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Theoretical Prediction of Electronically Excited States and Vibrational

Frequencies of Interstellar and Planetary Radicals, Anions, and Cations

Ryan C. Fortenberry

(ABSTRACT)

In the search for molecular species in the interstellar medium and extraterrestrial planetary

atmospheres, theoretical methods continue to be an invaluable tool to astronomically minded

chemists. Using state-of-the art methods, this doctoral work characterizes the electronically

excited states of interstellar radicals, cations, and even rare anions and also predicts the gas

phase fundamental vibrational frequencies of the cis and trans-HOCO radicals, as well as

the cis-HOCO anion.

First, open-shell coupled cluster methods of singles and doubles (CCSD) and singles and dou-

bles with triples-inclusion (CC3) are tested on the C2H and C4H radicals. The significant

double-excitation character, as well as the quartet multiplicity of some states yields inaccu-

rate excitation energies and large spin contamination with CCSD. CC3 somewhat improves

this for select states, but discrepancies between CC and multireference results for certain

states exist and likely arise from the lack of spin adaptation in conventional spin-orbital CC.

Next, coupled-cluster methods predict the presence of an excited state of the closed-shell

allyl cation and its related H2CCCHCH2
+ cousin at 443 nm near an unidentified laboratory



peak at 442.9 nm which is also close to one of the largest unattributed interstellar absorption

features. Additionally, the dipole moments, electron binding energies, and excited states of

neutral radicals and corresponding closed-shell anions of interstellar interest are also com-

puted. These are calibrated against experimental data for CH2CN− and CH2CHO−. Since

coupled cluster theory closely reproduces the known experimental data, dipole-bound excited

states for eight previously unknown anions are predicted: CH2SiN−, SiH2CN−, CH2SiHO−,

SiN−, CCOH−, HCCO−, SiCCN−, and SiNC−. In addition, we predict the existence of one

rare valence-bound excited state of CH2SiN− and also SiCCN− as well as even rarer two

valence-bound states of CCSiN−.

Lastly, the reaction of CO + OH and its transient potential intermediate, the HOCO radical,

may be responsible for the regeneration of CO2 in the Martian atmosphere, but past spec-

troscopic observations have not produced a full gas-phase set of the fundamental vibrational

frequencies of the HOCO radical. Using established, highly-accurate quantum chemical cou-

pled cluster techniques and quartic force fields, all six fundamental vibrational frequencies

for 1 2A′ cis and trans-HOCO and 1 1A′ cis-HOCO− are computed in the gas phase.
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states of the closed-shell anions (top values) and neutral radicals (bottom

values) of: (a) SiCCN− (1 1Σ+ & 1 2Π); (b) CSiCN radical (1 2A′) as the

anion is unstable; (c1) CCSiN− (1 1Σ+); (c2) CCSiN (1 2B1); (d) SiCN− (1

1Σ+ & 1 2Π); and (e) SiNC−(1 1Σ+ & 1 2Π). . . . . . . . . . . . . . . . . . . 115

xviii



5.2 CCSD/d-aug-cc-pVDZ optimized structures (in Å and degrees) of ground and
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Chapter 1

Introduction

1.1 Astronomical Significance

Beginning in 1918 and continuing for years to follow, Mary Lee Heger of the University of

California Berkeley’s Lick Observatory noticed that many of the stars she was observing

had surprisingly consistent absorption spectra, especially orbiting binary stars.1,2 This was

not an entirely new discovery in and of itself as most stars, especially those of similar mass,

temperature, and stellar life, possess similar atomic and molecular concentrations.3 The

discovery was that these absorption bands did not match the spectra of any terrestrially

known molecules and appeared to be interstellar and not circumstellar in origin. Shortly

thereafter, more and similar lines were found in still more stars leading to the conclusion

that these features are fairly ubiquitous throughout the interstellar medium.3 This lead

1
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to the creation of a catalog of these so-called diffuse interstellar bands or DIBs.4,5 It was

thought that the culprits who left these interstellar fingerprints would quickly be rounded

up. However, that turned out not to be the case.6

In the observation of the continuum of white light proceeding from a blackbody source in a

vacuum, one would expect the spectrum to be clear of all impurities. Hence, no absorptions

would be present in an observed spectrum. Although such an example is purely idealized, a

star is actually a decent representation of this type of radiation. Granted, there are numer-

ous absorptive holes in the spectrum of a star, but the chemical compositions of standard

stars have been well-established and can be deduced based on the stellar temperature.3

Therefore, the removal or disregarding of those spectral features should result in a clear

spectrum. However, this is also not the case. Absorption lines are still observed2 and are

so in every astronomical sightline examined thus far.3,7 Such a result indicates that some

ubiquitous matter between the stellar cores and the Earth-based spectrometers is causing

this phenomenon.

It is believed that these absorptions must be molecular in nature due to two main factors: 1)

the consistency of the spectrum would not be present from dust grains observed in different

regions of the interstellar medium, and 2) what appears to be rotational substructure is

present in many of the bands.8,9 In the cataloguing of the DIBs, the molecular spectral

features of the Earth’s atmosphere are known and can be disregarded,9 which still leaves

many more absorption lines in the stellar spectrum.7 Additionally, it has been concluded

that these absorptions must be interstellar in nature because their positions do not shift as
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a result of Doppler effects.10 This was first clearly shown by Merrill for orbiting binary stars

since the absorption lines observed at the time did not vary with the relative velocity shifts

of the source stars.4,5 In the many decades since Heger first saw and Merrill first catalogued

these absorption features, more and more bands are being found on a routine basis7,11 while

the quest to resolve this, “the longest standing unsolved problem in spectroscopy” (Ref. 12),

has only recently yielded some promising leads in the ongoing mystery.
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Figure 1.1: The DIBs overlayed onto visible and near-IR wavelengths.8

Of late, the Maier group and collaborators13 have proposed propadienylidene, CCCH2 as a

potential molecular carrier of several DIB features. This work represents not only one of the

most promising potential carriers, but it is also one of the most detailed and carefully con-

structed arguments for such.14 Earlier work by the same collaborators15 had shown a near

exact “coincidence” between the shallow but broad DIB feature at 5450 Å and a laboratory

absorption band at that exact wavelength. This initial absorption band had not been conclu-
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sively linked to a specific molecule. The more recent work13 clearly identifies CCCH2 as the

carrier of the laboratory band at 5450 Å which results from the 1 1B1 ← 1 1A1 transition.

Also, the laboratory spectrum of CCCH2 even showed similarly good agreement between

a band at 4887 Å and the DIB at this wavelength. Furthermore, it has been speculated

that there may be the possibility for more correlation to exist between the CCCH2 spectrum

beyond 6000 Å and other DIB features noted in this range.13

Even with such promising results, detractors have found plenty of reasons why CCCH2

cannot be a DIB carrier.16 Mainly, the fact that many of the other visible transitions of

CCCH2 are not present in the DIBs casts doubt on this particular molecule by itself playing

a role in the absorption feature. Also, the fact that the two environments, the controlled

laboratory and the diffuse interstellar medium, are such different chemical realms in spite of

scientists’ best efforts to recreate such environments here on Earth makes direct comparison

difficult and often dubious.17 However, molecules related to CCCH2 may be responsible for

such bands where previously no ideas showed any promise of resolving this mystery. A

similar case of near-perfect partial matching had been observed prior to this event when

protonated napthalene’s infrared spectrum18 strongly shared some but not all of its features

with another unattributed interstellar spectroscopic feature, the unidentified infrared bands

(UIRs).9 Even so, it appears as though the old adage holds true: “There is no better way

to lose a scientific reputation than to speculate on the carrier[s] of the diffuse [interstellar]

bands.”19

Klemperer’s well-known above epistolary lamentation made famous by Herbst’s review19
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stemmed from his own speculation of a potential DIB carrier, specifically the S−3 anion,20

and how even he, “The Father of Astrochemistry,” can be made to regret one’s supposition

on the DIBs. Even so, it has also been said that “Nothing amuses more harmlessly than

computation.”21 Ergo, the most amusing and potentially harmless speculation on molecular

carriers of the DIBs may arise from the application of theoretical methods and computa-

tional tools to this problem. Klein’s above lighthearted lecture title21 reflects the fact that

theory and computation, by their very nature, can be quite flexible when applied to chemical

problems and often are more readily capable of being applicable in the treatment of a new

and refined hypothesis.22

Theoretical methods have been applied to problems within astrochemistry for over thirty

years,23–25 mainly for the microwave identification of molecules present in the interstellar

medium (ISM). Quantum mechanical models provide accurate estimates of rotational con-

stants for candidate species, laboratory experiments search for the corresponding fingerprints

within high-resolution microwave spectra, and these are both compared to radioastronom-

ical data.23–27 Unfortunately, a similar approach is problematic in the case of the DIBs, in

part because, while modern quantum chemical methods can provide exceptionally accurate

predictions of molecular structure necessary to derive rotational constants,28,29 electronic

spectra are significantly more challenging. This is due to the greater sensitivity of electronic

transition energies and oscillator strengths to the accuracy of the model, coupling of the elec-

tronic transitions to vibrational modes,30 etc. Nevertheless, ongoing efforts to identify the

carriers of the DIBs may very well hinge on advances in the reliability of quantum chemical
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models31 and their ability to accurately predict the electronic absorption spectra for large

numbers of proposed molecular carriers.22

As mentioned in the above paragraph, the unresolved problem of the carriers of the DIBs is

one of many different astrochemical conundrums to which quantum chemistry can be applied.

In fact, recent theoretical work by Botschwina and Oswald32 and Aoki,33 which is further

discussed in Ch. 6, provided the reference data for the submillimeter detection of C5N− as

the reactive nature of the anion made laboratory comparison to the interstellar observations

arduous. Such an advancement has given new impetus for the use of highly accurate quantum

chemical approaches to describe systems as they apply to exotic extraterrestrial systems.

Besides electronic spectral comparison and the computation of highly accurate rotational

constants, vibrational spectroscopy has its own set of unidentified interstellar spectra. The

UIRs, mentioned above, are just as complex and fascinating as their visible siblings, the

DIBs.9 Some astronomically significant studies of vibrational spectra simply need to ana-

lyze one molecule at a time, as would be necessary to test a proposed UIR carrier. The

computation of exotic chemical systems and even some mundane molecules’ fundamental

vibrational frequencies through the use of coupled cluster theory34 and quartic force fields

(QFFs)35 has been shown to reproduce experiment to 5 cm−1 or, even, 1 cm−1 accuracy.36–38

This use of quantum chemistry also has application to providing reference data for molecules

whose experimentally derived information is, for whatever reason, difficult to ascertain. The

provision of this type of data has already taken place for some systems, including c− and

l−C3H3
+ from Ref. 37 as well as the cis and trans-HOCO radical and cis-HOCO anion
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from Refs. 38 & 39 and Chs. 6 & 7, where their respective existences in the ISM and the

atmosphere of Mars have been hypothesized but not yet established. Additionally, with the

upcoming James Webb Space Telescope and the new Stratospheric Observatory for Infrared

Astronomy (SOFIA), both of which will peer through interstellar space to newly observable

regions of space within the IR wavelengths of light, a tremendous amount of reference data

for exotic vibrationally active molecules will need to be generated. For such a task only

computation stands a chance of being up to the challenge.

The work showcased in the following chapters will highlight how we have used quantum

chemical techniques, specifically coupled cluster theory, which is one of the most accurate

quantum chemical approaches,28,29,34 to analyze systems applicable to interstellar chemistry

and extraterrestrial planetary chemistry where experiment may be impractical or exceedingly

difficult. Since most terrestrial chemistry is studied at “high” pressures, relative to the near-

vacuum of the ISM or even the 0.01 atm pressure of the Martian atmosphere, the study of

reactive species such as radicals, cations, or anions is better suited for computational analyses

as long as the theory and computational approaches are robust enough to accurately predict

the desired observable property. In this work, we will discuss the theoretical foundations of

the computational tools utilized and show how some of the most accurate coupled cluster

approaches treat the excited states of known interstellar systems. We will use these tools

to examine new molecular species for their optical and vibrational properties and how they

may relate to the DIBs or other unresolved astrochemical phenomena.

The first of our studies (Ch. 2) tests the accuracies of some of the most advanced coupled
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cluster methods for their electronically excited state treatment of known interstellar chain

radicals. This is followed by Ch. 3 which discusses the relevance of a set of radicals and

their corresponding cations to an unknown laboratory feature which may be applicable to

the broadest DIB at 4429 Å. The next two chapters (Chs. 4 & 5) build on work proposed by

Sarre and coworkers40,41 speculating that at least some of the DIB features may be related

to anions which have only recently been detected in the ISM42 and are quite challenging

for laboratory examination. Finally, we will discuss the computation of the most accurate

coupled cluster quartic force fields to date in Ch. 6 for the analysis of the fundamental

vibrational frequencies of the trans-HOCO radical thought to be partially responsible for the

regeneration of high concentrations of CO2 in the Martian atmosphere,43,44 while in Ch. 7 we

will build on this study to examine the fundamental vibrational frequencies and spectroscopic

constants of the cis-HOCO radical and anion necessary for laboratory examinations of the

atmospherically relevant radical trans conformer. Each of these studies represents unique

ways in which quantum chemical computations have been applied to assist in the elucidation

of the myriad of mysteries present in the greater chemical universe.

1.2 Theoretical Considerations

All quantum chemistry is grounded in solving the Schrödinger equation by typically making

use of the Born-Oppenheimer45 Hamiltonian. The most often utilized first approximation to

solving this eigenvalue problem is done by way of a single Slater determinant wavefunction
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and variational optimization of the energy expectation value through the constraint of spin

orthonormality. This procedure is interchangeably called the self-consistent field (SCF) or

Hartree-Fock (HF) method.46

The SCF method provides the molecular orbitals (MOs) through linear combinations of

atomic orbitals. SCF also fully describes the electron kinetic energy and nuclear-electron

attraction in the Born-Oppenheimer or electronic Hamiltonian, but the lack of explicit “cor-

relation” in the repulsion of any two electrons introduces some error.47 All higher-order

theories that build upon Hartree-Fock (called “correlated” theories as the interaction of any

two electrons is more completely described) are attempts to rectify this relatively small error

in this single piece of the electronic Hamiltonian.48 However, this error must be remedied in

order to predict physically meaningful data, especially for spectroscopic comparison where

acceptable accuracy is defined to be on the order of 1 cm−1. Hence, correlated methods are

necessary in order to describe most systems accurately.

1.2.1 Coupled Cluster Theory

As mentioned in the previous section, one of the most accurate quantum chemical theories

developed to date is coupled cluster theory or CC.28,29,34 CC has many similarities with one

of the most well-established theories, configuration interaction or CI, but where CI is a linear

correction to the reference wavefunction, CC is an exponential correction.34,49 The simplest
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form of the coupled cluster wavefunction is:

ΨCC = eT̂ |Φ0〉. (1.1)

In the above equation, eT̂ is called the exponential ansatz, T̂ is a cluster operator discussed

below, and |Φ0〉 is the reference wavefunction, often the Hartree-Fock wavefunction, which is

used a foundation for the subsequent CC computations.34 CI is also often based on a Hartree-

Fock reference wavefunction. The exponential nature of the CC wavefunction necessitates

that for a given correction to the wavefunction, T̂ in the case of coupled cluster, the CC

wavefunction will include more correlation and, usually, will be more accurate for predicting

observable quantities like electronic excitation energies than the linear CI wavefunction.34

However, there are benefits and drawbacks of each method.

Naturally, for a given level of wavefunction correction, called truncation or the number of

terms included in the wavefunction correction, CI has fewer terms in the Hamiltonian than

CC. CI is variational, but CC is not.34,49,50 CI is also more easily spin-adapted for open-shell

computations due to its fewer terms in a given level of wavefunction truncation which arises

from the linear structure of the CI expansion. However, the drawbacks of CI have brought

about a shift in the quantum chemical community towards CC, especially as the ability

for computers to quickly handle more data has increased. Besides being able to converge

more quickly to full-CI, CC is size-consistent and size-extensive while CI retains neither of

these properties.34,46,50 Size-consistency is the principle that the total energy of a system

composed of two noninteracting molecular fragments is equal to the sum of the energies of

the two fragments computed separately. Size-extensivity is defined as linear scaling of the
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energy with an increase in the number of electrons for a given system.34,50,51 As a result

of these two powerful properties inherent within CC and this theory’s ability to converge

more quickly to full-CI among many other positive considerations, coupled cluster theory

has played an increased role in the computation of highly accurate quantum chemical data.

A single Slater determinant wavefunction,

Ψ0 = |φiφj . . .〉, (1.2)

may also be described using second-quantized operators46,52,53 for creation of a new orbital

in the Slater determinant, a†a, or annihilation of an existing orbital, ai. In this way, Ψ0 from

Eq. 1.2 may also be written as:

Ψ0 = a†ia
†
j . . . |〉. (1.3)

It is most convenient to use second-quantized operators when the wavefunction of interest

is not the reference wavefunction but one where other orbitals need to be substituted. If

we wish to substitute virtual orbital φa for the existing occupied orbital φi in Eq. 1.2, the

resulting wavefunction would have the form

Ψa
i = a†aai|φiφj . . . 〉 = |φaφj . . . 〉, (1.4)

where Ψa
i shows a singly substituted wavefunction where orbital φi was annihilated and

orbital φa was created to fill its place.

Second quantization is necessary in the definition of T̂ , the cluster operator, from Eq. 1.1.

T̂ is a sum of operators for single substitutions, T̂1, of the reference wavefunction; double

substitutions, T̂2; triple substitutions, T̂3; and so on until all possible electron substitution
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combinations are described or the expansion is merely truncated.34 The T̂1 operator is defined

as

T̂1 =
∑
ia

tai a
†
aai, (1.5)

the T̂2 operator is defined as

T̂2 =
1

4

∑
ijab

tabij a
†
aa
†
bajai, (1.6)

and in fact all T̂n operators may be defined generally in the form

T̂n =

(
1

n!

)2 ∑
ij...ab...

tab...ij... a
†
aa
†
b . . . ajai. (1.7)

The tab...ij... terms are called the cluster amplitudes and are wavefunction coefficients solved as

part of the coupled cluster equations below. Each single (T̂1) is a sum over all of the possible

ways in which one occupied orbital may be replaced with one unoccupied orbital.54 A similar

idea is applied to doubles, triples, and beyond, if necessary.

Again, CC starts with a simple exponential correction (Eq. 1.1) to the ground state reference

wavefunction, Φ0. The T̂ ’s may then be used to define the coupled cluster wavefunction.54,55

In its non-truncated form, the CC wavefunction is defined as:

ΨCC = eT̂ |Φ0〉 = eT̂1+T̂2+···|Φ0〉 = (1 + T̂1 + T̂2 +
1

2!
T̂1

2
+ · · · )|Φ0〉 (1.8)

where the extreme right side of the equation is the power-series expansion of the exponential.

This form of the CC wavefunction is useful for derivation of the CC equations. The coupled

cluster singles and doubles (CCSD) level of theory truncates the wavefunction after only

all the contributions of the singles and doubles are taken into account. Hence, T̂1 and T̂2,
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where T̂ = T̂1 + T̂2, are the only contributors to the CCSD wavefunction,54–56 and the CCSD

wavefunction is written as:

ΨCC = eT̂1+T̂2|Φ0〉 = eT̂ |Φ0〉. (1.9)

Triples (CCSDT) include the T̂3 term as part of T̂ , and this same process can be applied to

continuingly higher levels of coupled cluster theory, as well.34,54,57,58

By making use of Eq. (1.1) for the requisite wavefunction, the coupled cluster Schrödinger

equation is created:

ĤeT̂ |Φ0〉 = EeT̂ |Φ0〉. (1.10)

Left projecting Eq. (1.10) onto the reference wavefunction gives an equation for the energy:

〈Φ0|ĤeT̂ |Φ0〉 = E〈Φ0|eT̂ |Φ0〉 = E. (1.11)

Explicitly substituting back in the Taylor series form of the exponential ansatz reveals that

since nothing higher than doubles interacts with the reference due to Slater’s rules,46 all

terms from triples and higher do not contribute directly to the energy. Hence, with a bit

more algebraic manipulation (see Crawford and Schaefer34) the coupled cluster energy54 can

be written as:

ECC = 〈Φ0|Ĥ|Φ0〉+ 〈Φ0|ĤT̂2|Φ0〉+
1

2
〈Φ0|ĤT̂ 2

1 |Φ0〉. (1.12)

In order to ease implementation, the exponential ansatz is modified from ĤeT̂ to e−T̂ ĤeT̂ .

This modification creates a new operator called the similarity transformed Hamiltonian from

the use of the exponential inverse to the left of the Hamiltonian. It is written as H̄ where
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H̄ = e−T̂ ĤeT̂ .34,58,59 This allows for use of the Campbell-Baker-Hausdorff formula53 in or-

der to manipulate the integrals for excited determinants to iteratively solve for the cluster

amplitudes. Knowing the singles and doubles cluster amplitudes then provides all of the

necessary information for determination of the coupled cluster energy whether this is for

CCSD or higher levels of coupled cluster theory.

The use of second-quantization in H̄ leads to the inclusion of what is called normal-ordering

in the coupled cluster equations.34 The normal-ordered Hamiltonian forces all of the annihi-

lation operators to the right of the creation operators.53 This allows the Hamiltonian to be

split into one-electron and two-electron pieces.46 From this construction the coupled cluster

energy is thus defined as:

ECC =
∑
ia

fiat
a
i +

1

4

∑
ijab

〈ij||ab〉tabij +
1

2

∑
ijab

〈ij||ab〉tai tbj (1.13)

where fpq describes the one-electron Fock operator for general indices p and q, which could

be either occupied, i, or virtual, a, and is defined46 as

fpq = hpq +
∑
i

〈pi||qi〉. (1.14)

Additionally, the 〈pq||rs〉 terms are the two-electron integrals.34,46,53 Similar to the process

for determining the energy, a left projection of Eq. (1.10) onto any substitution level for the

wavefunction gives integrals that allow for the determination of the cluster amplitudes for

the respective level of substitution:

〈Φab···
ij··· |e−T̂ ĤeT̂ |Φ0〉 = 0. (1.15)
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The full equations for singles and doubles are given explicitly by Stanton and coworkers60

and singles, doubles, and triples by Noga and Bartlett.58 The singles, doubles, triples, and

even higher terms are derived from proper truncation of Eq. (1.15). Higher orders, naturally,

contain larger numbers of terms for the more highly substituted determinants. Diagrams

also make manipulation of the coupled cluster equations more manageable (see Refs. 34,52,

54,57,58,61).

1.2.2 Triples Approximations in Coupled Cluster Theory

Within the context of coupled cluster theory, there exist strategies for going beyond CCSD

that are more accurate than merely considering doubles,29 but they do not require the

same amount of computational cost as full CCSDT. One of these is called CCSD(T) or

the perturbative triples approach to coupled cluster theory. CCSD(T) was formalized by

Raghavachari and coworkers,62 and it represents a compromise between higher accuracy and

computational time. In this procedure, an approximation is made of what the triples’ effect

would be on the coupled cluster energy. This is then, in turn, added to the CCSD energy.

CCSD(T) is not an explicit treatment of triples where they couple to the singles and doubles,

but it gives a more accurate energy as compared to CCSD while it is less time consuming

than CCSDT partly since CCSD(T) scales as N6 with the addition of a non-iterative N7

term while CCSDT fully scales as N8.
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The total CCSD(T) energy is given to be:

E = ESCF + ECCSD + E(T ) (1.16)

where

E(T ) =

(
1

36

) ∑
ijkabc

tabcijk(c)

[
tabcijk(c) + tabcijk(d)

]
εi + εj + εk − εa − εb − εc

. (1.17)

The tabcijk(c) amplitudes are the so called “connected” triples (given explicitly in Eq. 1.18),

which involve the preexisting doubles amplitudes in their formulation and possess diagrams

where all of the components in the T̂3 terms are contiguous; the tabcijk(d) terms are the “discon-

nected” triples (Eq. 1.19) and require only singles, which introduces a lack of connectivity

in the associated T̂3 diagrams; and εp represents the respective energy of orbital φp.
34,62

tabcijk(c) =

P (i/jk)P (a/bc)

[∑
d

tadjk〈di||bc〉 −
∑
l

tbcil 〈la||jk〉

]
εi + εj + εk − εa − εb − εc

(1.18)

tabcijk(d) =
P (i/jk)P (a/bc)tai 〈jk||bc〉
εi + εj + εk − εa − εb − εc

(1.19)

P (i/jk) and P (a/bc) are permutation operators defined34 as P (p/qr)f(p, q, r) = f(p, q, r)−

f(q, p, r)− f(r, q, p).

This process creates far fewer terms to be computed as compared to the use of full triples.

CCSDT would require computation of all the T ’s coupled together. CCSD(T) only requires

that T1 and T2 be coupled together as they are in CCSD. The two additional triples terms,

the “connected” and “disconnected” terms, present in Eq. (1.17) involving T1, T2, and T3

are also not as difficult to compute as most of the otherwise necessary individual CCSDT

terms. The energy computed from these terms is then merely added to the CCSD result.34,62
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This method has been described as the “gold standard” of quantum chemistry29 due to its

reliability in predicting energy-based physical properties at not too great of a cost. The

great drawback of the CCSD(T) method is that it has no general wavefunction associated

with it. A composite energy is created from pieces of wavefunctions, but a method capable

of computing properties besides simply the energy requires the creation of a complete single

wavefunction for use in integrals where the necessary operator may not be the Hamiltonian.

The pioneering work done in the area of approximating triples within the context of a

complete wavefunction was contributed by Bartlett and coworkers.63,64 They concluded that

reasonable approximations for the inclusion of full triples could be accomplished by simply

leaving out the computationally expensive parts of T̂3 in its full form which do not contribute

significantly to the energy. However, a single wavefunction is still produced. This technique

was first shown in perturbative approximations (with regards to the wavefunctions not the

energy) of the CCSDT wavefunction in the so-called CCSDT-n series. These are called

connected triples methods since no portion of a given lone T̂3 diagram is separated from

the rest of the diagram. The CCSDT-n series of connected triples methods also reduces the

computational scaling from N8 down to N7. This scaling is advantageous when studying

complicated systems, like interstellar radicals, because higher accuracy beyond CCSD is

attained with less computational time than full CCSDT while a full wavefunction is utilized.

AnotherN7 connected triples method utilizing this same approach to approximating triples is

CC3. This method was developed by Christiansen, Koch, and Jørgensen.65–67 Starting from

Eq. (1.15), the CCSDT amplitude equations can be derived coupling the singles, doubles,
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and triples. This subsequently increases the number of terms for the singles and doubles since

the triples are now coupled to them, as well.57,58 Even though CC3 is an approximation, the

full equations are needed first before approximations can be made. An expanded form of the

singles, doubles, and triples amplitude equations for CCSDT using normal-ordering is:

〈Φa
i |H̄CCSD + (V̂ T̂3)c|Φ0〉 = 0 (1.20)

〈Φab
ij |H̄CCSD + (F̂ T̂3 + V̂ T̂3 + V̂ T̂1T̂3)c|Φ0〉 = 0 (1.21)

〈Φabc
ijk |H̄CCSD + (F̂ T̂3 + V̂ T̂3 + V̂ T̂1T̂3 + F̂ T̂1T̂3 + V̂ T̂2T̂3 +

1

2
V̂ T̂ 2

1 T̂3)c|Φ0〉 = 0 (1.22)

where H̄CCSD are all the components of the normal ordered singles and doubles from the

amplitudes for CCSD and where the (. . .)c notation indicates that only the terms where all

of the second-quantized operators are fully “connected,” which allows them to survive as a

result of Wick’s theorem, are included.34,68

In CC3 the singles and doubles are solved explicitly like in CCSD but with the additional

T̂3 terms.67 The triples in Eq. (1.22) are approximated by simply not considering any of the

terms involving T̂3, except (F̂ T̂3)c, as well as not considering any T̂ 2
2 terms. No restrictions

are placed on T̂1 terms in the computation of the triples. These neglected terms are costly

with some scaling as N8 and contribute relatively little to the energy. This approximation is

the central idea of CC3 theory.65–67 Also, the doubles (F̂ T̂3)c term is zero when using Hartree-

Fock orbitals as a result of Brillouin’s theorem.46 Even though the formal description of CC3

folds the singles terms into the Hamiltonian, for this discussion, we will not use this type of

mathematical representation. The new amplitude equations for CC3 are the same for the
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singles as they were for CCSDT, Eq. (1.20), but the complete CC3 description of the doubles

is now:

〈Φab
ij |H̄CCSD + (V̂ T̂3 + V̂ T̂1T̂3)c|Φ0〉 = 0 (1.23)

while the CC3 triples computation including all of the remaining the H̄CCSD terms after the

CC3 approximation is fully defined as:

〈Φabc
ijk |(F̂ T̂3 + V̂ T̂2 + V̂ T̂1T̂2 +

1

2
V̂ T̂ 2

1 T̂2 +
1

6
V̂ T̂ 3

1 T̂2)c|Φ0〉 = 0. (1.24)

Like all triples methods, the CC3 T̂ operator is of the form T̂ = T̂1 + T̂2 + T̂3. The energy

for CC3 is formulated from the same energy equation that defines all CC computations,

Eq. (1.13), where only the singles and doubles actually contribute to the energy. It is

only through coupling with the singles and doubles and affecting their values that the triples

actually influence the ground state energy, but this difference can be consequential for highly

correlated systems or when high precision is necessary. For triples methods, especially CC3,

the singles are extremely important to the computation. This is due to the fact that they

function as orbital relaxation parameters and are vital for excited state computations67,69

discussed in the next section. The creation of an actual wavefunction associated with CC3

allows for the computation of many new properties with this more descriptive method,

including excited states, that are not possible with CCSD(T). The more complete description

of the electronic behavior also makes CC3 more accurate, in theory, than CCSD.

The need for triples, regardless of the approximation utilized, in the computation of excited

states or other desired properties of unstable molecules, especially those relevant to the
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ISM, is shown in every chapter of this work. The one exception is in Ch. 3 where the CC3

wavefunction failed to converge for the desired but highly complicated states of all but one

of the molecules of interest. Regardless, the higher accuracy granted by these methods as

compared to traditional CCSD has allowed us to propose answers to astrochemical questions

previously unapproachable by theory and computation.

1.2.3 Electronically Excited States within Coupled Cluster The-

ory

The basic concept behind the computation of electronically excited states within CC, whether

they are for astrochemical purposes or otherwise, is that the full Hamiltonian matrix (Fig. 1.2

in the case of CCSD) must be built for the desired level of T̂ truncation and then diagonalized

in a standard eigenvalue procedure usually by way of the Davidson-Liu Algorithm.70,71 This

is formally accomplished by equation of motion coupled-cluster (EOM-CC), pioneered by

Stanton and Bartlett,72 and does so by introducing new terms into the equations specifically

built to deal with the excited states. The excited state wavefunction, Ψx, is defined as a

modification of the ground state wavefunction, Ψg = eT̂ |Φ0〉, with inclusion of some term, R̂

(defined below), which allows Ψx to be described in terms of the already known Ψg,

|Ψx〉 = R̂|Ψg〉 = R̂eT̂ |Φ0〉 = eT̂ R̂|Φ0〉. (1.25)

R̂ is an excitation operator and, thus, commutes with eT̂ . R̂ is defined much like the T̂

operator from regular coupled cluster theory (Eq. 1.7) and is composed of sums of individual
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Figure 1.2: A visual representation of the CCSD Hamiltonian matrix where ΦS = Φa
i and

ΦD = Φab
ij .

excitation terms.72 A general R̂ operator is defined as

R̂n =

(
1

n!

)2 ∑
ij...ab...

rab...ij... a
†
aa
†
b . . . ajai (1.26)

where another term, the related L̂ operator which “de-excites” to the left of H̄, is defined in

a similar manner. These are uniquely different terms, L̂ from R̂, since H̄, described earlier

and shown in Fig. 1.2, is not Hermitian.34,72 By combining these two operators with H̄, the
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expectation value for the EOM energy of a given state, n, is:

En = 〈Φ0|L̂nH̄R̂n|Φ0〉 (1.27)

from Stanton and Barlett.72

Even though H̄ is not symmetric, it is not necessary to solve Eq. 1.27 in order to determine

the excited state energy. Diagonalization of H̄ via a Schrödinger equation can be achieved

by deconstructing Eq. 1.27 into one of two eigenvalue problems:

H̄R̂n|Φ0〉 = EnR̂n|Φ0〉 (1.28)

or

〈Φ0|L̂n H̄ = 〈Φ0|L̂nEn. (1.29)

Either of these eigenvalue equations must produce the same energy. Diagonalization of the

Hamiltonian creates the R̂n|Φ0〉 wavefunction, which must result in a column vector from

the rules of matrix multiplication73 in this eigenvalue problem. Since Φ0 is already known,

the rab...ij... amplitudes present in R̂n are also determined in Eq. 1.28. Similarly, the resulting

〈Φ0|L̂n output from Eq. 1.29 is a row vector since its operation is on the left side and the

necessary lab...ij... amplitudes may also be determined in that eigenvalue equation.72 Again,

computation of the energy for the transitions needs only to use one of these equations since

En must to be the same.

However, both sets of eigenvectors are needed in order to calculate other expectation value

properties like the intensity or oscillator strength, f , of a given transition:53,72,74–76

fmn ∝ |〈Ψn|µ̄|Ψm〉|2 = |〈Ψ0|L̂n µ̄R̂m|Ψ0〉|2 (1.30)
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Ψn and Ψm are the wavefunctions of the desired states m and n where n is a more highly ex-

cited state than m, and µ̄ is the similarity transformed dipole moment operator (e−T̂~µeT̂ ).66,67

The energy of the transition and the oscillator strength can then be used to generate sim-

ulated spectra of interstellar species. The resulting simulated spectra may subsequently

be compared with experimental results taken from the ISM or simulated in the laboratory.

These concepts of EOM-CC are most often applied to CCSD resulting in EOM-CCSD ex-

cited state computations, but CC3 has been formulated to treat excited states in a similar

fashion even for open-shell species.69 Only the R̂ equations have been coded for open-shell

species meaning that the excited state energies are the sole CC3 excited property available

for computation. However, these have been shown to be of significance (Ch. 2 and Refs.

22,31,77).

Additionally, the EOM-CC approach can be applied to more than computations of excited

states. EOMIP-CC, equation of motion ionization potential, which includes some form of

ionized states within the computation, was developed by Stanton and Saeh78 as one way

to explicitly treat open shell systems. We have made use of this technique for this express

purpose in Ch. 2. Additionally, the computation of vertical electron affinities also known

as electron binding energies, as used in Chs. 4 & 5, or even adiabatic electron affinities

if minimization of the ionization energy is allowed to drive a geometry optimization and

this energy is subtracted from the optimized neutral79 are also viable manipulations of this

method. EOMIP-CC differs from the excited state computation mainly in its definition of

the R̂n operator previously defined in Eq. 1.26 for the R̂ns while the L̂n operators can be
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defined in a similar fashion.72 EOMIP-CC redefines the R̂1 (and similarly the L̂1) operator

as

R̂1 =
∑
i

riai, (1.31)

the R̂2 operator as

R̂2 =
1

4

∑
ija

raija
†
aajai, (1.32)

and higher levels of R̂n in the same way. The total R̂n operator in EOMIP-CC has one

more annihilation operator than creation operator whereas the regular EOM-CC has an

equal number of creation and annihilation operators. EOM-CC is merely forcing electrons

to occupy previously unoccupied orbitals or, alternatively, exciting electrons into higher

energy orbitals, but EOMIP-CC is also removing an occupied orbital (and any given electron

affiliated with it) from the system. The energy affiliated with this removal of an occupied

orbital is the ionization potential. Stanton and Saeh78 pioneered EOMIP for CCSD (EOMIP-

CCSD) with implicit effects of triples, and Musial, Kucharski, and Bartlett80 have developed

EOMIP-CCSDT with full, explicit triples. As will be demonstrated in the following chapters,

the flexibility of the EOM-CC approach has lent itself to various uses in the computation

of diverse molecular properties for numerous molecules of interstellar and astrochemical

interest.
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1.2.4 Quartic Force Fields and Anharmonic Vibrational Frequen-

cies

Any function may be written in terms of a Taylor series expansion of its increasingly higher-

level derivatives.81 The anharmonic nature of molecular vibration is often computed through

this avenue. Most often, rovibrational transitions, whether they are for fundamental vibra-

tional frequencies or highly rotationally excited opacity data, utilize a quartic force field

(QFF), which enables the inclusion of up to fourth derivatives, obtained from a potential

energy surface (PES). The QFF allows for full determination of the fundamental vibrational

frequencies and also serves as a good starting point in the computation of highly rotationally

excited opacity data. However, a much larger potential surface, if not a global surface, is

often necessary for these computations.

Analytic, as opposed to numerical, derivatives of the molecular energy are exceedingly diffi-

cult to produce, especially for coupled cluster theory,82 since the necessary equations quickly

grow more complex beyond first derivatives. Hence, only analytic first and second deriva-

tives have been coded for mass use by the quantum chemical community.83 In light of this,

numerical differentiation is necessary for the construction of a QFF where cubic and quartic

terms of the third and fourth derivatives are necessary.

A numerical first derivative of the molecular energy for a given degree of freedom can result

from a single positive and single negative displacement of the molecular coordinate. At

each of these points, an energy is computed, and the difference of the energies at each
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point is divided by twice the absolute value of the displacement.81 This primary approach

is readily extrapolated out to quadratic, cubic, and quartic levels for computation of their

numerical derivatives where two, three, and four displacements of all internal coordinates are

necessary.84 Fourth derivatives and the associated quartic force constants are necessary in

highly accurate computations of vibrational frequencies since the inclusion of first derivatives

gives nothing more than the gradient, inclusion of quadratic terms does produce harmonic

frequencies but for an anharmonic potential the energy for a large displacement would be

pushed up to positive infinity, and inclusion of up to cubic terms would drive the energy

for a large displacement down toward negative infinity.50 Hence, inclusion of these terms

or any combinations thereof present in the numerical derivation cannot adequately describe

the necessary anharmonicity of molecular vibration. The inclusion of quartic terms rectifies

these issues and also provides for an accurate description of the atomic behavior since more

terms in the Taylor series expansion of the anharmonic function are included. Such accuracy

afforded by the inclusion of up to quartic terms and the affiliated QFF are necessary for the

prediction of accurate anharmonic rovibrational transitions.

The energy of each displaced point makes up the PES which, in turn, leads to the creation

of the necessary force constants. As will be discussed in Chs. 6 & 7 specifically for our work

on the HOCO radical and cation, the energies at each of the points are not from a single

computation. It has been shown that a composite approach to computing the energy results

in a highly accurate QFF that is not as costly to compute as a single PES made up of points

from one type of highly accurate computation.85 Typically, the CCSD(T) level of theory is
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used in the computations of the energies at each point in the surface86 since this method is

known for its high-accuracy to relatively low-cost ratio discussed previously in this chapter.

In conjunction with the CCSD(T) level of theory, Dunning basis sets at the triple, quadru-

ple, and quintuple zeta levels are often employed for extrapolation out to the one-particle

complete basis set limit (CBS),87 the point at which the basis set fully describes the possible

spatial extent of the electrons.46 To this CCSD(T)/CBS energy other corrections are added

to the energy at each point. Typically these include Douglas-Kroll scalar relativistic terms,88

core-correlation corrections making use of the Martin-Taylor (MT) basis set specifically cre-

ated to account for the affects of the core orbitals in the computation,89 and some form of

higher-order electron correlation. This last term is discussed further in Ch. 6.

From the energies computed at each displaced point on the PES, the numerical derivatives

can be determined and the quartic force field defined from the force constants. This is done

by a least-squares fitting procedure from all of the displaced points on the PES where a

maximum of four displacements are taken within the −4 ≤ 0 ≤ 4 range.86 The anharmonic

potential function modeled by the Taylor series expansion can have many forms.35,50 The

most straightforward potential is defined as

V =
1

2

∑
ij

Fij∆i∆j +
1

6

∑
ijk

Fikj∆i∆j∆k +
1

24

∑
ijkl

Fikjl∆i∆j∆k∆l, (1.33)

from Ref. 37 and is utilized as part of the Watson Hamiltonian:

H =
1

2

∑
αβ

(Jα − πα)µαβ(Jβ − πβ)− 1

2

∑
k

∂2

∂Q2
k

− 1

8

∑
α

µαα + V (Q) (1.34)

which allows for a full description of the rovibrational energy from Ref. 90. In Eq. 1.33, the



Ryan C. Fortenberry Chapter 1 28

Fij... terms are the force constants while the ∆i∆j . . . terms are the displaced distances for

displacements both of coordinates i, j, and so forth. Jα is the total angular momentum of

a given cardinal direction (x, y, or z) denoted by α or β in Eq. 1.34 while πα is the total

vibrational angular momentum of the same direction; µαβ is the inverse of the moment of

inertia tensor for the given geometric coordinates; Qk is a single normal coordinate; and Q

is the set of all normal coordinates. If the last term of the Watson Hamiltonian, V (Q), is

defined by Eq. 1.33, this approach to solving the Watson Hamiltonian is called vibrational

perturbation theory (VPT) since the Hamiltonian merely acts on the harmonic frequency

functions in a non-iterative fashion. VPT is one of the simplest ways to compute rovibrational

data, but it has been shown to be accurate to within 10 cm−1 of gas-phase experimental

results provided that the PES itself is actually accurate enough for such predictions.37,85,91–94

In a different approach called vibrational configuration interaction (VCI), the force constants

are transformed into periodic functions and utilized in a different Taylor series expansion of

V based on the interactions of an increasing number of normal modes (from Ref. 95),

V (Q1, Q2, . . . , QN) =
∑
p

V (1)
p (Qp)+

∑
pq

V (2)
pq (Qp, Qq)+· · ·+

∑
pqr...N

V
(N)
pqr...N(Qp, Qq, Qr, . . . , QN),

(1.35)

where N is the number of modes for each expansion level and p, q, and so forth are distinct

normal modes. The V
(1)
p term is the potential for the pth mode at a given geometry and can

be thought of in terms of Eq. 1.33 where only those displacements i affiliated with mode p

are considered; V
(2)
pq is the potential arising from allowing any two modes, p and q, to couple;

V
(3)
pqr is the three-mode potential; and so on up to V

(N)
pqr...N . The Qp terms from Eq. 1.35 are
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simply the coordinates of a given normal mode p. Eq. 1.35 is also briefly mentioned in Ch. 6.

This definition of V differs from Eq. 1.33 in that several potentials, those corresponding to

each mode and the higher-order potentials of multiple modes interacting, are computed and

allowed to perturb one another in this different expansion of V . Previously in Eq. 1.33, only

one set of potentials for description of the entire system is computed.

After the inclusion of these mode-coupling terms to describe the potential in the Watson

Hamiltonian (Eq. 1.34), VCI begins with a vibrational-SCF (VSCF) approximation to create

the vibrational wavefunctions and subsequently solve for the vibrational energy levels.95 The

VSCF trial wavefunction is a product of harmonic oscillator functions and defined as:

ΨSCF
n1,n2,...,nN

(Q1, Q2, . . . , QN) =
N∏
p=1

φ(p)
np

(Qp) (1.36)

in Ref. 96 where φ
(p)
np (Qp) is a linear combination of harmonic oscillator functions of co-

ordinate Qp to describe mode p, and n is a given “excitation” (vibrational) level for the

designated mode; n = 0 is the fundamental level.47 The number of n levels utilized is de-

pendent upon the basis set employed. The VSCF equations are built around an algebraic

rearrangement of the Watson Hamiltonian and vibrational Schrödinger equations to itera-

tively solve for the vibrational wavefunctions upon minimization of the energy ε
(l)
nl of each

mode i or l and “excitation” level n:(
−1

2

∑
l

∂2

∂Q2
l

+

〈
N∏
i 6=l

φ(i)
ni

∣∣∣∣∣V +

(
1

2

∑
αβ

π̂αµαβπ̂β −
1

8

∑
α

µαα

)∣∣∣∣∣
N∏
i 6=l

φ(i)
ni

〉
− ε(l)nl

)
φ(l)
nl

(Ql) = 0.

(1.37)

The VSCF Hamiltonian is straightforwardly understood to be the left-hand second-derivative

and integral terms from Eq. 1.37 where the resulting eigenfunctions solved in Eq. 1.37 create
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the “occupied” and “virtual” states familiar to electronic SCF46 which are necessary for a CI-

like expansion.49 The “occupied” state is the VSCF state defined similarly to Eq. 1.36 where

each vibrational mode is at its optimized n = 0 level.96 The VCI wavefunction expansion is

simply of the form:

ΨCI = |ΨSCF
0 〉+ Ĉp|ΨSCF

p 〉+ Ĉpq|ΨSCF
pq 〉+ Ĉpqr|ΨSCF

pqr 〉+ · · · , (1.38)

where the Ĉpqr···N operators represent substitutions to “virtual” states beyond the VSCF

state. The VSCF Hamiltonian may then be employed to iteratively solve for the energies of

each vibrational level with the added use of the VCI wavefunction.95

These two methods both have benefits and drawbacks in the prediction of rovibrational

transitions and spectroscopic constants, but each gives unique insight into the vibrational

frequencies and rovibrational transitions for any system of interest. VPT is typically a

relatively inexpensive computation while for similar accuracies, the sizes of the necessary

VCI matrices slow down the computation in that domain. However, when the VCI matrices

are large enough to include the most significant ways in which the atoms vibrate and induce

rotation of the molecule, VCI produces the more accurate data of the two methods. This is

especially true for those modes that are more anharmonic since VCI and its mode couplings

in the potential have a more complete description of the rovibrational nature of the studied

system.37,38
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1.3 Application

Through these methods, whether they are electronic or vibrational, the following chapters

will examine specific aspects of interstellar and planetary chemistry. The results of each

study provide accurate predictions of either electronic or rovibrational transitions for the

elucidation of laboratory data, planetary readings, or potential interstellar molecules where

knowledge of each may help science to gain a better understanding of the chemical universe.



Chapter 2

A Benchmark Study of the Vertical

Electronic Spectra of the Linear

Chain Radicals C2H and C4H

Reprinted with permission from Fortenberry, R. C.; King, R. A.; Stanton, J. F.; Craw-

ford, T. D. J. Chem. Phys. 2010, 132, 144303. c©2010, American Institute of Physics.

2.1 Introduction

Interstellar chemistry provides a superb example of synergistic interplay between theory and

experiment. Almost since its inception, the field of quantum chemistry has played a signifi-

32
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cant role in the identification of molecules in interstellar and circumstellar media. For many

rigid molecules, microwave emissions measured from various sources can be compared to sim-

ulated rotational spectra with a high degree of reliability due to the relative ease with which

structures and associated rotational constants submit to accurate theoretical prediction.97

Given that many molecular candidates for identification in interstellar sources are difficult

to prepare in laboratories, theoretical methods are even more critical. Early examples of this

interplay between measurements [taken from observation in the interstellar medium (ISM)

or laboratory experiments] and theoretical computations include the discoveries of N2H+ in

197423 and C3N in 1977,24,25 and such collaborations continue today.26,98,99

For some molecular species in the ISM, particularly those with low abundances, more sensi-

tive methods such as UV/Vis spectroscopy are preferred for identification.27,100,101 However,

electronic spectra are significantly more difficult than pure rotational spectra to simulate

accurately for several reasons.102 First, both transition frequencies and oscillator strengths

exhibit much greater sensitivity to the level of theory employed (especially for open-shell

molecules). Second, vibronic effects are relatively common, but also exceedingly difficult to

model,30,103–105 and simple comparison of experimental spectra to computed vertical (or even

adiabatic) transitions is insufficient for robust assignments. Finally, high levels of electron

correlation are often needed to describe excited states that are not comprised primarily of

one-electron excitations, even when the ground electronic state is well-described by lower

levels of theory. Thus, the obstacles that must be overcome for theory to play a similarly

valuable role in the identification of interstellar compounds via electronic spectroscopy as it
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does for microwave spectroscopy are daunting. Nevertheless, ongoing efforts to identify, for

example, the carriers of the diffuse interstellar bands (DIBs),6,7,106–108 the mysterious series

of visible and near-infrared lines whose provenance still remains unknown, may very well

hinge on advances in the reliability of quantum chemicals models.

This work focuses on the last of the three factors described above, viz. the level of electron

correlation required to provide an accurate description of the ground and excited electronic

wave functions involved in a given transition. In particular, we consider the application of

coupled cluster theory34,109 — widely regarded as one of the most reliable quantum chem-

ical models28,29 — to electronic excitations in radicals, where correlation effects are often

paramount. The highest level of theory employed in this work is CC3, which was developed

in the 1990s for the description of response properties110–112 and was extended to open-shell

species in 2005.69 For a test set, we have chosen two linear molecules of importance to inter-

stellar chemistry: C2H and C4H. These radicals were discovered in the ISM in 1974113 and

1978,114 respectively, the latter study aided by comparison to theoretically computed rota-

tional constants. Related C2nH (n = 1, 2, . . .) carbon chain molecules have been proposed

as one of several possible carriers of the DIBs.115–120 C2H is also reported to be potentially

among the most abundant molecules in the universe after the much more common carbon

monoxide and the ubiquitous hydrogen molecule.121 Additionally, both C2H and C4H are

believed to play a role in the chemistry of extraterrestrial planetary atmospheres, especially

that of Saturn’s moon Titan.122 For our purposes, however, these two molecules exhibit

both valence and Rydberg excitations, including states with strong double-excitation char-
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acter and higher spin multiplicities,123 and therefore provide a significant challenge to ab

initio methods.124–129

2.2 Computational Details

Structural optimizations of each radical were carried out at the coupled-cluster singles, dou-

bles, and perturbative triples [CCSD(T)] level of theory,62 in conjunction with a variety

of open-shell reference wave functions based on Hartree-Fock determinants, including spin-

unrestricted (UHF),130,131 spin-restricted (ROHF),132–135 and quasi-restricted (QRHF)136

formulations. In addition, the optimized structures were computed using the equation-of-

motion coupled cluster method for ionized states (EOMIP-CCSD),137 in which the anions

C2H− and C4H− provide the starting coupled cluster wave functions. All computations were

carried out in the C2v subgroup of C∞v. Dunning’s triple-zeta correlation-consistent basis

set, cc-pVTZ,138 was used to obtain the optimized geometries.

Vertical excitation energies were computed at the UHF-CCSD(T)/cc-pVTZ optimized struc-

tures using the equation-of-motion CCSD (EOM-CCSD) approach72,139–141 as well as an

open-shell extension69 of the approximate triples method, CC3 of Koch, Christiansen, Jørgensen,

and co-workers.67 Both levels of theory used UHF and ROHF reference determinants with the

carbon 1s electrons frozen for each radical. The lowest several Σ+(A1), Σ−(A2), ∆(A1/A2),

and Π(B1/B2) states were computed using a multi-root method at the CCSD level and a

root-following approach with CC3 (whose quasi-eigenvalue implementation precludes com-
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putation of more than one root at a time but avoids the storage of triples wave function

amplitudes).69 For comparison to the results from high-level coupled cluster models, vertical

excitation energies were also computed with configuration interaction singles (CIS)142 and

time-dependent density functional theory (TD-DFT)143 using the Becke three-parameter

exchange functional144 with the Lee-Yang-Parr correlation functional145 (B3LYP).146 All

coupled cluster computations were carried out with the PSI3147 and CFOUR148 quantum

chemical program packages. CIS and B3LYP computations were carried out with the Gaus-

sian03 package.149

For the excited state computations at the various levels of theory, correlation-consistent basis

sets including diffuse functions were employed, including the aug-cc-pVDZ, aug-cc-pVTZ,

and d-aug-cc-pVDZ basis sets.138,150 The impact of further augmentation of the basis set

was analyzed by adding new diffuse functions (s, p, and d sets for carbon, and s and p

for hydrogen) obtained by even-tempered extrapolation of the most diffuse exponents in

each angular momentum of the d-aug-cc-pVDZ basis sets for C and H to yield what will

be referred to in this paper as the t-aug-cc-pVDZ basis. For carbon, the diffuse functions

added to the d-aug-cc-pVDZ basis to produce the t-aug-cc-pVDZ basis were αs = 0.0040606,

αp = 0.0028864, and αd = 0.011406; for hydrogen, αs = 0.0017674 and αp = 0.0052857.
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2.3 Results and Discussion

2.3.1 Optimized Geometries

The UHF-CCSD(T)/cc-pVTZ optimized structure of the ground state of the ethynyl radical

(C2H) is given in Fig. 2.1. C2H has a ground-state 2Σ+ term,124–128,151–156 which suggests

that its structure should be comparable to acetylene. Indeed, the UHF-CCSD(T)/cc-pVTZ

C−C triple bond of 1.208 Å resembles that of acetylene, whose RHF-CCSD(T)/cc-pVTZ

C−C bond is somewhat shorter at 1.206 Å. We note that the ROHF-CCSD(T), EOMIP-

CCSD, and QRHF-CCSD(T) methods, as well as earlier RCCSD(T)/cc-pVTZ computations

by Woon127 all agree with this result. We also note that the UHF reference function for this

state exhibits substantial spin contamination, as evidenced by its large expectation value of

Ŝ2 of 1.13, though the CCSD wave function for the 2Σ+ state constructed from either the

UHF or ROHF determinant yields very little contamination, with corresponding expectation

values of 0.758 and 0.752, respectively.157,158

For the longer C4H chain, nearly all of the theoretical methods employed here [with the

notable exception of ROHF-CCSD(T)] predict a 2Π ground state. In spite of this, we elected

to use the UHF-CCSD(T)/cc-pVTZ optimized structure of the lowest energy 2Σ+ state as

the starting point of our study for three reasons: (1) the lowest 2Σ+ and 2Π states have been

shown by both theory127–129,153,154,159,160 and experiment161–166 to be nearly degenerate with

experiment favoring the former; (2) this choice gives greater ease of comparison of the vertical

transitions between C2H and C4H; and (3) the purpose of this work is to benchmark high
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level coupled cluster vertical excitation energies rather than to reproduce the experimental

spectra.
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Figure 2.1: UHF-CCSD(T)/cc-pVTZ optimized linear structures (bond distances in

Ångstroms) of (a) C2H (2Σ+); (b) C4H (2Σ+); and (c) C4H (2Π) radicals.

As shown in Fig. 2.1, UHF-CCSD(T)/cc-pVTZ predicts an optimized structure of the 2Σ+

state to be similar to the shorter C2H chain. The H−C1 bond and the C3−C4 bond in C4H

(1.057 Å and 1.209 Å, respectively) vary from their C2H counterparts by less than 0.002 Å

each. The C1−C2 bond of C4H is predicted to be 1.203 Å, varying by 0.006 Å from the C−C

bond of C2H. In addition, this lowest energy 2Σ+ state of C4H is clearly seen to resemble

the structure of diacetylene. The C2−C3 bond of C4H is 1.376 Å, a slight deviation from

RHF-CCSD(T)/cc-pVTZ diacetylene at 1.370 Å. The C1−C2 bond in diacetylene measures

a length of 1.212 Å, just 0.009 Å longer than the same bond in C4H. The spin contamination

of the UHF reference function is even larger in the 2Σ+ state of C4H than in C2H, with a

poor 〈Ŝ2〉 value of 1.59, though, again, the UHF- and ROHF-CCSD wave functions produce

much more reasonable values of 0.782 and 0.755, respectively.



Ryan C. Fortenberry Chapter 2 39

In comparison, the structures of the lowest 2Σ+ and 2Π states of C4H most closely resemble

those of diacetylene and the corresponding cumulene, respectively. The C1−C2 bond of the

2Σ+ state is 0.017 Å shorter than that of the 2Π state while the C2−C3 bond is longer for

the 2Σ+ state by 0.037 Å, as illustrated in Fig. 2.1. The C3−C4 bond length shows the most

variation between the states and is 0.077 Å longer for the 2Π state.

2.3.2 Vertical excitation energies

In this section we analyze vertical excitation energies for the C2H and C4H radicals using

the methods described earlier. Spin remains one of the central obstacles in the application of

conventional CC methods to excited states of open-shell species. In the following sections, the

spin-symmetry assignments of the individual states are approximate in that the formulation

of open-shell coupled cluster theory employed in this work does not yield eigenfunctions of

the Ŝ2 operator, though, in some cases, the dominant doublet vs. quartet character of many

states can be estimated by examination of the expectation value of Ŝ2 and of the relevant

determinantal contributions. Nevertheless, as discussed previously by Szalay and Gauss,167

the lack of spin adaptation in standard formulations of excited-state coupled cluster theory

can result in the exaggerated importance of so-called “pseudo-triple” (and possibly higher)

excitations, in which a double excitation is accompanied by a spin-flip within the open

shell orbital(s). While such terms would appear naturally as doubles in a fully spin-adapted

formulation, spin-orbital approaches, such as that applied in this work, require at least triple

excitations to describe them in even a qualitatively correct manner.
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In an effort to develop an understanding of the accuracy to be expected from the CCSD

and CC3 methods for open-shell species, we will consider two diagnostics for the reliability

of the EOM-CCSD data. The first is the difference between UHF- and ROHF-based results

(which we will refer to here as the “U-R” difference). As the level of electron correlation is

increased, the U-R difference typically decreases (and is zero at the full-CI limit); hence large

differences warrant skepticism in the given results. Second, we compute an “approximate

excitation level” (AEL) based on the projection of the excited-state wave function onto the

singles and doubles space. For CCSD, the AEL we employ is defined as

AEL ≡ 〈Ψ̃CCSD|S〉〈S|ΨCCSD〉+ 2〈Ψ̃CCSD|D〉〈D|ΨCCSD〉

=
∑
ia

〈Φ0|Le−T |Φa
i 〉〈Φa

i |ReT |Φ0〉+ 2
∑

i>j,a>b

〈Φ0|Le−T |Φab
ij 〉〈Φab

ij |ReT |Φ0〉, (2.1)

where Φ0, Φa
i , and Φab

ij denote the reference and excited determinants, and the tilde differ-

entiates left- and right-hand EOM-CCSD excited states, which are parametrized in terms

of the L and R cluster operators, respectively. EOM-CCSD AEL values significantly larger

than 1.0 suggest appreciable double-excitation character in the excited-state wave function.

In such cases, EOM-CCSD is generally expected to yield poor results, and higher-level cor-

relation treatments are necessary. Furthermore, as noted by Szalay and Gauss,167 for cases

exhibiting significant contributions from pseudo-triple excitations, even states dominated

by single excitations can have significant errors, and thus the question of the usefulness of

methods that include the effects of connected triple excitations, such as CC3, remains open.

We also note that the AEL of Eq. (2.1) differs from the form given by Stanton and Bartlett,72

who defined the diagnostic in terms of differences between approximate natural-orbital occu-
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pation numbers of the ground and excited states. However, we have found that this definition

can yield AELs less than 1.0 in many cases. The above definition, however, may be viewed

as measuring the overall excitation level relative to the reference determinant rather than

the CCSD wave function, and is less likely (though still not guaranteed, at least for totally

symmetric excitations) to produce values under unity. In addition, the above AEL definition

avoids any ambiguity as to the use of relaxed or unrelaxed densities. In passing, we note

that the singles and doubles projections that comprise this diagnostic have been computed

by the ACESII/CFOUR program package for more than a decade without being published

in the literature.

C2H

Table 2.1 reports vertical excitation energies, excited-state characters, and approximate exci-

tation levels (vide infra) for 16 states of C2H at the CCSD and CC3 levels of theory with the

aug-cc-pVDZ basis set. The term assignments in the table are based on examination of the

determinantal components of the excited-state wave function (the specific coefficients given in

the table are taken from the ROHF-CC3 level) as well as the Ŝ2 expectation reported in Table

2.2. The canonical molecular orbital (MO) transitions given for each excitation are relative

to the ground 2Σ+ state, which has the Hartree-Fock configuration of (core)3σ24σ21π45σ.

The key virtual MOs for the states given in the table are the singly occupied 5σ, the va-

lence 2π∗, and four low-lying Rydberg orbitals: 3s, 3pσ, and a pair of nearly degenerate 3pπ

orbitals (each centered on a different carbon atom). Some higher-lying states given in the
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tables include minor contributions into Rydberg 4s, 4pσ, and even 5pσ orbitals. Transitions

of significance are considered to be those with coefficients whose absolute magnitudes exceed

0.20 for single excitations (labeled as either α or β) and 0.10 for double excitations (labeled

as αβ, αα, or ββ).

In the Hartree-Fock MO basis, nearly all of the states reported in Table 2.1 involve more

than one significant transition, and all exhibit at least some Rydberg character. The lowest

excited state corresponds to the A 2Π ← X 2Σ+ transition, whose largest contribution

arises from β-spin excitation from the 1π orbital into the singly-occupied 5σ, though single

excitations into the 3pσ and 3s Rydberg orbitals (as well a valence-MO double excitation) all

make non-negligible contributions. The computed excitation energy for this state depends

significantly on the choice of reference determinant, as indicated by the U-R difference of 0.2

eV. At the CC3 level of theory, the U-R difference is reduced, as expected (to 0.06 eV), and

the larger CCSD to CC3 shift is observed for the UHF reference function. The AEL for this

state (reported in the table for the ROHF-CCSD level) is only 1.08. Koures and Harding126

reported vertical excitation energies for C2H at the MRCISD(+Q)/DZP level of theory, and

identified the 1 2Π state at 0.60 eV above the ground 2Σ+ state, approximately 0.2 eV lower

than the CC3 results given in Table 2.1. While Koures and Harding adopted procedures

by which they carried out separate computations of the valence and Rydberg states (the

latter using MCSCF orbitals adopted from the corresponding anion), all of the states were

obtained in the current work using a single basis set and method. This results in mixed

valence/Rydberg character for nearly every state. We note further that the B3LYP/aug-
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Table 2.1: Vertical excitation energies (eV), state assignments, characters, and approximate
excitation levels (AELs)a of C2H relative to the ground 2Σ+ state at various levels of theory
with the aug-cc-pVDZ basis set.

State
Excitation Character

Vertical Excitation Energy
AELAssignment UHF-CCSD UHF-CC3 ROHF-CCSD ROHF-CC3

1 2Π 1π → 5σ (0.85 β) 0.997 0.826 0.798 0.768 1.08

1π → 3pσ (0.29 β)

1π → 3s (0.20 β)

1π → 2π∗ 1π → 5σ (0.11 αβ)

1 4Σ+ 1π → 2π∗ (0.31 α; 0.33 β; 0.20 αβ) 5.476 5.306 5.381 5.235 1.14

1π → 3pπ (0.29 α; 0.23 β; 0.18 αβ)

1 4∆ 1π → 2π∗ (0.32 α; 0.32 β; 0.17 αβ) 6.570 6.382 6.498 6.318 1.13

1π → 3pπ (0.31 α; 0.25 β; 0.17 αβ)

1 4Σ− 1π → 3pπ (0.35 α; 0.26 β; 0.18 αβ) 7.353 7.139 7.272 7.067 1.13

1π → 2π∗ (0.31 α; 0.30 β; 0.16 αβ)

2 2Σ+ 4σ → 5σ (0.36 β) 8.354 7.555 8.067 7.334 1.54

1π → 2π∗ (0.31 αβ)

1π → 3pπ (0.30 αβ)

1 2Σ− 1π → 3pπ (0.36 α; 0.32 β) 7.664 7.575 7.652 7.578 1.05

1π → 2π∗ (0.32 α; 0.34 β)

1 2∆ 1π → 3pπ (0.40 α; 0.31 β) 7.990 7.903 7.976 7.898 1.06

1π → 2π∗ (0.32 α; 0.29 β)

2 2Πb 1π → 3s (0.39 β) 8.410 8.258/8.299b 8.444 8.195/8.315b 1.07

1π → 2π∗ 1π → 5σ (0.33 αβ; 0.30 αβ; 0.28 ββ)

1π → 3pπ 1π → 5σ (0.31 αβ; 0.29 αβ; 0.19 ββ)

1π → 4s (0.20 β)

3 2Π 1π → 3s (0.72 α; 0.09 β; 0.29 αβ) 8.852 8.625 8.810 8.519 1.12

1π → 4s (0.31 α; 0.12 αβ)

1π → 2π∗ 1π → 5σ (0.13 αβ; 0.19 ββ)

1π → 3pπ 1π → 5σ (0.12 αβ; 0.13 ββ)

5σ → 3s 1π → 3pσ (0.12 αβ)

3 2Σ+ 4σ → 5σ (0.67 β) 9.334 8.660 9.137 8.525 1.45

1π → 2π∗ (0.23 β)

1π → 3pπ 1π → 5σ (0.16 αβ)

1π → 2π∗ 1π → 5σ (0.15 αβ)

1 4Π 1π → 3pσ (0.49 β) 9.016 8.881 9.027 8.805 1.08

1π → 3s (0.32 β)

1π → 2π∗ 1π → 5σ (0.23 αβ; 0.18 αβ; 0.25 ββ)

1π → 4pσ (0.24 β)

1π → 3pπ 1π → 5σ (0.23 αβ; 0.18 αβ; 0.17 ββ)

1π → 5pσ (0.22 β)

4 2Π 1π → 3pσ (0.62 α; 0.38 β; 0.22 αβ) 9.455 9.204 9.403 9.189 1.13

1π → 4pσ (0.29 α; 0.19 β; 0.13 αβ)

1π → 2π∗ 1π → 5σ (0.11 ββ)

1π → 3pπ 1π → 5σ (0.10 αβ)

5σ → 3pσ 1π → 3pσ (0.10 αβ)

2 4Σ+ 1π → 3pπ (0.36 α; 0.48 β; 0.26 β; 0.14 αβ) 9.568 9.457 9.579 9.429 1.07

5 2Π 5σ → 3pπ (0.56 α) 9.712 9.405 9.644 9.516 1.18

5σ → 2π∗ (0.48 α)

1π → 3pπ 1π → 5σ (0.28 αβ; 0.17 αβ; 0.10 ββ)

1π → 2π∗ 1π → 5σ (0.25 αβ; 0.17 αβ; 0.13 ββ)

2 2∆ 1π → 3pπ (0.61 β; 0.29 β) 9.634 9.550 9.660 9.541 1.09

2 2Σ− 1π → 3pπ (0.58 β; 0.32 β) 9.765 9.663 9.796 9.665 1.06

a AEL values reported from the ROHF-CCSD level of theory.
b Two possible 2Π states in this energy range were identified at the CC3 level. See text for discussion.
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cc-pVDZ level of theory, which is normally expected to underestimate excitation energies,

yields a corresponding excitation energy of 0.6 eV, in very close agreement with Koures and

Harding, while the CIS/aug-cc-pVDZ method gives the same transition significantly in error

at 3.4 eV.

The next transition is to a 4Σ+ state, for which our assignment of the spin multiplicity

arises because of the presence of the significant “spin-flip” αβ double excitations noted in

Table 2.1 and its high Ŝ2 expectation value of ca. 3.5 (just below the pure quartet value of

3.75) reported in Table 2.2.167 Again, this state exhibits significant Rydberg character in the

Hartree-Fock MO basis, with dominant contributions from the valence 2π∗ and Rydberg 3pπ

MOs. The EOM-CCSD U-R difference is less than 0.1 eV (a value that is further reduced

at the CC3 level) and the AEL is relatively small at 1.14. Again, the ROHF-CC3 method

yields the lowest excitation energy at 5.24 eV, but still 0.4 eV higher than that reported

by Koures and Harding126 at the MRCISD(+Q)/DZP level. The next transition is to a 4∆

state, also exhibits a small U-R difference and a small AEL, but the ROHF-CC3 excitation

energy (6.32 eV) is more than 0.3 eV higher than that report by Koures and Harding.

Beyond the lowest few states, the agreement between our results and those reported by

Koures and Harding126 deteriorates rapidly, both in the ordering of the states and the ex-

citation energies. The next six states according to ROHF-CC3 theory are 4Σ−, 2Σ+, 2Σ−,

2∆, 2Π, and 2Π, while Koures and Harding report 4Π, 4Σ−, 2Σ+, 2Π, 2Σ−, and 2∆. Most

significantly, Koures and Harding find the 4Π state at 6.59 eV, while CC theory places a

state with the same assignment more than 2 eV higher at 8.81 eV (at the ROHF-CC3 level).
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Table 2.2: 〈Ŝ2〉 values of excited states of C2H at the EOM-CCSD/aug-cc-pVDZ level of

theory. States marked in italics involve unbalanced contributions from low-spin determinants

depicted schematically in Fig. 2.2.

State UHF-EOM-CCSD ROHF-EOM-CCSD

1 2Π 0.786 0.754

1 4Σ+ 3.478 3.509

1 4∆ 3.403 3.484

1 4Σ− 3.241 3.393

2 2Σ+ 1.064 0.936

1 2Σ− 0.893 0.817

1 2∆ 0.781 0.761

2 2Π 2.095 2.213

3 2Π 2.032 1.900

3 2Σ+ 1.028 0.844

1 4Π 2.214 2.434

4 2Π 1.553 1.439

2 4Σ+ 2.783 2.937

5 2Π 0.989 0.824

2 2∆ 1.941 1.920

2 2Σ− 1.813 1.807
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Our assignment of a quartet to this Π state is tentative and based primarily on the Ŝ2 ex-

pectation values reported in Table 2.2 of 2.21 and 2.43 for UHF- and ROHF-EOM-CCSD,

respectively, which lie midway between pure doublet (0.75) and pure quartet (3.75) values.

This state exhibits a U-R difference at the EOM-CCSD level of 0.01 eV (which, notably,

increases slightly at the CC3 level to 0.08 eV) and a relatively small AEL of 1.08, and the

shift from ROHF-CCSD to ROHF-CC3 is 0.22 eV. Clearly spin contamination is the major

source of the discrepancy between the CC and MRCI results for this case.

The lowest two 2Σ+ excited states have the largest AELs (1.54 and 1.45, respectively) of all

the states identified in Table 2.1. The lower state at 7.33 eV (ROHF-CC3) exhibits nearly

equal contributions from the 4σ → 5σ (α-spin single excitation), 1π → 2π∗ (αβ double exci-

tation), and 1π → 3pπ (αβ double excitation) transitions, while the higher state at 8.53 eV

(ROHF-CC3) is more strongly dominated by the 4σ → 5σ contribution (with smaller double-

excitation contributions involving the 3pπ and 2π∗ orbitals). The U-R difference in both cases

is 0.2-0.3 eV at the CCSD level, and the difference between the MRCISD(+Q)/DZP and

ROHF-CC3 excitation energies for these states is slightly larger: 0.6 eV for the lower and

0.4 for the upper.126

We also take special note of the second 2Π state, which Koures and Harding identify at 7.29

eV. CC methods place this state much higher in energy (at least 8.195 eV with the aug-cc-

pVDZ basis set). However, the CC3 computations identified two distinct 2Π states in this

energy regime. Specifically, the root-following method used in the CC3 approach employed

in PSI3 uses a set of EOM-CCSD excited states as initial guesses and follows the root chosen
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by the user for the CC3 procedure. To avoid root-flipping problems, the program identifies

the desired root in each iteration based on the overlap between its singles and doubles

components with the selected EOM-CCSD wave function. This procedure typically yields

CC3 excited states that compare well with their EOM-CCSD counterparts. However, in the

search for 2Π states, a computation requesting a higher-lying root (the eighth excited state in

the b1 irrep of C2v) exhibited collapse to a lower root that did not compare well to the original

EOM-CCSD guess upon convergence. Thus, we have reported both excitation energies

— one from the initial pass and one from the higher-root search — in the CC3 columns

of Table 2.1, though it should be emphasized that the ROHF-CC3 excitation character

given in the table for this state does not match well with the corresponding EOM-CCSD

states. (More specifically, the CC3 states exhibit much larger double-excitation character

than those from EOM-CCSD.) Regardless, the comparison between the ROHF-CC3 (8.20

eV) and MRCISD(+Q)/DZP (8.17 eV) excitation energies for this state are significantly

better, assuming, of course, that this state corresponds to the lowest 2Π Rydberg state

reported by Koures and Harding.126

The discrepancies between CC and MRCISD most likely arise from two points. First, as

noted earlier, the open-shell CC approach employed in this work lacks spin-adaptation of the

excited-state wave functions. In particular, at the EOM-CCSD level of theory, spin-orbital

implementations fail to include pseudo-triple excitations,167 which are essential for a balanced

treatment of electron correlation effects between the ground and excited state. Large shifts

between CCSD and CC3, such as that observed for the 2 2Σ+ state (0.8 eV for the UHF
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reference) are partly due to such contributions, though the perturbative CC3 method cannot

be expected to account for them completely (and improved electron-correlation balance may

require even higher excitations). Second, the discrepancies may also be related to the choice

of active space in the MRCISD computations, which included five electrons in five orbitals

for the valence states and five electrons in seven orbitals for the Rydberg states.126

In order to examine basis set dependence on the excited states, additional ROHF- and

UHF-EOM-CCSD computations were carried out. Table 2.3 summarizes EOM-CCSD/aug-

cc-pVTZ, /d-aug-cc-pVDZ, and /t-aug-cc-pVDZ vertical excitation energies for the same 16

excited states (given in the same order as in Table 2.1). The basis set dependence of states

dominated by valence-orbital transitions is small, e.g. the largest shift between aug-cc-pVDZ

and aug-cc-pVTZ is 0.151 eV occurring for the 3 2Σ+ state. For states exhibiting substantial

Rydberg character, additional diffuse functions yield significant lowering of the excitation

energies, particularly for the high-lying 2 4Σ+, 2 2∆ and 2 2Σ− states. However, the extension

of the diffuse space beyond d-aug-cc-pVDZ has essentially no impact, even for these states.

Furthermore, while the MRCISD(+Q)/DZP excitation energies of Koures and Harding are

invariably lower than their CC counterparts reported here, the improvement in the basis set

actually increases the excitation energy in several of the states in Table 2.3, indicating that

basis set effects are not the source of the discrepancies between CC and MRCI.
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Table 2.3: Vertical excitation energies (eV), state assignments, and approximate excitation

levels (AELs) of C2H relative to the ground 2Σ+ state at the EOM-CCSD level of theory

with the aug-cc-pVTZ, d-aug-cc-pVDZ, and t-aug-cc-pVDZ basis sets.

State aug-cc-pVTZ d-aug-cc-pVDZ t-aug-cc-pVDZ

Assignment UHF ROHF AEL UHF ROHF UHF ROHF

1 2Π 0.989 0.766 1.08 0.982 0.781 0.997 0.797

1 4Σ+ 5.531 5.437 1.12 5.478 5.383 5.474 5.380

1 4∆ 6.541 6.467 1.12 6.570 6.498 6.568 6.496

1 4Σ− 7.320 7.241 1.11 7.349 7.268 7.350 7.269

2 2Σ+ 8.465 8.186 1.47 8.360 8.073 8.354 8.067

1 2Σ− 7.564 7.537 1.06 7.659 7.646 7.660 7.648

1 2∆ 7.912 7.889 1.06 7.981 7.967 7.985 7.971

2 2Π 8.511 8.545 1.07 8.364 8.396 8.367 8.398

3 2Π 8.938 8.904 1.11 8.787 8.753 8.791 8.756

3 2Σ+ 9.485 9.244 1.54 9.335 9.132 9.176 9.130

1 4Π 9.068 9.081 1.08 8.892 8.905 8.896 8.910

4 2Π 9.500 9.441 1.13 9.336 9.284 9.341 9.289

2 4Σ+ 9.547 9.561 1.07 9.181 9.209 9.329 9.205

5 2Π 9.709 9.608 1.15 9.685 9.615 9.676 9.607

2 2∆ 9.580 9.612 1.06 9.197 9.231 9.192 9.226

2 2Σ− 9.690 9.722 1.06 9.273 9.306 9.268 9.302
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C4H

Table 2.4 reports vertical excitation energies, excited-state characters, and AELs for 13 states

of C4H below 8 eV at the CCSD and CC3 levels of theory, with the corresponding Ŝ2 expec-

tation values reported in Table 2.5. As noted earlier, most of the CC methods employed in

this work identify 2Π as the ground state of C4H (at its optimized geometry), but we have

elected to compute vertical excitation energies relative to the optimized geometry of the low-

est 2Σ+ state (which is nearly degenerate) in part for easier comparison to the corresponding

states of C2H. The Hartree-Fock configuration of the 2Σ+ state is (core)8σ21π42π49σ. The

key virtual MOs for the states given in the table are the singly occupied 9σ, the valence 3π∗,

and several low-lying Rydberg orbitals, including the 3s, 3pσ, and a pair of nearly degener-

ate 3pπ orbitals (one centered on C3 and the other on the C2−C3 bond). Some higher-lying

states given in the table include minor contributions into the 10σ∗ and the Rydberg 4s.

Similar to the observations above for C2H, all of the states obtained for C4H exhibit some

Rydberg character in the canonical Hartree-Fock MO basis. Even the lowest-lying excited

state, 1 2Π, which is dominated by a 2π → 9σ transition (0.81 β), still includes a non-

negligible contribution from a 2π → 3pσ transition. Although the modest AEL for the 1 2Π

state of 1.09 is similar to that in C2H (1.08), the choice of reference determinant is even

more significant for this transition in C4H than for C2H, with a U-R difference at the CCSD

level of theory of more than 0.4 eV. This difference, which can be attributed to the large

spin contamination in the reference state, decreases to 0.13 eV at the CC3 level, as expected,

but is still larger than that in C2H. The ROHF-CC3 excitation energy of 0.36 eV, which we
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Table 2.4: Vertical excitation energies (eV), state assignments, characters, and approximate
excitation levels (AELs)a of C4H relative to the lowest 2Σ+ state at various levels of theory
with the aug-cc-pVDZ basis set.

State
Excitation Character

Vertical Excitation Energy
AELAssignment UHF-CCSD UHF-CC3 ROHF-CCSD ROHF-CC3

1 2Π 2π → 9σ (0.81 β) 0.904 0.483 0.487 0.358 1.09

1π → 9σ (0.27 β)

2π → 3pσ (0.26 β)

2π → 3π∗ 2π → 9σ (0.10 αβ)

2 2Π 1π → 9σ (0.75 β) 4.660 3.702 4.336 3.510 1.22

1π → 3pσ (0.24 β)

2π → 3π∗ 2π → 9σ (0.14 αβ; 0.10 αβ)

1π → 3π∗ 1π → 9σ (0.12 αβ)

2π → 3pπ 2π → 9σ (0.12 αβ)

2π → 3π∗ 1π → 9σ (0.10 αβ)

1 4Σ+ 2π → 3π∗ (0.35 α; 0.30 β; 0.19 αβ) 4.268 4.074 4.090 4.005 1.10

2π → 3pπ (0.25 β; 0.11 αβ)

1 4∆ 2π → 3π∗ (0.38 α; 0.31 β; 0.17 αβ) 5.097 4.901 4.996 4.859 1.10

2π → 3pπ (0.20 α; 0.25 β)

1 4Σ− 2π → 3π∗ (0.41 α; 0.30 β; 0.16 αβ) 5.670 5.452 5.573 5.407 1.10

2π → 3pπ (0.21 α; 0.23 β)

2 2Σ+ 2π → 3π∗ (0.40 αβ) 7.735 5.908 7.368 5.607 1.81

2π → 3pπ (0.21 αβ)

9σ → 3π∗ 2π → 3pσ (0.15 αβ)

1 2Σ− 2π → 3π∗ (0.39 α; 0.37 β) 5.829 5.683 5.783 5.699 1.08

2π → 3pπ (0.27 β)

1 2∆ 2π → 3π∗ (0.42 α; 0.35 β) 6.064 5.941 6.028 5.953 1.08

2π → 3pπ (0.20 α; 0.24 β)

2 4Σ+ 1π → 3π∗ (0.31 α; 0.27 β; 0.17 αβ) 6.367 6.506 6.261 6.394 1.18

1π → 3pπ (0.20 β)

2π → 3π∗ (0.13 αβ)

2 4Σ− 2π → 3π∗ (0.41 αβ) 7.876 7.450 7.807 7.182 1.14

1π → 3π∗ (0.26 α)

2π → 3pπ (0.19 αβ)

9σ → 3π∗ 2π → 3pσ (0.16 αβ)

3 2Π 2π → 3s (0.72 β) 7.375 7.259 7.433 7.266 1.09

2π → 10σ∗ (0.35 β)

2π → 4s (0.31 β)

2π → 3pσ (0.28 β)

2 4∆ 1π → 3π∗ (0.33 α; 0.28 β; 0.16 αβ) 7.289 6.864 7.201 7.280 1.15

1π → 3pπ (0.21 β)

2π → 3π∗ (0.15 αβ)

4 2Π 2π → 3s (0.71 α; 0.14 β; 0.21 αβ) 7.772 7.533 7.742 7.502 1.10

2π → 10σ∗ (0.36 α; 0.11 αβ)

2π → 4s (0.28 α)

2π → 3pσ (0.20 α)
a AEL values reported from the ROHF-CCSD level of theory.



Ryan C. Fortenberry Chapter 2 52

consider to be the most accurate among the CC methods considered here, is comparable to

the value of 0.44 eV reported by Graf, Geiss, and Leutwyler129 at the CASPT2/cc-pVQZ

level of theory (at the MCSCF optimized geometry) using a (9,9) active space. Meanwhile,

the TD-B3LYP level of theory yields an unphysical negative value for the square of the

excitation energy.

The 2 2Π state is identified at 3.51 eV at the ROHF-CC3 level of theory, with a U-R

difference of ca. 0.3 eV at the CCSD level (reduced to 0.19 eV at the CC3 level) and an

AEL of 1.22. This state is similar in composition to the 1 2Π state in that it is dominated

by a transition out of a valence π orbital into the singly occupied 9σ, and it also exhibits

some Rydberg character. Furthermore, Graf and co-workers129 report a CASPT2/cc-pVQZ

excitation energy for this state of 3.31 eV, in relatively good agreement with the CC results

reported here. However, the good comparison between the CC and CASPT2 results does

not continue further. Specifically, while Graf, Geiss, and Leutwyler129 find five 2Π states

below 7.0 eV, we find only the two described above. The 3 2Π has an ROHF-CC3 excitation

energy of 7.27 eV, while CASPT2/cc-pVQZ places it more than 2.5 eV lower at 4.71 eV.

As was observed for C2H, the discrepancies between the CC and multi-reference results

likely arise from the lack of spin-adaptation of the former and the choice of active space

in the latter. The most glaring impact of triples occurs for the 2 2Σ+ state, with a shift

between CCSD and CC3 of more than 1.8 eV with the UHF reference determinant. This

state also exhibits the largest AEL (1.81) among the excited states below 8 eV, and its Ŝ2

expectation value lies intermediate between pure doublet and quartet values (and differs
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Table 2.5: 〈Ŝ2〉 values of excited states of C4H at the EOM-CCSD/aug-cc-pVDZ level of

theory. States marked in italics involve unbalanced contributions from low-spin determinants

depicted schematically in Fig. 2.2.

State UHF-EOM-CCSD ROHF-EOM-CCSD

1 2Π 0.866 0.756

2 2Π 0.867 0.762

1 4Σ+ 3.191 3.253

1 4∆ 3.072 3.203

1 4Σ− 2.781 3.077

2 2Σ+ 2.024 1.612

1 2Σ− 1.104 0.857

1 2∆ 0.879 0.763

2 4Σ+ 3.030 2.852

2 4Σ− 2.313 2.431

3 2Π 2.059 2.077

2 4∆ 2.927 2.873

4 2Π 1.835 1.708
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significantly between UHF and ROHF references at 2.024 and 1.612, respectively). The

dominant excitation to this state in C4H is the valence 2π → 3π∗ (αβ double excitation)

transition with little contribution from the 8σ → 9σ transition, while in C2H, the analogous

4σ → 5σ transition is significant. Furthermore, while the large AEL in C2H of 1.54 results in

a (UHF) CCSD to CC3 difference of ca. 0.8 eV, the corresponding difference in C4H increases

to more than 1.8 eV. The U-R difference, on the other hand, is smaller (and comparable

to that of the 1 2Π state) at 0.37 eV for CCSD and 0.30 eV for CC3. In the CASPT2

computations of Graf and co-workers,129 the active space consisted of nine electrons in nine

orbitals for lower-lying Σ and Π states, extended to eleven orbitals for ∆ and higher-lying Σ

states, and the CASPT2 configuration expansion was necessarily truncated due to resource

limitations for the larger active space. However, Graf et al. carried out a test of their active

space choices for the 2 2Σ+ state, in particular, and found little sensitivity, lending greater

confidence in the multi-reference results for this state.

Table 2.6 summarizes EOM-CCSD/aug-cc-pVTZ, /d-aug-cc-pVDZ, /t-aug-cc-pVDZ vertical

excitation energies for the same 13 excited states (given in the same order as in Table 2.4). As

observed for C2H, the basis set dependence of these states is small for the states dominated

by valence-orbital transitions, and the largest shift between aug-cc-pVDZ and aug-cc-pVTZ

occurs for the problematic 2 2Σ+ state, with the larger basis set producing an increase in the

excitation energy of 0.34 eV at the UHF-CCSD level of theory. Additional diffuse functions

stabilize those states dominated by Rydberg transitions, though the shifts in the excitation

energies are smaller compared to C2H. Thus, we note that the often-substantial disagreement
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Table 2.6: Vertical excitation energies (eV), state assignments, and approximate excitation

levels (AELs) of C4H relative to the ground 2Σ+ state at the EOM-CCSD level of theory

with the aug-cc-pVTZ, d-aug-cc-pVDZ, and t-aug-cc-pVDZ basis sets.

State aug-cc-pVTZ d-aug-cc-pVDZ t-aug-cc-pVDZ

Assignment UHF ROHF AEL UHF ROHF UHF ROHF

1 2Π 0.913 0.464 1.09 0.889 0.468 0.889 0.468

2 2Π 4.709 4.363 1.21 4.649 4.322 4.649 4.322

1 4Σ+ 4.301 4.120 1.09 4.271 4.092 4.271 4.092

1 4∆ 5.061 4.952 1.09 5.098 4.997 5.098 4.997

1 4Σ− 5.622 5.525 1.09 5.669 5.571 5.669 5.571

2 2Σ+ 8.075 7.674 1.84 7.761 7.391 7.735 7.368

1 2Σ− 5.751 5.686 1.08 5.828 5.781 5.828 5.781

1 2∆ 5.991 5.944 1.08 6.061 6.024 6.061 6.024

2 4Σ+ 6.395 6.295 1.14 6.370 6.264 6.369 6.264

2 4Σ− 7.811 7.747 1.12 7.874 7.805 7.873 7.805

3 2Π 7.464 7.519 1.09 7.294 7.347 7.293 7.346

2 4∆ 7.240 7.153 1.12 7.289 7.202 7.289 7.202

4 2Π 7.846 7.819 1.09 7.680 7.655 7.679 7.654
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between multi-reference methods (in this case, the CASPT2 results of Graf and co-workers)

and the CC3 data reported here is apparently not due to inadequacies in the basis set.

2.4 Conclusions

We have examined the ability of high-level coupled cluster methods (specifically the CCSD

and CC3 approaches) for the computation of vertical excitation energies of the C2H and

C4H 2Σ+ radicals, both of which are relevant to interstellar chemistry. Two diagnostics

— the difference between the UHF- and ROHF-based properties (the U-R difference) and

the approximate excitation level (AEL) — give us some insight into the quality of the

resulting excitation energies. Computations of 16 excited states of C2H and 13 states of

C4H demonstrate that the CCSD level of theory in the conventional UHF- and ROHF-based

formalisms is not adequate for describing many excited states of radicals, unlike the case for

closed-shell species, where the CCSD method typically yields rather high accuracy. Even

for some low-lying valence-dominated states, the role of double excitations can be significant

for even a qualitatively correct description of the transition, thus emphasizing the need for

correlation models that incorporate at least some estimate of connected triple excitations.

Spin contamination is substantial in many of the states, precluding definitive state as-

signments in some cases. The fundamental inadequacy of the spin-orbital coupled clus-

ter approach for such cases can be understood in terms of Fig. 2.2, which provides a

schematic depiction of the determinants contributing to a zeroth-order description of both
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(a) (b)

Fig. 2, Fortenberry et al., J. Phys. Chem. A 

Figure 2.2: Slater determinants contributing in zeroth order to (a) the doublet ground

state and (b) MS = 1/2 components of either a doublet or quartet excited excited state.

Among the determinants depicted in (b), the first and third arise from single (spin-orbital)

excitations relative to the reference determinant in (a), while the second is a “spin-flip”

double excitation.

the ground/reference state [denoted as (a) in the Figure] and the MS = 1/2 components of

some of the quartet and doublet states of C2H and C4H [(b) in the Figure]. Excited states

whose leading contribution involving either an α-spin single-excitation from the singly occu-

pied orbital or a β-spin single-excitation into the singly occupied orbital tend to be relatively

well-described by the coupled cluster methods used in this work. However, those states in-

volving significant contributions from single-excitations out of the doubly occupied orbitals

into unoccupied orbitals produce low-spin determinants involving three unpaired electrons,

such as those depicted in the first and third determinants in (b) in Fig. 2.2. Such determi-

nants must be accompanied by the second determinant in (b) in order to obtain either the
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correct doublet or quartet state; however, in the spin-orbital formulation, this determinant

is a double excitation relative to the reference determinant in (a) and thus is not treated

in a balanced manner relative to the other two. In such cases, which we have identified by

italics in Tables 2.2 and 2.5, the corresponding coupled cluster excitation energies may not

be reliable. The CC3 method partly accounts for such excitations, but even higher levels of

theory and/or expressly spin-adapted formalisms will be necessary in later studies in order

to determine whether convergence has been reached in the correlated space. Knowledge of

its faillings will allow for future directions of this project to include the application of the

CC3 model to larger molecules, particularly those recently suggested as candidates for the

carriers of the DIBs.168



Chapter 3

Designing Small Hydrocarbons with

Strong Visible Wavelength Transitions

3.1 Introduction

Experimental work done over a decade ago resulted in an interesting coincidence between a

particular wavelength for an absorption spectrum obtained in the laboratory168 at 4429 Å

and one of the diffuse interstellar bands or DIBs.6,7 This series of unidentified absorption

peaks stretching from the UV to near-IR observed in multiple sightlines throughout the

interstellar medium (ISM) has plagued astrophysicists and astrochemists alike for what is

fast-approaching a century.6 Lack of carrier assignment to the DIBs is often called “the

longest standing unsolved problem in spectroscopy”12 since the DIBs were first recorded over

59
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90 years ago by Heger1,2 and were further resolved by Merrill4,5 in the 1930s. Additionally,

the products of hydrocarbon combustion are related to interstellar spectra, as the energetics

present in soot production may allow for the creation of terrestrially short-lived radical and

ionic species169–171 which may also be applicable to the chemistries of some hydrocarbon-rich

planetary atmospheres.172,173

In 2000, Ball, McCarthy, and Thaddeus168 measured a narrow laboratory peak at 4429.27 ±

0.04 Å, comparable to the broadest and one of the strongest DIBs centered at 4428.9 ± 1.4 Å.

The laboratory band, which was measured via cavity ring down (CRD) spectroscopy of the

products of an electrical discharge through benzene vapor, exhibited a somewhat different

profile than the DIB of interest, but no other experiment had reported similar spectral results

to that point. Ball and coworkers speculated that the laboratory band could be associated

with the lowest-energy electronic transition of a small hydrocarbon radical or cation with

a related anionic form being a possible but improbable solution, as well. Deuterium sub-

stitution indicated that the carrier of this specific feature contained two pairs of equivalent

hydrogens and another lone hydrogen. Additionally, the rotational fine structure present

in the experimental electronic spectrum indicated that the molecule of interest was at the

very least pseudo-linear. Unfortunately, the actual carrier of this laboratory band remained

elusive.

Since this spectrum matched nothing known, there remained the question as to what molecule(s)

could be causing such phenomena as observed in the experiments. The necessary structure

of the hydrogen atoms initially limited the proposed carriers of the 4429 Å laboratory band
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to molecules of mainly C2v symmetry. These were all rejected for various reasons.168 For

example, the allyl radical, one of the four original molecules proposed, does not possess an

absorption feature close enough to 443 nm.77,168 The dimethylene allenyl radical, another

of the original four which can be thought of as an extension of the allyl radical with an

additional carbon atom in both side chains, has a central C−C−C angle of roughly 130◦ for

the ground state. This is not close enough to 180◦ for this species to have the necessary

pseudo-linearity.168 The resulting dearth of potential carriers caused a reevaluation of the

interpretation of the necessary symmetry equivalence of the hydrogen pairs to an equiva-

lence of the hydrogen pairs in similar bonding environments and the formulation of the idea

for creating new molecules that would possess the necessary behavior to match what was

observed in the benzene vapor experiment.

One new molecular design worthy of exploration with regards to this problem would be in

increasing the chain length on only one side, as opposed to both sides, of the allyl radical.

This results in a H2CCnCHCH2 stoichiometry where n is the number of carbon atoms in

the linear chain. In fact, the n = 1 radical, 1,2-butadien-4-yl, was shown by Parker and

Cooksy174,175 to be the most stable C4H5 isomer derived from hydrogen abstraction of 1,3-

butadiene, and this H2CCnCHCH2 family of molecules was not explored in the original

Ball and coworkers study.168 Such molecules, first examined regarding laboratory spectra

by the Maier Group,176 would certainly break the symmetry equivalence of the terminal

pairs of hydrogen atoms, but these methylene groups can be understood straightforwardly

to possess hydrogens in similar bonding environments such that the results of the deuterium
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substitution experiment could be satisfied. Additionally, longer molecules in this family

(potentially as small as n = 1) should possess linear-looking rotational constants (i.e. a large

A−type and small, nearly equivalent B− and C−type constants) as the off-linear methylene

group contained in the allyl part of the molecule contributes less to the B− and C−type

constants. This makes the longer H2CCnCHCH2 molecules viable candidates in that regard,

as well.

The Maier Group176 recreated the original Ball and coworkers168 electric arc CRD experiment

with the addition of hollow cathode discharge cell CRD and resonant two-color two-photon

ionization (R2C2PI) experiments as well as the inclusion of theoretical computations all for

the study of various isomers of C5H5 and C6H5 as potential carriers of the original 4429 Å

laboratory band. This set included members of the H2CCnCHCH2 family of radicals and

cations where n = 5, 6.176 It was predicted using the WANG program177 that in order for

the rotational constants of a candidate carrier to match the experimental results, the B−

and C−type constants had to be on the order of 10% as large as the A−type constant.

Additionally, R2C2PI spectroscopy found a weak absorption feature at 4435 Å with a profile

similar to that of the original CRD experiment. This was attributed to a C5H5 doublet

isomer thought to be planar and non-linear with one hydrogen atom bonded to each carbon

(called the “planar W structure” in Ref. 176), and postulated to be directly related to the

original absorption feature from Ball and coworkers.168

The experimental and vertical TD-B3LYP/cc-pVDZ results in this study ruled out many

molecules as potential carriers of the original laboratory band.176 Those determined not to
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be carriers included all C6H6 isomers and most five-carbon species. However, for the five-

carbon radical of the H2CCnCHCH2 family of molecules (the 3-vinylpropargyl radical or

3VPR as labeled later by Reilly and coworkers in Ref. 178), decent correlation between the

TD-DFT vertical excitation energy of the first excited state at 2.93 eV (423 nm) and the

second excited state at 2.98 eV (416 nm) with the 442.9 nm (2.80 eV) laboratory band in

the original experiment was noted. However, the corresponding oscillator strength, which is

indicative of absorption intensity, was much too small for the first excited state of 3VPR to

explain the laboratory band. CASPT3 and MRCI vertical excitation computations placed

the transition for the second excited state of 3VPR below 2.70 eV, moving toward the

red from the necessary 2.80 eV range. Large oscillator strengths were predicted by TD-

DFT for the cation of the same size, but the vertical excitation energies predicted for this

molecule were well into the UV, thus ruling it out in this study as the carrier of the original

laboratory band.176 The other C5H5 isomer, the aforementioned “planar W structure” with

the individual hydrogens attached to each carbon, was concluded to be the most likely

carrier of the laboratory band observed at 4429 Å since its 2 2A2 ← 1 2B1 transition is

theoretically predicted to occur somewhere between 2.6-2.9 eV, depending on the level of

theory employed. This isomer was therefore linked to the R2C2PI spectrum, and the other

candidates examined in the study did not appear to give a stronger case for their correlation

to the original experimental CRD absorption.

Further study in the Maier Group by Ding and coworkers179 followed and examined the

R2C2PI spectra and computationally predicted excited states of fewer isolated radical iso-
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mers of C5H5, specifically including the five carbon radical from the H2CCnCHCH2 family

(3VPR) and the “planar W structure”. 3VPR was predicted to have the the most stable

ground state of all the C5H5 isomers studied. Its second excited (2 2A′′) state was once more

vertically predicted by B3LYP with the cc-pVDZ basis set to be greater than 2.80 eV, at 2.95

eV, but by CASPT2 with the same basis set again below this level at 2.55 eV. Additionally,

CASPT2 predicted the transition energy for the 2 2A2 state of the “planar W structure” to

be below 2.80 eV, as well, at 2.45 eV. Furthermore, the oscillator strengths for both states of

each 5 carbon species were predicted to be on the order of only 10−3. It also is interesting to

note that the rotational contours reported by Ding and coworkers for both of these isomers

are fairly similar. These two species were assigned as carriers of the peaks observed in the

R2C2PI spectrum.179

Later work by Reilly and coworkers178 called into question the spectral assignments for the

R2C2PI experiments by Ding and coworkers.179 Using a 2-dimensional fluorescence (2DF)

spectrum of a 1.8 kV pulsed discharge expansion of 1-hexyne and B3LYP/6-311+G(d,p)

scaled vibrational frequencies, it was conclusively determined that only one C5H5 isomer,

the 1-vinylpropargyl radical (1VPR) in both its cis and trans confirmations, was present in

the R2C2PI spectra178 previously attributed to both 3VPR and the “planar W structure”

by Ding and workers.179 The 1VPR isomer was not considered in either study by Araki and

coworkers176 or by Ding and coworkers.179 Hence, the relationship between the R2C2PI spec-

trum now clearly attributed to 1VPR and the original CRD spectrum is unclear. Regardless,

the carrier of the 4429 Å laboratory band still remains unresolved.
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There are other DIB features that also have electronic transitions in the energy regime of

the 4429 Å laboratory band,7 and many species related to the H2CCnCHCH2 family of

molecules are of significance to both combustion chemistry169,171 and the study of planetary

atmospheres such as that of the Saturnian moon Titan.172,173 The existence of such bands and

other related molecules leads us to wonder what kinds of small hydrocarbons (those with less

than five or six atoms heavier than hydrogen) may have absorption features just beyond the

ultraviolet range of the electromagnetic spectrum. Continuing, we are also wondering what

types of hydrocarbons may also have large intensities affiliated with these transitions and if

we can design molecules to meet these criteria. Could these molecules be related to other

DIBs in this range or even the 4429 Å laboratory experiment? Could they help to elucidate

the molecular species that are created from the combustion of various hydrocarbons? Could

they help to better inform the investigation of Titan’s atmosphere?

The purpose of the present study is to more fully examine both the radicals and even the

closed-shell cations180 in the H2CCnCHCH2 family of molecules where n = 0, 1, 2. This

will allow us to showcase the use of state-of-the art theoretical methods since these types

of initial exploratory studies are well-suited for quantum chemical computation. Having

made recent computational predictions of novel spectra relevant to interstellar chemistry,

the chemistry of planetary atmospheres, and even combustion reactions,22,31,38,39,77,181,182 the

computations executed here will further examine possible interstellar molecules, extraterres-

trial atmospheric species, and combustion products. We will explore the potential of our

designed molecules to possess intense transitions (the first design requirement) in the visible
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regime of the electromagnetic spectrum (the second requirement). This knowledge may help

to inform pathways for future DIB research, potentially including the laboratory band ob-

served at 4429.27 Å by Ball and coworkers,168 and to provide reference data for the spectra

of species potentially present in soot production or extraterrestrial atmospheres.

3.2 Computational Details

For this design study, we have chosen to use coupled cluster theory due to its established accu-

racy for the computation of chemical properties.29,35 Spin-unrestricted (UHF)130,131 reference

wavefunctions were used for computations of the H2CCnCHCH2 radicals while spin-restricted

(RHF)183 wavefunctions were used for the closed-shell cations. Structural optimizations for

both sets of molecules were computed at the coupled cluster singles and doubles (CCSD)184

and coupled cluster singles, doubles, and perturbative triples [CCSD(T)]62 levels of theory

with Dunning’s double-zeta and triple-zeta correlation-consistent basis sets, cc-pVDZ and

cc-pVTZ, respectively.138 All coupled cluster computations were undertaken using the PSI3

suite of computational chemistry programs.147

Energies and oscillator strengths of vertically excited states were computed at the CCSD

level of theory in the EOM formalism (EOM-CCSD)72,141 using both the cc-pVDZ and also

the aug-cc-pVDZ basis sets in which the latter is augmented with higher angular momentum

functions.138 Vertical excitation energies were also computed using the approximate triples

method, CC3,69,110–112 examined in our group to give more reliable prediction of excited states
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as compared to CCSD, especially for radicals and states of substantial double-excitation

character.31,77

The geometries of the excited states of interest were obtained via a finite differences op-

timization scheme in PSI3 using the EOM-CCSD/cc-pVDZ level of theory and basis set

combination. These results provided an adequate description of the system where larger ba-

sis sets (viz. cc-pVTZ) were not shown to add substantially to the quality of the optimized

excited state geometry and resulting transition wavelength. The use of larger basis sets in

the geometry optimization of excited states potentially could be intractable for some of our

designed systems in the sample set that exhibit no symmetry and high numbers of degrees

of freedom.

The difference between the CCSD/cc-pVDZ ground and excited state energies at their op-

timized geometries provided the adiabatic excitation energies. Adiabatic excitation energies

and wavelengths attributed to CC3 computations, shown in the next-to-last column of Table

3.2, are approximated by computing the CC3 ground state energy based upon the CCSD/cc-

pVDZ geometry and subtracting from that the CC3 energy of the desired excited state from

the corresponding EOM-CCSD/cc-pVDZ optimized geometry. Such an approximation is

less costly than a full CC3 geometry optimization and has been shown to be quite reliable

for related molecules, including the lower excited states of the allyl radical.77 Single-point

CCSD/cc-pVTZ approximate adiabatic excitation energies for the four-carbon cation were

computed in the same fashion as the CC3 values. All Zero-Point Vibrational Energy (ZPE)

corrections were computed using CCSD/cc-pVDZ.
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Figure 3.1: The CCSD/cc-pVDZ ground state optimized structure in units of Ångstroms for

the bond lengths and degrees for the bond angles of the H2CCnCHCH2 cation where n = 0

− the C2v allyl cation.

3.3 Results and Discussion

3.3.1 Vertical Excitations

Computations of the first two vertically excited states for the H2CCnCHCH2 radicals where

n = 0, 1, 2 are shown in Table 3.1. These computations were based upon CCSD(T)/cc-

pVTZ ground state geometries. The excited state components for each of these systems are

almost exclusively composed of single-excitation character. The two longest wavelength (and

lowest energy) vertical transitions of each radical do not appear to fulfill either of our design

requirements since the transition wavelengths predicted are quite short of the 443 nm or even
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the visible range but, more importantly, the oscillator strengths are also fairly insignificant.

This corroborates the B3LYP data for the n = 2 radical obtained by both studies in the

Maier Group176,179 and previous coupled cluster results reported from our group for the allyl

radical.77

Table 3.1: The first two UHF- (for the radicals) and RHF- (for the cations) EOM-CCSD/aug-

cc-pVDZ vertically excited states of the H2CCnCHCH2 radicals and cations where n = 0, 1, 2

based upon the CCSD(T)/cc-pVTZ ground state geometries.

Radical Cation

n Excited Wavelength Oscillator Excited Wavelength Oscillator

State (in nm) Strength State (in nm) Strength

0
1 2B1 (2 2A′′) 336.2 0.0011 1 1B2 (2 1A′) 223.5 0.3841

1 2A1 (1 2A′) 248.4 0.0000 1 1A2 (1 1A′′) 216.7 0.0000

1
2 2A′′ 325.4 0.0003 1 1A′′ 396.9 0.0000

1 2A′ 304.6 0.0003 2 1A′ 232.7 0.5068

2
2 2A′′ 383.3 0.0023 1 1A′′ 468.8 0.0000

1 2A′ 347.1 0.0000 2 1A′ 288.8 0.6550

The second half of Table 3.1 lists the computational results for the cations with the same

stoichiometry. The vertical excitation energies for these molecules also do not possess tran-

sition wavelengths in the desired region of the visible spectrum, but they do have another

feature that makes them far more interesting than the related radical species. The 2 1A′ ex-

cited state of each cation is predicted by EOM-CCSD to have a significant oscillator strength
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(i.e. > 0.1) for this a′′ → a′′ transition.185 The size of these oscillator strengths indicates

that the corresponding transitions should be dominating spectral features when observed

either in the laboratory or in astronomical environments. Such a condition is necessary for

a molecular carrier to meet our required design criteria. The larger cc-pVTZ basis set does

not give any indication that it greatly affects the properties of the vertical excitations of

the cations. For the allyl cation, the 1 1B2 state has a transition wavelength at 223.4 nm

with an oscillator strength of 0.3857, almost identical to the cc-pVDZ results in these energy

ranges where neither basis set predicts a transition in the visible region of the electromagnetic

spectrum.

However, the allyl cation186 is the simplest cation of the H2CCnCHCH2 family of molecules

and should have the shortest transition wavelength in this subclass. As n increases beyond

3 and the backbone, or conjugated π system of carbon atoms, increases, the electrons are

allowed a longer “box” in which to move, a direct application of the rudimentary “particle in

a box” thought experiment. As the length of the 1-dimensional box (or conjugated π chain

in this case) increases, the wavelength of light that can be absorbed is longer. Hence, as n

increases in sets of two, since the “box” length for the system involved here only grows with

an increase in the out-of-plane π system, the radiation wavelength absorbed corresponding

to a specific electronic excitation also increases. The increase in wavelength corresponding to

an increase in n has been documented in other carbon chains of astrochemical interest101 and

leads to the conclusion here that the longer cations (whose lowest energy transitions excite

electrons into the former HOMO of the radical) in the H2CCnCHCH2 family of molecules
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may yet possess lower-energy transitions. These could be in line with our desired criteria of

intense, visible electronic transitions.

In spite of a promising string of vertically excited 2 1A′ state computations for the H2CCnCHCH2

cations that for the number of carbon atoms went to 11 (a la Christopher Guest), few previ-

ously detected nonaromatic interstellar molecules contain more than six carbon atoms27 nor

do many soot products.169 Additionally, the goal of this study is to examine small hydrocar-

bons. This forced us to reevaluate the strong transitions for those cations where n ≤ 6. It

is known that vertically excited state energies can give erroneous results for some systems,

especially those that exhibit substantial geometric rearrangement of the nuclear centers as

a response to the change of molecular orbital occupation.30 Such was not explored for the

cations in the work by Araki and coworkers since the transition causing the observed spec-

trum was believed to be an origin transition even though a large (1 eV) adiabatic effect for

the 1 1B1 ← 1 1A1 transition of the “planar W” cation was predicted.176,180 Hence, adiabatic

computations of these 2 1A′ states of the H2CCnCHCH2 cations for n = 0, 1, 2 are necessary.

If rearrangement is observed, this candidate family of cations may still be considered viable

products of our design study.

3.3.2 Adiabatic Excitations

Upon assumption that the excited state structures would be similar to the Cs ground state

geometries (or the full C2v structure for the allyl cation), the resulting adiabatic excited
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states were similar in energy to the vertically excited states originally computed. However,

these structures manifested single imaginary frequencies, implying that a lower energy con-

formation does indeed exist in the desired electronic configuration. Since the occupied a′′

orbital involved in the excitation was localized over the entirety of the allyl cation or the

allylic part of the four and five-carbon cations (as opposed to the side with the conjugated

π vinylic system) and the vibrational mode in question primarily involved a “twisting” mo-

tion of the methylene group in the allylic system of each cation, a “twisted” Cs structure

involving a 90◦ rotation of this group was then tested as the optimized confirmation of the

desired excited state for each cation. Even though the vertical computation predicted an

a′′ → a′′ excitation and the adiabatic computation predicted an a′′ → a′ excitation for this

same transition of interest, analysis of the molecular orbitals indicated that the virtual or-

bital involved in each excitation changed from an a′′ to an a′ orbital as the methylene group

rotated from within the plane of the central C−C−C angle to perpendicular with the plane

of the central angle.

Allyl Cation

For the allyl cation, frequency computations confirmed that this “twisted” Cs structure

(shown in Fig. 3.2) is indeed the lowest energy geometry for the desired electronic state. In-

terestingly, the wavelength of the adiabatic excitation, 443.8 nm, shown in Table 3.2, varies

from the vertical excitation energy by over 200 nm or 2.80 eV according to CCSD/cc-pVDZ.

In fact, this twisting of the methylene group cuts the transition energy in half and lowers
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Table 3.2: CCSD and CC3 transition wavelengths (in nm) using cc-pVDZ and aug-cc-pVDZ

basis sets for the 2 1A′ vertical states and 1 1A′′/2 1A adiabatic states of the H2CCnCHCH2

cations where n = 0, 1, 2; also with CCSD/cc-pVDZ ZPE corrected wavelengths.

Vertical Adiabatic

n EOM-CCSD CC3
CCSD/ ZPE− CC3/ ZPE−

aug-cc-pVDZ cc-pVDZ aug-cc-pVDZ cc-pVDZ cc-pVDZ CCSD cc-pVDZ CC3

0 223.5 221.6 231.7 229.8 443.8 446.7 462.8 465.9

1 232.7 222.4 231.7 229.9 453.4 – – –

2 288.8 286.4 298.7 296.0 >485 – – –

it enough to put the absorption wavelength directly in line with our design requirements

and even the laboratory band observed by Ball and coworkers.168 This represents a tremen-

dous adiabatic effect in the excitation energy. However, since a majority of this geometric

rearrangement involves only two hydrogen atoms, the change in the mass properties of this

molecule is insignificant. The minor deviations in the CCSD/cc-pVDZ rotational constants

between the ground state (1.62 cm−1, 0.36 cm−1, and 0.30 cm−1) and the excited state (1.65

cm−1, 0.32 cm−1, and 0.28 cm−1) demonstrate that even though the orbitals, the transi-

tion wavelength, and positions of a pair of hydrogens differ substantially when comparing

the two geometries, the overall structure of the allyl cation, especially with regards to its

center-of-mass, is little affected by the difference in structure for the excited state.

Vibrational effects, shown in the next column of Table 3.2, affect the adiabatic transition

wavelength little. Furthermore, CCSD/cc-pVTZ fully adiabatic computations blue-shift the
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Figure 3.2: The EOM-CCSD/cc-pVDZ optimized structure (in Å and degrees) of the vertical

1 1B2 state resulting in the 1 1A′′ state of the allyl cation − “twisted” to a Cs geometry.

transition wavelength slightly to 433.3 nm for the allyl cation, but this represents little by

way of a basis set effect since the energetic difference is 0.07 eV. Conversely, the arguably

more accurate CC3 method31,77 with the cc-pVDZ basis set red-shifts the absorption energy

by around 20 nm (or 0.1 eV in this range of the electromagnetic spectrum) so that the

absorption energies predicted by both coupled cluster methods are well within the range

of computational accuracy, which is also ca. 0.1 eV from Ref. 35, for this cation to have a



Ryan C. Fortenberry Chapter 3 75

transition in the visible. This prediction of the transition into the 1 1A′′ state (formerly the

1 1B2 state) casts the allyl cation as an exciting product of our design study.

With regards to the 4429 Å CRD laboratory spectrum however, since the rotational constants

of both the ground and excited states, listed previously, have B− and C−type values on

the order of 20% of the A−type value, the necessary rotational fine-splitting reported in

the benzene vapor experiment or the estimated values computed by Araki and coworkers176

is not robustly demonstrated. Despite the adiabatic electronic transition wavelength, the

vertical oscillator strength, and the equivalence of the methylene groups pointing towards

this molecule as the carrier, the fulfillment of the last necessary condition detracts from the

allyl cation’s strength as the carrier of the 4429 Å laboratory band. However, the small allyl

cation does meet our design criteria in its exhibition of a strong, visible transition making

its chemistry of significance beyond the laboratory band. The radical is known to exist

in combustion reactions,171 and the existence of the cation in soot production should be

similarly feasible.

Four-Carbon Cation

The n = 1 cation of the H2CCnCHCH2 family, whose ground state geometry is shown in

Fig. 3.3, is a longer molecule than the allyl cation, and its ground state rotational constants

(1.36 cm−1, 0.14 cm−1, and 0.13 cm−1 from CCSD/cc-pVDZ) are pseudo-linear since the

B− and C−type constants are indeed roughly 10% of the A−type value. This molecule

should have electronic behavior similar to the allyl cation since the “box” length should
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be unaffected with the addition of another carbon atom, and it should certainly also be

a great exhibitor of our design criteria. The occupied molecular orbital of interest for the

original vertical a′′ → a′′ transition is still located above and below the allylic part of the

molecule, and the resulting π-type system from the additional carbon will be perpendicular

to the involved allylic orbitals. This was shown for the vertical transitions listed in Table

3.2, but with the change in geometry predicted in the allyl cation, there is the possibility

that something more could be at play.

Figure 3.3: The CCSD/cc-pVDZ ground state optimized structure (in Å and degrees) of the

H2CCnCHCH2 cation where n = 1 in a Cs confirmation.
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As it turns out, something more is indeed transpiring but not involving the lengthening of

the “box” as originally expected. The four-carbon cation, like the allyl cation, does show an

inclination to twist the allylic methylene group centered on carbon 2 in Figs. 3.3 and 3.4,

but the Cs structure resulting from this rearrangement also exhibits an imaginary frequency.

The desired electronic configuration for this system actually gives an excited state geometry

with no symmetry since neither the allylic nor the vinylic methylene groups remain within

or perpendicular to the plane defined by the carbon system. The methylene groups showcase

a slight conrotatory twist with the vinylic methylene group (centered on carbon 4) twisting

to a greater degree.

The resulting optimization, shown in Fig. 3.4, of this closed-shell molecule lacking any sym-

metry was exceedingly difficult. It was accomplished over the course of several months

through a mixture of techniques including a cartesian optimizer and by stepwise compu-

tations involving displacements of the dihedral angles for the vinylic and allylic hydrogen

atoms. The difficulty in this process was that the coupled cluster wavefunction began to

exhibit deficiencies for such bizarre geometries. That being said, though, the t1 diagnostic

at the optimized excited state geometry is still only 0.0195, right at the limit suggested for

the necessary use of multireference methods, 0.02, from Ref. 187. We believe that inclusion

of multireference effects is probably necessary to fully characterize the excited state nature

of H2CCCHCH2, but this will only further lengthen the wavelength for this transition and

only by a relatively small amount. Regardless, it appears as though the additional interplay

between the two methylene groups stabilizes the energy of the excited state at this geometry
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Figure 3.4: The EOM-CCSD/cc-pVDZ 2 1A excited state optimized structure (in

Å and degrees) of the H2CCnCHCH2 cation where n = 1. An additional note:

τ(C2−C1−C3−C4)=178.3o, τ(H1−C2−C1−C4)=101.0o, and τ(H2−C4−C1−C2)=-127.3o.

enough to lengthen the transition wavelength by an additional 10 nm or so as compared to

the allyl cation.

The 453.4 nm adiabatic excitation wavelength, as listed in Table 3.2, for the optimized 2 1A

state (the first excited and formerly the 2 1A′ vertically excited state) is in the same energy

range as the allyl cation where both are close to 443 nm. Also, the approximate adiabatic

CCSD/cc-pVTZ excitation wavelength of this 2 1A ← 1 1A′ transition for the four-carbon
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cation computed from the CCSD/cc-pVDZ optimized ground and excited state geometries

blue-shifts the absorption wavelength to 442.0 nm, right on top of the observed wavelength

at 443 nm from some of the previous experiments.168,176,188 Additionally, due to the extra

carbon in the conjugated chain, the excited state of this cation, like the ground state, does

possess more linear-looking rotational constants, viz. 1.16 cm−1, 0.15 cm−1, and 0.14 cm−1.

EOM-CCSD/cc-pVDZ imaginary frequencies for the geometry of this excited state are not re-

ported from the harmonic vibrational analysis. Unfortunately, a large, unphysical frequency

is present and corresponds to the C4−C3−C1 bending motion. However, the difference in

energy between the ground state and the 2 1A state at this geometry is 0.191 eV, indicating

that these two states are energetically very close to one another. An energy difference this

small is known to increase the value of harmonic vibrational frequencies unphysically which

leads us to believe that the optimized structure for this excited state can be trusted even

if ZPE values cannot be computed. Additionally, the CC3 wavefunction at this geometry

would not converge giving further indication of the difficulty in fully characterizing this

excited state.

Regardless, the 2 1A← 1 1A′ transition of the four-carbon cation belonging to our H2CCnCHCH2

family is still a very clear indicator of our desired design characteristics in spite of the dif-

ficulties of optimizing the 2 1A state geometry. The prediction of the adiabatic electronic

transition energy in the 440-460 nm range and the very large vertical oscillator strength are

in line with the desired outcomes of this study and in coincidence with the spectral features

observed by Ball and coworkers.168 Additionally, the equivalence of the bonding environ-
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ments for methylene groups and the more linear-looking rotational constants do color this

molecule as one fulfilling the necessary nuances observed by the original and follow-up CRD

experiments.168,176 Whether this molecule is actually related to the 4429 Å laboratory band

remains to be seen, but it is clear that the four-carbon cation exhibits fascinating absorption

phenomena in line with our desired design criteria and may be of interstellar, combustion,

or atmospheric importance for examination beyond its applicability to the CRD laboratory

spectrum.

Five-Carbon Cation

In an attempt to complete the understanding of this family of cations and their strong,

visible transitions, the five-carbon (n = 2) cation, whose ground state geometry is shown in

Fig. 3.5, was also studied with the same computational techniques as the three and four-

carbon systems. Its CCSD/cc-pVDZ ground state rotational constants (viz. 1.19 cm−1, 0.08

cm−1, and 0.07 cm −1) are also on the order of those predicted for the four-carbon cation.

This five-carbon cation, like its four-carbon sibling, also displayed an energetic need to twist

the methylene groups in the excited state optimization; the fully “twisted” Cs structure of

this molecule was also predicted to have an imaginary frequency. The addition of another

carbon atom lengthened the “box” to allow for longer wavelength transitions, but it also

increased the computational difficulty in the optimization even during the displacement

of the methylene hydrogen dihedral angles. The steps of the geometry optimization of the

excited state of this cation that were possible indicate that the lowest energy configuration for
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the five-carbon cation will have no symmetry resulting in a 2 1A← 1 1A′ transition. We are

thus certain that CCSD/cc-pVDZ, or certainly multireference, adiabatic computations would

predict the transition wavelength of this cation to be greater than 485 nm, the transition

wavelength of the “twisted” Cs structure. Even though the absorption wavelength for the

five-carbon cation is beyond the 443 nm range, we have shown yet another small hydrocarbon

that exhibits a sizable transition well into the visible energy regimes.

3.4 Conclusions

In our study aiming to design new molecules that exhibit strong transitions in the visible

range, our computations have shown that the H2CCnCHCH2 family of cations where n =

0, 1, 2 are indeed viable candidates for such phenomena. Adiabatic computations of the

strong vertical transitions of the cations result in substantial differences between the vertical

and adiabatic excitation energies, a novel theoretical outcome. These differences are on the

order of nearly 3 eV, but there is little change in the center-of-mass properties between the

ground and excited state for each system since the affected hydrogens do little more than

merely rotate about the adjacent C−C bond. Hence, even though the orbitals involved

in the excitation force a realignment of the hydrogen positions, the rotational constants

are little affected by this change since most of the molecular mass is contained within the

carbon atoms and the hydrogens are not migrating within the molecule. As a consequence

of the geometric rearrangement, the adiabatic results bring the transition energies for these
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three cations into the visible range of the electromagnetic spectrum fulfilling the design

requirements of this study. Additionally, as was previously computationally predicted and

experimentally observed,176,179 our results corroborate the fact that the corresponding radical

species of this same stoichiometry are not strong absorbers in the visible.

Isolated experimental study on each molecule will be needed to conclusively determine the

absorption wavelengths of these cations before any speculation can be made about correlation

to previous laboratory experiments or even the DIBs observed in this energy regime in the

ISM. We have only conclusively provided data for the allyl cation, but our work on the four-

carbon and five carbon cations gives clear indication that these molecules will have intense

transitions within the visible region of the electromagnetic spectrum. This may assist not

only in the elucidation of interstellar molecules but also in gaining a better understanding

of hydrocarbon combustion reactions as well as in providing new avenues of study for the

chemistry of hydrocarbon-rich planetary atmospheres.
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Figure 3.5: The CCSD/cc-pVDZ ground state optimized structure of the H2CCnCHCH2

cation where n = 2 in a planar Cs confirmation. Bond angles (in degrees) are displayed in

the top image while bond lengths (in Å) are in the bottom for the same molecular geometry.



Chapter 4

Theoretical Prediction of New

Dipole-Bound Singlet States for

Anions of Interstellar Interest

Reprinted with permission from Fortenberry, R. C.; Crawford, T. D. J. Chem. Phys. 2011,

134, 154304. c©2011, American Institute of Physics.

4.1 Introduction

Electronically excited states of molecular anions may play a significant role in the chemistry

of the interstellar medium (ISM).40 If an additional electron is bound to a neutral molecule,

84



Ryan C. Fortenberry Chapter 4. 85

chemical intuition suggests that the energy needed to remove the extra electron from the

bound system is small. This implies that any possible excitation would be low energy since

the excitation energy must typically be less than the electron binding energy. Such long

wavelength transitions are not as common as they are for neutral or cationic molecular

species, but, as explained by Simons,189 some anions do exhibit excited states below the

deionization limit.

Excited states of anions have been known to exist in highly controlled laboratory experiments

and have been studied theoretically for more than 50 years. Fermi and Teller190 were the

first to put the lower limit on the permanent dipole moment necessary to bind an electron —

a dipole-bound state — at 1.625 D, and this result has been elaborated upon several times

in the literature.191–193 Although this hard limit has been modified throughout the years due

to numerous factors,194–200 it is accepted that a relatively large dipole moment must exist in

order for the positive component of the molecular dipole of a given neutral molecule to bind

the additional electron to the system. While other factors may play a role in the stability of

the excited state, the dipole moment strength is key.189

Most anions have such small binding energies that any extant electronic transitions would

appear well into the infrared.189,200,201 However, some anions possess electronic excitation

energies just beneath the electron detachment level — sometimes referred to as “threshold

resonances” — in energy ranges that are much closer to the visible. Most notably CH2CN−

(Refs. 202, 203) and CH2CHO− (Refs. 204, 205) are well-known to exhibit such higher-

energy electronic transitions. The corresponding neutral species of CH2CN− and CH2CHO−
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are radicals with large dipole moments. Naturally, electronic attachment to a valence orbital

in a neutral radical is more stable than attachment to a loosely bound orbital in an already

closed-shell neutral molecule. Hence, the electron binding energy (eBE) will be greater in

the resulting closed-shell anions than open-shell anions, and this increases the probability

that an excited state will exist below the eBE. The large dipole moment is still necessary,

however, since the virtual orbital(s) accepting the electron in an excitation is typically a very

diffuse orbital, and the positive component of the dipole holds the excited electron within

the system.189

In 2000, Sarre40 proposed that dipole-bound states of anions should be examined as potential

carriers of the diffuse interstellar bands (DIBs). This series of interstellar absorption peaks

has been known for roughly 90 years,2 but not a single line has been conclusively linked to

a molecular carrier6 (although there is much discussion of a recent correlation between the

excited states of CCCH2 and several DIB features as proposed by Maier and coworkers13).

Even so, Sarre40 noticed that the 8037.78 Å absorption wavelength for the 1 1B1 ← X̃ 1A′

transition of CH2CN− (Ref. 202) was nearly coincident with the DIB at the same wavelength

(8037.8±0.15 Å)7. This hypothesis was further explored by Cordiner and Sarre41 through

additional laboratory experimentation and interstellar examination with promising results,

although many questions remain unanswered.

Such a tantalizing result for a “coincidence”15 between the laboratory band of CH2CN−

and the DIB has opened up the potential for a new direction of DIB research. Molecular

anions have been thought to exist in the ISM since 1979 when Soifer and coworkers206
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tentatively resolved OCN− in the 4-8 µm spectrum of protostar W33 A in the constellation

Sagittarius, an assignment that is supported by recent laboratory studies by Bennett et

al.207 Concerns remain that the ambient radiation field of background starlight might cause

efficient ionization of such species, thus precluding their appearance as DIB carriers, though

recent work by McCarthy and coworkers has shown that anions are actually more abundant

and long-lived in the ISM than originally thought.42 Other work has already proposed and

cast doubt on a dipole-bound state of CCCH−2 as a carrier of some DIBs.208,209 However,

there are still innumerable unexamined anions that could exhibit dipole-bound excited states

that may yet show correlation between their absorption features and the DIBs.

Anions in experimentally simulated interstellar environments are difficult to study in the

laboratory due to the low molecular densities generally created in the experiment, although

newer experimental techniques promise to decrease this difficulty.42 Hence, theory and com-

putation are logical tools for the examination of such fleeting species. Methods that account

for electron correlation effects have played a role in the determination of excited states for

molecular anions since 1980 when clear evidence for a dipole-bound state of CH2CHO− was

finally shown using configuration interaction wave functions.210 A recent theoretical inter-

stellar study of OCN− and its CNO− isomer considered whether higher-energy electronic

states for these anions could exist, though this seems unlikely given their low eBEs.211

In this study, we examine twelve anions for their potential to possess dipole-bound singlet

excited states: CH2SiN−, SiH2CN−, CH2SiHO−, SiH2CHO−, CN−, C3N−, SiN−, C2F−,

CCOH−, HCCO−, CH2NO−, and CH2OH− shown in Figures 4.1 and 4.2. High accuracy
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coupled cluster methods and large diffuse basis sets are used to compute dipole moments,

eBEs, and excitation energies. As a first step, we calibrate the methods against experimental

data for the two well-studied species, CH2CN− and CH2CHO−. The performance of our

methods with CH2CN− and CH2CHO− gives us a measure of certainty about the properties

computed for the new anions that have not been fully explored. The new anions chosen

for this study are either simple linear molecules with a σ orbital extending beyond the end

of the chain, or the corresponding neutral radicals of the anions possess a singly occupied

valence orbital with an out-of-the-plane methylene or analogous silylene group, comparable

to the calibration molecules. The anions examined here may yet hold significance for further

interstellar studies.

4.2 Computational Details

Computations on the neutral radical species were undertaken using spin-unrestricted (UHF)130,131

wave functions while computations of the closed-shell anions used spin-restricted (RHF)183

wave functions. Ground state geometries of both the neutral radicals and anions were

optimized using coupled cluster theory at the singles, doubles, and perturbative triples

[CCSD(T)]62 level of theory. Previous theoretical work on dipole-bound states of anions

by Skurski, Gutowski, and Simons212 suggests the need for the use of Dunning’s correlation-

consistent basis sets augmented with higher angular momentum functions, the aug-cc-pVXZ

series,138,213 for geometry optimizations and adiabatic eBEs.214 Hence, the triple-zeta variant
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of these basis sets, aug-cc-pVTZ138,213 and aug-cc-pV(T+d)Z for the molecules containing

silicon,215 were used in this work.

Dipole moments were computed using CCSD/aug-cc-pVTZ at the CCSD(T)/aug-cc-pVTZ

geometries. Both vertical and adiabatic excited states were computed in the equation of

motion (EOM) formalism216 with coupled cluster theory72,139,140 at the singles and doubles

(CCSD) level and at the additional approximate triples (CC3)110–112 levels of theory. CCSD

adiabatic excitation energies were computed as the difference between the energies of the

ground and desired excited states at their respective optimized geometries.31,77,217

We have employed basis sets with increasing numbers of diffuse functions — including the

aug-cc-pVXZ, d-aug-cc-pVXZ, t-aug-cc-pVXZ, and q-aug-cc-pVXZ basis sets, with X = D, T

— in order to examine how such functions affect the accuracy of the transition energies.31,77

The most diffuse exponents of each angular momentum of the d-aug-cc-pVDZ and d-aug-cc-

pVTZ basis sets138,213 were extrapolated in an even-tempered fashion in order to obtain the

t-aug-cc-pVDZ, t-aug-cc-pVTZ, and q-aug-cc-pVDZ basis sets. In systems reported in this

work where Si is present, n-aug-cc-pVXZ actually refers to the n-aug-cc-pV(X+d)Z basis

set215 on the Si atoms. This nomenclature is used for ease of discussion.

All EOM-CCSD adiabatic excited states were computed with the d-aug-cc-pVDZ basis set.

Core orbitals were frozen in all coupled cluster computations: 1s2 for carbon, oxygen, and

nitrogen and 1s22s22p6 for silicon. All coupled cluster computations were undertaken us-

ing PSI3,147 apart from EOM-CC methods for ionized states (EOMIP-CCSD and EOMIP-

CCSDT) for selected species,137 which were carried out using the CFOUR package.148 Den-
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sity functionals available in the Gaussian 03 package149 were employed to examine their

effectiveness in predicting the energies of dipole-bound excited states of anions. Becke’s

three-parameter exchange functional144 with the Lee-Yang-Parr correlation functional145

in the form of B3LYP,146 as well as the 1996 Perdew, Burke, and Ernzerhof functional

(PBE),218,219 were utilized in this study.

4.3 Results and Discussion

4.3.1 Calibration against Known Anions

CH2CN− and CH2CHO− are used as our benchmarking and calibration species since the

properties of interest (eBEs and excitation energies) are well known for these molecules.

Our computational results shown in Table 4.1 match well with the previously existing com-

putational and experimental data. For the CH2CN class of molecules shown in Figures 4.1a

and 4.2a, the neutral radical is a C2v molecule while the anion has Cs symmetry, which cor-

roborates previous studies.201,203 The ground state Hartree-Fock configuration of CH2CN−

is (core) 1a′′27a′28a′22a′′29a′2, and the key virtual orbitals are Rydberg-like 3s, 4s, and 5s

orbitals. The neutral radical has a singly occupied b1 orbital with a substantial amount of its

density above and below the methylene group with the other two lobes above and below the

cyano group. This orbital can be straightforwardly understood to correspond to the nearly

identical 9a′ HOMO of the anion.
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Figure 4.1: CCSD/d-aug-cc-pVDZ optimized structures (in Å and degrees) of the ground

(top values) and first excited states (bottom values) of: (a) CH2CN− (1 1A′ & 1 1B1,

respectively);a (b) CH2SiN− (1 1A1 & 1 1B1); (c) SiH2CN− (1 1A′ & 2 1A′); (d) C3N−

(1 1Σ+ & 2 1Σ+); (e) CN− (1 1Σ+ & 1 1Π); (f) SiN− (1 1Σ+ & 2 1Σ+); (g) C2F− (1 1Σ+ &

2 1A′);b (h) CCOH− (1 1A′ & 1 1A′′); (i) HCCO− (1 1A′ & 2 1A′); (j) CH2CHO− (1 1A′ & 1

1A′′); (k) CH2SiCHO− (1 1A′ & 1 1A′′); (l) SiH2CHO− (1 1A & 2 1A); and (m) CH2NO− (1

1A′ & 1 1A′′).

aThe geometry shown is the Cs 1 1A′ ground state and that the excited 1 1B1 is C2v. bThe ground state of

C2F− is C∞v, and the first excited state is Cs.

Figure 4.2: CCSD(T)/aug-cc-pVTZ optimized structures (in Å and degrees) of the ground

states of the closed-shell anions (top values) and neutral radicals (bottom values) of: (a)

CH2CN− (1 1A′ & 1 2B1, respectively);a (b) CH2SiN− (1 1A1 & 1 2B1); (c) SiH2CN− (1 1A′

& 1 2A′); (d) C3N− (1 1Σ+ & 1 2Σ+); (e) CN− (1 1Σ+ & 1 2Σ+); (f) SiN− (1 1Σ+ & 1 2Σ+);

(g) C2F− (1 1Σ+ & 1 2A′);b (h) CCOH− (1 1A′ & 1 2A′′); (i) HCCO− (1 1A′ & 1 2A′); (j)

CH2CHO− (1 1A′ & 1 2A′′); (k) CH2SiCHO− (1 1A′ & 1 2A′′); (l) SiH2CHO− (1 1A & 1 2A);c

(m) CH2NO− (1 1A′ & 1 2A′); and (n) CH2OH− (1 1A & 1 2A).

aThe geometry shown is the Cs 1 1A′ ground state of the anion, but the 1 2B1 radical ground state is

C2v. bThe anion of C2F− is C∞v and the neutral radical is Cs.
cThese geometries were computed with

CCSD(T)/aug-cc-pVDZ.
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The CCSD/aug-cc-pVTZ//CCSD(T)/aug-cc-pVTZ level of theory yields a dipole moment

for the CH2CN neutral radical in close agreement with the experimental and computational

results of Ozeki and coworkers220 at around 3.5 D. The CCSD(T)/aug-cc-pVTZ adiabatic

eBE of 1.49 eV including a small zero-point vibrational energy (ZPE) correction matches

previous autodetachment202 and photoelectron221 spectroscopy results to within 0.06 eV.

The first excited state of the CH2CN− anion reverts back to C2v symmetry upon optimiza-

tion giving the 1 1B1 excited state, yielding a 1.51 eV EOM-CCSD/d-aug-cc-pVDZ adiabatic

excitation energy, which matches experiment41,202 to within 0.05 eV. Even though the exci-

tation energy of CH2CN− is predicted to lie 0.01 eV (0.02 with ZPE) higher in energy than

the eBE, these two computed values fall well within the accepted level of computational

accuracy for these theoretical methods (∼ 0.1 eV, Ref. 28). Hence, within the error bars of

our theoretical models, the computations agree with the experimental data that CH2CN−

can exhibit a dipole-bound excited state.

As shown in Figures 4.1j and 4.2j, the CH2CHO class of molecules all possess Cs symmetry,

and the ground-state Hartree-Fock configuration for the anion is (core)9a′21a′′210a′22a′′2.

Table 4.1 reports that the 2.921 D dipole moment we computed for the ground 2A′′ state

of the radical agrees with the CISD/SVP theoretical result of 3.191 D computed by Huyser

and coworkers222 used in the experiments done by Mead, Lykke, and Lineberger.232 As for

CH2CN−, we predict the eBE of CH2CHO− (1.77 eV) to lie within 0.06 eV of experiment,223

and the ZPE correction affects this only slightly. The 1.77 eV excitation energy of the 1

1A′′ ← 1 1A′ transition is predicted to be within 0.02 eV of the measured transition energy.204
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Our methods predict the CH2CHO− anion to have an excitation energy and eBE that are

nearly identical, as expected for a dipole-bound state. However, the excitation energy rises

above the eBE when the ZPE is considered, but only by 0.02 eV. Again, this anion is known

to possess a dipole-bound excited state, and our methods can corroborate this within the

expected error bars of the coupled cluster approach.

The vertical excitation energies reported in Table II also demonstrate the need for robust

basis sets. For CH2CN−, the 5.218 eV EOM-CCSD/cc-pVDZ excitation energy for the 2

1A′ state (which correlates to the 1 1B1 state in C2v symmetry233) compares poorly to the

experimental value of 1.54 eV due to the lack of diffuse functions in the basis set. Aug-

mentation of the basis set to the t-aug-cc-pVDZ level coincidentally brings the EOM-CCSD

vertical excitation into perfect agreement with experiment, with the largest contribution to

the excited-state wave function arising from the Rydberg-like 3s orbital. Use of triple-zeta

basis sets in conjunction with diffuse orbitals tends to shift the excitation energies upward

relative to their double-zeta counterparts, and inclusion of the EOM-CCSD/d-aug-cc-pVDZ

adiabatic shift of -0.14 eV with the EOM-CCSD/d-aug-cc-pVTZ vertical transition energies

yields a small 0.1 eV error compared to experiment. The oscillator strength of this transition,

as requested by Cordiner and Sarre,41 at the EOM-CCSD/d-aug-cc-pVTZ level of theory is

found to be 0.014.

Inclusion of triples via CC3 for the 2 1A′ state of CH2CN− and the n-aug-cc-pVTZ series of

basis sets converges closely to the experimental value, though adiabatic shifts would push

the final excitation energy lower. As observed at the CCSD level, the character of this
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state is primarily s-type Rydberg, with a largest contribution of 0.4 for the 3s orbital. On

the other hand, the B3LYP and PBE density functionals fail dramatically for this state, as

expected,234 yielding excitation energies up to a factor of ten too small with large basis sets.

For the vertically excited computations of the 1 1A′′ state of CH2CHO− shown in Table 4.3,

the n-aug-cc-pVDZ computations for both CCSD and CC3 converge to within 0.05 eV of

the experimental value for this state’s transition energy at 1.76 eV.204 The triple-zeta basis

set results do not converge as neatly for the inclusion of more highly diffuse functions, but

these values are still more well behaved than DFT with either series of basis sets.

It can thus be seen from the calibration of our methods using CH2CN− and CH2CHO− that

predictions can be made as to whether or not a given anion may possess a dipole-bound

excited state and where this transition may be found, based on both vertical and adiabatic

excitation energies and on eBEs all computed using basis sets that include adequate diffuse

functions. In subsequent sections we employ this approach for various closed-shell anions

whose neutral radicals possess a sufficiently large dipole moment. While the optimized

structures reported below are minima, we do not include ZPE corrections to the energies as

these were found to have no appreciable affect on the predicted excitation energies and eBEs

of CH2CN− and CH2CHO−.



Ryan C. Fortenberry Chapter 4. 98

4.3.2 Potential Anions with Dipole-Bound Excited States

Silicon Analogues of CH2CN−

The logical place to begin the search for new anions possessing dipole-bound excited states

is with isovalent systems closely related to the original calibration molecules. Single replace-

ment of silicon for each of the carbon atoms in CH2CN− and CH2CHO− leads to molecular

systems about which little has been reported in the literature, including the existence of

dipole-bound excited states. The fact that Si-C bonds are longer than C-C bonds as well as

the electronegativity difference between the two elements will have an affect on the dipole

moments of the Si-substituted molecules. Silicon containing molecules have been known to

exist in the ISM since the initial discovery of SiO in 1971 (Ref. 235) and the first evidence of

an interstellar Si−C bond came in 1984 (Ref. 236). Additionally, SiN (Ref. 237) and SiNC

(Ref. 238) have been found in the ISM. SiH2SiN− will not be studied since no Si−Si bond

has previously been detected in the ISM.27

As shown in Table 4.1, CH2SiN− is predicted to have a very large dipole moment (4.110 D, one

of the largest of all the species considered in this study) and an eBE 0.38 eV higher in energy

than its first excitation energy of 2.11 eV (adiabatic EOM-CCSD/d-aug-cc-pVDZ level of

theory), suggesting that this silicon analogue of CH2CN− possesses at least one excited state.

CH2SiN− has a ground state electronic configuration of (core)9a1
2 2b1

2 3b2
2 3b1

2 and is a

C2v molecule in both its ground and 1 1B1 (first excited) states. The point-group symmetry

for the ground state of CH2SiN− differs from the original CH2CN− anion, but the terms of
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the first excited state of each anion correlate directly. All of these structures are shown in

Figures 4.1b and 4.2b.

Surprisingly, CC3/t-aug-cc-pVDZ predicts that five vertically excited states of CH2SiN− lie

below the 2.49 eV eBE: 1 1B1, 2 1B1, 2 1A1, 3 1B1, and 4 1B1. The 1 1B1 state is a transition

out of the 3b1 HOMO and, as can be seen in Table 4.3, the inclusion of higher angular

momentum functions in the basis set does lower the energy of the transition but the effect

is much smaller than in the calibration anions. Analysis of the virtual orbitals involved in

the excitation with the t-aug-cc-pVDZ basis set shows that the excitation character of the

wave function is comprised of transitions into diffuse s-type orbitals. However, the impact of

such functions is much smaller for the 1 1B1 state than for the higher states, suggesting that

its diffuse character is less than its cohort. The character of the 2 1B1 state is dominated

by a 3b1 → s transition, and the inclusion of the more diffuse functions in the basis set

is absolutely necessary for this state given that the vertical excitation energy decreases by

over 4 eV for EOM-CCSD over the course of the n-aug-cc-pVDZ series. The 2 1A1 state

is predominantly composed of a 3b1 → px excitation as predicted by both CCSD and CC3

with the t-aug-cc-pVDZ basis set. The 3 1B1 and 4 1B1 states exhibit mixed diffuse s- and

p-type character.

Needless to say, the appearance of multiple states below the eBE of a small anion such as

CH2SiN− would be a surprising and perhaps unprecedented finding. The variation in the

excitation energies reported in Table 4.3 reveals their exquisite sensitivity to the adequate

inclusion of diffuse functions. In addition, the comparison between CCSD(T)/aug-cc-pVTZ
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adiabatic eBE values to adiabatic and vertical EOM-CCSD/ or CC3/n-aug-cc-pVXZ ex-

citation energies is not completely balanced, given the differences in geometries and wave

function parametrizations. To correct for these problems, we have further analyzed the

eBE and the lowest excited states of CH2SiN− using EOMIP-CC and EOM-CC methods,

respectively, at the same CCSD(T)/aug-cc-pVTZ optimized structure and with the same

basis sets. These methods make use of the same CCSD ground-state wave function, but

the subsequent diagonalization of the similarity-transformed Hamiltonian is carried out in

different determinantal spaces: EOM-CCSD uses all singles (hp) and doubles (2h2p) in the

N -electron space of the anion, while EOMIP-CCSD uses the h and 2hp determinants in the

N − 1-electron space of the neutral radical.

Table 4.2 summarizes the EOMIP-CCSD and EOM-CCSD results for CH2SiN− using basis

sets up to q-aug-cc-pVDZ. The EOMIP-CCSD results were obtained using the CFOUR

package,148 while the EOM-CCSD data were computed using PSI.147 The eBE of the an-

ion converges rapidly to a value of 2.34 eV, which is 0.15 eV lower than the adiabatic

CCSD(T)/aug-cc-pVTZ result of 2.49 eV. While the latter should be considered more accu-

rate for eventual comparison to experiment, the purpose of the EOMIP-CCSD/EOM-CCSD

data is to provide a balanced comparison of the eBE and corresponding excitation energies

for the characterization of the excited states.

As noted earlier, the 1 1B1 excited state converges rapidly to a value of 2.13 eV with respect

to the number of diffuse functions in the basis set, suggesting that its character is valence

rather than dipole-bound. This interpretation is further supported by the fact that its EOM-
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Table 4.2: EOMIP-CCSD electron binding energies and lowest EOM-CCSD 1A1 and 1B1

vertical excitation energies (in eV) of CH2SiN− with diffuse basis sets.

apVDZ dapVDZ tapVDZ qapVDZ

EOMIP-CCSD

eBE 2.30 2.34 2.34 [2.34]a

State EOM-CCSD

2 1A1 3.92 2.69 2.43 2.37

3 1A1 4.51 3.16 2.56 2.39

1 1B1 2.24 2.13 2.13 2.13

2 1B1 3.38 2.60 2.39 2.35

3 1B1 4.27 2.74 2.46 2.37

4 1B1 4.33 3.04 2.55 2.39

aDue to SCF convergence difficulties with the q-aug-cc-pVDZ basis set, the EOMIP-CCSD/t-aug-cc-pVDZ

eBE value is reported.

CCSD energy is 0.21 eV lower than the EOMIP-CCSD eBE of 2.34 eV. Further computations

at the EOMIP-CCSDT and EOM-CCSDT levels of theory also support this conclusion, with

the former yielding an aug-cc-pVDZ eBE of 2.24 eV and the latter an excitation energy of

2.01 eV.

The next lowest state is 2 1B1, whose energy is much more sensitive to the diffuse-function

space: the difference between the t-aug-cc-pVDZ and q-aug-cc-pVDZ excitation energies

is still 0.041 eV. While the EOM-CCSD/q-aug-cc-pVDZ excitation energy is 2.35 eV, it
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is reasonable to conclude that this value would fall below the eBE if the basis set were

augmented even further, and thus the 2 1B1 state is indeed dipole-bound. The remaining

states reported in Table 4.2 still do not appear to be converged even with the q-aug-cc-

pVDZ basis set, and thus strong conclusions regarding their character are not possible.

Nevertheless, we can predict with some confidence not only the existence of a dipole-bound

state for CH2SiN− near the CCSD(T)/aug-cc-pVTZ adiabatic value of 2.49 eV, but also

a rare valence excited state roughly 0.4 eV lower in energy at the EOM-CCSD/d-aug-cc-

pVDZ adabatic excitation energy of 2.11 eV. These results clearly make the CH2SiN− anion

an interesting molecule for subsequent experimental study.

The excited state chemistry of SiH2CN− does not appear to be quite as rich as the other

silicon analogue of CH2CN−, but this anion may also possess one dipole-bound excited state.

As shown in Figure 4.2c, the ground state of SiH2CN−, like the ground state of CH2CN−,

drops to the lower symmetry Cs point-group as the hydrogens in the silylene group are more

stable in a non-planar configuration. However, for SiH2CN−, this is also true of the radical

(also Figure 4.2c) and the 2 1A′ state (Figure 4.1c). The ground state electronic configuration

is: (core) 2a′′211a′23a′′212a′2 where the 12a′2 HOMO has a majority of its electron density

directly above the silylene group with the corresponding out of phase lobe contained in the

space between the two downward-bent hydrogens and the Si−C bond. The two other small

lobes of the 12a′ orbital are above and below the cyano group like in the 9a′ HOMO of

CH2CN−.

Our methods predict a dipole moment for SiH2CN− of 3.52 D and a 2.31 eV eBE with an
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adiabatic first excited (2 1A′) state at 2.39 eV, close to the limit of what can be considered

a dipole-bound excited state. The next item to note for this excited state is that there is

a fairly large adiabatic effect. The adiabatic EOM-CCSD/d-aug-cc-pVDZ 2 1A′ state of

SiH2CN− is predicted to be 2.39 eV above the ground state, but the vertical value for the

same level of theory and basis set is 3.15 eV, a difference of 0.76 eV. This is mainly due

to an even larger decrease of the H−Si−H bond angle from the ground state to the excited

state. Similar but more subtle effects on the H−C−H bond in the methylene group change

the point-group symmetry between the CH2CN radical and the anion. The vertical CC3/t-

aug-cc-pVDZ 2 1A′ excited state has strong Rydberg character, as evidenced by the diffuse

s-type nature of its wave function and the large dependence of the excitation energy on the

presence of diffuse functions in the basis set (cf. Table II).

Silicon Analogues of CH2CHO−

The dipole-bound excited states of the silicon analogues of CH2CHO− are not as numer-

ous as the silicon analogues of CH2CN−, but the CH2SiHO− anion (see Fig. 4.2k) does

appear to exhibit an excited state. CH2SiHO− has a ground state configuration of (core)

12a′22a′′213a′23a′′2, and the 3a′′ HOMO is an out-of-plane orbital which has most of its den-

sity above and below the methylene group in the radical. Our methods predict this radical

also to have a very large dipole moment (4.445 D) and the anion to have a 2.45 eV eBE.

The adiabatic excitation energy for the 1 1A′′ state is predicted to be 2.46 eV, slightly higher

than the eBE, but, again as with CH2CHO−, this does not rule out the possibility of its
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existence, given the error bars of the coupled cluster approach. Additionally, this molecule

does not exhibit a very large adiabatic effect, 0.13 eV. CC3/t-aug-cc-pVDZ indicates that

the wave function describing this state has strong Rydberg s-type character. This excitation

is directly analogous to that seen in the 1 1A′′ state of the CH2CHO− anion. The 1 1A′′

state of CH2SiHO− exhibits slightly less change in the vertical excitation energy resulting

from an increase in the n value for the n-aug-cc-pVXZ basis set series than the 1 1A′′ state

of CH2CHO−, but diffuse basis sets are still imperative.

The excitation energy for the 2 1A state of the other analogue, SiH2CHO−, is 2.03 eV, 0.10

eV higher than the eBE. This is just at the limit for what we are considering to be potential

dipole-bound excited states. As can been seen in Figures 4.1l and 4.2l, the hydrogens in

the silylene group bend out of the plane of the molecule, like SiH2CN−, but the structure of

the formyl group leaves SiH2CHO− with no symmetry, and we expect no excited state to be

observable experimentally.

Linear Anions

One of the simplest molecules known to exist in the ISM is the cyano radical.239 CN (Fig. 4.2e)

has a relatively small dipole moment of 1.471 D at the CCSD/aug-cc-pVTZ level of theory (in

agreement with previous work226) and is less that the 1.625 D limit (Ref. 190). Additionally,

from Table 4.1, the excitation energy of the corresponding anion found recently in the ISM240

(Fig. 4.1e) is predicted to be right at 0.6 eV higher in energy than the eBE, indicating that

CN− does not possess a dipole-bound singlet excited state.
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SiN, which is shown in Figure 4.2f, has been known to exist in the ISM for nearly 20 years

now,237 and whose anion has been suspected to possess dipole-bound states for some time,241

is reported to have a much larger dipole moment at 2.558 D (Ref. 228), and our computations

agree. The CCSD(T)/aug-cc-pVTZ eBE of 2.97 eV for SiN− (Fig. 4.1f), which improves upon

previous computations for this value at 2.86 eV (Ref. 241), is in close agreement with the

experimental value of 2.95 eV (Ref. 229). However, our methods predict the 2 1Σ+ excited

state to lie adiabatically at 3.24 eV (the corresponding vertical transition is 3.24 eV), well

above the eBE. However, the convergence of the vertical excitation energy with increasing

numbers of diffuse functions in the basis set suggests that the excitation energy for this

state is less than 3 eV. At the CC3 level of theory, the excitation energy decreases by 0.21

eV between the d-aug-cc-pVDZ and t-aug-cc-pVTZ basis sets (cf. Table 4.3). If this shift

were applied to the d-aug-cc-pVTZ basis set result, the CC3 method would yield a vertical

excitation energy of ca. 2.82 eV, well within the eBE limit. Hence, a dipole-bound 2 1Σ+

state of SiN− may exist near the eBE. While a 3Σ+ state is known,229 this work provides the

first indication of a singlet state in the same energetic region.

Extending the carbon chain in CN− to C3N− (both of which have been identified in the

ISM24,242) allows for greater charge-density separation and nearly doubles the dipole mo-

ment of C3N (2.889 D) versus CN. Even so, the adiabatic excitation energy for the 2 1Σ+

excited state of C3N− (see Fig. 4.1d), 4.68 eV, is 0.30 eV higher in energy than the pre-

dicted 4.38 eV eBE which agrees well with previous experiment.225 We therefore conclude

that no dipole-bound singlet excited state of C3N− exists. While C2F− is linear, the C2F
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neutral radical243,244 (see Fig. 4.2g) is bent at 154.9◦, yielding an eBE of 3.17 eV at the

CCSD(T)/aug-cc-pVTZ level of theory and a relatively small dipole moment of 1.075 D.

However, the linear radical (which is not a minimum on the potential surface) has a much

larger dipole moment of 2.403 D. This is not enough, however, to stabilize the lowest singlet

excited state, as the EOM-CCSD/d-aug-cc-pVDZ adiabatic transition energy is 3.51 eV, well

above the required threshold.

Other Anions

The last four entries of Table 4.1 give the data of four other anions in our search for new

species potentially possessing dipole-bound excited states. The first two molecules, CCOH−

and HCCO− (see Figs. 4.2h/4.1h and 4.2i/4.1i, respectively) have been previously examined.

Our coupled cluster data are in close agreement with the CISD prediction for the 4.4 D dipole

moment of the CCOH radical230 and are within 0.05 eV of the 2.338 eV eBE for HCCO−

obtained from photoelectron spectroscopy.231

The Cs CCOH− anion has a Hartree-Fock configuration of (core)1a′′28a′29a′22a′′2 and is

predicted to have an adiabatic 1 1A′′ excited state state at 2.43 eV, below the predicted 2.52

eV eBE. The vertical excitation energies differ by 0.26 eV from their adiabatic counterparts at

the EOM-CCSD/d-aug-cc-pVDZ level of theory. A small 0.02 eV difference in the excitation

energy of the 1 1A′′ state appears between the d-aug-cc-pVDZ and the t-aug-cc-pVDZ basis

sets, indicating that no additional diffuse orbitals are necessary. CC3 also exhibits this

small excitation energy difference between the most diffuse basis functions of this excited
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state, but, additionally, CC3/t-aug-cc-pVDZ lowers the excitation energy by about 0.2 eV as

compared to EOM-CCSD/t-aug-cc-pVDZ. Based on these results, we predict that CCOH−

exhibits a dipole-bound singlet excited state near 2.5 eV.

The HCCO− isomer also exhibits the same Hartree-Fock configuration as CCOH−, but the

singly occupied orbital of the neutral radical is the 9a′ orbital, which has a carbene-like

lone pair on C1 (cf. Fig. 4.2i). However, the lowest-energy excitation still occurs from the

2a′′ π-type orbital into diffuse s-type orbitals similar to CCOH−. The computed adiabatic

excitation energy of 2.38 eV is just below the eBE of 2.39 eV (see Table 4.1), and the adiabatic

shift is ca. 0.1 eV (cf. Tables 4.1 and 4.3). This energy decreases a bit more for HCCO−

from the d-aug-c-pVDZ to the t-aug-cc-pVDZ than with CCOH−, but we still predict that

the 1 1A′′ state is a dipole-bound excited state occurring in HCCO−.

The bottom two lines of Table 4.1 list the final two anions examined in this study, CH2NO−

and CH2OH− (Figs. 4.2m/4.1m and 4.2n/4.1n). These two anions have methylene groups

and, hence, similar HOMOs to those of CH2CN− and CH2CHO−. CH2NO− can be viewed as

the result of nitrogen replacement in the second carbon position of CH2CHO−. Our methods

indicate that this molecule has a large enough dipole moment (2.317 D) for it to potentially

possess a dipole-bound excited state, but the excitation energy to the 2 1A′ state is 0.14 eV

above the eBE. Basis set extension does not appear to shift the excitation energy below the

eBE. Hence, we conclude that CH2NO− is not likely to possess a dipole-bound excited state.

Lastly, CH2OH−, a molecule with no symmetry, has a dipole moment for the corresponding

radical below 1.625 D. Additionally, our methods demonstrate that this anion is actually
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less stable than the neutral radical since a negative eBE is reported. This necessarily shows

that CH2OH− cannot exhibit a dipole-bound excited state.

4.4 Conclusions

We have shown that six new anions may possess dipole-bound excited states; these include

the 2 1B1 state of CH2SiN−; the 1 1A′′ states of CH2SiHO−, CCOH−, and HCCO−; and

potentially the 2 1A′ state of SiH2CN− and the 2 1Σ+ state of SiN−. In addition, we predict

a valence-bound excited state of CH2SiN− near 2.11 eV, roughly 0.4 eV below its eBE of 2.49

eV. Conclusive identification of threshold resonances associated with dipole-bound singlet

excited states requires experimental analysis, of course, but the data reported here should

provide the requisite starting point for further study. Clearly, there are still many molecules

whose properties have not been fully explored computationally or experimentally that may

yet hold the key for a better understanding of the chemistry present in the ISM.



Chapter 5

Singlet Excited States of

Silicon-Containing Anions Relevant to

Interstellar Chemistry

Reprinted with permission from Fortenberry, R. C.; Crawford, T. D. J. Phys. Chem. A 2011,

115, XXXX. c©2011, American Chemical Society.

5.1 Introduction

Recent interstellar detections of the CnH− anions for n = 4, 6, 8 (Refs. 42,245–248) and

the related CnN− anions for n = 1, 3, 5 (Refs. 240,242,249) have shown that the interstellar

110
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medium (ISM) is rich with negatively charged molecular species. It has been suggested by

Sarre and coworkers40,41 that excited states of anions bound by dipole forces may play a role

in the explanation of the longest standing problem in spectroscopy, that of the carriers of

the diffuse interstellar bands (DIBs). Although one hypothesis currently under scrutiny13

suggests that a few of these unattributed interstellar absorption features — which stretch

from the UV to near-IR and are observed from numerous astronomical sources6 — may be

explained by propadienylidene, the carriers for the vast majority of the remaining lines are

completely unknown. Valence- or dipole-bound excited states of anions may help to explain

some of these features.41

Most anions are deionized upon exposure to radiation and have no excited states since

their associated electron binding energies (eBEs) are on the order of meV.189,201,250 However,

a select few behave differently. As explained by Simons,189 some anions may possess an

excited state if the radical’s dipole moment is strong enough to bind the extra electron

within the system after excitation just below the electron binding energy (eBE). This results

in a so-called dipole-bound excited state or threshold resonance. Rarer still are those anions

that also possess valence-bound excited states well below the eBE or dipole-bound state.

In such states, the excited wavefunction is predominantly characterized by excitations into

valence, non-diffuse virtual orbitals189 and is, hence, independent of the need for a strong

dipole moment. Few anions possess multiple excited states both of valence- or dipole-bound

character, but one of the first found was the radical anion 7,7,8,8-tetracyanoquinodimethane

(TCNQ)251 and, later, its tetra-fluorinated cousin.252
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Recent theoretical work in our group (Ref. 181 and Ch. 4) used coupled cluster theory

to examine fourteen closed-shell anions for their electronic excited state properties. Two,

CH2CN− and CH2CHO−, are known to exhibit singlet dipole-bound excited states41,204 just

below their eBEs. Our methods reproduced adiabatic eBEs for each of these known anions

to within 0.06 eV and adiabatic excitation energies to within 0.05 eV. It was also shown

that in order to adequately treat the diffuse nature of excited electrons, doubly-, triply-,

and even quadruply-augmented basis sets are necessary. With this knowledge, six anions

(CH2SiN−, SiH2CN−, CH2SiHO−, SiN−, CCOH−, and HCCO−) were predicted to possess

singlet dipole-bound excited states below their eBEs, and CH2SiN− also was predicted to

have at least one valence-bound excited state below its dipole-bound state.

The detection of silicon-containing compounds in the ISM is well documented,27 and silicon

is one of the more common atom types known to exist in the universe.253 Our previous

study181 showed that CN− and C3N−, both of which are known to exist in the ISM,240,242

do not possess singlet valence- or even dipole-bound excited states,254 but SiN− may exhibit

a singlet dipole-bound state just above a triplet valence state229 below the eBE. Hence,

the present work utilizes the same theoretical approach used previously to examine the

excited states of the C3N− analogues with single silicon substitutions: SiCCN−, CSiCN−,

and CCSiN−. Additionally, the SiNC and SiCN radicals are known to exist in the ISM,238,255

and we also examine the excited states of the corresponding anions for these interstellar

molecules in the same fashion.
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5.2 Computational Details

Following our previous approach,181 the closed-shell anion computations involved the use

of spin-restricted (RHF)183 reference wavefunctions while open-shell computations of the

neutral radicals were based upon spin-unrestricted (UHF)130,131 wave functions. Coupled

cluster theory at the singles, doubles, and perturbative triples level of theory [CCSD(T)]62

combined with the singly augmented form of Dunning’s correlation consistent triple-zeta

basis set, aug-cc-pVTZ (Ref. 138,213) and aug-cc-pV(T+d)Z for the silicon atoms (Ref.

215), were used to compute ground-state geometries. Coupled cluster at the singles and

doubles level of theory with these same basis sets was used to predict dipole moments for

the radicals.

Excited states were computed using equation of motion coupled cluster (EOM-CC) the-

ory.72,139,140 Vertically excited states were computed at the CCSD and approximate triples

(CC3)110–112 levels of theory, where the latter is known to better describe coupled cluster

excited states.31,77 These computations employed Dunning’s double- and triple-zeta basis

sets138,213,215 with increasing numbers of even-tempered diffuse functions where, again, extra

d functions were placed on the silicon atoms. Adiabatic excitation energies were computed as

CCSD/d-aug-cc-pVDZ energy differences between optimized ground and excited states, as

was demonstrated previously to yield results in good agreement with experiment.181 Vertical

electron binding energies described as the removal of an electron out of the anion’s HOMO

were also computed from the CCSD(T)/aug-cc-pVTZ geometries using equation of motion
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coupled cluster theory for ionization potentials (EOMIP)137 at the CCSD and CCSDT lev-

els of theory with the CFOUR148 quantum chemical program package. Core orbitals were

frozen in all computations: 1s2 for carbon and nitrogen and 1s22s22p6 for silicon. All ge-

ometry optimizations are minima based on harmonic vibrational frequency computations.

Apart from EOMIP-CC, all computations utilized the PSI3 suite of computational chemistry

programs.147

5.3 Results and Discussion

5.3.1 Silicon analogues of C3N
−

The first anion studied in this work is linear SiCCN− (see Fig. 5.1a/5.2a) which represents

a single silicon replacement of the terminal carbon from C3N− and is the most stable isomer

of this stoichiometry. SiCCN− has a (core)8σ29σ210σ22π411σ23π4 Hartree-Fock ground-

state electronic configuration and a CCSD/aug-cc-pVTZ radical dipole moment of 4.010 D

(similar to a 3.730 D B3LYP/6-311G(d) value reported by Ding and coworkers256). Our

methods predict an adiabatic eBE of 3.44 eV and a CCSD/d-aug-cc-pVDZ adiabatic first

excited state (the Cs-symmetry 2 1A′ state resulting from a Renner-Teller distortion of the

anion257) to lie beneath this limit at 3.13 eV as reported in Table 5.1. Even though this

molecule is predicted adiabatically to have five CCSD/d-aug-cc-pVDZ excited states below

the CCSD(T)/aug-cc-pVTZ eBE, the inconsistency between the methods does not truly allow
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for a robust prediction of multiple excited states. EOMIP-CCSD/t-aug-cc-pVDZ predicts a

vertical eBE of 3.33 eV indicating that there are only two states whose vertical CCSD/t-aug-

cc-pVDZ excitation energies lie below or very close to the corresponding vertical eBE from

EOMIP-CCSD. These are the 2 1Σ+ state (which correlates to the optimized 2 1A′ state) at

3.27 eV and the 1 1Π state at 3.36 eV.

1.719

117.6

1.848
1.164

1.268 1.746 1.592

1.886
1.863

1.184
1.171

1.821 1.190
1.194

1.664 1.376 1.184
1.692 1.365 1.177

(a)

(b)

(c )

(d)

(e)

1.748

NSi
C1

C2 1.819

1.293

1.646

69.2

159.2
1 (c )2

Figure 5.1: CCSD(T)/aug-cc-pVTZ optimized structures (in Å and degrees) of the ground

states of the closed-shell anions (top values) and neutral radicals (bottom values) of: (a)

SiCCN− (1 1Σ+ & 1 2Π); (b) CSiCN radical (1 2A′) as the anion is unstable; (c1) CCSiN−

(1 1Σ+); (c2) CCSiN (1 2B1); (d) SiCN− (1 1Σ+ & 1 2Π); and (e) SiNC−(1 1Σ+ & 1 2Π).
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The 2 1Σ+ state is comprised of excitations out of the 3π HOMO into both valence π∗

and Rydberg-like px/y orbitals. As shown in Table 5.2, the excitation energy decreases by

0.31 eV when including more diffuse functions in the cc-pVDZ basis set. The aug-cc-pVDZ

basis set accounts for over 70% of this. 0.31 eV is a relatively small shift in the vertical

excitation energy for increasingly more diffuse basis sets,181 and valence virtual orbitals are

significantly involved in the excitation. Additionally, the optimized geometry of the excited

state is bent (Fig. 5.2a2), even though the adiabatic effect is only on the order of 0.1 eV.

The optimized geometry of the radical is linear, and any dipole-bound state would have to

possess a geometry similar to that of the radical. These factors suggest that the 2 1Σ+/1A′

state is a rare valence-bound excited state. Further CC3 vertical computations lower the

excited state energy by 0.03 eV or so, but this excited state has a small oscillator strength

indicating that its absorption will be weak.

The other excited state of SiCCN−, the 1 1Π state, appears to be the dipole-bound excited

state. Even though its 3.36 eV CCSD/t-aug-cc-pVDZ vertical excitation energy is higher

than the 3.33 eV vertical eBE, these two values are close enough relative to the expected

error bars of the theoretical model to indicate that this excited state composed of excitations

out of the 3π orbital into Rydberg-like s orbitals may still exist. By definition, dipole-bound

excited states must exist right at the anion’s eBE,189 and our previous work181 supports this

since the eBE of CH2CHO− was predicted to be 0.02 eV lower than the dipole-bound 1 1A′′

state. Additionally, the 1 1Π state exhibits an adiabatic effect of less than 0.03 eV, remains

linear like the 2Π neutral radical (Fig. 5.1a) in its optimized geometry, and is greatly affected
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1.278 1.752 1.588
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1.860 1.196
1.198

1.663 1.188
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1.395
1.378

(c)
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C1 C2

Si

N
1.297

1.703
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101.0
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1.689

1.838170.0

124.0

(b )3

NSi
C1

C2 1.834

1.304

1.642

69.2

159.2

Figure 5.2: CCSD/d-aug-cc-pVDZ optimized structures (in Å and degrees) of ground and

excited states of: (a1) SiCCN− [1 1Σ+ (top) & 1 1Π (bottom)]; (a2) SiCCN− (2 1A′); (b1)

CCSiN− (1 1Σ+); (b2) CCSiN− [1 1A′′ (top) & 2 1A′ (bottom)]; (b3) c-CCSiN− (1 1A2); (c)

SiCN− [1 1Σ+ (top) & 1 1Π (bottom)]; and (d) SiNC− [1 1Σ+ (top) & 1 1Π (bottom)].
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by the choice of basis set augmentation. The classification of the 1 1Π state as the dipole-

bound state of SiCCN− is further corroborated by computations that include triples. The

EOMIP-CCSDT vertical eBE is 3.28 eV and the CC3 vertical excitation energy is just above

this at 3.31 eV. The CC3 computations are, again, slightly lower in energy than their CCSD

counterparts, but they show similar trends. The 1 1Π state should be observable close to the

adiabatic excited state energy and eBE of ∼3.4 eV since its predicted CCSD/d-aug-cc-pVTZ

oscillator strength is 0.01.

Moving down the chain for silicon replacement in C3N−, the next anion of interest is CSiCN−.

Unfortunately, it does not appear as though this isomer is stable even though the neutral

radical, shown in Fig. 5.1b, has been examined previously.256 Geometry optimizations at

both the CCSD and CCSD(T) levels of theory indicate that the C−Si−C bond angle bends

below 180◦ such that creation of the SiCCN− isomer results. Thus, coupled cluster methods

predict that CSiCN− does not exist.

CCSiN− is the last of the C3N− analogues. Its Hartree-Fock ground-state configuration is

similar to SiCCN−, but the 11σ2 and 2π4 orbitals exchange places giving a (core)8σ29σ210σ2

11σ22π43π4 electronic configuration. CCSiN− is 62.5 kcal/mol higher in energy than SiCCN−

according to CCSD(T)/aug-cc-pVTZ, but this isomer is a minimum on the potential energy

surface.

The CCSiN radical, however, is not linear but exists as a 2B1 cyclic C2v structure built

around a C−Si−C ring (see Fig. 5.1c2). Ding and coworkers256 state that the CCSiN radical

does exist as a Cs structure slightly bent out of linearity, but the use of tighter convergence
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criteria than the default cutoffs for a geometry optimization in Gaussian149 clearly shows

that this isomer of CCSiN is not stable. Our coupled cluster computations corroborate such

a conclusion. The isomerization to c-CCSiN actually lowers the dipole moment substantially

from over 4 D in the linear to a “mere” 0.672 D in the cyclic structure. This is close to the

0.504 D dipole moment computed for this isomer by Ding and coworkers256 with B3LYP/6-

311G*.

In spite of such a small dipole moment for the neutral radical, CCSiN− still appears to

exhibit excited states below the eBE. The 1 1Π and 2 1Σ+ states give indication of being

valence-bound states and, hence, exist independently of the dipole moment. The energies

of the 1 1Π and 2 1Σ+ states change relatively little with the inclusion of more diffuse basis

functions (shown in Table 5.2) have adiabatic effects larger than 1 eV (shown in Table 5.1

and Table 5.2) since their optimized geometries bend into Cs conformations, and excite out

of the 3π orbital into combined valence and Rydberg-like orbitals (σ∗ and s-type for the 1

1Π state π∗ and px/y-type for the 2 1Σ+ state). The adiabatic excitation energies for these

states are predicted to exist at 2.49 eV and 2.71 eV, respectively, and the optimized Cs

geometries are shown in Fig. 5.2b2 and Fig. 5.2b3. The 1 1Π state has a relatively large

oscillator strength of 0.05, but the 2 1Σ+ state has a very small oscillator strength on the

order of 10−7. The similarity of the structure of the 2 1Σ+ state to the radical ground state

makes it tempting to consider this state to be dipole-bound, but the small dipole moment

precludes this possibility. If the dipole moment was stronger, an additional dipole-bound

state might exist as well, but our computations suggest that no such state exists.
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5.3.2 SiCN− and SiNC−

Both the SiCN and SiNC radicals are known to exist in the ISM, thus increasing the like-

lihood that their corresponding anions exist as well. Our methods predict dipole moments

for these molecules of 3.188 D and 2.709 D, respectively, values that differ little from the

UHF/6-31G(d) dipole moments previously predicted258 and used in the radicals’ interstellar

detection.238,255,259 Both SiCN− and SiNC−, shown in Fig. 5.1d and e, respectively, have sim-

ilar ground state electronic structures [(core)7σ28σ22π49σ23π2 and (core)7σ22π48σ29σ23π2,

respectively] that only doubly occupy the 3π HOMO. This leads to questions of multirefer-

ence character in our single-reference coupled cluster computations, which are carried out in

the C2v subgroup of the true molecular point-group, C∞v. The resulting artificial splitting

between the 3b2 (which is occupied) and 3b1 (which is unoccupied) RHF/t-aug-cc-pVDZ or-

bitals that make up the 3π orbital is a significant 0.1 Eh. Also, it has been established that

states with T1 diagnostics greater than 0.020 begin to exhibit multi-reference character.187

Our coupled cluster computations for these two anions have T1 diagnostics of 0.019 and,

further, have T2 amplitudes of less than 0.075. All of these factors give us reason to believe

that our excited state computations for these anions can be trusted to, in the least, give an

indication as to whether or not singlet excited states exist for SiCN− and SiNC−.

The comparison of the EOMIP-CCSD/t-aug-cc-pVDZ vertical eBE of SiCN− (1.17 eV) to

the CCSD/t-aug-cc-pVDZ vertical excitation energy (1.39 eV) appears to indicate that even

its lowest energy 1 1Π state may not be bound. In spite of the dissimilarity between these

two values, the adiabatic eBE of 1.27 eV is right at 0.1 eV higher in energy than the adiabatic
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excitation energy. This is on the edge of accepted computational accuracy.28 If this excited

state does exist, it is dipole-bound. The basis set dependence is large for this state (over 3

eV), the adiabatic effect is sizable but not substantial (0.2 eV), and this state is characterized

by excitations out of the 3π HOMO into Rydberg-like s orbitals. Vertical computations with

the triples-including methods yield similar results.

SiNC− is more likely to possess an excited state since the vertical eBE and 1 1Π state differ by

0.05 eV for CCSD/t-aug-cc-pVTZ and 0.03 eV for CCSDT/CC3/d-aug-cc-pVDZ. This state

is dipole-bound since the basis set dependence is over 7 eV for CCSD with the inclusion

of more diffuse functions, the adiabatic effect is less than 0.03 eV, and the wavefunction

describing this state involves 3π into Rydberg-like s orbital transitions. This singlet dipole-

bound excited state should be observable in the near-IR around 0.9−1.0 eV since its CCSD/d-

aug-cc-pVTZ oscillator strength is 0.04.

5.4 Conclusions

The neutral radical forms of each of the five anions studied here are believed or known to exist

in the ISM leading us to examine their corresponding anions. Our methods have predicted

the likely existence of one excited state for SiNC− and the tantalizing report of multiple

excited states for SiCCN− and CCSiN−. On the other hand, the existence of a dipole-bound

state for SiCN− is doubtful, and CSiCN− is unlikely to be stable. It is not unprecedented for

anions to exhibit multiple excited states,251,252 but SiCCN− and CCSiN− are very different
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anions than TCNQ, mentioned previously. TCNQ is a large molecule composed of more than

a dozen atoms and is nonpolar. Additionally, it and the related tetrafluorinated TCNQ-

F4 are radical anions whose electronically excited states are surprisingly stable since the

powerful electron withdrawing groups on the extremities create large pockets of positive

charge. SiCCN− and CCSiN− are antithetical to TCNQ since they are polar (even if weakly

for the CCSiN radical), low-spin, closed-shell anions that are probably small enough to be

created by various mechanisms present in the ISM. For both SiCCN− and CCSiN− at least

one state is observable, but our computations predict the rare occurrence of multiple excited

states existing below their eBEs.



Chapter 6

The trans-HOCO Radical: Quartic

Force Fields, Vibrational Frequencies,

and Spectroscopic Constants

Reprinted with permission from Fortenberry, R. C.; Huang, X.; Francisco, J. S.; Craw-

ford, T. D.; Lee, T. J. J. Chem. Phys. 2011, 135, 134301. c©2011, American Institute of

Physics.
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6.1 Introduction

Creation of the hydroxyformyl (HOCO) radical has been proposed as a necessary interme-

diate step in the reaction of OH + CO.260,261 This reaction is known ultimately to produce

carbon dioxide as well as help to retain carbon monoxide in Earth’s atmosphere,262–265 but

the full gas-phase mechanism of how CO2 forms from this reaction has not been elucidated

as of yet (see Ref. 266 for a full discussion). Considering other planetary bodies, the at-

mosphere of Mars is nearly synonymous with CO2. The red planet’s atmosphere is over

95% CO2 (Ref. 43), but the mechanism for the atmospheric creation, retention, and sta-

bility of such a high concentration of atmospheric CO2 on Mars is also not currently fully

resolved44,267 although surface adsorption models like the Mars-van Krevelen reaction show

some promise in that area.268 If HOCO is even minimally involved in the creation of CO2

in the Earth’s atmosphere, such may also be the case, and to a much greater degree, on the

fourth planet from the Sun.

The upcoming European Space Agency/NASA ExoMars Trace Gas Orbiter mission will be

able to use its infrared instruments to detect, as its name suggests, minuscule amounts of

gases within the Martian atmosphere. The most notable of these is certainly methane, which

is an indicator of past or potentially even present forms of life as we know it.269 However,

other molecules should be detected in low but measurable abundances, and these may be

necessary for the creation of methane or the regeneration of CO2. Hence, there exists the

need to have reference data for HOCO so that its presence in the Martian atmosphere can be
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determined. The detection of HOCO would yield a greater understanding of the mechanism

that regenerates CO2. Unfortunately, little conclusive gas-phase IR data for the HOCO

radical exists. The ν1 O−H stretch and ν2 C=O stretch have been measured experimentally

in the gas-phase at 3635.702 cm−1 (Ref. 270) and 1852.567 cm−1 (Ref. 271), respectively,

for trans-HOCO, the most stable conformer. However, all other known frequencies for both

cis-HOCO and the other four fundamentals of trans-HOCO have only been measured in the

condensed-phase trapped in matrices of Ar, Ne, and CO.260,272,273 Other theoretical work

also has not yet proven to be beneficial in accurately predicting the gas-phase fundamental

frequencies of either isomer.274

Recently, theoretical chemistry has proven to be of vital significance in the prediction of spec-

troscopic properties necessary for the detection of interstellar molecular species. Botschwina

and Oswald275 built on previous work by Aoki33 to generate highly accurate spectroscopic

data for the microwave-range detection of C5N− by Cernicharo and coworkers249 where cor-

responding laboratory data were not available. Further, computational tools have been

utilized by Yu, Francisco, and coworkers276–289 to better characterize the HOCO formation

process, but there is still much that is uncertain, including accurate rovibrational spectro-

scopic constants and several of the fundamental vibrational frequencies. Huang, Lee, and

coworkers37,85,91–93 have predicted the fundamental vibrational frequencies of various molec-

ular species to within a few cm−1 using advanced quantum chemical approaches which, fur-

ther demonstrates the potential role of quantum chemistry in accurately examining difficult

molecules often found in the conditions of interstellar space and extraterrestrial atmospheres.
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Additionally, Crawford and coworkers22,31,77,181,182 have highlighted the need for highly accu-

rate coupled cluster methods to study radicals of this size. Hence, using techniques similar

to those developed by Lee et al.,35,37,85,91–93,290,291 we have examined the gas-phase vibra-

tional frequencies of the trans-HOCO radical using high-accuracy coupled cluster quartic

force fields (QFFs) in order to generate reference data for atmospheric and planetary mea-

surements.

This chapter is organized as follows: the next section includes a discussion of the com-

putational approaches and methods used for the analysis of the fundamental frequencies

and spectroscopic properties of trans-HOCO; this is followed by a discussion of the results

obtained in this study; and we conclude with a summary of our findings.

Figure 6.1: The equilibrium geometry computed from the CcCRE QFF discussed in Sec. 6.2.

O1

C

O2
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6.2 Computational Details

Using restricted open-shell Hartree Fock (ROHF)135 as the reference wavefunction with the

coupled cluster singles, doubles, and perturbative triples method62 [CCSD(T)] combined

with Dunning’s correlation-consistent cc-pV5Z basis set138,213 a minimum energy geometry

was obtained that was further corrected for core-correlation effects using a basis set specifi-

cally derived for such adjustments by Martin and Taylor.89 We shall refer to this basis set as

the MT basis set. From this reference geometry a quartic force field was generated from step

lengths of 0.005 Å and 0.005 radians. For HOCO, a tetra-atomic radical with Cs symmetry,

743 symmetry-unique geometries, out of 805 in total, were generated to compute all required

force constants in the quartic force field. The simple internal coordinates used in the quartic

force field determination are, from Fig. 6.1: 1) the C=O2 bond length, 2) the C−O1 bond

length, 3) the O1−H bond length, 4) the O2−C−O1 bond angle, 5) the C−O1−H bond

angle, and 6) the torsional motion of all four atoms.

At each of the 743 points, ROHF-CCSD(T) single-point energies were computed with Dun-

ning’s correlation consistent basis sets but augmented with diffuse functions138,150 necessary

to treat a radical, aug-cc-pVXZ (where X=T, Q, and 5). A three-point formula87 utilized pre-

viously37,85,91–93 was employed to obtain energies extrapolated to the one-particle complete

basis set (CBS) limit. To this CCSD(T)/CBS energy at each point, core-correlation cor-

rections computed from the aforementioned MT core-correlating basis set, scalar relativistic

terms (aTZ-DK),88,292 and higher-order electron correlation effects using the cc-pVTZ ba-
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sis set with the full CCSDT method58,293 implemented in the CFOUR (Ref. 148) quantum

chemical program were combined to give a composite energy represented as:

Etot = EaTQ5→CBS +(EMT,core−EMT)+(EaTZ-DK,rel.−EaTZ-DK)+(ECCSDT/TZ−ECCSD(T)/TZ).

(6.1)

The inclusion of the core-correlation, scalar relativistic, and the higher-order electron cor-

relation terms should represent the most accurate exclusively coupled cluster QFF used to

date for the prediction of vibrational frequencies and related spectroscopic constants. Using

the equilibrium geometry as an example, these corrections represent a stabilization to the

estimated CBS energy of 450.6 kJ/mol for the core correlation, 337.3 kJ/mol for the scalar

relativistic term, and 0.5 kJ/mol for the higher-order electron correlation energy. However,

it is the behavior of these corrections at each point and not their individual absolute magni-

tudes that affects the QFF’s performance. Besides those computations involving CCSDT and

its subtracted CCSD(T) counterpart, all computations utilized the MOLPRO 2010.1 pro-

gram.294 The ROHF reference is the same (Ref. 135) for both programs, but the definition

of the core orbitals differs slightly between the two packages. This difference is negligible,

however, since the sum of the residual squares in fitting the QFF is on the order of 10−16.

From these points and their corresponding CBS + core Correlation + scalar Relativistic

+ higher-order Electron correlation (CcCRE) composite energies, the simple internal force

constants and the “actual” minimum (which slightly deviates from the reference geometry)

were derived from the fitting of the QFF where, again, the sum of the residuals squared is

acceptably small as mentioned above. The INTDER program295 computed the Cartesian
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derivatives from the force constants. These were fed into the SPECTRO296 program for

the second-order vibrational perturbation theory (VPT)90,297,298 treatments. Additionally,

the simple internal QFF was converted to Morse-Cosine coordinates290 which makes use of

periodic functions for each non-stretching mode. These coordinates were used to determine

the variationally computed frequencies using the vibrational configuration interaction (VCI)

method with the MULTIMODE program.95,299 Furthermore, other QFFs were also tested.

These included the CcCR QFF where the higher order electron correlation correction has

been excluded and the CR QFF which only contains the first and third terms of Eq. 6.1.

6.3 Results

The CcCRE QFF zero-point and equilibrium structures for X 2A′ trans-HOCO are shown

in Fig. 6.1. The bond lengths, bond angles, rotational constants, and associated harmonic

vibrational frequencies are given in Table 6.1 where the equilibrium structure is the result

of the “position averaged” values (synonymous with the rz values) from the VPT2 results.

Oyama and coworkers300 used UCCSD(T)-F12/aug-cc-pVTZ computations to report geom-

etry parameters for trans-HOCO as part of a larger study on the rotational transitions of

cis- and trans-HOCO and DOCO derived from Fourier-transformed microwave (FTMW)

spectroscopy. The UCCSD(T)-F12/aug-cc-pVTZ equilibrium geometry, also in Table 6.1,

does not vary much as compared to our CcCRE QFF equilibrium geometry: 0.001 Å for the

bond lengths and 0.1◦ for the bond angles. Additionally, RCCSD(T)/cc-pCV5Z computa-
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Table 6.1: Minimum Structure, Rotational Constants, and Harmonic Frequencies for

HOCO.a

Zero-Point Equilibrium

This Work Experimentb This Work Oyama et al.c Botschwinad

R(O1−H) 0.957 73 Å 0.974 Å R(O1−H) 0.961 27 Å 0.963 Å 0.9617 Å

R(C−O1) 1.348 50 Å 1.342 Å R(C−O1) 1.339 20 Å 1.342 Å 1.3391 Å

R(C−O2) 1.178 12 Å 1.181 Å R(C−O2) 1.175 18 Å 1.178 Å 1.1754 Å
6 H−O1−C 108.139◦ 107.4◦ 6 H−O1−C 107.993◦ 107.8◦ 107.95◦

6 O1−C−O2 126.949◦ 127.4◦ 6 O1−C−O2 126.981◦ 127.0◦ 127.15◦

A0 5.612 76 cm−1 5.596 14 cm−1 Ae 5.586 21 cm−1 – 5.595 5 cm−1

B0 0.381 88 cm−1 0.381 37 cm−1 Be 0.384 79 cm−1 – 0.383 97 cm−1

C0 0.356 98 cm−1 0.356 47 cm−1 Ce 0.360 00 cm−1 – 0.359 28 cm−1

Freq (in cm−1)

Mode Description This Work Previouse

ω1 a’ O1−H stretch 3833.9 3781.0

ω2 a’ C=O2 stretch 1903.5 1848.0

ω3 a’ H−O1−C bend 1261.1 1250.9

ω4 a’ C−O1 stretch 1090.1 1036.3

ω5 a’ O1−C−O2 bend 624.2 596.5

ω6 a” torsional mode 537.0 523.2

aThe minimum structure and harmonic vibrational frequencies are computed from the CcCRE QFF.
bFourier-transformed microwave results from Ref. 300
cUCCSD(T)-F12/aug-cc-pVTZ results from Ref. 300
dRCCSD(T)/cc-pCV5Z results Ref. 301
eUCCSD(T)/aug-cc-pVDZ results from Ref. 302

tions by Botschwina,301 also listed in Table 6.1, give geometry values that are even closer to

our CcCRE QFF results than UCCSD(T)-F12/aug-cc-pVTZ.

Oyama and coworkers’ experimental FTMW zero-point geometry was reported to be in good

agreement with their computed equilibrium geometry (within 0.01 Å for bond lengths and

0.7◦ bond angles) and, subsequently, in good agreement with the geometry computed by

Botschwina301 rendering our CcCRE QFF geometry quite accurate, as well. The FTMW
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Table 6.2: Anharmonic Constant Matrix for the CcCRE QFF (in cm−1).

mode 1 2 3 4 5 6

1 -85.526

2 -3.611 -13.089

3 -19.889 -5.572 -11.488

4 -4.952 -15.134 -9.976 -8.733

5 -2.273 -6.564 -1.549 -7.134 -0.131

6 -10.902 -1.705 -2.869 -5.509 4.337 -13.768

zero-point rotational constants of 5.59614, 0.38137, and 0.35647 cm−1 (or 167768.064, 11433.322,

and 10686.63 MHz) correlate nearly exactly (within 0.002 cm−1) with a previous millimeter-

wave experiment done by Radford, Wei, and Sears303 and are in very good agreement

with Botschwina’s RCCSD(T)/cc-pCV5Z equilibrium rotational constants.301 The latter are

nearly identical to our CcCRE QFF equilibrium rotational constants (see Table 6.1). Addi-

tionally, our CcCRE QFF zero-point rotational constants are very close to those observed in

the FTMW experiment reported by Oyama and coworkers300: within 0.02 cm−1 for A0 and

5×10−4 cm−1 for B0 and C0. Furthermore, UCCSD(T)/aug-cc-pVDZ harmonic vibrational

frequencies, listed in the bottom of Table 6.1, computed by Feller, Dixon, and Francisco302

are comparable to the CcCRE QFF harmonic frequencies. Such corroborating evidence

indicates that our lowest-energy structure of trans-HOCO derived from the fitting of the

CcCRE QFF is reliable. Additionally, another QFF, the CR QFF, which only includes the

CBS-extrapolated electronic energy and the scalar relativistic terms from Eq. 6.1, predicts
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vibrationally averaged rotational constants of 5.58209, 0.38054, and 0.35570 cm−1. These

CR QFF rotational constants deviate from the FTMW experimental results by about the

same amount as the CcCRE results, but these A0, B0, and C0 values are smaller than the

experimental values whereas the CcCRE constants are all larger than experiment.

Table 6.3: CcCRE QFF Computed Vibration-Rotation Interaction Constants and Quartic

and Sextic Centrifugal Distortion Constants of trans-HOCO.

Vib-Rot Constants (MHz) Distortion Constants Watson S Reduction

mode αA αB αC (MHz) (Hz) (MHz) (Hz)

1 1308.8 10.9 14.2 τ ′aaaa -87.735 Φaaa 8391.870 DJ 0.009 HJ 0.009

2 1444.7 45.3 42.0 τ ′bbbb -0.043 Φbbb 0.017 DJK -0.293 HJK -1.222

3 -3100.0 5.4 19.4 τ ′cccc -0.028 Φccc 0.001 DK 22.219 HKJ -140.003

4 -597.6 84.8 87.7 τ ′aabb 0.630 Φaab -69.672 d1 -0.001 HK 8533.087

5 -2972.8 -4.3 15.1 τ ′aacc 0.474 Φabb -0.848 d2 0.000 h1 0.004

6 2324.8 32.7 2.0 τ ′bbcc -0.034 Φaac -72.789 h2 0.000

Φbbc 0.012 h3 0.000

Φacc -0.045

Φbcc 0.006

Φabc -1.972

The associated anharmonic frequencies for the CcCRE QFF of trans-HOCO are given in

Table 6.4 while the anharmonic constants are given in Table 6.2. Vibration-rotation in-

teraction constants and quartic and sextic centrifugal distortion constants are compiled in
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Table 6.3, and Table 6.5 contains the quadratic, cubic, and quartic force constants. All

spectroscopic constants were computed with second-order vibrational perturbation theory

(VPT) via SPECTRO and should be useful in the analysis of high-resolution experiments

or astronomical observations. The VPT computations require the explicit inclusion of a

four-fold Fermi resonance polyad291 involving ν3, ν4, 2ν5, and 2ν6. A type 2 Fermi resonance

is necessary for ν5 = ν4 + ν2. Lastly, a Coriolis resonance between ν6 and ν5 is also present.

The anharmonic vibrational frequencies, again from Table 6.4, include both the VPT and

variationally computed VCI frequencies. For the variational frequencies, four-mode and five-

mode representations for the coupling configuration interaction computations (4MR and

5MR, respectively) are both shown. The different numbers of modes refer to the number of

modes allowed to couple within the expansion formula defined95 as:

V (Q1, Q2, . . . , QN) =
∑
i

V
(1)
i (Qi)+

∑
ij

V
(2)
ij (Qi, Qj)+· · ·+

∑
ijk...N

V
(N)
ijk...N(Qi, Qj, Qk, . . . , QN),

(6.2)

where N is the number of modes for each expansion level; N = 6 is the largest expansion

level for the HOCO radical since there are six total degrees of freedom. 4MR and 5MR

are truncations at the N = 4 and N = 5 levels, respectively. The V
(1)
i term is the one-

mode potential for the ith mode at a given geometry, V
(2)
ij is the two-mode potential for the

corresponding ith and jth modes, and so on for V
(3)
ijk and larger up to V

(N)
ijk...N . The Qi terms

from Eq. 6.2 are simply the coordinates of a given normal mode i.

Initial VCI computations of the fundamental vibrational frequencies used a small but rea-

sonable set of vibrational variational basis functions to describe the vibrational behavior of
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trans-HOCO. The CI matrices, one of which is comprised of a’ functions while the other a”

functions, contain 2738 a’ functions and 1399 a” functions for the 4MR computations. The

5MR CI matrices contain 3064 and 1829, respectively. These 4MR and 5MR computations

both require 30 Gaussian integration points, 25 primitive harmonic oscillator basis functions

contracted down to 10 basis functions for each mode, and 16 HEG (the abbreviation for

Gauss-Hermite) quadrature points. Since the 4MR and 5MR frequencies differ by less than

0.2 cm−1, it is clear that convergence of the mode coupling levels in the VCI method has

been achieved. Additionally, since the 4MR and 5MR computations are nearly identical,

only the 5MR results will be included in this discussion and will be referred to as 5MR-s or

simply VCI-s, the “s” for small.

Table 6.4: Fundamental vibrational frequencies (cm−1) for trans-HOCO from VPT and

VCI-s and VCI-l 5MR computations for the CcCRE QFF, VPT and VCI-l for the CcCR

QFF, VPT and VCI-l for the CR QFF, and both Condensed and Gas Phase Experimental

results.

CcCRE CcCR CR Experiment

Mode Description VPT 5MR-s 5MR-l VPT 5MR-l VPT 5MR-l Condenseda Gas Phaseb

ν1 a’ O1−H stretch 3642.0 3652.6 3640.5 3640.7 3634.4 3636.0 3632.9 3628.0 3635.702

ν2 a’ C=O2 stretch 1861.0 1861.5 1861.1 1862.2 1862.2 1855.8 1856.0 1848.0 1852.567

ν3 a’ H−O1−C bend 1217.3 1221.3 1218.0 12 13.7 1214.2 1215.9 1218.9 1211.2

ν4 a’ C−O1 stretch 1053.0 1042.9 1052.8 1053.0 1052.8 1048.2 1048.2 1050.4

ν5 a’ O1−C−O2 bend 617.3 618.4 617.5 616.6 616.9 614.5 615.9 615

ν6 a” torsional mode 501.2 511.2 488.6 497.5 484.6 501.8 492.1 508.1

ZPE 4560.9 4555.1 4551.4 4559.2 4549.8 4549.9 4546.2

aCondensed phase data from Jacox and coworkers.260,272,273

bGas phase data from Petty and Moore270 for ν1 and Sears, Fawzy, and Johnson271 for ν2.
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However, the level of agreement between the VPT and VCI-s frequencies is not consistent,

especially for ν6, the torsional mode. Strong agreement (i.e., < 1 cm−1) is present between

the two methods for the ν2 and ν5 modes, and fairly good agreement exists for the ν3 mode

for which the difference is about 4 cm−1. The C−O1 stretch, ν4, differs between VPT and

VCI by 10.1 cm−1, and the H−O1 stretch, ν1, differs by around the same value. The torsional

motion, ν6, has a discrepancy, again, of about 10 cm−1 between VPT (501.2 cm−1) and VCI-s

(511.2 cm−1). However, the VCI-s computation predicts the energy of this particular mode

to be higher than the VPT which was not expected based on previous work.

Even though direct comparison between the experimental condensed-phase vibrational fre-

quencies and the CcCRE QFF simulated gas-phase frequencies is not a perfectly direct com-

parison as the use of gas-phase experimental data would be, it was still noticed that VCI-s

appears to overcorrect the ν4 vibrational frequency of 1042.9 cm−1 even when compared to

the condensed phase result of 1050.4 cm−1. For ν1 and ν2, where gas-phase experimental data

are known, the condensed-phase experimental frequencies are a few wavenumbers lower in

energy than the gas-phase, and an inference of a similar relationship to the other four modes

is thermodynamically reasonable but certainly not guaranteed. The potential overcorrection

of ν4 and the difference in frequency between our results and the condensed- and gas-phase

experimental data by 10 cm−1 or so for ν1, ν4, and ν6 indicated that a reanalysis of the VCI

computations was necessary.

The subsequent action was the use of a substantially larger set of basis functions for describing

the fundamental vibrational frequencies using VCI. We will call this computation VCI-l for
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the use of a larger set of harmonic oscillator basis functions. 4MR-l utilizes CI matrices

comprised of 19305 a’ functions and 10820 a” functions, while the corresponding 5MR-

l computation utilizes matrices of 21604 and 14146 functions, respectively. Additionally,

these larger VCI-l computations require 36 Gaussian integration points, 31 primitive basis

functions contracted down to 15 on each mode, and 20 HEG quadrature points. Again, the

4MR-l results have been excluded since they differ from the 5MR-l results by less than 0.02

cm−1, and the 5MR-l frequencies are, again, synonymous with the VCI-l frequencies.

Table 6.4 clearly shows a substantial increase in agreement between VPT and VCI when

using VCI-l with its larger number of basis functions. The ν2, ν3, ν4, and ν5 frequencies

are nearly identical (i.e. < 1 cm−1) between VCI-l and VPT, and the VCI-l 3640.5 cm−1

ν1 mode is only 1.5 cm−1 lower in energy than the corresponding 3642.0 cm−1 VPT result.

Interestingly, ν6 for VCI-l (488.6 cm−1) is at nearly the same level of agreement with VPT as

VCI-s (around 10 cm−1), but the VPT frequency of 501.6 cm−1 is now higher than its VCI-l

counterpart. Inclusion of the additional basis functions also places the VCI-l ν4 mode above

the condensed-phase experimental result of 1050.4 cm−1. This shift to a higher frequency for

ν4 is actually the result of a state crossing. The use of more basis functions in the computation

shows that the dominant character of the VCI-s ν4 state is better described as the 2ν1 state

in VCI-l while the VCI-s 2ν1 is really the desired ν4 state. Hence, more basis functions in the

computation converged the actual ν4 state to within 2.5 cm−1 of the condensed-phase result

while the 2ν1 (formerly the VCI-s ν4) state cannot correlate to the experimental fundamental

for ν4 since it converges to 970.0 cm−1. Unfortunately, the difference in frequencies for ν6, the
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torsional mode, between VPT and VCI-l means that the good correlation between the VCI-s

and the condensed-phase experimental result is no longer valid. However, the inclusion of

more basis functions for the other five modes appears to indicate that the VCI-l results are

more trustworthy on the whole. Hence, it appears as though the actual gas-phase frequency

for ν6 is probably lower than the condensed-phase one by as much as 20 cm−1.

Other computations involving fewer basis functions indicate that smaller VCI matrices can

adequately describe the zero-point, ν2, ν3 and ν5 modes, i.e. their energies do not change by

more than 1 cm−1 with the inclusion of more functions. However, a reasonable description

of ν4 and ν6 requires a larger number of VCI basis functions with convergence experienced at

around 15000 a’ functions and 10000 a” functions in the CI matrices where the crossing for the

2ν1 and ν4 states mentioned in the previous paragraph is properly managed with this number

of functions. Interestingly, the ν1 mode is actually the one that forces the use of the most

basis functions. Its convergence to 1 cm−1 is not reached until the number of basis functions

defined for VCI-l are used. The large numbers of functions necessary to reach convergence

is simply a result of the higher energy region in which this fundamental frequency exists.

Hence, truly massive computations must be employed to adequately treat all the states in the

trans-HOCO radical. Subsequently, convergence of the VCI computations is not necessarily

proven when the differences between 4MR and 5MR are small but when the size of the

normal coordinate basis sets is adequate.

The largest frequency difference in the fundamental modes between VPT and VCI-l is the

ν6 torsional mode, but this type of disagreement between the two approaches for a torsional
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mode is not uncommon. Even so, the other five modes are at similar levels of agreement

between VPT and VCI as those observed in previous work on other systems,37 and the

disagreement for ν6 between VPT and VCI is not beyond the scope of reasonable results for

each of the methods. This discrepancy is most likely the result of a large anharmonicity for

this coordinate where QFFs may not be adequate to describe this behavior even with the QFF

in a coordinate system that has better limiting behavior. Regardless, the experimental data

for the gas-phase frequencies of ν1 and ν2, 3635.702 cm−1 and 1852.567 cm−1, respectively,

shown in Table 6.4, are less than 9 cm−1 (5 cm−1 for the VCI-l ν1) lower than the CcCRE

QFF-based values, with either VPT and VCI-l. This difference is also in line with previous

studies.37 Such agreement gives strength to our case of making predictions for the other four

fundamental modes.

It is interesting to note that the VPT frequency for ν6 is much closer to the condensed-phase

experimental result than the VCI-l. However, VPT is over 5 cm−1 below the frequency

of this mode even when compared to the results of the condensed-phase experiment, but

the relationship of the condensed-phase frequency for the fundamental and the gas-phase

frequency has not been established. VCI-l predicts a ν6 frequency that is even further below

the VPT indicating that the gas-phase frequency of this mode behaves differently than the

corresponding condensed-phase result. The frequencies of the other three modes for which

there is no current gas-phase experimental data, ν3, ν4, and ν5, are higher in energy for both

VPT and VCI-l than the condensed-phase results. Furthermore, these predicted frequencies

are close enough to the condensed-phase results to give strong indication that the predicted
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fundamental frequencies of ν3, ν4, and ν5 are reliable and potentially quite close to the

actual gas-phase values. Although the ν6 frequency gives pause, the other five modes and

even ν6, as well, give no indication of being markedly erroneous with either method, and

these results should help to give more than a qualitative picture to what the fundamental

gas-phase vibrational frequencies of trans-HOCO actually are.

As a final consideration, the exclusion of terms from Eq. 6.1 in the CcCRE QFF results in

some rather fascinating changes in the computed fundamental vibrational frequencies. The

averaged coupled-pair functional (ACPF) method has been previously utilized to compute

the higher-order electron correlation terms,85,91,92 but it was found to lead to the prediction

of fundamental vibrational frequencies that were too low in energy. This phenomenon led

to our present use of CCSDT as a means to describe this component of the energy at each

point. However, the experimental agreement for the CcCRE QFF ν1 and ν2 was not as

close as desired. Excluding the higher-order electron correlation term in the CcCRE QFF

results in the CcCR QFF. Removal of this correction does not greatly change the equilibrium

geometry; the bond lengths remain the same up to 0.001 Å while the O1−C−O2 bond angle

is slightly increased to 127.081◦ and the H−O1−C bond angle is decreased by only about 0.1◦

to 107.895◦. The ν1 fundamental computed with the CcCR QFF is actually 3.5 cm−1 closer

to the experimental gas-phase result than the full CcCRE QFF (all shown in Table 6.4), but

the CcCR ν2 frequency is higher by about a third as much for this fundamental. Hence, there

is no systematic corrective behavior for the CcCR QFF as compared to the CcCRE QFF,

but, nonetheless, these corrections are very small. Such small differences in the equilibrium
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Table 6.5: Quadratic, Cubic, and Quartic Force Constants (in mdyn/Ån·radm) for the HOCO

radical in the simple-internal coordinate system for the CcCRE QFF.

F11 14.596 327 F431 -0.1313 F1111 593.25 F4432 0.15 F5531 0.25

F21 1.472 200 F432 -0.2134 F2111 7.85 F4433 -0.39 F5532 0.88

F22 5.807 740 F433 0.0719 F2211 -1.02 F4441 2.77 F5533 -0.47

F31 -0.079 973 F441 -1.7839 F2221 8.34 F4442 3.97 F5541 0.19

F32 0.012 893 F442 -1.7691 F2222 236.37 F4443 0.27 F5542 0.34

F33 8.220 563 F443 -0.0883 F3111 1.18 F4444 3.91 F5543 -0.04

F41 0.401 357 F444 -1.4840 F3211 0.17 F5111 0.17 F5544 0.38

F42 0.441 020 F511 -0.0590 F3221 -0.72 F5211 -0.56 F5551 0.04

F43 0.067 552 F521 0.1178 F3222 4.26 F5221 0.11 F5552 0.04

F44 1.362 958 F522 -1.1302 F3311 -0.27 F5222 -0.01 F5553 1.21

F51 0.052 311 F531 -0.0163 F3321 0.30 F5311 -0.13 F5554 -0.15

F52 0.431 362 F532 -0.5147 F3322 -1.08 F5321 0.42 F5555 -0.97

F53 0.183 414 F533 -0.0194 F3331 -0.20 F5322 0.27 F6611 -0.13

F54 0.146 008 F541 -0.1797 F3332 -0.79 F5331 -0.31 F6621 0.06

F55 0.762 089 F542 0.0918 F3333 357.19 F5332 0.33 F6622 0.40

F66 0.116 757 F543 -0.0288 F4111 2.86 F5333 -1.88 F6631 0.06

F111 -103.8339 F544 0.0186 F4211 2.69 F5411 -0.13 F6632 -0.08

F211 -3.6315 F551 -0.0637 F4221 4.49 F5421 0.24 F6633 -0.00

F221 -1.0468 F552 -0.7192 F4222 0.48 F5422 -0.96 F6641 0.02

F222 -44.3548 F553 -0.3739 F4311 -0.10 F5431 0.01 F6642 0.24

F311 -0.1141 F554 -0.2112 F4321 0.41 F5432 0.08 F6643 -0.08

F321 0.1800 F555 -0.9620 F4322 0.36 F5433 0.02 F6644 0.27

F322 -0.9188 F661 -0.0173 F4331 -0.05 F5441 0.15 F6651 -0.07

F331 0.0109 F662 -0.2523 F4332 -0.23 F5442 0.15 F6652 -0.02

F332 0.2268 F663 -0.0224 F4333 -0.07 F5443 -0.24 F6653 0.02

F333 -57.4227 F664 -0.0940 F4411 -0.59 F5444 -0.18 F6654 -0.02

F411 -0.6925 F665 -0.0227 F4421 3.70 F5511 -0.65 F6655 -0.25

F421 -1.2383 F4422 1.37 F5521 0.73 F6666 -0.49

F422 -1.6381 F4431 0.36 F5522 -0.64
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geometries and the fundamental vibrational frequencies between the CcCR to CcCRE QFFs

indicate that the higher-order electron correlation description from CCSDT does not go far

enough to describe the full electron correlation, the converse of the issue experienced with

the ACPF method.

Additional removal of the core-correlation term (giving rise to the CR QFF) increases each

of the trans-HOCO equilibrium bond lengths relative to both the CcCRE and CcCR QFFs

(1.177 20 Å for C=O2, 1.342 13 Å for C−O1, and 0.962 28 Å for H−O1) while the bond

angles are reduced slightly as compared to both of the more descriptive QFFs (126.948◦ for

O1−C−O2 and 107.821◦ for H−O1−C). The CR QFF predicts frequencies within 4 cm−1

of the known gas-phase fundamentals for VPT and VCI-l for both ν1 and ν2 even though

ν1 is predicted to be lower than experiment with VCI-l while ν2 is higher than experiment.

Besides these two modes, two of other four CR vibrational frequencies are also lower in

energy than their CcCRE counterparts with ν3 coming in slightly higher for the CR QFF.

However, ν6 is noticeably higher for the CR QFF than the CcCRE. This does bring ν6 closer

to the condensed-phase experimental results by about 3.5 cm−1 as compared to the CcCRE

results and an even larger 6.5 cm−1 closer than the CcCR QFF.

This seemingly better result is merely an artifact of error cancellation in this less descriptive

QFF and is not a robust reflection of its ability to accurately predict the fundamental

vibrational frequencies for which there is no experimental data. The use of only relativistic

corrections to a CBS energy in the computation of a QFF mainly influences those modes

where bond distance plays an important role, as is seen in the changes to the geometrical
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parameters listed above. Hence, the same issue with the VPT prediction of ν6 is present in

these two QFFs as it is in the CcCRE results, but it is interesting to note that CcCRE QFF

has better agreement between VPT and VCI-l than the CcCR QFF showcasing the need

for electron-correlation effects to be considered at some level. Even though the CcCR and

CR QFFs appear to predict better fundamental frequencies than the CcCRE QFF, these

results are not robustly or conceptually better but can serve to help inform the energy range

in which the actual fundamentals may be found, especially since the frequencies of the four

experimentally unknown modes differ between the the three QFFs by less than 6 cm−1 and

more often by less than 4 cm−1. Additionally, the inclusion of better higher-order electron

correlation methods should probably overcome the deficiencies of both the current CcCRE

QFF and those utilized previously containing the ACPF method.

6.4 Conclusions

We have carried out an anharmonic vibrational analysis and computed various spectroscopic

constants for the X 2A′ trans-HOCO radical using a highly accurate quartic force field

composed of aTZ, aQZ, and a5Z complete basis set extrapolated energies corrected for core

correlation, scalar relativistic, and higher-order electron correlation effects, the CcCRE QFF.

The composite energy makes exclusive use of coupled cluster theory, established as one of

the most accurate chemical theories to date,28,29 and includes terms necessary to account for

most of the deficiencies present in regular quantum chemical models. This QFF was hoped to
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be the most reliable computed thus far, but the failings of the CCSDT higher-order electron

correlation effects hindered its performance. The CR QFF appears to treat this system more

accurately, but this is probably the result of fortunate error cancellation.

Our gas-phase CcCRE results corroborate the known experimental gas-phase frequencies to

within 4 cm−1 for the O−H stretch (ν1) and 9 cm−1 for the C=O stretch (ν2) while the

CR QFF predicts these values to within 3 cm−1 and 3.5 cm−1, respectively. Additionally,

both VPT and VCI-l predict some vibrational frequencies to be below even the condensed-

phase experimental data: the torsional mode (ν6) for each QFF, the CR ν4 mode (C−O

stretch), and the CR VPT ν5 mode (O1−C−O2 bend). With this calibration and knowledge

of behavior, we can conclude that our VCI-l and VPT CcCRE QFF-based fundamental

frequencies should be within 9 cm−1 or less of their actual gas-phase values and the CR

QFF-based fundamental frequencies should be within 4 cm−1 or less. Hence, removal of

the higher-order electron correlation terms from the CcCRE QFF in the CcCR and CR

QFFs and removal of the core-correlation terms in the CR QFF coupled with the resulting

cancellation of errors leads to better agreement with experiment. The CCSDT correction

to CCSD(T) utilized here is not descriptive enough for higher-order electron correlation

as it adds only 0.1% of the stabilization energy as compared to the core-correlation, and

better terms for this correction should be incorporated in future studies. Furthermore, in

order to adequately describe this system using the variational VCI method, large numbers of

vibrational variational basis functions must be used, especially for the ν6, ν4, and even the

ν1 (O−H stretch) modes where the ν1 mode shows the most marked improvement for the
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use of more basis functions. Finally, the relatively large difference in the frequency of the

ν6 mode between VPT and VCI-l regardless of the choice of QFF indicates that the sizable

anharmonicity for this mode may not be adequately described using only a QFF.

In short, our results indicate that the CcCRE, CcCR, and CR QFF VCI-l fundamental fre-

quencies (utilizing a large enough number of basis functions) are trustworthy enough to help

elucidate what the four unknown gas-phase fundamental vibrational frequencies of trans-

HOCO are. Additionally, we are providing a highly accurate set of other spectroscopic

constants for the trans-HOCO radical in the gas-phase. Those constants previously experi-

mentally determined match our computations to 1% deviation or better, and the rest should

likely be similarly accurate for comparison either to laboratory, atmospheric, or planetary

observation.



Chapter 7

Vibrational Frequencies and

Spectroscopic Constants from Quartic

Force Fields for cis-HOCO: the

Radical and the Anion

Reprinted with permission from Fortenberry, R. C.; Huang, X.; Francisco, J. S.; Craw-

ford, T. D.; Lee, T. J. J. Chem. Phys. 2011, 135, 214303. c©2011, American Institute of

Physics.
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7.1 Introduction

For many years now, dissociative photodetachment (DPD) techniques carried out on the

HOCO− molecular anion277,304–306 have been used to study various aspects of potential en-

ergy surfaces involving OH + CO. The hydroxyformyl (HOCO) radical is hypothesized to

be an intermediate species in the reaction of these two small molecules,260,261 and its exper-

imental study is most easily initiated by photodetachment of the more stable anion.277 The

pressure dependence and strong isotopic effect for deuterium substitution of the hydroxy

radical in the OH + CO reaction rate give some indication that the chemistry of this system

does not proceed directly to the creation of CO2 and the other established products, mainly

hydrogen.266 Instead, it is believed that HOCO is created and then breaks down into CO2

and H. If confirmation of this pathway is fully established, better understanding of the asso-

ciated chemistry would yield deeper insights into the atmospheric processes not only of the

Earth264,265 but potentially even Mars44,267 where the atmospheric chemistry is dominated

by CO2.43,44

As cis-HOCO− is the most stable anionic conformer, it is the one most likely to be created for

subsequent use in the DPD experiments.277 Photodetachment results in the cis-HOCO rad-

ical plus e− complex which goes through a barrier of about 10 kcal/mol to produce the more

stable trans-HOCO radical conformer after the removal of the electron from the system.276

From there, the continuance of the OH + CO potential surface may be studied as HOCO

progresses along the reaction coordinate to give CO2 and hydrogen. A full understanding of
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these processes, however, cannot be clearly elucidated until the molecular species in ques-

tion can be observed. The greatest hope of this has been through infrared spectroscopy,

but only the O−H and C=O stretching fundamental vibrational frequencies have been con-

clusively recorded in the gas-phase and only for the more stable trans conformer of the

radical.270,271 There does exist condensed-phase (in matrices of Ne, Ar, and CO) funda-

mental vibrational frequency data for all six fundamentals of the trans conformer260,272,273

and CO matrix condensed-phase data for all fundamentals except the torsional mode of the

cis conformer,260 but it is unclear how the condensed-phase numbers would relate to the

necessary gas-phase observations applicable to atmospheric studies of either Earth or Mars.

Previously, we utilized ab initio quantum chemical computations and quartic force fields

(QFFs) to predict the gas-phase fundamental vibrational frequencies of the trans-HOCO

radical (Ref. 38 and Ch. 6). For the two known fundamental frequencies, our theoretical

results match experiment to within 5 cm−1, and there is no indication that any of the other

frequencies predicted for the rest of the fundamentals should be any less accurate since we

used established techniques calibrated to produce such high-quality results for other molec-

ular systems.35,37,85,92,290 As mentioned above, there is no known gas phase measurement

or prediction of the fundamental vibrational frequencies of the cis-HOCO radical or of the

cis-HOCO− molecular anion. In this paper, we will utilize the same techniques applied

previously to the trans-HOCO radical38 to predict accurately the fundamental vibrational

frequencies for infrared observation and the associated spectroscopic constants useful for

rotational or rovibrational spectroscopy for both the cis-HOCO radical and the cis-HOCO
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anion.

7.2 Computational Details

Coupled cluster theory is one of the most accurate quantum chemical approaches known to

date,28,29,34 and its use in the computation of energy points on a potential surface necessary

for the creation of a quartic force field has been well-established.35,37,38,84,85,92,290 As with

many of these previous studies, the work presented here makes exclusive use of the coupled

cluster singles, doubles, and perturbative triples [CCSD(T)]62 level of theory which is often

called the “gold standard” of quantum chemistry.29 Computations of the cis-HOCO radical

are based on restricted open-shell Hartree Fock (ROHF)135 reference wavefunctions while

spin restricted Hartree Fock (RHF)183,307 references are utilized for the closed-shell anion.

Geometry optimizations of the equilibrium structures are based on CCSD(T) computations

utilizing the aug-cc-pV5Z basis set.138,150,213 The geometry is then compositely modified to

include corrections for core-correlation effects based on basis sets specifically developed for

this purpose by Martin and Taylor89 which we shall call the MT basis sets.

The QFFs for both of the Cs symmetry molecular species of interest are made up of 743

symmetry-unique points. These are determined by displacements of 0.005 Å for each of

the bond lengths (from Fig. 7.1: C=O2, which is internal coordinate 1; C−O1, coordinate

2; and O1−H, coordinate 3) and 0.005 radians for each bond angle (O1−C−O2 defined as

coordinate 4 and H−O1−C, coordinate 5) as well as the torsional mode, which is internal
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coordinate 6. At each point CCSD(T) computations with aug-cc-pVXZ for X=T, Q, and 5

are carried out. The resulting energies are then extrapolated out to the complete basis set

(CBS) limit via an established three-point formula.87 Subsequent corrections to this energy

can be made for core correlation effects using the aforementioned MT basis set89 and scalar

relativistic effects established by Douglas and Kroll88 with the aug-cc-pVTZ basis set, which

we will refer to as aTZ-DK. Differently from previous studies,38,85,91,92 higher-order electron

correlation effects are not included in the QFFs for this study because neither the ACPF

method85,91,92 nor full CCSDT38 have been shown to properly treat this correction. The

total composite energy computed for each point is thus defined as:

Etot = EaTQ5→CBS + (EMT,core − EMT) + (EaTZ-DK,rel. − EaTZ-DK). (7.1)

The QFF defined by composite energies inclusive of each correction listed will be referred

to as the CcCR QFF as it includes the extrapolated CBS energy, core Correlation effects,

and Relativistic terms. We also make use of the less descriptive CR QFF where the core

correlation term is neglected. These two QFFs have previously predicted highly accurate fun-

damental vibrational frequencies and spectroscopic constants for the trans-HOCO radical.38

All electronic structure computations are undertaken with the MOLPRO 2010.1 program.294

The simple internal force constants and the actual equilibrium geometry for a QFF are

determined from our accurate least-squares fits where the sum of the residuals squared (in

units of a.u.2) is on the order of less than 10−16. Cartesian derivatives are computed from the

internal coordinate force constants by the INTDER program,295 and second-order vibrational

perturbation theory (VPT)90,297,298 in the SPECTRO program296 is utilized for prediction of
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the fundamentals and spectroscopic constants. Additionally, a Morse-Cosine transformation

of the force constants leads to realistic dissociation limits and periodic torsional potential

functions,290 which allows for the use of the vibrational configuration interaction (VCI)

method implemented in the MULTIMODE program95,299 to further elucidate the gas phase

fundamental vibrational frequencies.

7.3 Results

The CcCR QFF geometries of the cis-HOCO radical and anion are shown in Figs. 7.1a &

7.1b and are quantitatively described in Tables 7.1 & 7.2. Previous work on the trans-HOCO

radical conformer38 utilized the additional higher-order electron correlation term to describe

the geometry. This QFF matched experimentally derived and other accurately computed

geometrical parameters very closely. However, the enhanced cost of the CcCRE QFF and

the little difference between its prediction of the trans-HOCO equilibrium geometry and

that of the CcCR geometry (a change of less than 0.001 Å and 0.1◦) with the additional

similarity between the fundamental frequencies of the CcCRE and CcCR QFFs38 has led us

to utilize the CcCR QFF as the basis for this present study of the cis-HOCO radical and

anion. From this, however, we can still make comparison between the geometries of the cis

and trans-HOCO radicals. The O1−H bond is about 0.015 Å shorter in the trans conformer

while the distance between the C and O1 atoms is shorter by about the same margin in the

cis. The R(C−O2) variable differs by less than 0.005 Å between the two conformers. The
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Figure 7.1: The equilibrium geometry (in Å and degrees) of the cis-HOCO radical (a) and

anion (b) both computed from the CcCR QFF. The O1−C−O2 bond angles are both given

to highlight the change in this parameter. All other geometric values can be found in Table

7.1 for the radical and Table 7.2 for the anion.

O1 C

O2130.238

O1 C

O2
111.872

(a)

(b)
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H−O1−C bond angles are nearly identical for the two geometrical conformations of the

HOCO radical while the O1−C−O2 angle is about 3.5◦ wider for the cis radical. From the

CcCR QFF minima, the trans-HOCO conformer38 is 1.8 kcal/mol lower in energy than the

cis conformer, which is exactly in agreement with previous work.266 Additionally, ROHF-

CCSD/aug-cc-pVTZ computations of displacements along the torsional coordinate set the

barrier to a near 90◦ rotation from the trans conformer at 27.3 kcal/mol and 23.6 kcal/mol

from the cis-HOCO radical conformer also in close agreement with previous work.266

Agreement between geometries lessens with the inclusion of an additional electron to the

system even for molecules with the same dihedral angle. The most striking difference between

the CcCR geometries of the cis-HOCO radical and cis-HOCO anion is in the O1−C−O2 bond

angle. The difference of roughly 20◦ results from a decrease in the angle from 130.2◦ for the

radical to 111.9◦ in the anion. In the anion, HOCO is substantially less linear in structure, as

is evidenced by the small O1−C−O2 bond angle, and the reduced bond angle brings about

a smaller A rotational constant. This rotational constant is nearly halved with the addition

of the electron to the molecular system. The B rotational constant is increased slightly for

the anion with respect to the radical while the C constant differs little between the two

molecules. Additionally, the H−O1−C bond angle is smaller for the anion than the radical,

and all of the bond lengths are longer in the anion than they are in the radical, which is

expected. Increased correlation effects due to the presence of the extra electron in the anion

lead to longer bond lengths. Additionally, the extra electron also increases the interaction

between the terminal oxygen atom (O2) and the hydrogen. The interaction of the terminal
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atoms more easily creates a resonance in the anion than in the radical and, subsequently,

decreases the O1−C−O2 bond angle enough such that a more cyclic structure results where

the hydrogen atom or merely a proton may be viewed as migrating between the two oxygen

atoms.

Our geometries for the two structures are very close (within 0.5%) to previous theoretical

predictions (Refs. 300,301 for the radical and Ref. 308 for the anion), and the geometrical

parameters for the radical vary little from experimental results300 since our data are within

0.9%. The one exception is the O1−H bond distance of the radical where experiment pins

this value at 0.02 Å longer than our predictions, but the theoretical results both from within

the same study as well as other previous work301 appear to indicate that some chronic

difference between theory and experiment is present for this value. As a further note, the

experimental value for the O1−H bond length for the trans conformer is greater than our

predicted value38 also by about 0.02 Å.

The removal of the core correlation component of the QFF affects the geometry little but

still noticeably for both the radical and the anion. For the cis-HOCO radical, use of the CR

QFF as opposed to the CcCR QFF results in an O1−H bond length that is 0.0008 Å longer,

a C−O1 bond length 0.003 Å longer, and a C−O2 bond length that is 0.002 Å longer. The

H−O1−C bond angle decreases to 131.2◦ and the O1−C−O2 to 108.1◦, changes of less than

0.2◦. For the anion, each of the equilibrium bond lengths increases by no more than 0.005 Å

when shifting from the CcCR QFF to the CR. Conversely, both of the bond angles decrease

by less than 0.1◦. Hence, the CR QFF predicts longer bond lengths than the CcCR QFF
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across the board while also decreasing the bond angles. Even though these changes are not

substantial, computation of highly accurate geometries is vital in the prediction of accurate

fundamental vibrational frequencies and spectroscopic constants, and an understanding of

these differences in the geometries predicted by the two QFFs is subsequently necessary.

Table 7.1: The cis-HOCO Minimum Structure, Rotational Constants, and Harmonic Fre-

quencies from the more descriptive CcCR QFF defined in Eq. 7.1.

Zero-Point Equilibrium

This Work Experimenta This Work Oyama et al.b Botschwinac

R(O1−H) 0.970 85 Å 0.991 Å R(O1−H) 0.970 91 Å 0.972 Å 0.9711 Å

R(C−O1) 1.333 16 Å 1.329 Å R(C−O1) 1.325 97 Å 1.329 Å 1.3275 Å

R(C−O2) 1.183 19 Å 1.184 Å R(C−O2) 1.180 37 Å 1.183 Å 1.1811 Å

6 H−O1−C 108.859◦ 108.0◦ 6 H−O1−C 108.210◦ 108.1◦ 108.07◦

6 O1−C−O2 130.437◦ 130.3◦ 6 O1−C−O2 130.238◦ 130.2◦ 130.33◦

A0 4.775 03 cm−1 4.768 13 cm−1 Ae 4.733 17 cm−1 – 4.739 0 cm−1

B0 0.392 18 cm−1 0.391 59 cm−1 Be 0.395 49 cm−1 – 0.394 51 cm−1

C0 0.361 80 cm−1 0.361 25 cm−1 Ce 0.364 99 cm−1 – 0.364 19 cm−1

Mode Description Freq (in cm−1)

ω1 a’ O1−H stretch 3662.0

ω2 a’ C=O2 stretch 1864.9

ω3 a’ H−O1−C bend 1313.9

ω4 a’ C−O1 stretch 1084.1

ω5 a’ O1−C−O2 bend 607.4

ω6 a” torsional mode 578.4

aFourier-transformed microwave results from Ref. 300
bUCCSD(T)-F12/aug-cc-pVTZ results from Ref. 300

cRCCSD(T)/cc-pCVQZ results Ref. 301

Besides the geometric parameters, Tables 7.1 & 7.2 also list the CcCR harmonic vibrational

frequencies for the cis-HOCO radical and anion, respectively. The anharmonic constant
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Table 7.2: The Minimum Structure, Rotational Constants, and Harmonic Frequencies for

cis-HOCO− as computed from the CcCR QFF defined in Eq. 7.1.

Zero-Point Equilibrium

This Work This Work Dixon et al.a

R(O1−H) 0.976 40 Å R(O1−H) 0.975 91 Å 0.980 Å

R(C−O1) 1.463 42 Å R(C−O1) 1.444 60 Å 1.458 Å

R(C−O2) 1.227 81 Å R(C−O2) 1.226 70 Å 1.235 Å

6 H−O1−C 103.116◦ 6 H−O1−C 102.537◦ 102.3◦

6 O1−C−O2 112.062◦ 6 O1−C−O2 111.872◦ 111.8◦

A0 2.824 57 cm−1 Ae 2.825 21 cm−1 –

B0 0.412 41 cm−1 Be 0.419 18 cm−1 –

C0 0.359 07 cm−1 Ce 0.365 02 cm−1 –

Freq (in cm−1)

Mode Description This Work Dixon et al.b

ω1 a’ O1−H stretch 3540.5 3514

ω2 a’ C=O2 stretch 1588.3 1551

ω3 a’ H−O1−C bend 1202.4 1170

ω4 a’ C−O1 stretch 718.4 661

ω5 a’ O1−C−O2 bend 580.5 510

ω6 a” torsional mode 655.8 624

aCCSD(T)/aug-cc-pVTZ prediction from Ref. 308

bCCSD(T)/aug-cc-pVDZ prediction from Ref. 308

matrices for both forms of HOCO analyzed in this work are given in Tables 7.3 & 7.4; the

anharmonic frequencies are quantitatively described in Tables 7.5 & 7.6. The spectroscopic

constants for both the radical and the anion are all inventoried in Table 7.7, and the CcCR

quadratic, cubic, and quartic force constants are listed in Tables 7.8 & 7.9.
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Table 7.3: CcCR QFF Anharmonic Constant Matrix (in cm−1) for the cis-HOCO radical.

mode 1 2 3 4 5 6

1 -99.114

2 1.967 -13.319

3 -24.593 -5.222 -7.365

4 -2.419 -13.192 -17.725 -7.551

5 -3.937 -6.313 -2.656 -5.763 0.674

6 3.013 -0.470 -11.111 -6.599 4.583 -3.142

7.3.1 Fundamental Frequencies of the cis-HOCO Radical

Since no gas-phase experimental data exists for the fundamental vibrational frequencies of

the X 2A′ cis-HOCO radical, our computed values given in Table 7.5 are a necessary com-

plete set of highly accurate fundamental frequencies provided for this system. Bowman and

coworkers309 have previously computed fundamental vibrational frequencies of the cis and

trans-HOCO radicals with an earlier version of the MULTIMODE program299 from a lower-

level CISD/DZP potential surface formulated by Schatz and coworkers.310 Our results and

those from Ref. 309 do not demonstrate strong agreement as those computed previously

could not benefit from more advanced computational methods, basis sets, and composite

approaches. Even though condensed-phase frequencies obtained from the use of CO ma-

trices have also been reported,260 the torsional motion (ν6) could not be obtained in this

experiment. Additionally, it is unclear how the condensed phase frequencies compare to
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Table 7.4: cis-HOCO− CcCR QFF Anharmonic Constant Matrix (in cm−1).

mode 1 2 3 4 5 6

1 -117.943

2 -4.208 -12.020

3 -21.622 -2.581 -10.619

4 3.587 7.560 -18.500 -14.197

5 10.967 5.113 -19.982 -31.927 -10.352

6 14.897 4.307 -10.476 -17.173 -14.731 -15.854

their gas-phase counterparts because the magnitude of the matrix perturbations has not

been quantified. Our predictions for the O1−H stretch (ν1), C=O2 stretch (ν2), and the

H−O1−C angle bend (ν3) indicate that the condensed-phase results have a lower frequency

than these same modes in the gas-phase. Conversely, our predictions of the gas-phase C−O1

(ν4) stretch and O1−C−O2 (ν5) bond angle bend have frequencies as much as 50 cm−1 lower

than the corresponding modes from the condensed-phase experiment. However, since we are

utilizing the exact procedure as was previously executed for the trans-HOCO radical,38 we

should be able to assume that our predicted gas-phase fundamental vibrational frequencies

for the cis-HOCO radical are similarly accurate: within 5 cm−1 or, often, better.

In Table 7.5 the fundamental frequencies are listed for each mode computed with both the

CcCR and CR QFFs making use of both VPT and VCI. All of our reported VCI results

are from computations utilizing 5-mode representations as discussed previously.37,38,95 The
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difference between the 4-mode coupling and the 5-mode coupling is on the order of less than

0.5 cm−1 indicating that convergence of the mode coupling is achieved. For the convergence

of the vibrational variational basis functions used in VCI, all modes actually converge for

a set of basis functions at 15 428 functions for the a’ matrix in this Cs molecule and 9 981

functions for a”. The one exception to this is the ν4 mode which requires more functions in

order for it to be fully described: 21 583 for the a’ matrix and 14 141 for a”. Subsequently,

on the final VCI computations, 31 primitive harmonic oscillator basis functions contracted

down to 14 actual bases are required for each mode with 20 Gauss-Hermite (HEG) quadrature

points also included in the computation. VPT, on the other hand, requires the inclusion of

a fourfold Fermi resonance polyad291 explicitly for ν3, ν4, 2ν5, and 2ν6. Two type-2 Fermi

resonances are included for ν5 + ν3 = ν2 and ν5 + ν4 = ν2 while a Coriolis resonance for ν5

and ν6 is also required in the computation.

The earlier computations by Bowman and coworkers309 are quite different from those we

are presenting here. The previous study made use of 4MR computations with 4 501 basis

functions. The potential surface employed in this study was built with a diatom-diatom

grid of OH-CO Jacobi coordinates which allowed for better descriptions of the reaction

coordinates.310 However, the quality of these descriptions actually broke down in the region

around the minimum further impeding the quality of the computation. Additionally, the

lower-level nature of the method and basis set used in the computation of the potential

energy surface also hindered the accuracies of the reported frequencies. This is most clearly

evidenced in the difference in frequencies between our ν1 mode and those reported earlier;
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Table 7.5: CcCR (from Eq. 7.1) and CR (which neglects the core correlation in Eq. 7.1) QFF

fundamental vibrational frequencies (in cm−1) for the cis-HOCO radical from VPT and VCI

computations as well as condensed-phase experimental results.

CcCR CR Previous

Mode Description VPT VCI VPT VCI Experimenta Theoryb

ν1 a’ O1−H stretch 3450.8 3452.3 3446.1 3447.5 3316 3587

ν2 a’ C=O2 stretch 1823.4 1824.1 1816.6 1817.0 1797 1836

ν3 a’ H−O1−C bend 1284.4 1280.2 1282.7 1278.7 1261 1161

ν4 a’ C−O1 stretch 1045.9 1042.4 1040.3 1037.7 1088 1010

ν5 a’ O1−C−O2 bend 601.7 601.2 598.8 598.3 620 547

ν6 a” torsional mode 566.5 540.2 564.2 538.1 413

ZPE 4491.4 4485.7 4479.0 4473.2 4383

aCondensed phase data in a CO matrix from Milligan and Jacox (Ref. 260)

b4MR VCI result from Bowman, Christoffel, and Weinberg (Ref. 309) utilizing a diatom-diatom grid of

OH-CO Jacobi coordinates.

the difference is on the order of 140 cm−1.

The level of agreement in this present study between the frequencies predicted by VPT and

VCI (listed in Table 7.5) for the cis-HOCO radical is quite good. The ν2 and ν5 modes differ

by less than 1 cm−1 for both the CcCR and CR QFFs while ν1, ν3, and ν4 differ between

VPT and VCI by less than 5 cm−1. The level of agreement for ν5, the O1−C−O2 bend, is

exceptionally good. For both QFFs, VPT predicts frequencies just 0.5 cm−1 higher than VCI,
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and the difference in energy between the two QFFs for ν5 is at about 3 cm−1. Furthermore,

the Zero-Point Energies (ZPEs) for both QFFs are within 6 cm−1 of one another for the

different computational approaches. Conversely, the CcCR VPT ν6 of 566.5 cm−1 and VCI

ν6 of 540.2 cm−1 differ by 26.3 cm−1. The CR ν6 difference is comparable. Similar behavior

was present previously in the trans-HOCO radical.38 Hence, this large difference between

VPT and VCI for ν6 is not unexpected. VCI probably does a better job of fully describing

the anharmonicty than VPT since it fully allows for the various modes to couple to one

another in the bases, but only explicitly including the torsional coordinate would finally

resolve the discrepancy.

The difference in frequencies between the QFFs is not significant. Even ν6 exhibits insub-

stantial change for the choice of QFF, and the ν5 mode, which has the smallest VPT/VCI

difference, is typical in this regard as most modes only differ between QFFs by about the

same 3 cm−1 margin mentioned above. The one exception to this is ν2, but its frequency

varies from the CcCR to CR QFF by 6.8 cm−1 for VPT and 7.1 cm−1 for VCI, a small

percentage change in this frequency range. Such behavior is expected. Core correlation for

the C=O2 bond should be greater than for other modes since this double-bonded moiety is

more susceptible to the effects of core correlation. Inclusion of this factor typically gives even

tighter bonds and, subsequently, higher frequencies than computations without core corre-

lation. Besides the expected difference between VPT and VCI for ν6, the consistency check

between the two computational approaches, the fairly close agreement for the individual

frequencies between QFFs, and the presence of similar behavior in the torsional motion be-
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tween the VPT and VCI frequencies as predicted in our previous study on the trans-HOCO

radical,38 all indicate that our prediction of these fundamental vibrational frequencies is very

close to the true, physical values.

7.3.2 Fundamental Frequencies of the cis-HOCO− Anion

The computations of the fundamental frequencies of the X 1A′ cis-HOCO anion differ some-

what from their radical counterparts. First and most noticeably, the ordering of the funda-

mentals changes for both the harmonic (Table 7.2) and the anharmonic (Table 7.6) frequen-

cies. The torsional motion (ν6) is more energetic while the O1−C−O2 bend (ν5) is less so

as a result of the decrease in the O1−C−O2 bond angle compared to the radical. Next, the

number of basis functions necessary to converge the system is less than that required of the

radical: 11 820 for the a’ matrix and 6 115 for a”. The number of functions required for con-

vergence must be increased on the ν3 and ν6 modes in the anion whereas ν4 necessitates this

for the radical. In the anion, there are again 31 primitive harmonic oscillator functions used

for each mode, but these are contracted down to 21 vibrational variational basis functions

with 26 HEG points required of the anion for the ν6 mode. Nineteen contracted functions

and 24 HEG points are utilized for ν3 while all of the other modes only require 13 contracted

functions and 18 HEG points. Lastly, the VPT computations have different Fermi resonance

polyads291 as they are made up of ν2, 2ν4, 2ν5, 2ν6, ν3 + ν5, and ν4 + ν5; a type-2 Fermi

resonance, ν5 + ν4 = ν3; and two Coriolis resonances with the first for ν6 and ν4 and the

second for ν5 and ν4. However, these required resonances do have many similarities with
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the cis radical. Like the radical computations, on the other hand, the mode representation

coupling in the VCI computations converges for the use of a 5-mode representation which is

utilized in the predictions of all fundamental vibrational frequencies with VCI.

Table 7.6: Fundamental vibrational frequencies (in cm−1) for HOCO− in the lowest energy

cis conformation from the CcCR and CR QFF VPT and VCI computations.

CcCR CR

Mode Description VPT VCI VPT VCI

ν1 a’ O1−H stretch 3306.4 3306.5 3306.2 3304.7

ν2 a’ C=O2 stretch 1569.4 1565.2 1563.2 1558.0

ν3 a’ H−O1−C bend 1128.1 1125.0 1119.3 1115.1

ν4 a’ C−O1 stretch 669.8 669.9 666.5 666.4

ν5 a’ O1−C−O2 bend 526.4 524.6 518.2 516.0

ν6 a” torsional mode 612.5 598.0 605.1 590.6

ZPE 4066.7 4058.6 4052.1 4044.0

Compared to the previous trans-HOCO radical work and other molecules we have recently

studied,37,38,85,92 the cis-HOCO anion is unique in the VPT analysis as it requires the in-

clusion of a special type of resonance between ν4 and ν5. Regular Fermi type 1 and 2

resonances involve overtones and combination band states, while the ν4/ν5 resonance could

be considered a special example of a 1-1 resonance discussed in Ref. 311. Without this rare

resonance specified, the CcCR ν4 and ν5 fundamentals computed by regular VPT theory (in

the standard SPECTRO program) are 661.7 cm−1 and 534.5 cm−1, which are 8.2 cm−1 lower
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and 9.9 cm−1 higher, respectively, than the VCI results. Including this resonance into our

polyad treatment,291 the discrepancies are dramatically reduced to 0.1 cm−1 and 1.8 cm−1,

i.e. back to the normal range of VPT/VCI agreements. We believe this improvement is not

accidental. The ν4 and ν5 states in the VCI computation do show strong coupling between

their CI basis, which have triggered the idea of including the ν4/ν5 resonance into VPT.

This kind of resonance occurring between fundamentals may serve as a good example for a

more accurate resonance testing scheme (see the Appendix of Ref. 291) by considering not

only small denominators of the equations which give the anharmonicity constants, as is the

current practice, but also big numerators, as well.

Additionally, there is very good agreement between VPT and VCI for the cis-HOCO anion.

In fact, it is better than the predictions of the cis-HOCO radical above and the trans-

HOCO radical previously.38 All five of the a’ modes have differences between VPT and

VCI of less than 5 cm−1 except for the CR ν2. Even so, this difference is just 5.2 cm−1.

Also, ν4, the C−O1 stretch, is nearly identical between the two approaches for a given QFF

(666.5 and 666.4 cm−1 for CR VPT and VCI, respectively) as is the ν1 O1−H stretch for

the CcCR QFF. The fact that the frequencies for the VPT and VCI CcCR ν1 (3306.4 and

3306.5 cm−1, respectively) and ν4 modes (669.8 and 669.9 cm−1, respectively) are nearly

identical strengthens our prediction for the frequencies of these and even the other modes as

two different methods closely corroborate the result for all the a’ modes. The one obvious

difference between VPT and VCI is in ν6, the a” torsional mode. This same behavior has

been observed for both conformers of the radical, and, thus, this discrepancy in ν6 may be an
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artifact of the computations where VCI can better treat the relatively large anharmonicity

present in the torsional mode whereas the perturbation approach of VPT cannot.

Interestingly, the difference between VPT and VCI is also consistent between the QFFs for

the ν6 mode even if the actual frequencies for choice of QFF are not identical. VPT predicts

a CcCR ν6 frequency at 612.5 cm−1 while VCI predicts this frequency at 598.0 cm−1, a

difference of 14.5 cm−1. The CR QFF predicts a VPT frequency for ν6 at 605.1 cm−1, and

590.6 cm−1 is the frequency predicted by VCI. This difference is again 14.5 cm−1. For the

other modes, this difference is not quite as static, but the difference between VPT and VCI

for the CR QFF is never more than about 1 cm−1 greater than this same difference for the

CcCR QFF. The ν1 mode is the most extreme example with a CcCR VPT/VCI difference

of 0.2 cm−1 and a CR VPT/VCI difference of 1.8 cm−1. Regardless, the consistency in the

VPT/VCI difference for the choice of QFF demonstrates that VPT and VCI themselves are

not further affected by the difference in terms from the composite energy and the subsequent

force constants. This result also strengthens our predictions of the gas-phase fundamental

vibrational frequencies.

The choice of QFF does have some effect on the accuracy of the prediction for the frequencies

of these modes, since the values differ by as much as 10 cm−1 in the case of ν3 (1125.0

cm−1 for CcCR VCI and 1115.1 cm−1 for CR VCI). It is known that the removal of the

core correlation effects in the prediction of fundamental vibrational frequencies does most

prominently affect the bond lengths;38,89 they are shorter (and more tightly bound thus

giving higher frequencies) as showcased at the beginning of this section for comparison in
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Table 7.7: CcCR QFF Computed Vibration-Rotation Interaction Constants and Quartic

and Sextic Centrifugal Distortion Constants of the cis-HOCO radical and anion.

Vib-Rot Constants (MHz) Distortion Constants Watson S Reduction

mode αA αB αC (MHz) (Hz) (MHz) (Hz)

cis-HOCO 1 405.2 3.9 4.9 τ ′aaaa -52.552 Φaaa 3927.342 DJ 0.010 HJ 0.013

radical 2 1369.6 48.6 44.0 τ ′bbbb -0.051 Φbbb 0.025 DJK -0.296 HJK -0.618

3 -2422.0 14.6 31.3 τ ′cccc -0.029 Φccc 0.003 DK 13.424 HKJ -105.557

4 -572.1 77.8 86.0 τ ′aabb 0.622 Φaab -51.657 d1 -0.001 HK 4033.504

5 -2863.0 -5.0 13.8 τ ′aacc 0.4782 Φabb -0.372 d2 0.000 h1 0.005

6 573.0 58.2 11.3 τ ′bbcc -0.038 Φaac -55.140 h2 0.001

Φbbc 0.019 h3 0.000

Φacc 0.132

Φbcc 0.009

Φabc -1.446

cis-HOCO 1 -682.5 -62.1 -59.3 τ ′aaaa -10.445 Φaaa 255.528 DJ 0.017 HJ -0.043

anion 2 207.3 10.6 8.2 τ ′bbbb -0.088 Φbbb -0.045 DJK 0.039 HJK -2.704

3 -28.9 56.9 74.3 τ ′cccc -0.048 Φccc -0.044 DK 2.556 HKJ -31.977

4 -34.1 156.5 151.0 τ ′aabb -0.278 Φaab -20.902 d1 -0.003 HK 290.253

6 428.2 138.7 125.4 τ ′aacc -0.006 Φabb -2.328 d2 0.000 h1 -0.001

5 148.2 105.4 56.7 τ ′bbcc -0.063 Φaac -16.546 h2 -0.001

Φbbc -0.083 h3 0.000

Φacc -0.367

Φbcc -0.075

Φabc -3.342
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the equilibrium geometries of the CcCR and CR QFFs. However, this results in more

accurate predictions of the two known fundamental vibrational frequencies for the trans-

HOCO radical compared to other, more descriptive QFFs.312 This improved accuracy is

probably the result of a cancellation of errors from the lack of inclusion of the higher-order

electron correlation terms. Even so, the previous evidence indicates that the CR QFF with

its cancellation of errors is probably the more accurate result for the frequency of each

mode. In spite of this, predictions of ν1 are nearly identical using either QFF, and those for

ν4 exhibit only small differences. Hence, for most modes, either QFF will be a valid choice

for the prediction of the fundamental vibrational frequencies of the cis-HOCO anion.

7.3.3 The HOCO− Electron Binding Energy

Utilizing these QFFs we can also offer insight into other properties that may assist in the

experimental analysis of HOCO− → HOCO + e−. Electron binding energies (eBEs) are a

relevant property for any studies involving negatively charged molecular species, and adia-

batic eBEs have been computed previously by some of us (RCF and TDC) in work relating

to excited states of anions.181,182 An eBE (also called an Adiabatic Electron Affinity, AEA,

in some studies) is simply the amount of energy required to retain the electron within the

system.189 Computationally, eBEs are the energy difference between the optimized structure

of the radical and that of the anion.79 Use of the CCSD(T)/aug-cc-pVTZ method and basis

set in our previous studies report accuracies for adiabatic eBEs to better than 0.1 eV.181,182
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For the cis-HOCO adiabatic eBE based on the cis-HOCO− → cis-HOCO + e− formalism,

our highly accurate CcCR QFF places the equilibrium adiabatic eBE for this system at

1.458 eV. For the more complete cis-HOCO− → trans-HOCO + e− description for the

eBE where the more stable conformer of the HOCO radical is defined in the products,

our computations from this study and those from our previous work38 place the CcCR

eBE at 1.380 eV. These two values are very close to 1.43 and 1.30 eV, respectively, eBEs

previously computed with CCSD(T)/6-311++G(3df ,3pd) by Clements and coworkers277 and

further verified experimentally by Lu, Continetti, and coworkers.304,306 However, there was

still uncertainty on the order of 0.3 eV between the previously predicted values and the

experimental results where the necessary two-photon process was observed at 1.60 eV. Even

though our eBEs correct these initial computations by as much as 0.08 eV, another 0.22 eV

discrepancy is present for the cis-HOCO− → trans-HOCO + e− formalism of the eBE.

Additional uncertainty could be attributed to vibrational effects.304 In these energy regimes

the 0.14 eV difference between our 1.458 eV eBE and the 1.60 eV eBE from experiment is 320

cm−1, greater than the frequency of even the least energetic mode of the cis-HOCO anion or

either of the radicals. Computing the zero-point corrected eBEs decreases the cis-HOCO−

→ trans-HOCO + e− CcCR eBE from 1.380 eV to 1.311 eV and the cis-HOCO− → cis-

HOCO + e− CcCR eBE from 1.458 eV to 1.398 eV. These decreases are a product of the

radicals having higher frequency modes than the anion. Subsequently, the decrease in the

eBE for the zero-point correction results in a further move of the computed eBEs away from

the best experimental value at 1.60 eV. Even so, the corroboration between the previous and
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the present computations coupled with the highly accurate geometries and fitting procedures

utilized here all appear to indicate that the eBEs are well-assigned for the HOCO anion into

the two radical conformers.

7.4 Conclusions

The computations carried out for the work reported here provide highly accurate gas-phase

fundamental vibrational frequencies for the X 2A′ cis-HOCO radical and the X 1A′ cis-

HOCO anion. These two species are fundamentally related to one another in DPD exper-

iments beginning with the anion and also in their relevance for the study of the HOCO

radical in regards to the OH + CO atmospheric chemistry of the Earth, Mars, and, poten-

tially, beyond. Through the use of QFFs computed with highly accurate ab initio methods,

we utilized the same techniques previously used for the trans-HOCO radical,38 where the

fundamental frequencies were predicted to lie within 5 cm−1 of experimentally known val-

ues, for predictions of the fundamental vibrational frequencies and spectroscopic constants

of both cis-HOCO systems.

For the computations of the fundamental frequencies, we made use of VPT and VCI ap-

proaches, and the level of agreement between the two methods is striking. For all of the

totally symmetric modes in both the anion and the radical, agreement between VPT and

VCI is on the order of 5 cm−1 or less. Many states have agreement to better than 1 cm−1.

The difference between VPT and VCI for the a” torsional motion for both molecules is much
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larger, but this was also observed for the trans-HOCO radical.38 The VCI procedure prob-

ably treats the energy of the torsional mode better than VPT. Hence, the relatively large

anharmonicity of this mode may, again, require something beyond a QFF for its descrip-

tion. Additionally, the discrepancies in the frequencies between QFFs for both molecules of

interest, though not ideal, is also good as it is on the order of 10 cm−1 or less. Since the

CR QFF predicted the most accurate frequencies for the trans radical conformer, we may

also assume that its lower frequencies predicted for each mode are probably more accurate

than the CcCR results. Regardless, the agreement between the VPT and VCI procedures as

well as the good agreement between QFFs strengthens our predictions for the fundamental

frequencies and the simultaneously computed spectroscopic constants of both the cis-HOCO

radical and the cis-HOCO anion.

These full sets of fundamental vibrational frequencies are highly accurate gas phase values

for these two molecules, and the first of such for the cis-HOCO anion. The agreement with

previous theory in the prediction of geometrical parameters for both molecules as well as

the closeness of the values for the zero-point structure of the radical to experiment, all to

better than 1%, further strengthens our predictions. Our rotational constants also match

previous theoretical predictions and experiment similarly well. Hence, the spectroscopic

constants we report should assist in microwave studies and interstellar observations of these

systems. Finally, we provide highly accurate corroborating evidence for previous predictions

of electron binding energies relevant to the DPD experiments of HOCO−.

In the pursuit of further understanding of chemistry as fundamental as the reaction of OH
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+ CO, the spectroscopic constants and fundamental vibrational frequencies of the HOCO

radical and anion are essential. We provide theoretical predictions of these data in order

to help elucidate the processes related to this reaction both for application to our own

atmosphere and also to those planetary envelopes which are yet to be explored.
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Table 7.8: The CcCR QFF Quadratic, Cubic, and Quartic Force Constants (in

mdyn/Ån·radm) of the cis-HOCO radical in the simple-internal coordinate system.

F11 14.179 761 F431 0.3018 F1111 575.80 F4432 0.47 F5531 -0.55

F21 1.383 182 F432 0.6831 F2111 7.88 F4433 -1.24 F5532 0.71

F22 6.142 490 F433 -0.2551 F2211 -1.45 F4441 2.76 F5533 -0.61

F31 0.000 591 F441 -1.7343 F2221 8.05 F4442 6.00 F5541 0.61

F32 0.267 404 F442 -1.8680 F2222 246.57 F4443 -0.65 F5542 0.08

F33 7.520 275 F443 -0.0909 F3111 1.17 F4444 4.39 F5543 -0.15

F41 0.437 598 F444 -1.6304 F3211 0.66 F5111 -0.48 F5544 0.84

F42 0.370 888 F511 -0.1197 F3221 0.24 F5211 -0.60 F5551 1.06

F43 -0.181 404 F521 0.1691 F3222 9.61 F5221 0.18 F5552 1.14

F44 1.360 927 F522 -0.6451 F3311 -0.75 F5222 -0.08 F5553 0.73

F51 -0.010 299 F531 0.0918 F3321 -1.04 F5311 -0.34 F5554 0.67

F52 0.388 361 F532 -0.5804 F3322 -5.31 F5321 0.19 F5555 -0.25

F53 0.180 206 F533 -0.1368 F3331 0.72 F5322 1.25 F6611 -0.09

F54 -0.151 470 F541 0.0413 F3332 2.29 F5331 -0.37 F6621 0.19

F55 0.741 796 F542 -0.0760 F3333 334.60 F5332 -0.12 F6622 0.68

F66 0.108 268 F543 0.0224 F4111 2.77 F5333 -1.47 F6631 -0.22

F111 -100.7780 F544 -0.1614 F4211 3.67 F5411 0.61 F6632 -0.19

F211 -3.6110 F551 -0.1348 F4221 6.39 F5421 0.47 F6633 0.30

F221 -0.8647 F552 -0.6373 F4222 4.31 F5422 0.82 F6641 -0.13

F222 -45.7350 F553 -0.3061 F4311 -0.57 F5431 -0.15 F6642 0.27

F311 -0.3016 F554 -0.0224 F4321 -1.48 F5432 -0.07 F6643 0.00

F321 -0.0540 F555 -1.0132 F4322 -2.80 F5433 -0.49 F6644 0.31

F322 -2.0350 F661 0.0411 F4331 0.65 F5441 0.17 F6651 -0.03

F331 0.3751 F662 -0.3076 F4332 1.87 F5442 0.69 F6652 0.21

F332 1.0000 F663 0.0482 F4333 -1.52 F5443 -0.87 F6653 -0.02

F333 -54.5168 F664 -0.0452 F4411 -0.75 F5444 0.98 F6654 0.19

F411 -0.7347 F665 -0.0703 F4421 3.44 F5511 -0.23 F6655 -0.06

F421 -1.4412 F4422 1.15 F5521 1.19 F6666 -0.13

F422 -1.9267 F4431 0.66 F5522 0.08
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Table 7.9: The cis-HOCO− CcCR QFF Quadratic, Cubic, and Quartic Force Constants (in

mdyn/Ån·radm) in the simple-internal coordinate system.

F11 10.622 693 F431 0.5490 F1111 430.20 F4432 0.90 F5531 -1.09

F21 1.602 313 F432 0.6751 F2111 8.25 F4433 -1.74 F5532 1.77

F22 2.265 812 F433 -0.1963 F2211 3.44 F4441 8.10 F5533 -2.22

F31 0.037 188 F441 -2.3356 F2221 5.77 F4442 11.38 F5541 0.78

F32 0.429 239 F442 -2.6537 F2222 149.29 F4443 -1.15 F5542 -0.03

F33 7.032 887 F443 -0.0420 F3111 0.32 F4444 16.16 F5543 0.57

F41 0.963 369 F444 -4.8742 F3211 -0.75 F5111 0.32 F5544 0.71

F42 0.618 000 F511 -0.1905 F3221 -1.41 F5211 0.38 F5551 1.57

F43 -0.282 887 F521 0.0228 F3222 6.31 F5221 1.43 F5552 1.35

F44 2.037 157 F522 -0.7824 F3311 -0.42 F5222 2.08 F5553 0.85

F51 0.061 125 F531 0.4314 F3321 -0.45 F5311 -0.80 F5554 0.93

F52 0.154 799 F532 -0.7714 F3322 -5.13 F5321 -0.32 F5555 0.75

F53 0.120 421 F533 0.0975 F3331 0.13 F5322 2.76 F6611 -0.51

F54 -0.209 791 F541 -0.3518 F3332 1.41 F5331 -0.37 F6621 -0.22

F55 0.681 612 F542 -0.0503 F3333 325.99 F5332 -1.00 F6622 1.07

F66 0.178 223 F543 -0.2151 F4111 -0.54 F5333 -0.98 F6631 0.13

F111 -74.0150 F544 -0.1974 F4211 7.59 F5411 1.06 F6632 -0.62

F211 -4.3343 F551 -0.2101 F4221 7.75 F5421 0.93 F6633 0.31

F221 -1.0178 F552 -1.2712 F4222 5.53 F5422 0.75 F6641 -0.41

F222 -21.9473 F553 -0.3912 F4311 0.57 F5431 -0.94 F6642 0.44

F311 -0.1220 F554 -0.1299 F4321 -1.67 F5432 1.28 F6643 -0.20

F321 0.1644 F555 -0.9958 F4322 -1.01 F5433 -1.52 F6644 -0.06

F322 -1.8350 F661 0.1646 F4331 0.27 F5441 0.92 F6651 -0.20

F331 0.3642 F662 -0.4663 F4332 0.79 F5442 1.10 F6652 0.42

F332 1.3229 F663 0.1761 F4333 -1.60 F5443 -0.05 F6653 -0.26

F333 -52.9280 F664 -0.1225 F4411 -1.93 F5444 1.98 F6654 0.39

F411 -2.1495 F665 -0.1133 F4421 6.10 F5511 0.19 F6655 -0.11

F421 -3.1007 F4422 1.55 F5521 1.81 F6666 -0.79

F422 -3.1187 F4431 -0.88 F5522 0.56



Chapter 8

Conclusions

The chemical realms opened to the molecular scientist by observations of the ISM provide a

veritable sandbox of new environments in which the properties of novel compounds different

from those present in our traditional Earth-bound circumstances may be explored. As a

result of the different chemistries available to astrochemists, previously unobserved, rare, or

even unexpected events by our terrestrial standards are studied or predicted on a routine basis

while challenging the creative problem-solving abilities of the interested scientists. The use

of chemical theory and computation allows for these unique environments and their resultant

spectra to be explored in ways that laboratory experimentation may not be easily prepared

to do. The work presented in this dissertation has showcased how quantum chemistry may

be used in examinations of compounds that provide a deeper understanding of spectra and

chemistry not typically found on Earth.

175
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Our methods used in each of the studies present in the previous chapters are among the

most accurate known to date.28 Coupled cluster theory has been shown to be reliable due

to its size-consistency, size-extensivity, relatively rapid convergence to full-CI for a given

level of truncation, and accuracy in predicting chemical properties.28,29,34,48 Part of the work

presented in Ch. 2 further characterizes the accuracy of a newer extension of coupled cluster

theory in the prediction of excited states for open-shell systems. CC3 for excited states is

shown to be more accurate than standard EOM-CCSD for energies of excited states where

large amounts of spin-contamination may influence the quality of the result. This calibration

helped to inform the limits of subsequent studies dealing with electronic excitations (Chs. 3,

4, & 5). Additionally, our coupled cluster results for each study are calibrated with respect

to known properties where applicable. Our prediction of dipole-bound and valence excited

states of anions (Chs. 4 & 5) is accurate to within 0.1 eV for the CH2CN− and CH2CHO−

anions, and our predictions of fundamental vibrational frequencies of the trans-HOCO radi-

cal based on CCSD(T) quartic force fields (Ch. 6), are accurate to within 4 cm−1 for the two

known fundamentals. Both results further support the statement of coupled cluster theory

as the “gold standard” of quantum chemistry.29 These calibrations also allow us to further

explore compounds difficult to create and/or examine in the laboratory.

Through the use of coupled cluster theory, we have been able to provide more insight into

what molecules may be causing the unaccounted laboratory band at 4429 Å,168 close to one

of the largest DIB features.7 Our results (Ch. 3) indicate that this feature may be caused

by a three or four-carbon cation of the H2CCHCnH2 family of molecules. We also have laid
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forth nine new anions (Chs. 4 & 5 and Refs. 181 & 182) that may exhibit excited states,

a rare occurrence. Additionally, our computations give reason to believe that CH2SiN−,

SiCCN−, and CCSiN− possess even rarer valence excited states while CCSiN− may even have

two. In this facet, chemical theory and computation are making well-justified predictions of

previously unobserved chemical phenomena. Few cations and even fewer anions have been

proposed as possible carriers of the ever-elusive DIBs, but our computational results provide

a clear cause for a shift in the investigative direction necessary to determine the provenance

of this near-century-year-old interstellar absorption spectrum.

Beyond electronic spectroscopy, Chs. 6 & 7 (as well as the related Refs. 38 & 39) demonstrate

the accuracy of chemical theory and computation in the prediction of spectroscopic constants

necessary for rotational spectroscopy and the fundamental vibrational frequencies intrinsitic

to vibrational spectroscopy of the trans-HOCO radical and its related cis conformer as well

as the anionic form. The trans-HOCO radical is believed to exist in the atmospheres of

both the Earth and, to a greater extent, Mars. Our prediction of these properties allows

for its potential observation if indeed the HOCO radical is a necessary intermediate in the

creation of CO2 and hydrogen from CO and OH, a major chemical process in the Martian

atmosphere. Since only two gas-phase fundamental frequencies are known experimentally

for only the trans conformer and our theoretical results are the most accurate compared to

those known values, the other four fundamentals predicted for the trans-HOCO radical and

all of those for the cis-HOCO radical and cis-HOCO anion should be the most accurate set

obtained through any means to date.
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All of the quantum chemical studies present in this document have been motivated by a

need to explain astrochemically relevant observations like the DIBs, UIRs, or dynamics

of extraterrestrial atmospheres. The strengths of coupled cluster theory have provided new

insights and predictions about interesting and often bizarre molecules and their related spec-

tra. We are providing data not previously available from experimentation and have used the

flexibility of chemical theory and computation to test new hypotheses through ways that

laboratory studies could not. All of the work presented is new to science prior to its pub-

lication and has undergone or is currently undergoing the peer-review process. It is hoped

that the unique findings presented in this document will help to inform future studies of

astronomically interesting environments, spectra, and molecules.
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