vibrational, rotational, and rovibrational
+9,10

spectroscopic data playing part in the aforementioned laboratory detection of c-C3Hj

as well as the detection of HSS (or SoH) toward the Horsehead nebula among other suc-

10



cesses. 44,45

Small Molecules in Their Ground Electronic States
CCSD(T)-Based Methods

While water is often the physical chemists’ favorite molecule for testing various chemical
models, astrochemically, employing HoO as a test subject actually makes physical sense.
After the uber-abundant diatomics in Hy and CO, the most common molecule in various
astrochemical environments is water.*® Water was first identified in an astronomical ob-
servation in 1969 towards Sagittarius B2 (the nebula surrounding the center of the Milky
Way Galaxy) as well as the Orion nebula via radioastronomical observation.” Water is also
present in every body observed within our own Solar System and is the pervasive molecule in
both gas- and condensed-phase astrochemistry. In 2008, it along with HO,™, were the first
molecules to be examined with high-level composite energy QFF VPT2 computations. 42

Water and HO, " both show that the most accurate fundamental anharmonic vibrational

frequencies of the methods explored include an initial CBS extrapolation involving the aug-

cc-pVTZ/QZ/57Z basis sets using a three-point formula:*®

E(l):A+B<l+%)_4+c(l+%>_6. (5)

While two-point extrapolations with the aug-cc-pVQZ/5Z basis sets behave in a similar fash-
ion, the computational cost of the triple-( level is so small in comparison that its utilization
is an addition that provides more certainty to the result with little cost. A two-point extrap-
olation with only the triple- and quadruple-( bases, however, is not as accurate. Inclusion
of Douglas-Kroll scalar relativity?® as a difference between the CCSD(T)/cc-pVTZ-DK en-
ergies with and without relativity included is added to the CBS energy. This provides a ~ 3
cm~! gain in accuracy for all three modes. Finally, explicit and additive inclusion of core

electron correlation is shown to have a non-negligible contribution to the final anharmonic
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fundamental vibrational frequencies, as well.

The higher-order electron correlation is computed in this first approach via the averaged
coupled-pair functional (ACPF) modification to multireference configuration interaction the-
ory.?® The difference in this energy at the cc-pVTZ level from the CCSD(T)/cc-pVTZ is also
then added to the CBS+rel. energy for the QFF points giving a further shift of ~ 5 cm™! and
producing better agreement with experiment. The ACPF /cc-pVQZ computations are much
more costly than the triple-¢ and most often have a less than 1 cm™! shift in the fundamental
frequencies. The so-called CBS+rel.+ACPF/TZ QFF coupled to VPT?2 is within 4 cm™* of
experimental for all three fundamentals of water. While the same QFF with VCI is similarly
accurate, both VPT2 and VCI produce stretching frequencies nearly indistinguishable from
one another but differ by 4 cm™! for the bend. Additionally, step sizes of 0.005 A and 0.005
radians (the A; values in Equation 1) are shown to be optimal in balancing energy shifts with
known problems in minimizing higher-order numerical contamination of the force constants.
HO,* performs similarly giving indication that such an approach for computing anharmonic
vibrational frequencies is a viable means for computing these values.*?

This approach was verified shortly thereafter on a pair of anions: NHy~ and CCH~.43
The C,H radical was one of the first molecules observed in astrophysical media,® and anion
forms of its longer family members (C4H™, C¢H™, and CgH™) have also been observed.?5°
NH, has also been observed towards Sgr B2°% even though the anion form has been fa-
mously not detected in the same source despite ongoing searches.®” In either case, the
CBS+core+rel.+ACPF/TZ QFF behaves similarly compared to experiment for these two
molecules of potential astrophysical significance further verifying the method. The major ad-
dition in this study is the inclusion of a core electron correlation composite term through the
use of the Martin-Taylor core correlating basis set which actually pushes the CBS+-core QFF
frequencies away from experiment. This is brought back into agreement with experiment by
including the relativity and ACPF terms.*? Inclusion of the core correlation explicitly in the

terms used for CBS extrapolations or as a composite energy term does not affect the overall

12



results by more than a single cm™!

or so, but it slows down the computation of the CBS
terms by significantly more than the cost of the two composite energies. The implication is
that the composite approach is the more effective execution for this piece of the QFF.

The method, however, was modified, again, a few years later in examination of c-/I-
CsH3™,? again of note for larger PAH synthesis.?® Herein, the reference geometry is shown

to require only CCSD(T)/aug-cc-pV5Z corrected compositely for core electron correlation

for some geometrical parameter R:

R = R5Z + (RMT(core) - RMT(V&IGHCG))' (6>

Addition of the other terms does not affect the reference geometry enough to warrant their
inclusion. The Martin-Taylor (MT) core electron correlating basis set® is used at this point.
From this geometry, the CBS+rel.+core+ACPF QFF is coupled to both VPT2 and VCI
agreeing well with each other (within 10 cm™!) and with the available experiment. Again,
this work has informed experimental analysis of the vy stretch of the cyclic isomer which was
found to be 0.6 cm™? less than the computed value at 3131.7 cm ™t 10

Such accuracies greatly inform the computation of the molecular vibrations for the trans-
HOCO radical.%° HOCO is believed to be a necessary intermediate in the synthesis of CO5 in
the Earth and Martian atmospheres and likely informs the carbon budget of similar gaseous

regions. 61703

At this point, the nomenclature for the QFF procedure is streamlined from
CBS+rel.+core+ ACPF to CcCRE with the “C”, “R”, “cC”, and “E” terms coming from

their respective counterparts in the form:

E(CcCRE) = Ecgsrqs)+ (Enmr(core) = Evr(vatence) )+ (EpK (rel) = Epk (novel) ) +(Eccspr/rz—Eccsp () 1z) -
(7)

Additionally, the ACPF term is dropped and replaced with a CCSDT/TZ computation. The

ACPF computations are the most costly, as are the CCSDT, but the latter is a reduction

in cost over the former. Even so, the “E” term in HOCO shifts the frequencies upon its
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inclusion both positively and negatively from the CcCR values upon its inclusion and only
shifts the frequencies by typically ~ 1 ecm™!, 4 cm™! at the most. In fact, the v, C=0 stretch
at 1852.567 cm % is actually more accurate with the CcCR QFF VPT2 approach than
CcCRE QFF VPT2. The CcCRE QFF VCI v; O—H stretch at 3634.4 cm ™! is exceptionally
close to the gas-phase experimental value at 3635.702 cm™!,% on the other hand. Even so,
the computational cost and inconsistency of the E term in either form has led to its omission
from most of the subsequent QFF computations.

With the maturity of the CcCR approach, the anharmonic fundamental vibrational fre-
quencies for a large number of molecules with astrochemical significance have been able to
be computed. Some had existing experimental data, some did not, but none had a complete
set of fundamental vibrational frequencies provided to the level that the CcCR approach
could accomplish. These are given in Table 1.

While this list appears to be long, it represents over eight years of work. This highlights
the fact that the CcCR method, even without the E term, is still exceptionally time con-
suming. While computer hardware has progressed over the preceding decade, the original
trans-HOCO QFF energy point computations for 743 points and seven energies at each point
required over 20,000 CPU hours. While more contemporary hardware could likely reduce
this by several factors as can distributed computations, high-performance computer clusters,
and even cloud computing,!°*!27 the fact remains that a simple tetratomic molecule still
requires an inordinately large amount of computer time to produce spectroscopic accuracy,
which is nearly achieved for the CcCR QFF.4 However, larger molecules, potentially with
tens of thousands or even millions of points, are the next frontier in computing molecular

vibrations of astrochemically-relevant species.

Explicitly Correlated QFF's

The advent of explicitly correlated wave functions!?® and their modern incarnations like the

F12b formalism in CCSD(T) is a promising avenue in moving QFF technology forward. 129130

14



Table 1: Molecules Analyzed via CcCR QFFs to Date.

cis-HOCO/~ Ref. 66 cis- & trans-HNNS  Ref. 67
HOCOT® Ref. 68 ArHAr*, NeHNe™, ArHNe™,
HeHHe™, HeHNet, & HeHArt? Refs. 69,70
HOCS™ Ref. 71 HPSi & HSiP  Ref. 72
CH,CN~  Ref. 73 NS;/~  Ref. 74
1-C3HT 75" Ref. 76 c-CNN, c-CNC~, c-HCNNT, and c-N3s+  Ref. 77
CsH™  Ref. 78 HOSO Ref. 79
NNOH*  Ref. 80 CHoNH,+/ Ref. 81
cis- and trans-HOCS and HSCO  Ref. 82 MgO, Mgs0Os, MgCHs, MgHs, & MgFs  Refs. 83-85
protonated acetylene (CoH3™) Ref. 86 cis- & trans-HSSH™ as well as SSHo™  Refs. 87,88
c-C3H™ Ref. 89 c-SiCyHs  Ref. 90
NeH, T & ArHyT¢  Ref. 91 H,ST  Ref. 92
AI’H3+, AI‘2H3+7 & AY3H3+ Refs. 93,94 AYCH2+ & AI‘NH2+ Refs. 95,96
CCOH~ Ref. 97 :CNH,t & :CCH; Ref. 98
OCHCO*, NNHNN,
NN-HCO*, & CO-HNN*9¢  Refs. 99-102 oxywater cation (HoOO™) Ref. 103
SNO/~ & OSN/~  Ref. 104,105 NCNCN~ (C3N3~)  Ref. 106
CsP~  Ref. 107 Isomers of [ALN,C,0] Ref. 108
SiCH™  Ref. 109 c-CoNH,t  Ref. 110
ArOHT, NeOH*, ArNHT, NeCCH™,
ArCCH*, ArON*, & NeON*t¢  Refs. 111114 OAIOH, AIOH, & HAINP  Refs. 115,116
HOX and HXO, X = Sit, P, S*, and C1  Ref. 117 HCCOH  Ref. 118
SPSi  Ref. 119 HSOs Ref. 120

@ Known in the ISM. 121122
b Claimed 23 and later confirmed as an interstellar molecule in the Horsehead nebula.
¢ Following from detection of ArH*.124
@ These are collectively called proton-bound complexes.
¢ The ArOH* computations informed later experimental observation of this molecule. 25
f Later observed experimentally. 126
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This approach effectively reduces the size of the basis set necessary to reach the effective CBS
limit and, in turn, likely the number of energies needed to be compute at each QFF energy
point. The earliest exploration into explicit correlation for computing CCSD(T)-based QFFs
of molecules with astrochemical significance is largely coincident with the earliest versions of
the CcCR QFF. 13! A usual suspect list of HoO, NoHT, NOy*+, and CyH,y were explored with
emerging R12 flavors of explicit correlation over a decade ago. In the case of the first three
molecules, CCSD(T)-R12 performed as well as or slightly worse than the CCSD(T)/CBS
results. However, the previously documented out-of-plane bending issues in C—C multiply

bonded systems?0:132-134

was seemingly minimized with the R12 treatment. Such behavior
produces erroneous and non-physical imaginary harmonic frequencies, among other issues,
for certain levels of theory (MP2/aug-cc-pVDZ for example), but this is, again, reduced for
explicitly correlated methods. However, at the time, the explicitly correlated methods alone
were not enough to provide accuracies akin to those that CcCRE had begun to provide
as the R12 approach being used was not sufficient for explicitly including core correlation.
Even so, such approaches have crept into usage recently due to the huge cost savings in total
computational time.

Specifically, CCSD(T)-F12b/cc-pVTZ-F12 (called F12-TZ from hereon) QFFs have been
explored more recently in order to see if the computational cost can be reduced. In fact,
they can. In a study comparing more than 20 molecules” worth of fundamental vibrational
frequencies between CcCR and F12-TZ, the explicitly correlated method differs by less than
5 cm~ ! typically. 139136 The rotational constants do not fair as well, but the small shifts
between F12-TZ and CcCR frequencies are often hovering around the available experimental
data. Additionally, the reduction in computational time is on the scale of multiple orders of
magnitude! As a result, this has opened the use of QFFs to even larger molecules beyond
six atoms in some cases. Notable results are listed in Table 2.

In addition, core electron correlation can now be included in explicitly correlated compu-

tations. Work in this area has shown that computing CCSD(T)-F12b/cc-pCVTZ-F12 QFFs
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Table 2: Molecules Analyzed via F12-TZ QFFs to Date.

Mg2F4 Ref. 85
C—(C)C3H2 Ref. 137
CH,CIH™ Ref. 138
COg & CQOg Ref. 139
MgSiO3  Ref. 140

c-(CH)C3Hy™  Ref. 141
cis- & trans-HCSH as well as Hy,SC  Ref. 142
SiOQ, SiOg, 31203, & SiQO4 Ref. 143
ammonia borane (BH;NH;) Ref. 144
AlH,OH, HMgOH, AIH;NH,, & HMgNH, Ref. 145
AlH3;0H,, SiH3;0H, & SiH3NH,; Ref. 146

slows down the computations and may or may not increase the accuracy.'*” However, this
initial examination was only on inorganic oxide dimers of the form (MO)y; where M = Mg,
Al, Si, P, S, Ca, and Ti, and these may have properties unique from molecules comprised of
typical upper-p-block atoms and hydrogen. Regardless, in this case the core correlation is
treated within the single energy (and not as a composite correction term). The vibrational
frequencies are nearly always less than valence F12-TZ by an average of 3.5 cm~'. These
are typically closer to the corresponding CcCR values but slow down the computations by a
factor of roughly 13 in this case. However, the fewer core electrons in C, N, and O compared
to S, Ca, and Ti will likely reduce this cost in lighter elements. Work is currently ongoing

in this area, but promising results are on the horizon.

Small Molecules in Excited Vibrational States

Rotational spectra of vibrationally excited states have been observed in circumstellar and
interstellar media, most notably for the C¢H radical'®® and SiS.'*? Similarly, acetylene,!®
carbon dioxide, ™! the Cgy & Crg buckyballs,'®? and a few other molecules lacking dipole
moments have been directly observed vibrationally and/or rovibrationally, as well.!53 Con-

sequently, the rotational constants of vibrationally excited states are also useful reference

data from quantum chemical computations as well as the combination bands and overtones,
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especially for common astrochemical molecular species.

In every instance mentioned above in Tables 1 and 2, the CcCR QFF provides the
zero-point averaged rotational constants, but these only require cubic terms. This is also
true for being able to compute the vibrationally-averaged rotational constants for all of the
fundamentals, as well as other excited vibrational states.'®1%5 Hence, these values fall out
of the QFF VPT2 computations within SPECTRO. These have been reported for nearly all
of the molecules listed in the previous section.

However, other notable examples still remain. Foremost is SiC,. This molecule has
been observed toward the carbon-rich star IRC+10 216'°¢ as has the triatomic inverse of
CSiy (SiCSi) " implying a diversity of carbon-silicon chemistry. The v3 antisymmetric Si—C
stretching frequency in SiC, is computed '*® and experimentally-known®® to be exceptionally

low in frequency at 196.37 cm™1.

Hence, this mode can be thermally excited implying
that overtones and combination bands would serve as a possible thermometer in regions
where SiC, has been previously detected.®® The first overtone lies at 507.7 cm™! with
31y at 701.0 cm~!. Even though VPT?2 slightly underreports the associated vibrational
frequencies, empirically-scaling the known rotational constants with with those computed for
the excited vibrational states allows for what should be accurate semi-empirical rovibrational

data provided for this potential molecular thermometer. %%

Small Molecules in Excited Electronic States

While most of the molecules uniquely detected in various astrophysical media have come
from radioastronomical observation with the next-most originating with infrared observa-
tion, some have come from detection of electronic spectral signatures.'®® Most notable
is CgoT 100161 and its correlation with several of the diffuse interstellar bands, a series of
unattributed UV-to-near-IR absorption features whose provenance is still nearly a complete

162-168

mystery after more than a century. However, the first three molecules observed beyond

our Solar System were also detected from their UV-Visible spectra towards the star ¢ Ophi-
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uchi in the 1930s and 40s: CH, CN, and CH*.165169-171 Aqditionally, the electronic spectral
features of other small molecules are of notable importance for planetary and cometary ob-

172-176

servations within our solar system making fully rovibronic spectral characterizations

necessary for such molecules.!””

The easiest way to treat molecular vibrations of electronically-excited states with QFF's is
not to treat them as electronically-excited at all. Variationally-accessible and/or the lowest
energy spin states different from the ground electronic state require no additional treatment
beyond either standard CcCR or F12-TZ. This has been first implemented for CcCR QFF's
with 1 A" HCN, HNC, HCO*, and HOC*.1717 Additionally, the lowest quartet state of
H,SST8 has been examined via QFFs and VPT2. The bent/linear electronic isomers of
NS, ™ along with the cyclic and bent electronic isomers of HCoN 18 and HPSi/HSiP ™ have
been computed in this manner, as well. The dipole bound excited states of CP~ and Co,P~ 18!
have also been computed in a variationally-accessible ground state approach using specially
constructed basis sets.!®2 Even so, this is an exceedingly limited approach that requires an
extremely narrow set of circumstance to be present in order to be useful.

A more generic approach would require moving beyond CCSD(T), though, in spite of its
balance between accuracy and computational cost. Since CCSD(T) is a combination of an it-
erative CCSD method and a perturbational (T) correction, any electronic excitation method
will be complicated. Within coupled-cluster theory, equation-of-motion (EOM) CCSD 183,184
is the standard excited state approach, but CCSD lacks the necessary correlation to pro-

185 Other, approximate triples

duce highly accurate results for electronically excited states.
methods like CC3!85188 are more accurate and produce wave functions open to electronic
occupation shifts, but they are often exceedingly costly. There are more, exotic, triples-
including, excited state coupled cluster methods, but none have thus far been able to garner
a consensus among the community like CCSD(T) or even EOM-CCSD.

Hence, attempts have been made to compute QFFs based on EOM-CCSD with CC3

corrections. A CcCRE-like QFF has been constructed for 1 2A” HOC where this state
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is actually variationally-accessible allowing for direct comparison to a trusted method in

CcCR. ' The so-called EOM-CcCE QFF energy is defined as:

E(EOM — CcCE) = Ecgs(rqs) + (EmT(core) — Emr(vatence)) + (Eccs/rz — Eccspyrz) — (8)

with all terms implied to be for the same electronic state computed via EOM. This QFF
has mixed results with the EOM-CcCE computations varying by as much as 25 cm™! com-
pared to the ground state CcC results. ' While this use of explicitly computed anharmonic
frequencies in electronically excited states is better than simple harmonics or even scaled
harmonics, this method is not as accurate as would be desired compared to the ground state
methods or even that which is necessary for comparison to laboratory astrophysical simula-
tion. A refinement to this approach utilizing a scaling term from the ground electronic state
in the difference in the CCSD-based CcCE QFF results and those from true CCSD(T)-based
CcC (or CcCR) produces unobserved fundamentals for the excited 1 2IT state of the CoH
radical. 1% However, the errors are still on the order of tens of cm™! for other known fun-
damentals and vibronic excitations. Again, even this approach is not as accurate as would
be desired based on the performance of ground electronic state methods. Even so, a similar
approach has been utilized in computing the 2 *A; c-C3H~ dipole bound state, ! but prob-
lems in the electronic structure of the C—C antisymmetric stretching coordinate have led to
only the a; and b; modes being reliably produced.

A recent breakthrough in this area has combined both CCSD(T) and EOM-CCSD in a
novel way. This so-called (T)+EOM approach computes both the “ground state” (T) energy
and the “excited state” EOM-CCSD energy and adds both to the CCSD energy!*? and is

visually depicted in Figure 1. More precisely:

E(ryyrom = Eccsp + E(r) + Erom-cosp, (9)

where Eccgp is the total reference and correlation energy up to the CCSD level, E(ry is
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Figure 1: A Visual Depiction of How the Excited State (¥xg) is Accessed for Computing
QFFs via the (T)+EOM Approach.
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just the (T) contribution to the energy, and Erom-_ccsp is only the excitation energy. In
so doing, (T)+EOM/CcCR QFFs can be created that are equivalent in energy to those
determined in Equation 7 with the appropriate terms included. For the sample set of HOO,
HNF, HNO, and HCF species with variationally-accessible excited states, (T)+EOM/CcCR
and standard CcCR often agree to better than 1 cm™ and (with one exception) as far as
12 em™! for an average difference of less than 7 cm™!. The one exception is the v, bend in
HOO, but the F12-TZ and (T)+EOM/CcCR QFF frequencies agree to better than 2 cm™!

at 1195.1 ecm~! implying that CcCR itself may be in error for this mode. 2

In any case, the
(T)+EOM/CcCR method is currently being pushed and tested for new molecules in order
to ascertain its robustness, and other excited state methods for computing QFFs are under

development in order to provide fully rovibronic spectral data for molecules of astrochemical

interest.

Large Molecules in Their Ground Electronic States

PAHs, buckyballs, and large carbonaceous molecules are believed to contain most of the
carbon in the Universe not already tied up in CO or CO,. Some estimates put this as high
as 20% of all carbon atoms.®® These also likely serve as reservoirs for the carbon observed

in other small molecules potentially even those with astrobiological significance. With the
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confirmed detections of benzonitrile, cyanonaphthalene, and even indene %1% in addition to

earlier reports of benzene from IR observations,®” there is now no doubt of PAHs existing
in astrophysical environments. Even though some PAHs have small dipole moments, or
functionalizing them clearly increases them, most PAHs will have negligible dipole moments
if any at all. Hence, IR detections of PAHs are the most viable means of observing this entire
class of molecules. The molecular vibrational and anharmonic fundamental frequencies are
now needed more than ever if methods can be brought to bear to compute these values for
comparison.

The largest CCSD(T)-based QFF produced to date has been on a mere eight atoms for
ammonia borane.'** The issue with going to larger molecules is that the number of points
scales geometrically with the addition of each atom even for the sparsity of the PES provided
by the QFF. While, again, explicitly correlated methods can reduce the computational cost of
each point and higher symmetry molecules like those with a Dy, point group can in some ways
reduce the number of points and the cost of each point, moving beyond 10 atoms requires
moving beyond the safety of CCSD(T) and wave function based methods. While benzene
could be computed with F12-TZ due to its high symmetry requiring “only” somewhere
around 22,000 points for the QFF, most astronomers do not consider this molecule to be a
PAH (since it’s mono- and not polycyclic). That moniker for some does not appear until the
seven rings of circum-benzene, or coronene, are present in the molecule. Coronene requires
more than one million QFF points. For larger systems like PAHs, other methods must be
employed.

Density functional theory (DFT) is really the most viable means of computing energies
for placement into QFF's for subsequent VPT2 analysis. While various flavors of DFT fail
inexplicably at times, this approach is the only one that steps beyond the Hartree-Fock
approximation with enough accuracy to give hope for providing somewhat meaningful de-
scriptions of molecular vibrations. One approach is to take DFT harmonic computations

and scale them. 829 Such a methodology has even provided molecular vibrational data for
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molecules with up to 384 atoms.?"! However, such methods cannot compensate for incon-
sistent anharmonicities or, most notably, treatment of vibrational resonances like QFF's and
VPT2 can.?°? As a result, recent work has shown that DFT-computed QFFs can provide

this, if the proper functional and basis set can be chosen.

Figure 2: Full IR spectrum of anthracene calculated using two methods, harmonic (top) and
anharmonic (this work) (middle), compared with gas-phase spectra at 300 K (bottom). A
selected region is shown with the relative intensities increased by a factor of five; from Ref.
203.
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The first PAHs examined via QFFs and VPT2 include the linear acene family: naph-
thalene, anthracene, and tetracene.?%32%4 The B971 functional?®® coupled to the TZ2P basis
set gives accurate results for decent computational time cost even with the added tight
convergence requirements. The QFFs are displaced via normal mode coordinates, which
necessitates an initial computation of the harmonic vibrational frequencies. The double-
harmonic intensities are also computed at this same level of theory. VPT2 from SPECTRO
differs from that available in Gaussian162%¢ mostly in that the resonance treatment, specifi-
cally coupling of symmetry-blocked Fermi resonance polyads for a limited energy range, are

available. The utilization of resonance treatment produces fundamentals, overtones, combi-
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nation bands, and their intensities — including the ability to describe intensity borrowing
more completely within the polyad — all corrected for the resulting frequency shifts giving
exceptional accuracy compared to experiment from the same work.2%2% Some QFF VPT2
anharmonic fundamental vibrational frequencies agree to experimental precision. Others
vary by ~ 10 ecm~!. The visual spectra, though, are nearly indistinguishable between theory
and experiment in this case as shown in Figure 2 for anthracene, taken from Ref. 203. Such
is not true for the harmonic spectra, scaled or otherwise, largely due to the lack of resonance
treatment. With so many vibrational frequencies in such a high density, the resonances are
essential for proper treatment of the vibrational /IR spectrum.?®3

This work has been followed by similar analysis of larger PAHs including benz[a]anthracene,
chrysene, phenanthrene, pyrene, and triphenylene?*” as well as the methylated PAHs 9-
methylanthracene and 9,10-dimethylanthracene in addition to the hydrogenated PAHs 9,10-
dihydroanthracene, 9,10-dihydrophenanthrene, 1,2,3,4-tetrahydronaphthalene, and 1,2,3,6,7,8-
hexahydropyrene.?°® The inclusion of the aliphatic groups in the latter study further informs
correlation between theory and experiment where isolation of pure PAHs is nearly impossi-
ble. The visual spectra are once again nearly indistinguishable for the substituted PAHs, and
the accuracies are good. However, some errors creep into the results for a few of the C—H
stretches and in some of the intensities.?*® While such results are still wildly successful, the
aliphatic contributions are more in error than the aromatic frequencies. This result implies
that one DF'T functional cannot be applied to all molecules for a reduction of computational
cost. B971/TZ2P works exceptionally well for PAHs, but, while still good, is not as predic-
tive for aliphatics leading to use of B3LYP 2% 2! with the double-¢ NO7D basis set?'? in such
cases.?%® Hence, more refinement in the choice of methods will be required for moving into
functionalized PAHs. Even so, the use of B971/TZ2P QFFs with resonance-treated VPT2
is promising for advancing the study of molecular vibration spectra for PAHs.

A major remaining issue for the QFF computations of large molecules is that anharmonic

DFT still is not tractable for the computation of coronene-level PAHs or larger. The density
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of IR bands likely arising from PAHs and related species is virtually optically opaque in some

213214 and the diversity of possible PAHs, including those with aliphatic portions,

regions,
becomes an exercise in statistical probability and stochastic geometry. Consequently, com-
putational methods are really needed to create trustworthy, but high-throughput spectral

characterization into the astrochemical literature. Of course, work is ongoing in this area in

order to produce meaningful, anharmonic vibrational spectra for larger PAHs.

Computing Rovibrational Line Lists for Eliminating “Weeds”
and Providing Data for Modeling the Opacity of Exo-
planet Atmospheres (Absorption & Emission)

QFFs provide sparse PESs that are relatively quick to compute. However, the accuracies
begin to break down in moving beyond the fundamental vibrational frequencies and their
corresponding rotational constants and spectroscopic data. A larger PES is required in order
to provide the most accurate descriptions of the full rovibrational spectral values, also called
rovibrational line lists. This usually involves a global PES. Even so, the two approaches have
some similarities. Most notably, the principle energy computed at each point on the surface
can be computed through any flavor of quantum chemical method desired. Some of the most
accurate line lines are still based on the CcCRE energy with the ACPF “E” term included as
defined above in Equation 7. Even for small molecules, such energies are costly on the scale of
hundreds of thousands of points on the PES. Hence, lower levels of theory are often brought
to bear initially in order to sample the PES geometries and select a subset of those that
are required to represent a chosen energy range. Once the higher-level PESs are computed
as informed by the lower level guidance, these PESs are then fit to very high tolerances.
Refinement of the PES using known empirical parameters to very high accuracy serves to

enhance significantly the accuracy of the line list, usually by ~ 3 orders of magnitude. This
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has led to the Best Theory + Reliable High-Resolution Experiment (BTRHE) strategy and
has produced line lists of notable accuracy for several molecules discussed below.?2! Other
groups have provided similar line lists for similar astrochemical applications, *1:216:217 but the
present discussion will largely focus on work from the NASA Ames group.

The selection of molecules for such line lists must be done with care as it may take years
to produce a quality PES, empirical fit, variational computation, and even dipole moment
surface (for the intensities) at a low enough noise level. As mentioned above, water is an ob-
vious candidate.?'® Additionally, atmospherically-relevant species also are sensible for both
terrestrial applications, exoplanetary considerations, and planetary modeling. This has led
to the selection of COy, NHj, and SO, 52 for the other molecules thus far examined via
such high-level analysis. Hence, these molecules will be present across all spectral ranges
not just the ones in which they have previously been detected. This implies that they will
exhibit unknown transitions even though they are known molecules. These may be over-
tones and combination bands but are much more often rotational lines of various vibrational
quantum levels. Such spectral lines are called “weeds” since they do not add to the chemical
inventory of a certain celestial body and often add little to the understanding of the under-
lying physical conditions. The only way to trim these “weeds” in order to find the “flowers”
(the unknown transitions of unknown molecules) is to provide highly accurate line lists for
common molecules and remove them from the observed astronomical spectra.

Another important application for these highly accurate rovibrational line lists is model-
ing the opacity of planetary atmospheres, especially exoplanets.?'” The study of exoplanets,
planets outside our solar system, has exploded in recent years and the next phase of these
studies will be to characterize the atmospheres of exoplanets to determine their nature, and
ultimately whether they may be able to support life. In the near term, JWST will most likely
be used to characterize the atmospheres of the closest known exoplanets, and many of these
are very hot, approaching 2000 K or more. Hence the rovibrational line lists for the molecules

discussed here need to be highly accurate, but also extend to very high rovibrational energies
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in order to cover the appropriate temperature range.

Small, Stable, Abundant Molecules: CO,

The first PES produced for COs is isotopic-independent with a root-mean-squared (RMS) er-
ror compared to known experimental lines of 0.0156 cm ™! for 6873 J = 0— 117 transitions for
the principle isotopologue.?2 The isotopologues increase the RMS by an order of magnitude,
but this is still a small error. The initial dipole moment surface (DMS) is able to produce
intensities to within 20% of the experimental values providing a useful high-resolution bench-
mark for subsequent analysis at or below 296 K.??** A CCSD(T)/aug-cc-pVQZ DMS is able
to refine the accuracy of the intensities and further increasing the J values up to 150 and

the temperature up to 1000 K.?2!

Figure 3: Measured 5001r-00001 (r=3, 4) line positions and intensities, compare to Ames-296
K line list and Wattson 750 K (also called High-T or HOT-CO,) line list; from Ref. 221.
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Additional refinements allow the PES for all 13 major (and some minor) isotopologues of
CO, to stretch up to 18,000 cm~! and 1500 K while also providing line shapes for planetary
bodies including the Earth but also Mars and Venus with hotter conditions possible.??? Line
accuracies at such higher energies are better than 0.05 cm™! implying a well-suited descrip-

tion of the line lists for unknown transitions. In addition, problems in existing experimental
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data have been identified as demonstrated in Figure 3 (Figure 2 from Ref. 221). In this fig-
ure, excellent agreement between the Ames line list and recent experiments for two specific
rovibrational bands is found for both line positions and intensities, while the HITRAN2008
intensities are two orders of magnitude too low. While studies of CO, reach into the 1500
K range, planetary conditions of Venus, hot Jupiter exoplanets, and circumstellar envelopes
will extend beyond this temperature range requiring higher energy line lists. Hence, this
line list is performing exceptionally well at these higher temperatures and can be usefully
extended even further up the temperature scale in order to provide even more rovibrational
lines for CO and its isotopologues. 223224

In the latest DMS computed for CO,, intensities are now predicted to within a few percent
for some strong bands but at least to within 90% of experiment.??* In fact, new experiments
are actually needed at this point because the possibility remains that the computations are
more accurate than the current experiments. Additionally, computing accurate rovibrational
line intensities requires accurate total internal partition sums (TIPS), also called internal

partition functions, and the Ames CO, and isotopologue line lists have been used to yield

very accurate TIPS.2?°

Small, Stable Molecules with Large Amplitude Motions: NHj

Not all molecules lend themselves to straightforward study, however. The barrier to linearity
in water is relatively high at more than 11,000 cm™!,%26227 but the inversion barrier, the so-
called “umbrella” motion, of ammonia is much lower at roughly 2,000 cm™!, below many of
the fundamental vibrational frequencies. While such features can play havoc on a QFF at
times,*! the global PES required for line lists can, if treated properly, alleviate these concerns
in many ways.!® Granted, the proper choice of coordinates for a QFF can also circumvent

these issues, specifically including NHs,!® but not in all cases.*% Regardless, ammonia, is

229 230

known to exist in interstellar regions,??® protoplanetary disks,??’ planetary atmospheres,

and other astrophysical regions. While not as common as water, this simple hydride plays a
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vital role in many astrochemical pathways requiring the most accurate of computations for

comparable results.

Figure 4: 2 orders of magnitude rms error reduction from HSL-0 to HSL-1 to the latest
HSL-2. From left to right, (a), (b), and (c) are for HSL-0/1/2, respectively; from Ref. 231.
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The first highly accurate line list for NHs, again, utilizes the CcCRE-type (Equation
7) energy with ACPF sometimes and sometimes not included as well as diagonal Born-
Oppenheimer corrections.??? The initial fitting for the J = 0 — 2 bands gives a RMS com-
pared to 13 database benchmarks of 0.023 cm™!, and these do not reduce for theoretical

1

benchmarks past 10,000 cm~!. The inversion is computed to be 1784.19 cm~! within 3

232 The ammonia line list is further corrected utilizing

cm ! of previously computed values.
a second-order correction for the Born-Oppenheimer approximation and additional experi-
mental refinements.?¥! Figure 4 (Figure 3 from Ref. 231) shows how the NH3 PES improves
by two orders of magnitude from purely ab initio (HSL-0), to initial refinement (HSL-1),
to refinement and inclusion of non-adiabatic Born-Oppenheimer breakdown terms (HSL-2).
Additionally, the HSL-2 PES is used to compute the purely rotational transitions for >NHj,
and compare to the Cologne database,?*® and the RMS error is a mere 0.00034 cm ™. Fur-
ther, a deficiency of the '’NH; rovibrational energy levels is identified and tied to a problem
with an effective Hamiltonian model used to fit the experimental data.?3! As a result, the

accuracy of the PES opens the possibility for exploring existing, unassigned HITRAN data.

Strong mixing between the 2v4 overtone and the 2v5 + v4 combination bands shows to be the
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source of deficiencies in the experimental modeling of 2v4, and new predictions of the 41,
band and its associate lines result from this analysis.?** Building upon this notable strength
of the ammonia line lists, comparison to experiment has been able to elucidate the origins
for several hundred spectral features including nearly 4800 NHjs positions and intensities

between 6300 cm~! and 7000 cm ™! providing unprecedented clarity for such higher-order

transition lines.23°

Small, Stable Molecules Containing a Heavy Atom: SO,

Figure 5: Ames-296K list based IR simulations (Top) vs. experimental spectrum analysis
(Bottom). Discrepancies between the Ames analysis and the reported experimental assign-
ments are as obvious as the very good agreement. o = 0.001 cm™! in the Ames Guassian

convolution; from Ref. 236.
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The lessons of both ammonia and carbon dioxide also serve in the line list creation for
SO,. Sulfur dioxide is of notable significance for the Venusian atmosphere?3” especially in

the sulfuric acid cycle?®® and the interstellar medium?*® among other sources. Its study
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also builds off of the approaches refined from the other two molecules from the NASA Ames
group discussed above and can be found online (http://huang.seti.org/). The BTRHE
approach for this molecule begins with a CcCR PES, a CCSD(T)/aug-cc-pV(Q+d)Z DMS,
and an empirical fitting to HITRAN data.'? The lines fit for SO, at 296 K cover up to
5,500 cm ™!, have uncertainties of less than 0.03 cm~! per each line, and produce intensities
to within 15% or better of experiment, though the line list is likely to be reliable up to
about 8000 cm~'. within 15% of experiment. Extension of the PES to the 32/33/34/36S and
180 isotopologues perform similarly well as the standard isotopologue.?*® Additional work
in conjunction with the ExoMol group from the University College London has been able
to produce a whopping 1.3 billion lines for temperatures up to 2000 K giving incredibly
fine grained results for a more complete line list of SO,.24! The refined 325080 line list
also provides alternatives for questionable empirical assignments and experimentally missing
bands. 3¢ As shown in Figure 5 (Figure 6 from Ref. 236), assigning experimental rovibrational
lines for 32S%0*®0 can be difficult because there will also be lines from the pure 325160, and
3281803, isotopologues. Consequently, those need to be assigned first, whereas such problems
do not exist for the computed rovibrational line lists. Extension to the 32/33/24818Q,, 325180,
and 90?2580 isotopologues largely completes the 296 K lines for all notable versions of sulfur
dioxide. 1322* Further refinement for SO, will require additional high-resolution rovibrational

1 as well as high-resolution rotational experiments that

experiments that go above 8000 cm™
include “hot” microwave transitions, i.e. transitions from excited rotational levels.?*? Even
so, the line lists in these regions based on PESs fit to the lower temperature and lower energy
data can serve as an initial guide for future experimental analysis, as has already been the
case.

The goal for such line lists still remains two-fold: a) to provide a means of removing the
unknown transitions of known molecules, and b) to provide data for modeling the opacity of
planetary atmospheres, especially exoplanets. While COy, NH3, and SO (in addition to wa-

)216,218,227

ter represent a small sample of notable species, they have a huge potential impact
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on the regions where they are present. Hence, removal of their spectral features is key in find-
ing new molecular species hidden among their lines. Additionally, other molecules’ line lists
have been computed by the ExoMol group (https://www.exomol.com), the Reims-Tomsk
group (http://theorets.tsu.ru; http://theorets.univ-reims.fr), and even more rovi-
bronic spectral data are currently being proposed to the community.!”” Future directions will
include potential bio- and even technosignature molecules where the density of lines can serve
as definitive evidence for such molecules beyond a few features (or even just a single fea-
ture as has been claimed recently for phosphine®*?). Consequently, the BTRHE approach
as well as CcCRE PES data will continue to inform future work in producing line lists for

astrochemical “gardening” in pruning “weeds” in search of “flowers.”

Simulating Cascade Emission Spectra of Large PAH Molecules
(Emission)

Most of the astrochemistry vibrational and rovibrational spectroscopy discussed earlier in-
volves predicting the absorption spectroscopy of small or even large molecules for comparison
to either astronomical observations or laboratory experiments. The one exception is modeling
the opacities of (exo)planetary atmospheres as the astronomical observations will be of the
emission coming from these (exo)planetary atmospheres. In that case, however, the line lists
are so complete that computing the density of states reliable, and, subsequently, the opacity
computations are relatively straightforward, even if computationally intensive. Trying to
simulate the IR emission spectra from astronomical observations of the interstellar medium
(ISM), circumstellar shells, or other low-density astrophysical environments is wholly differ-
ent, though. In such environments, the emission spectrum is dominated by bands that were
originally referred to as the unidentified infrared bands (UIBs or, equivalently, UIRs), but
are now commonly referred to as the aromatic infrared bands (AIBs).?**24 The AIBs are

widely believed to emanate from emission of relatively large PAH molecules (ca. 50 carbon
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atoms). 244

The astrophysical environments from which the AIBs originate are harsh and generally
have a large flux of ultraviolet (UV) photons due to the presence of nearby stars. Hence,
small molecules are readily photodissociated and do not survive. Large PAH molecules, on
the other hand, can absorb even a 12 eV photon and survive provided the excess energy
is radiated away before absorbing another such photon.?** The mechanisms behind this
are straightforward: a) a UV photon is absorbed, exciting the large PAH molecule into
an excited electronic state; b) the large PAH molecule reverts to the ground electronic
state due to non-adiabatic coupling with the excess energy then deposited into molecular
vibrations; c¢) because the large PAH has so many vibrational degrees of freedom and due to
the density of states, most individual vibrational degrees of freedom will not have very much
energy deposited into them; d) this gives the molecule time to start emitting IR photons;
e) after each photon is emitted, the excess energy in the molecule is redistributed due to
intermolecular vibrational relaxation (IVR); and, finally, f) steps d) and e) continue until
the PAH molecule is once again in its ground vibrational state, which is referred to as a
cascade emission spectrum.?**?47 The PAH molecule is then ready to absorb another UV
photon and repeat the process. The time scale for steps b) and e) is very rapid ~ 1078
s or less, whereas the time scale for step d) is ~ 107® s, and the time scale for the entire
cascade spectrum is ~ 1072 5.24* The challenge for us, then is to compute a simulated cascade
emission spectrum of a large PAH molecule, and this cannot be done with, for example, a
line list as the theoretical methods applied there are much too expensive to be used on a
large PAH molecule. In the sections below, the most commonly used approach thus far is
discussed, which makes use of scaled harmonic vibrational frequencies. However, a fully
anharmonic vibrational frequency approach was developed only a few years ago and work

on refining it continues presently.
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Cascade Emission Spectra from Scaled Harmonic Frequencies

For this section, the model used in the NASA Ames PAH IR Spectroscopic Database (de-
noted PAHdD) is examined. 2092487250 Several factors are considered including band position,
band shape, line width, and relative band intensities. For the band position, since most an-
harmonic corrections are negative (i.e., lower a given transition energy), the highest energy
photon that could be emitted for a given vibrational mode is known to correspond to the
molecule relaxing from the first excited state for that mode to the ground vibrational state
(the zero-point energy level). To see this, examination of the VPT2 vibrational energy level

24,26,154,155,251,252

formulae for asymmetric tops is useful:

1 1 1
E(l/) = Zévzlwk (I/k + 5) + Zévngk:l( (l/k + 5) (Vl + 5) (10)

where wy, is the harmonic frequency of vibrational mode k, v} is the vibrational quantum
number for mode k, and X}, is the anharmonic constant connecting modes k£ and [. This is in
many ways a reformulation of Equation 4 from earlier. Since the anharmonic constants are
generally negative, as one moves to higher quantum numbers v, the vibrational energy levels
will become closer together. In a cascade emission spectrum, many of the emitted photons
will not originate from the first excited vibrational state, and, therefore, the band position
will be somewhat lower in energy than the fundamental. In order to approximate this effect
using only scaled harmonic vibrational frequencies, the band positions can be shifted. This
is probably most important for the C—H stretches because they have the largest anharmonic
correction generally, and they will tend to emit more when the molecule is fairly energetic.
That is, in the cascade emission process, the C—H stretching modes will be statistically less
populated as the molecule emits more photons and its internal vibrational energy is reduced.
In fact, near the end of the cascade emission process, the photons being emitted will almost
R, 248,253

all be the low energy vibrational frequencies that occur in the far-I

The band shapes are generally taken to be either Lorentzian emission profiles or Gaussian
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profiles, and there are arguments in favor of both.?* The NASA Ames PAHdb has adopted

a Lorentzian emission profile for individual PAH molecules as given by:

r
+ (iD)2

N[

Pw)=— (1)

[\

(v — 1)

where 1T is the full width half max (FWHM) line width and ; is the scaled harmonic vibra-
tional frequency of mode k.24® The FWHM line width is allowed to be frequency dependent
where the mid-IR range is given a FWHM of 10-30 cm™!, while vibrational modes in the
far-IR (in the 15-20 um or 667-500 cm™! range) are given FWHM values of between 4-8
cm . When using the NASA Ames PAHdb to fit astronomical spectra using many PAH
molecules, Gaussian profiles have been found to perform better in this situation.

Relative band intensities are obtained by multiplying the intrinsic band intensity by a
blackbody at an average emission temperature or by using a somewhat more sophisticated
model involving the specific PAH molecule’s heat capacity. In Ref. 248, there are some details
of the cascade emission process that are not described well enough to know for sure how the
NASA Ames PAHdb handles them. For example, the cascade emission process is seemingly
not followed explicitly, but, rather, it adopts a canonical description of the ensemble. Thus,
the emission cascade is evaluated through a statistical mechanics approach, but details of this
are not given, though some additional details are given in Appendix A of Ref. 255. Another
consequence of using scaled harmonic frequencies is that the only vibrational bands with
a non-zero IR intensity are the fundamental vibrational frequencies, and, thus, the density
of states just ends up being the total number of fundamental vibrational frequencies. This

winds up being a significant undercount for a large PAH molecule.

Fully Anharmonic Cascade Emission IR Spectra

In 2018, Mackie et al.?*” showed how to use the data from an anharmonic VPT2 analysis (in-

cluding harmonic frequencies, anharmonic constants, and coupling terms used in the polyad
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matrices) to create a fully anharmonic cascade emission IR spectrum of a PAH molecule,
including the incorporation of polyad resonance matrices for fundamental vibrational fre-
quencies as well as bands originating from excited vibrational states. This publication built
upon their earlier work where VPT2 was applied to the IR absorption spectrum of a PAH
molecule at low temperatures and then compared with high-resolution experiments in the
C-H stretch region or low-resolution spectra covering most of the IR region (not much below
~ 500 cm™1),203,207,208,256,256,257 T, the earlier works, the importance of including resonance
polyads is demonstrated especially in comparing to the high-resolution experiments in the
C-H stretch region, where very good agreement was found. In these studies, Mackie et
al. use a DFT functional basis set approach to compute the QFF, wherein the combined
DFT functional and basis set had been shown previously to yield reasonable results for
larger molecules.?*®25 The incorporation of the polyads into the VPT2 analysis follows ear-
lier work, as well,2°%2%0 but the method to distribute the IR intensities across the bands
included in the polyads according to the eigenfunctions of the polyad matrix is novel.?%
Modifying the VPT2 analysis for low-temperature IR absorption spectra to compute a
cascade emissions spectrum, the exact type of spectra that astronomers observe, poses several
new challenges. First, since the PAH molecules would have very high internal energies, i.e.,
be very hot, temperature dependent IR spectra for PAH molecules must be computed. This
had previously been done for several PAH molecules in the context of IR absorption spectra,
and in particular Mackie et al. adopt an approach using a Wang-Landau style walk, a Monte
Carlo sampling method, that had previously been used in conjunction with QFFs for PAH
molecules. 0123 The first step involves using a Wang-Landau walk in order to estimate
the vibrational density of states (DOS) required for a temperature dependent spectrum.
Following the calculation of the DOS, a second Wang-Landau walk is used to compute an
energy dependent spectrum. The full details will not be expanded here, but the interested
reader is referred to Mackie et al.?4" for the details. One point to note, however, is that

Mackie et al. have to modify the procedure slightly in order to compute the temperature
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dependent emission spectra as opposed to the temperature dependent absorption spectrum.
A second point to note is that Mackie et al. explicitly follow the cascade emission spectrum,
reducing the internal energy in the PAH molecule once a photon is emitted, and allow for a

redistribution of this internal energy via IVR using the DOS.

Figure 6: The effect of including polyads (blue, bottom panel) and excluding polyads (red,
top panel) from the anharmonic temperature-dependent calculations of 9-methylanthracene
using the Wang—Landau approach; from Ref. 247.
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An important innovation introduced by Mackie at al. is to diagonalize the polyad ma-
trices not just for the fundamental vibrational frequencies but also for excited vibrational
frequencies. They point out that for excited vibrational frequencies, say for example the
overtone of a C—H stretch, the states involved in the polyad are similarly excited by one
quantum in the C—H stretch of interest. Since the underlying coordinate system used in
VPT2 is the normal coordinates, they note that the polyad matrices are closely related. The
off-diagonal elements only depend on the difference between the states so these matrix ele-

ments do not change, and only the diagonal elements change. Thus, the polyad matrices are
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re-diagonalized for all necessary states, and, again, the IR intensity for the bands resulting
from the polyad are distributed according to the eigenfunctions of the polyad diagonalization.
To show the importance of including the polyads in temperature dependent spectra, Figure

1.247 is reproduced here (Figure 6) where the blue spectrum has included

1 from Mackie et a
polyads, and the red spectrum is where polyads are excluded for 9-methylanthracene. There
is clearly a difference in these spectra, highlighting the importance of including polyads in
the temperature dependent spectra. Further, Figure 2 of Mackie et al. (Figure 7 here) is
reproduced as well, which demonstrates the importance of re-diagonalizing the polyad ma-
trices for excited vibrational states. Spectra from several temperatures are given, and the

importance of a particular combination band is shown and becomes more pronounced at

higher temperatures.

Figure 7: The theoretical infrared spectrum of tetracene showing an increase in the rela-
tive intensity of a combination band (marked with an “*”) as the internal temperature is
increased; from Ref. 247.
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Several other important phenomena have been investigated in computing the cascade

emission spectra of a PAH molecule, such as how a band profile changes with temperature
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when there are two bands close to each other and how the cascade emission spectrum changes
depending on the starting temperature (or energy of the absorbed UV photon). Mackie et
al. also examine “snap-shot” emission spectra as opposed to a cascade emission spectrum,

and, in a separate study, Chen et al.?6*

show that an experiment conducted by Wagner et
al. in 20002% is in fact a snap-shot emission spectrum of pyrene as opposed to a cascade
emission spectrum. In the 2018 study, Mackie et al.?*” do not investigate the use of line-

266 examine using Gaussian emission profiles together

shapes, but more recently Mackie et al.
with the inclusion of rotational broadening for the 11.2 pym feature of anthracene, tetracene,
and pentacene and how this affects the overall band profile. There is still much work to
be done in order to determine the best line-shapes to use as well as the development of
techniques which will allow QFFs to be computed for larger PAH molecules, and this work
continues.

In this section, there are some important aspects that have not yet been addressed.
Firstly, it is reasonable to ask whether VPT2 is applicable to highly excited PAH molecules.
To see why this is the case, consider that a 12 eV photon will contain about 100,000 cm™! in
excess energy. However, the PAH molecules thought to exist in the harsh environments where
they are observed by astronomers should contain 40-50 carbon atoms (various estimates

exist, but this is on the low end),?!”

which means that with the necessary hydrogen atoms
to complete the PAH molecule, there will easily be more than 100 vibrational degrees of
freedom. This implies that even with 100,000 cm™! in excess vibrational energy, all of the
energy could be accommodated with the average v quantum number less than 1. Considering
the density of states, clearly, in most instances, there will not be too much energy (i.e., large
v quantum numbers) in any one vibrational mode or degree of freedom. Hence VPT2 should
perform well in these instances provided that the molecules are tightly bound and do not
contain large-amplitude motions. Since PAH molecules, often referred to as ‘chicken-wire’

molecules, form a rigid molecular framework, there should not be large-amplitude motions.

One exception to this is examining a PAH molecule with an aliphatic chain replacing a

39



1.298 just treat the

hydrogen atom as in 9-methylanthracene. In these cases, Mackie et a
vibrational degrees of freedom which exhibit a large-amplitude motion, such as the hindered
rotation of the methyl group, at the harmonic level of theory. In general, however, PAH

molecules are exceedingly well suited to be treated with VPT2 provided the large number

of resonances are treated properly through polyads.

Conclusions

Quantum chemistry is uniquely suited to provide novel insights for molecular vibrations of
molecules relevant to astronomical studies. Various astrophysical regions exhibit conditions
too harsh or otherwise too difficult to replicate in the laboratory. Computational simula-
tion is well-suited to provide data for molecules found in such regions if only the methods
employed are accurate enough. This work shows that advanced electronic structure theory
computations (like the CcCR composite approach) tied to rather straightforward vibrational
methods (such as VPT2) can produce exceptional comparison to experiment. Such methods
can then move beyond replication and on to prediction. The unique and novel vibrational,
rotational, and rovibrational spectra data for more than 50 molecules have been produced
within the past decade with benchmarks for such methods implying errors on the average of
7 em~! or less, and often much less. Additionally, development is currently moving beyond
simply providing rovibrational spectral data for small molecules. Modern work is stretching
electronic structure theory to compute relevant molecular vibration data for electronically ex-
cited states, ever-larger molecules, highly-accurate molecular line lists, and even full infrared
cascade emission spectra. All of these studies are geared towards expanding the inventory
of attributed astrophysical spectral features in numerous astronomical objects ranging from
circumstellar envelopes to photodissociation regions to exoplanetary atmospheres and even
to the diffuse interstellar medium. The computational results are now, in many ways, go-

ing hand-in-hand with experiment and, in some circumstances, beginning to show signs of
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superseding it. Regardless, the volume of the throughput, granular nature of the results,
and definitive descriptions of the simulated spectral features makes quantum chemistry well-
placed to be a principle partner in the elucidation of molecular vibrations for molecules of

astrochemical interest.
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