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Meiner Mutter






Without sensibility no object would be given to us; and without understanding no object would
be thought. Thoughts without content are empty; intuitions without concepts are blind. Hence
it is just as necessary that we make our concepts sensible (i. €., that we add the object to them
in intuition) as it is necessary that we make our intuitions understandable (i. e., that we bring

them under concepts).

(Immanuel Kant, Critique of Pure Reason, B 75)

Ohne Sinnlichkeit wiirde uns kein Gegenstand gegeben, und ohne Verstand keiner gedacht
werden. Gedanken ohne Inhalt sind leer, Anschauungen ohne Begriffe sind blind. Daher ist es
ebenso notwendig, seine Begriffe sinnlich zu machen, (d. i. thnen den Gegenstand in der
Anschauung beizufiigen,) als seine Anschauungen sich verstidndlich zu machen (d. i. sie unter
Begriffe zu bringen).

(Immanuel Kant, Kritik der reinen Vernunft, B 75)
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Preface

This work has been submitted as a dissertation to the Faculty of Chemistry at the Georg-August
University of Gottingen in January 2022. Parts of this work have been previously published open
access in peer-reviewed journals (Refs. [28, 91, 109, 130]). Respective sections and paragraphs
have been rewritten to the best of my abilities. But especially when describing theoretical back-
ground and employed methods or assigning vibrational bands, there are just so many ways one
can rephrase the same content. As such, there might be overlapping content in this work that is
not explicitly marked as a citation.

As the title suggests, the topic of this work is the vibrational spectroscopy of formic acid and
its cyclic dimer from a combined experimental and computational perspective. In recent years,
in particular the computational vibrational dynamics of formic acid and its dimer have gained
renewed interest. While there are extensive experimental vibrational and rotational reference
databases for diatomic molecules, the situation is much more mosaic and scattered for larger
polyatomic molecules, particularly for formic acid and its cyclic dimer whose experimental lit-
erature spans more than half a century. For example, despite several high-resolution vibrational
spectroscopic studies on formic acid in the past two decades, still obsolete and incorrect values
that date back several decades are being used in some research papers. Similarly for the dimer,
one finds studies where obsolete room temperature low-resolution gas phase data are used to
compare to nuclear vibrational structure calculations that usually do not take thermal shifts into
account — a test quantum chemistry is bound to fail. Agreement with experiment might be for
the wrong reasons, disagreement, however, not necessarily an indication for shortcomings in the
calculations. As we all struggle with a complete coverage of the state of the art, it is desirable to
overcome the scatter of the vibrational literature on these systems. To make a first step towards
this goal, I have compiled and updated gas phase or jet-cooled high-resolution and jet-cooled
low-resolution vibrational Raman and IR band centres of formic acid from the literature, focus-
sing on the wavenumber region below 4000 cm~! (Table 4.8, pp. 91). While this database is far
from complete, I hope that I have not missed important contributions. In an effort to make this
database more useful to researchers, in particular for future benchmarking endeavours, it has
additionally been published online (https://gmbench.net) where the data can be downloaded in
an easily accessible data table format. Moreover, the online database can be extended to incor-
porate new results. The digitalisation of the dimer and trimer databases in Chapter 7 will follow
soon.

Since the submission of this work, several new experimental and high-level computational
investigations of formic acid and its cyclic dimer have been published with further studies in pre-
paration. Newly published literature has been included in the citations and is referenced in ap-
propriate places. Of particular importance to this work are the new variational vibrational J = 0
energy levels of HCOOH on the Tew and Mizukami potential by Matyus and co-workers. These
GENIUSH-Smolyak values are essentially exact and near-fully converged. As such, Chapter 5
has been reworked to incorporate these new results. Rewardingly, the proposed (re-)assignments
and main conclusions in Chapter 4 remain valid in light of these new variational calculations.


https://qmbench.net
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Chapter 1

Introduction

In a recent essay, Mata and Suhm critically reviewed the paradigm shift in chemistry between
experiment and theory that has set in over the past 30 years in light of the increasing accuracy of
electronic structure methods, advocating more experimental benchmarks to evaluate theory [1]:

“Over the last years a subtle but profound change has taken place in chemical research. Electronic
structure calculations have become ubiquitous, with much of the work published in the field today
making use of theoretical results. [...] We find ourselves at a perceived turning point where quantum
chemical calculations are believed by many to be on par with experimental methods. [...] In contrast
to other fields of science, where a model is mostly used as a framework to break down and understand
complex systems, electronic structure methods are regarded as quantitative-data providers. [...] We
chemists dare to believe that our theoretical models will be able to provide us with a reaction mech-
anism involving hundreds of atoms. This line of thought is fertile ground for illusions of grandeur,
and calls for a critical analysis of the relation between experiment and theory in chemistry.”

The primary concern in the field of quantum and computational chemistry nowadays is the effi-
cient implementation of the exact or approximate theories into computer code in order to extend
the applicability of these programs to larger and more complex systems [1]. Most quantum
chemical applications are conducted in the framework of the adiabatic Born-Oppenheimer ap-
proximation where the electronic and nuclear degrees of freedom are treated separately [2].
Thus, the nuclear vibrational problem is divided into three parts with the experiment on one
side and solutions of the electronic Schrodinger equation on the other side which are bridged
by nuclear ro-vibrational dynamics [3—14]. In this work, the focus is on comparing vibra-
tional wavenumbers between theory and experiment which is particularly fruitful as these can
be benchmarked quite rigorously [1].!

A decade ago, Csészar et al. proclaimed that after three ages of developments in electronic
structure methods, the new fourth age of quantum chemistry had begun — under the sign of nuc-
lear structure methods [7].2 This work is intended to contribute to the development and further
advancement of nuclear vibrational methods at the frontiers of size and dimensionality. It is
dedicated to the rotationless (J = 0) vibrational spectroscopy of the formic acid molecule and
its doubly hydrogen-bonded cyclic dimer (Fig. 1.1). The experimental and theoretical vibra-
tional spectroscopy of both systems has seen new impulses in recent years. In particular, full-
dimensional coupled-cluster-quality or transfer-learned potential energy functions have become
available for both systems [21-25] (even a dipole moment surface for the dimer [26]) which is

' Vibrational spectroscopy can also be used to benchmark the relative electronic energy preferences of different

conformers where it may be possible to neglect (anharmonic) zero-point vibrational differences [15-17].
Since the quality of the nuclear vibrational calculation critically depends on the accuracy of the Born-
Oppenheimer potential energy, the recent advances in explicitly correlated F12 theory are particularly note-
worthy. For details, see for example Refs. [18, 19] and references cited therein. In a vibrational context, see
also the benchmark in Ref. [20].
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Figure 1.1 Schematic Lewis structures of the conformational isomers of formic acid and its dimer. F and (FF)
are the respective equilibrium structures of formic acid monomer and dimer. The parentheses represent a closed
hydrogen bond pattern. In the literature, (FF) is often referred to as the formic acid dimer and abbreviated to FAD.

a fertile ground to test and extend the nuclear vibrational methodologies for these systems. In-
deed, several nuclear vibrational structure calculations have been published in recent years that
utilise these potentials [21-25, 27-33]. To further push theory and uncover shortcomings in the
currently ‘best’ calculations, it is now the experimental spectroscopists’ turn. While the experi-
mental vibrational spectroscopic research of formic acid and its thermally stable cyclic dimer is
spanning over several decades, there are some gaps and errors in the experimental database of
the former and an urgent need of updating and reanalysing the database of the latter. Utilising
the reciprocal relationship between experimental and theoretical vibrational spectroscopy, the
objective of this work is twofold: The experimental database is first reviewed and updated. It
is then used for benchmarks in order to reveal weaknesses in the theoretical description of the
formic acid monomer and dimer in order to advance our understanding of these prototypical
model systems.

1.1 Experiment meets theory

In order to meet theory at the most basic level, the following requirements should be met by an
experimental design that is aiming at providing benchmark-quality reference data [1]:

1. No environmental effects (molecules in the diluted gas phase).
2. No thermal effects (temperature as close as possible to 0 K).

3. Suitable molecular system.

Let us start with the first two points. Matrix isolation spectroscopy facilitates the study of
metastable or short-lived species that are difficult to prepare in the gas phase [34]. The second
obstacle mentioned above is overcome but the chemical environment induces shifts on the vibra-
tional band centres that can vary in size and direction. While helium nanodroplet spectroscopy
is less perturbing than matrix isolation techniques, it nonetheless introduces a weakly perturbing
environment [35]. Until the size and direction of the environmental shifts can be modelled reli-
ably for different environments and molecular vibrations, such techniques are less suitable for the
purpose of vibrational benchmarking. The most accurate vibration-rotation data can be obtained
by rotationally-resolved high-resolution [6, 36] supersonic jet or thermal gas phase spectroscopy.
Supersonic jet spectroscopy’ has the advantage of a simplified rotational fine structure through
jet cooling and enhanced aggregation, facilitating the study of molecular complexes [38]. As
such, low-resolution supersonic jet spectroscopy provides a straightforward and fully sufficient
approximation to the required rotationless band centres.

As for the third point, there are no strict requirements for molecules or molecular systems to
serve as benchmarking references except perhaps easy accessibility for experiment and theory.

3 For an introduction to supersonic jet spectroscopy and its applications, see for example Refs. [37-39].
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There are, however, some additional points one might consider. As an entry point, it would be
desirable to reduce the dynamical complexity, i.e. ‘floppiness’ and delocalisation over several
minima, as far as possible. But, the system should still offer some complexity and not be too
harmonic, e.g. exhibit some anharmonic resonances. To allow for diversity, the ability to sys-
tematically increase the difficulty, e.g. through chemical substitution, would be very desirable.

The formic acid molecule and its cyclic dimer are such reference systems that are particularly
suitable for the purpose of vibrational benchmarking. From the experimental side, the high
volatility of formic acid and the thermodynamic gas phase stability of its cyclic dimer [40] make
them easily accessible for gas phase spectroscopy while they also allow for a systematic and
controlled increase in complexity through chemical C—H substitution.* From the theoretical
side (as will be shown in this work), the moderate size and simultaneous semi-rigidity of the
monomer and the dimer (through the strong hydrogen bonds) make them accessible to more
widespread single-reference models that utilise rectilinear normal mode coordinates, as opposed
to the hydrogen fluoride dimer [44] and even more so the water dimer [45]. Both formic acid
systems exhibit additional characteristics that introduce further complexity, such as multi-well
character and strong vibrational resonances that gradually increase in importance as functions
of vibrational excitation and excitation wavenumber.

1.2 Theory meets experiment

The sheer dimensionality of the ‘vibrational problem’ requires certain approximations to be
made in order to facilitate computations of medium-sized systems in realistic time frames. This
has resulted in “different variants of quantum chemical nuclear motion theory [that] coexist and
they often serve different purposes” [7]. Two very general distinctions are particularly useful:
Which coordinate system is used to expand the ro-vibrational Hamiltonian and is a perturbative
ansatz or the variational principle employed?

Behind the coordinate choice — tellingly also referred to as the “coordinate dilemma” [7] —
is the reasoning to use a representation that best describes the curvilinear nuclear movements,
thus making the zeroth-order description as separable as possible [7]. However, it may also
be advantageous to use a less ‘physical’ description, e.g. rectilinear coordinates. In layman’s
terms, the coordinate impact on the kinetic and potential energy components of the nuclear
vibrational Hamiltonian is somewhat inversely proportional where rectilinear coordinates yield
a much more concise form of the kinetic energy operator whereas the molecular potential energy
usually converges much faster in appropriate curvilinear coordinates. Generally, the coordinate
dilemma is a choice between Scylla and Charybdis as there is no a priori superiority of one
over the other since much depends on the molecular system and energy regime of interest. The
practical implications and parallels to electronic structure theory were illustrated by Sibert III ez
al. [46] who stress that

“exact implementations of the curvilinear and rectilinear descriptions are strictly equivalent. How-
ever, a key practical point is that they are not equivalent in low orders of approximation. A useful
comparison here is with valence bond and molecular orbital theories of chemical bonds. When car-
ried out to high levels of approximation, these two theoretical bonding frameworks naturally predict
the same physics. In contrast, the physical pictures painted by the two descriptions differ consider-
ably at low orders of approximation.”

As to the question of how to solve the nuclear vibrational Schrodinger equation, there are sev-
eral possible formulations that adhere to the variational principle.’ Popular approaches include

4 See also Refs. [41, 42] for other carboxylic acid homologues or Ref. [43] for mixed carboxylic acid-alcohol

complexes.

3> See for example the review by Bowman et al. [5] or the perspective by Cséaszér et al. [7].
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the multiconfiguration time-dependent Hartree method [47] (MCTDH) or the vibrational self-
consistent field (VSCF) and its vibrational correlation extensions that are very similar to their
electronic structure theory analogues.® Out of the possible post-VSCF methods, the vibrational
configuration interaction (VCI) method is of particular importance to this work. There are for-
mulations where the VCI wavefunction is expanded either as a linear combination of harmonic
oscillator product functions or using VSCF modals.” In theory, these methods are independent
of the coordinate choice but for this work, the more widespread implementations that utilise the
rectilinear normal coordinate Watson Hamiltonian or Watsonian [57] are of particular interest.
To account for the distinct curvilinearity of certain modes, there are modifications to the Watso-
nian,’ e.g. the internal coordinate path Hamiltonian which, for example, was employed to study
the formic acid molecule [21, 29].

There are also different formulations of perturbation theory which are in principle again inde-
pendent of the coordinate choice. There is no strict nomenclature, but usually, VPT (vibrational
perturbation theory) refers to variants based on the harmonic oscillator whereas VMP (vibra-
tional Mgller-Plesset perturbation theory) builds on VSCF and is methodologically similar to its
electronic structure counterpart. There are different methods to derive!® the working equations
of VPT, including the contact transformation or (canonical) Van Vleck perturbation theory and
Rayleigh-Schrodinger perturbation theory. Due to its hierarchical structure, perturbation theory
provides an inherent connection between the perturbative order and coordinate completeness.
The inadequateness of rectilinear coordinates, for example, can in principle!! be remedied by
going to higher orders of perturbation theory which “account for effects associated with the non-
linear transformation between curvilinear and rectilinear coordinates as much as any profound
anharmonicity per se” [73].

The oldest, best-known, and arguably most popular'? variant of perturbation theory is second-
order vibrational perturbation theory (VPT2) in conjunction with rectilinear normal coordin-
ates [64]. There is a rift within the theoretical spectroscopy community regarding the approx-
imate method of choice to solve the nuclear vibrational Schrodinger equation and especially
VPT?2 is a divisive subject. Matthews et al. [77] addressed this over a decade ago as follows:

“The fact that VPT2 is exact for the Morse oscillator is surprisingly poorly appreciated in the the-
oretical chemistry community; the merits of VPT2 in the treatment of vibrational anharmonicity
are undoubtedly more greatly appreciated by experimentalists than most quantum chemists. Indeed,
statements about the ‘need’ for variational calculations of vibrational levels — and with them, a tacit
acknowledgement of the supposed superiority of variational methods — are often made, even when
VPT?2 is working extremely well.”

Apart from being the cheapest anharmonic nuclear structure model, one of the appealing fea-
tures of VPT2 is that it utilises the same language that is used by spectroscopists, providing a
simplistic and often surprisingly accurate picture to understand vibrational resonances, progres-

See for example Refs. [12, 48-51] and also Ref. [4] and references cited therein.

The VSCF modals are often but not necessarily contracted harmonic oscillator functions. See for example
Refs. [21, 52]. Multimode [52], Molpro [51, 53, 54], and Dynamol [55] use VSCF modals whereas in PyVCI
a harmonic oscillator basis is implemented [56].

For curvilinear VSCF and post-VSCF methods, see for example Ref. [58] and references cited therein.

9 See Refs. [59, 60] and for related models also Refs. [61-63].

10" For further reading, see for example Refs. [64—74] and references cited therein.

I A well-known problem in electronic structure theory is the behaviour of the Mgller-Plesset method (which is
based on Rayleigh-Schrodinger perturbation theory) as a function of the perturbative order. Such expansions
are not always necessarily convergent [75]. Similar results were found by Christiansen who investigated the
convergence properties of its vibrational analogue [76].

The widespread popularity of VPT2 for polyatomic systems can particularly be credited to Barone and his
implementation in the Gaussian program [70], facilitating the computation of anharmonic energy levels and
intensities in a fully automated black-box manner (mind Appendix C).

12
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sions of hot/difference bands, or anticipate positions of overtone/combination bands. Certainly,
the perturbed harmonic oscillator is less useful to understand exotic molecules such as proton-
ated methane [78] but these are rather the exceptions to the rule.

In the age of big data with ever-increasing supplemental appendices and data repositor-
ies, new community guidelines for publishing experimental and computational chemical results
would be welcome. Mata and Suhm formulated some insightful ideas for experiment and theory
meeting each other. Before theory meets experiment, one might add in the context of theoret-
ical vibrational spectroscopy: theory checking VPT2 — in analogy to long-established practices
of experiment checking experiment, e.g. linear/action spectroscopy or IR/Raman in the ab-
sence of inversion symmetry. Harmonic wavenumbers are already regularly reported whenever
anharmonic vibrational energy levels are published. Editors and reviewers should invite and
encourage researchers who use sophisticated variational vibrational models, higher orders of vi-
brational perturbation theory, or perhaps more sophisticated coordinate systems to additionally
include VPT2 predictions on the same potential. A critical reader might interject there are situ-
ations where VPT?2 clearly fails and that there might be no point or even harm in publishing such
results. “Theoreticians should”, as Mata and Suhm [1] stress, however, “not only mention the
‘successful’ methods, but also take the opportunity to address the approaches that fail, in partic-
ular those with wide acceptance in the community.” Indeed, we can learn from the limitations
of theoretical models and it goes without saying that the publication of ‘inadequate’ results ne-
cessitates a disclaimer and proper discussion to prevent the propagation of wrong conclusions.
Whereas there is no (sizeable) additional computational cost,'? the scientific community will
certainly profit from an extension of the well-established harmonic/anharmonic juxtaposition to
such a triumvirate. Especially for experimentalists trying their hand at VPT2, these data will
provide useful guidance on when and “how to VPT2” [11] — and when not to. An attractive
byproduct of such a new mentality, i.e. publishing VPT2 wavenumbers alongside harmonic and
more ‘sophisticated’ results, might be the occasional early discovery of shortcomings of the lat-
ter. As we will see, the stories of formic acid and its cyclic dimer are certainly such cases, where
a comparison of harmonic, VPT2, and VCI term values could have revealed shortcomings'* in
the latter.

1.3 Formic acid — Current state of research

The formic acid molecule

The formic acid monomer has two conformational isomers, cis-formic acid and trans-formic
acid (Fig. 1.1)," that are connected by rotation around the C—O bond which corresponds to the
OH torsional vibration v,. Both conformers are planar, near-prolate asymmetric tops [80-82].
The nine vibrations are schematically illustrated for the trans conformer in Fig. 1.2.
Vibrational spectroscopic characterisation of the higher-energy cis rotamer is lagging behind

13 From the point of view of any anharmonic vibrational model, it is a trivial and cheap task to compute harmonic

wavenumbers. These arguments similarly extend to obtaining a semi-diagonal quartic force field and thus
VPT2 wavenumbers when variational or higher-order perturbative calculations are feasible — if an analytic
potential is available, this task is trivial and when ab initio single-point energies are used, the cost associated
with additional displacements necessary for VPT?2 is usually negligible in comparison. Ramakrishnan and
Rauhut even demonstrated how accurate semi-diagonal quartic force fields can be retrieved from multi-mode
expansions of the potential [79], obviating the need for additional energy calculations.

This refers to specific VCI calculations on these systems that have been published in the literature and does not
extend to the VCI method in general which, from a theoretical and conceptual perspective, is superior to VPT2.
To distinguish between both rotamers, the cis/trans prefixes are used, which refer to the relative position of
the H atoms about the C—O bond. If this distinction is not made, the global minimum trans conformation is
implied. Note that also the IUPAC classification is used in the literature where the labels are interchanged.
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Figure 1.2 Schematic drawing of the nine frans-HCOOH fundamental vibrations. Adapted from Ref. [28] (pub-
lished under a Creative Commons Attribution license, CC BY 4.0).

that of the trans species due to the high energy difference'® and thus low cis population of ap-
proximately 0.1% at room temperature. In order to probe the vibrational dynamics of cis-formic
acid, matrix isolation has been the method of choice until recently!” but as mentioned earlier,
the vibrational shifts on the band centres render them unsuitable for benchmarking purposes
(see Ref. [87]). Gas phase vibrational data on cis-formic acid were first reported in 2006'® and
after a decade of stagnation, the number of environment-free vibrational cis-formic acid band
centres has considerably increased since 2019 [86, 87, 89, 901, even extending to deuterated
isotopologues [86, 91]. The first Raman spectroscopic gas phase detection of cis-formic acid
was pioneered by Meyer and Suhm by employing thermal excitation as a means to enhance the
cis population, followed by rapid jet-cooling of the molecules in a supersonic expansion [87,
89].

The vibrational dynamics of the global minimum frans rotamer, on the other hand, have
been characterised quite extensively in the gas phase.?’ The highest-wavenumber fundamental is
located slightly below 3600 cm™! but this spectral window has not been investigated exhaustively
and some gaps remain. The experimental literature predominantly contains IR spectroscopic
studies of the main isotopologue, the complementary Raman spectroscopic characterisation,
in general, and the vibrational characterisation of the deuterated isotopologues, in particular,
lagging behind. Throughout this work, we will see how additional Raman spectroscopy and
deuteration are important aids in unravelling vibrational resonances — of which there are many
in the trans-formic acid molecule — and cross-checking combination/overtone band assignments.

The high-level computational anharmonic vibrational literature on the formic acid molecule
was relatively compact and has considerably grown since 2016.?! Particularly noteworthy for
the main isotopologue are the works of Demaison et al. [99] (perturbative effective Hamiltoni-
ans), Tew and Mizukami [21] (variational; including trans-cis delocalisation) and Richter and
Carbonniere [22] (variational; single-well) in which many experimental assignments and ana-
lyses were meticulously examined and potential misassignments pointed out. Moreover, all these
works have provided the scientific community with coupled-cluster-quality force fields [99] and
full-dimensional potential energy functions [21, 22] of the formic acid monomer. Martin Santa

16 The energy difference was measured in the 1970s by Hocking using microwave spectroscopy who reported

1365(30)cm™! or equivalently 16.3(4)kJ mol~! [81]. There does not seem to have been another experimental
study attempting to reproduce this value. Recent variational calculations on CCSD(T)-F12-quality potentials
yield 16.9-17.0kI mol~! [21, 22, 29].

The first vibrational characterisation of cis-formic acid was achieved in 1997 by Pettersson et al. using a solid
argon matrix [83]. In subsequent years, the vibrational spectroscopy of cis-formic acid was extended to other
isotopologues and matrix hosts, e.g. [84, 85]; see also references cited in Ref. [86].

Until 2019, vq was the only cis vibration that had been characterised in the gas phase, facilitated by the large
spectral separation of vy between both rotamers (147 cm~!, Ref. [88]).

Note that in addition to the OH stretching band, Doney e al. furthermore reported band centres for two addi-
tional Coriolis-coupled states (see supplementary material of Ref. [90]).

See Refs. [92-96] and references cited therein. See also references cited in Section 4.6 of this work and cited
in Ref. [86].

Very recently, the published anharmonic vibrational studies of formic acid have been reviewed in Ref. [97]. See
also Refs. [21, 22, 27-30, 98, 99] and Refs. [24, 55, 100—105] where the formic acid monomer is of secondary
interest or used as a benchmarking reference.
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Daria et al. [29] have recently published the so far most rigorous vibrational calculation of formic
acid, utilising the exact 9D potential from Ref. [21] and including trans-cis delocalisation effects.

-1

Some unresolved issues concerning the fundamental region below 4000 cm™", most of which

are addressed in this work, include:

1. The OH bend-torsion resonance. In trans-HCOOH, there is a very strong and important
Fermi resonance between the OH in-plane bending fundamental (v5) and OH torsional
overtone (2v,). It was long assumed that the fundamental corresponds to the lower-
wavenumber band of this doublet, but based on recent theoretical and experimental evid-
ence,” it is now widely accepted that vs is centred at 1306.14 cm™' [95] and 2v, corres-
pondingly at 1220.83 cm~! [110]. In hindsight, the vs/2v, ‘controversy’ could have easily
been resolved if complementary, cluster-free Raman spectra of formic acid would have
been available early on. This was recently demonstrated by Meyer who compared the IR
and Raman jet spectra of HCOOH [86]. When defining a polyad quantum number®* for
this resonance, N5 = ns+ny/2, vs and 2v, correspond to Ny = 1. Combination states that
are partly excited in this polyad are known to perturb the C=0 (v;) and C—H (v,) stretch-
ing fundamentals [96, 99] but little is experimentally known about how this resonance
polyad progresses; up to Ny = 1.5, this polyad has experimentally been characterised,
starting with Ny = 2, however, experimental data are sparse.**

2. Delocalisation effects between the trans and cis wells. So far, only two (full-dimensional
vibrational) studies explicitly accounted for the double minimum along the torsional co-
ordinate [21, 29]. These calculations indicate wavefunction mixing between both wells to
start with ny = 6-7, corresponding to Ny = 3-3.5 in the bend-torsion polyad. Such effects
still need to be observed experimentally.

3. Resonance perturbations of the OH stretching fundamental. The OH stretching funda-
mental (v,) remains the only frans-HCOOH fundamental whose rotationally-resolved gas
phase spectrum, which was reported already in 2000 by Hurtmans et al. [114], has not
been analysed. The authors reported a higher than expected density of lines [114], usu-
ally indicative of additional resonance perturbations. Shortly after, Madeja et al. reported
an analysis of the rotationally-resolved v, band in helium nanodroplets. They obtained
three vibrational band centres for the O—H stretching fundamental at 3570.66, 3568.63,
and 3566.35cm™! [115]. They ascribed the two perturbers to v,+v; (A) and v,+v, (A”).
While Freytes et al. noted similarities between the room temperature gas phase and he-

22

23
24

To get an overview of the history of the experimental vs/2vq assignment, see Refs. [86, 93-95, 106-108]. For
brevity, the bands at ~1300 and ~1220cm™! are hereafter referred to as Vhigh and Vvj,,,, respectively. Since
Viow 18 more visible in the IR [94, 95], it was observed early on (see Ref. [92] and references cited therein).
While v, Was observed already in the 1970s by Hisatusune and Heicklen [106], this was not realised by the
authors who incorrectly attributed vy, to the CH in-plane bend vy. vpop, is much more visible in the Raman
spectra (see Section 4.2) and it was later observed by Bertie and Michaelian [93]. Since v, accidentally
overlaps with a strong Raman-active fundamental of the dimer [109], it was not realised that vy, is by far more
Raman-active than v,,,, which might have led to a critical reexamination of the vs/2vy assignment already in the
1980s. Building on the previous IR assignment of v5 to v, Bertie and Michaelian consequently ruled out an
assignment to vs and proposed 2vq as an assignment for vy, With gas phase IR spectroscopy, vy, Was then
again observed by Freytes et al. [94]. Its assignment to 2vy was subsequently corroborated by Baskakov et al.
who analysed 2vg—vq type hot bands [95]. Triggered by the theory-guided proposal to reassign vs to vy, [21,
22], Hull et al. [107] reexamined the hot band transitions in 2019 and refuted the assignment by Baskakov ez al.
Note that incompatibility of the pre-2019 assignment with theory was already pointed out one decade earlier
by Demaison et al. who used perturbative effective Hamiltonians [99].

On the concept of polyads in vibrational spectroscopy, see for example Refs. [111-113].

See Refs. [94-96] and reassignments to bands this polyad in Refs. [21, 22]; mind vs < 2v, label switch in the
pre-20109 literature.



8 Chapter 1. Introduction

lium nanodroplet spectrum [94], the gas phase v, band remains unanalysed to this day.?
Since states from the OH bend-torsion polyad (/N5 = 3) are expected in the vicinity of v,
a clear assignment of the gas phase perturbers is of great significance, especially in view
of items 1 and 2.

4. Recent theory-guided reassignments. In light of conflicting results for the computed J = 0
spectrum of cis-HCOOH in Refs. [21, 22] which similarly apply to higher-excited torsional
states of trans-HCOOH [28], there is a need for an independent review of the recently
proposed reassignments and analysis of the cause of these discrepancies.?

5. Vibrational spectroscopy of deuterated trans-formic acid. Generally, the vibrational gas
phase spectroscopic characterisation of deuterated trans-formic acid®*’ is — by far — not
comparable to that of the main isotopologue, lacking studies similar to Refs. [94-96]. In
order to guide and critically examine assignments for the highly anharmonic main isoto-
pologue (item 4), deuteration information can be of great value [117].

6. Raman spectroscopy of trans-formic acid. Raman spectroscopy yields complementary
information which can help to identify resonance situations and guide IR assignments.
Raman spectroscopic studies of monomeric formic acid [28, 86, 87, 91,93, 118, 119] are
generally sparse in comparison to the predominant IR literature. There is especially a need
for monomer-optimised, cluster-free Raman spectra of formic acid in the full fundamental
range. The full fundamental range was measured and reported for all four H/D isotopo-
logues by Bertie et al. in the thermal gas phase [93, 118] and more recently by Xue using
jet-cooling [119]. However, these studies were primarily concerned with the formic acid
dimer and were therefore carried out at higher acid concentrations, so that many monomer
bands remained hidden under the cluster bands.

The cyclic formic acid dimer

The formic acid dimer has 2X9 = 18 internal degrees of freedom that correspond to intramolecu-
lar vibrations. Since both monomers move in concert and thus behave like a single molecule,
six additional intermolecular pair or van der Waals vibrations are generated that correspond to
hindered relative translations and rotations of the paired molecules. The global minimum cyclic
dimer is planar [80] and the two equivalent trans monomers are arranged in a way that gives rise
to inversion symmetry (Fig. 1.1). The energetically next higher-energy structure, the C, sym-
metric polar dimer (Fig. 1.1), has been previously prepared in helium nanodroplets [120, 121]
and matrix isolation [122—124] but eludes detection in the gas phase.?®

For pairs of equivalent inter- and intramolecular vibrations, the inversion symmetry of the
cyclic dimer leads to an excitonic or Davydov splitting into a symmetric (in-phase) and anti-
symmetric (out-of-phase) combination. Due to the rule of mutual exclusion, the cyclic dimer
vibrations are exclusively Raman-active (Ag, Bg) or IR-active (A, B,) [128]. Thus, each Dav-
ydov pair consists of one IR- and one Raman-active mode. Common IR and Raman splitting
patterns directly point at wavefunction mixing for single bright modes which can and will be

25 Just recently, the first high-resolution jet-cooled measurement of the first OH overtone (2v;) has been pub-

lished [116].

The recent calculations by Martin Santa Daria er al. [29] and the analysis presented in Section 5.3.1 of this
work suggest that the main source of discrepancies is due to convergence errors of excited torsional states in
Ref. [21].

See for example references cited in Section 4.6.

See Refs. [125, 126] where possible assignments of FF are discussed in the jet-cooled gas phase spectra of
HCOOH. Note that Balabin postulated the detection of FF in the gas phase Raman spectrum of HCOOH [127]
but, so far, this result has not been confirmed by other gas phase spectroscopic studies. Similarly, his proposed
assignment [127] of the Raman-active OH torsion of (FF) appears doubtful [109].

26

27
28



1.3. Formic acid — Current state of research 9
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Figure 1.3 The fundamental vibrations of the cyclic formic acid dimer. Davydov pairs of IR-active (disks) and
Raman-active (squares) vibrations are connected and further linked to the corresponding monomer transitions (dia-
monds) by dotted lines. In-plane vibrations are visualised in red and out-of-plane modes are in blue. Band centres
are from Tables 3.2 and 7.5 and Refs. [119, 129]; for v3, v4, and v,,, the centroid of the resonance is used. The lim-
its of the resonance-broadened OH stretch are roughly estimated from published jet-cooled spectra [119, 129]. Note
that the division into these four spectral ranges is also valid for all three symmetrically deuterated isotopologues.
This figure is inspired by and an extension of Fig. 2 in Ref. [109].

exploited for the formic acid monomer. The inversion symmetry of the cyclic dimer removes
this resonance assignment aid, making the excitonic analysis particularly important [109]. Four
pair modes and all intramolecular modes are grouped in such pairs, leaving the dimer stretch (vg,
Ag) and dimer twist (v;4, A,) which do not have a vibrational Davydov partner (Fig. 1.3).

The cyclic formic acid dimer is a prototype for double hydrogen bonding. Two aspects of its
vibrational dynamics have sparked particular interest in the past. The Raman-active symmetric
OH stretching mode promotes a concerted exchange of the two bound protons that leads to a tun-
nelling splitting already in the vibrational ground state. This splitting has attracted considerable
attention and attempts to compute its time scale.”’ The experimental value of the full ground
state tunnelling period has evolved over time and is now seen to amount to 3ns [131] — corres-
ponding to a ground state splitting of only 0.011 cm™' — whereas it was long thought to be close
to 2 ns [130]. At the other end of the time scale, in the sub-ps domain, are the high-frequency hy-
dride stretches. It has long been known that the OH (and OD) stretching fundamentals of formic
acid dimer and other carboxylic acid dimers give rise to complicated, resonance-rich structures
that span several hundreds of cm™' [93, 129]. Similarly, there have been many attempts to model
these highly anharmonic spectra and understand the underlying dynamics [23, 132-137].

The vibrational ground state splitting is so small, that at present one can only hope to cor-
rectly predict its order of magnitude; for reduced-dimensional models that quantitatively agree
with experiment, the question of the extent of fortuitous success always arises. The OH stretch-
ing spectra, on the other hand, are so complex, that the meaningfulness of assigning all individual
bands in this spectral region — assuming this is even possible — is a questionable endeavour from
the perspective of quantitatively challenging theory. In-between these two time scales are the
van der Waals pair and slow fingerprint modes of the cyclic dimer which, in comparison, have
received less attention from the theory side. However, they constitute a much more robust bench-
marking target where the theory-experiment agreement is possible to within 1%.

Theoretical investigations into the resonance-rich OH stretching spectrum have yielded many
valuable insights so far. In order to acquire a more profound — and perhaps guantitative — under-
standing of the underlying dynamics in the enigmatic OH stretching range, future endeavours
can only bear fruits if they build on the foundation of a rigorous understanding of the internal
dynamics of the skeletal modes in the isolated molecule and its hydrogen-bonded cyclic dimer.

29 See for example Ref. [31] and references cited in Ref. [130].
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While the systematic vibrational characterisation of the cyclic dimer has been completed long
ago in the thermal gas phase [93, 118, 138, 139], an update using jet cooling or high-resolution
spectroscopy is essential for reliable band centres and the identification of local resonances. In
the past two decades, there have been several isolated efforts but this task still remains rather
incomplete.*

Building on the completed update of the van der Waals vibrations below 600 cm~! — at least
for the main isotopologue®! — it is the aim of this work to revisit the jet-cooled spectra in the slow
fingerprint region between 600 and 1500 cm~! and complete the experimental characterisation of
the dimer in this range, including all three symmetrically deuterated isotopologues. Unresolved
issues in the fingerprint region, that will all be addressed in this work, include:

1. Resonance perturbations of (HCOOH), fundamentals. The IR-active C—O stretch, v,,, 1s
split into a triplet with perturbed band centres located between 1220 and 1234 cm™!. Des-
pite several (experiment-focussed) investigations [110, 145, 146, 149], there is no con-
sensus regarding the assignment of both perturbers. While it appears to be accepted that
one perturber corresponds to the binary combination v,y+v,s, Goroya et al. and Kollipost
showed that an assignment of the second perturber to v,,+v,,, as proposed by Ito [145],
is less likely and that this combination band is most likely located below 1200 cm~! [110,
149], suggesting a ternary (or higher) state assignment.

2. IR-active combination/overtone bands of the cyclic dimer. Disregarding low-resolution
gas phase spectroscopic investigations, Kollipost presented the so far only systematic IR
spectroscopic investigation of the full fingerprint spectrum of the cyclic dimer [149]. In
addition to the main isotopologue, he measured all three deuterated isotopologues and
presented a very detailed analysis of the jet-cooled IR spectra. He was able to assign a
selected number of bands to combination bands of the cyclic dimer but the assignment
of some bands remains unclear since possible contributions from larger (n > 2) clusters
must be checked.

3. The Raman jet spectrum below 750 cm™!. Building on Raman jet spectroscopic work by
Zielke and Suhm [140], Xue and Suhm extended the systematic vibrational characterisa-
tion of (HCOOH), and its symmetrically deuterated isotopologues up to 750 cm™! [141].
They were able to assign almost all spectral features down to the noise level to the formic
acid monomer and its (symmetrically and asymmetrically deuterated) cyclic dimer but the
assignment of a few weaker spectral features remains unclear.

4. The Raman jet spectrum beyond 750 cm™'. Xue extended the Raman jet spectroscopic

characterisation of the formic acid dimer to the full fundamental wavenumber range up to
3300cm~! [119]. In contrast to the IR jet spectra [149], the Raman jet spectra presented
in Ref. [119] reveal a much higher complexity. Xue assigned several bands to overtone/-
combination bands of the cyclic formic acid dimer which have so far not been confirmed
independently.

The current reexamination of the jet-cooled formic acid spectra profits from and builds on recent
advances in the experimental characterisation of larger formic acid clusters (n > 2), particularly
the detection of the formic acid trimer.** Fig. 1.4 illustrates the close relationship between the

30 For Raman spectroscopic studies, see Refs. [89, 119, 125, 140, 141]; for IR investigations, see Refs. [110, 129,

142-150].

31 See Refs. [129, 130, 140, 141, 148]. Note that the two IR-active A, pair modes (v;5 and v;¢) are still awaiting
an update from jet-cooled or high-resolution gas phase spectroscopy for the symmetrically deuterated isotopo-
logues. The experimental data for the twist (v4) might reveal interesting quantum effects, similar to the dimer
stretch (vg) [140].

32 Neill reported the first gas phase spectroscopic detection of the formic acid trimer in 2011 and confirmed its
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F(FF)

Figure 1.4 Connectivities of the frans-formic acid monomer F, cyclic dimer (FF), polar, acyclic dimer FF, and
trimer F(FF). F, (FF), and F(FF) are close to the equilibrium structures of formic acid monomer, dimer, and trimer,
respectively. (FF) is C,;, symmetric while the others are C, symmetric. The parentheses represent a closed hydrogen
bond pattern. Reproduced from Ref. [109] (published under a Creative Commons Attribution license, CC BY 4.0).

global minimum?® trimer configuration and its constituents — F(FF) can either be thought of as
an open dimer FF that forms a double hydrogen-bonded ring with another monomer F or altern-
atively a monomer F that docks onto a cyclic dimer (FF). Indeed, as a byproduct of the dimer
analysis, several new vibrational formic acid trimer bands have been observed and assigned in
this work, paving the way for future gas phase searches for the still rather elusive polar formic
acid dimer FF.

planarity by means of microwave spectroscopy [151]. More recently, Meyer and Suhm were able to show
that the global minimum trimer is present in significant amounts in supersonic jet expansions by utilising a
multi-spectroscopic approach. They were able to identify the trimer on the basis of its carbonyl stretching
vibrations [125]. Subsequently, Oswald et al. reported detection of the trimer in the OH stretching range,
facilitated by the use of N, as a molecular sensor [126].

The conformational landscape of formic acid trimer was computationally explored by Roy and Thakkar [152].
As Meyer pointed out, based on predicted energy differences only the global minimum trimer is expected in
significant amounts in jet-cooled experiments [86, p. 124].
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Chapter 2

Theoretical background and methods

2.1 Theoretical treatment of vibrational energy levels

The exact vibration-rotation Hamiltonian in rectilinear normal mode coordinates (Q;) and con-
jugated momenta (P,),>* the Watson Hamiltonian or Watsonian, has the following form* for
non-linear® molecules [57]

Ay IO 5 7 1 A L F & A
A=V +3 Z -t Z Moo ¥ 5 Z,, bop (Ray+ Ty =20 2,) 2.1)

where J, and 7, = Zi’j Ci’jQiﬁj are components of the total and so-called®’ vibrational angu-
lar momentum around axis a of the body-fixed frame, Ciljlj components of the Coriolis coup-
ling constant, u, , components of the effective reciprocal inertia tensor, and V' is the (Born-
Oppenheimer) potential energy. The (diagonal) sum over y, , is called the Watson U term and
is a potential-like contribution that depends on the normal coordinates.

As the individual rotational transitions are not experimentally resolved in this work, we shall

continue the following discussion for the pure vibrational Hamiltonian
Ny . 1 ~  h? 1
vib — rv _ _ - 2 _ - A~ A
HP®=H""J =0=V + > E,- P Y Ea Moo + > ,;ﬁ P pTeoTy- 2.2)

This Hamiltonian does not include terms that are formally classified as vibration-rotation inter-
action terms but this does not mean there is no inherent coupling since rotation and vibration
are not fully separable. Even for the J = 0 case, centrifugal coupling is mediated through the
dependence of y, , on the normal coordinates [67, p. 6].

2.1.1 Second-order vibrational perturbation theory (VPT2)

In the following, the working equations of second-order vibrational perturbation theory (VPT2)
are discussed, focussing on the description of energy levels®® for the most general case — a non-
linear, polyatomic asymmetric top.

34 The rectilinear normal coordinates are defined as linear combinations of mass-weighted Cartesian displacement
coordinates. For further reading, see Ref. [153].

35 The original arrangement in Ref. [57], (fa — By My, ﬂ(f 5 — %g), is simplified using the commutator relationship

Rybap = Hapfy [57]. The two cross terms between J and # can also be condensed [67, p. 6].

See Ref. [154] for the linear molecules.

The point was made early on that 7, — unlike its classical analogue — also contains an additional rotational
contribution [57, 155] that arises from the inequality of 13, and Q',- in a quantum mechanical treatment [153,
Section 11.2]. Thus, the description of 7, as vibrational angular momentum is strictly speaking not correct [57].
The derivation of the working equations and computation of infrared intensities in VPT2 is much more complex
than for the energy levels. For further reading, see for example Refs. [156-159].
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The vibrational Hamiltonian

In the perturbative vibration-rotation literature [66, 67], the total Hamiltonian is usually expan-
ded in powers of the vibrational (m) and rotational (n) operators

HY = Z ﬁm,n’ 2.3)

the perturbative order of the Hamiltonian being k = m + n — 2.3 Terms where one of the two
indices is zero correspond to the pure vibrational (n = 0) or pure rotational (m = 0) compon-
ents, whereas explicit vibration-rotation coupling is mediated by cross or “Coriolis” [67] terms.
Instead of working with mass-weighted normal coordinates and conjugated momenta, it is con-
venient and common practice to first convert these into dimensionless normal coordinates and
conjugated momenta

q; = yil/zQi’
. P 2.4)
pi = 9

J/1'1/2h

with the conversion factor [67, 153]

/lil/z _ hecw;, 4r’cw,
no m h
w; 1s the harmonic wavenumber and should not be confused with the angular frequency. Ex-
panding the purely vibrational Watson Hamiltonian (Eq. 2.2) in these dimensionless normal

coordinates and conjugated momenta through second-order (m < 4, n = 0) yields

v, = 2.5)

A hc R X )
Hver: o L (p? + qu) HO > H,, (2.6)
i
hc 1 X
+ 6 2 ¢i,j,kqiqjqk v = A,
i.j.k
hc R
57 Z (l)i,j,k,IQqu‘QkQ[ Vo o H4’0
24 ikl
~ 1 w0, . X
o ape L abq.p @
+ hc ; Be 4 + ijzkl Ci,jCkJ 0,0, q;p;q,p; |- T => H4,0

where i, j, k, [ are vibrational indices that run from 1 to 3N, — 6 and «a is a principal axis
of rotation in the Eckart frame [57, 153, 155].*° The Coriolis coupling constant Ci“j mediates

39" In the usual perturbative expansion, the Hamiltonian is expressed in a power series

=Y FA®,
k

where A is the perturbation parameter. This expression is related to Eq. 2.3 via

A=y n,,
m,n

The sum over m and # is restricted to all combinations that satisfy m +n = k + 2.

The correct orientation of the body-fixed frame is very important because the Coriolis constants depend on the
reference frame [66, p. 43]. For small and light molecules, these contributions in T® can be several (tens of)
cem~! [53, 160, 161]. Previously reported [162, 163] numerical sensitivities of VPT2 computed with Gaussian
have partly to do with the orientation of the body-fixed frame. This is discussed in Appendix C.1.
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coupling between vibrations i and j via rotation around axis a, B’Z is the equilibrium rotational
constant around axis , and ¢, ; , and ¢, ; , , are the cubic and quartic force constants, respectively.
The potential energy parameters (w;, ¢, ;. ¢, ;,,) are related to derivatives of the potential
energy as follows

1 o*V 2t 1
+ = — - q4:q; + - 2.7
22 o |, 6Zk aqj oa | U (2.7)
\_v_z \_._v_.._z
=hc-w; =hc-¢,-wj,k

when the potential energy is expanded as a Taylor series about the minimum in dimensionless
normal coordinates using an unrestricted summation [66]. Due to the nature of normal coordin-
ates [153], the first and mixed second derivatives are zero.

At second-order of perturbation theory, the Watson U term is merely a sum over the rotational
constants but it is usually counted to T [73]. The lowest-order contribution from the U term
is therefore not always included in VPT2 implementations as it merely acts as a constant shift
on all levels and thus cancels for experimentally accessible transitions between two vibrational
levels.

Second-order corrections to the vibrational energy

An important advantage of choosing the harmonic oscillator as the zeroth-order basis is the
availability of analytic solutions to all integrals that appear in the VPT2 equations [11].*' Once
the VPT2 equations for the energy levels are solved,*? they are usually sorted by powers in the
vibrational quantum numbers, yielding the familiar expression for the term values

%—G()—ngw (n+ )+ZZ xiy (m+3 )<nj+%), (2.8)

where n = {n,,..., N} 1s the vibrational excitation array, w, is the harmonic wavenumber,
; and x; ; are the well-known diagonal and off-diagonal anharmomclty constants, and g, is a
constant. 2
The anharmonicity matrix is symmetric (x,; = x;,) and diagonal terms (i = j) account for
diagonal anharmonicity along mode i whereas off-diagonal terms (i # j) mediate binary mode
coupling between two vibrations i and j. Expressed in terms of the potential parameters, we
obtain [11, 72, 73] for all anharmonic parameters in Eq. 2.8

597 8w? — 3w}
X = ¢l,l,l,l _ 00,0 _ ¢ttk( ) (29)

ii 16 48w, i 16w, (400,- - wi) ’

2 2
x. . =¢i,i,j,j _ ¢i,i,i¢i,j,j _ d)i,i,jd)j,j,j _ ¢llj i _ i,j,ja)j (2 10)
Y4 4o, 4o;  2(4? —aﬁ.) 2(40? - o?)
b i ‘l’, w a)+a) —a) w, o,
g (e Ban ) ) (02,
oy 4w, 2Q; ;¢ o,

41 Useful harmonic oscillator integrals are tabulated in Appendix IIT of Ref. [153].

42 The literature on VPT2 is immense and its derivation for polyatomic asymmetric top molecules shall therefore
not be repeated here. For a contemporary introduction to VPT2 and applications, see the recent review by
Franke et al. [11]. See also for example Ref. [72]. Amongst the classic reading materials on this topic are the
seminal works by Nielsen [64] or Papousek and Aliev [66].
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d)kkkk 7¢kkk 1 ~ 2
21:‘ 576a)k _Z;BZ<1+;;<%> .
Z Z kk, N Z ([)i’l,ma)ka),a)m’ (2.11)
k I#k 64 4CU _C‘)) k I#k m#l 249/c,l,m
where
Q= (a),. + w; +a)k) (a),. +w; - a)k) (a)l. —w; + a)k) (—a)i + w; +a)k) . (2.12)

Resonance denominators appear in all three parameters (Eqs 2.9-2.11) that lead to divergences
in the perturbational expansion if two states become close in energy. It is common practice
to deperturb these resonances by removing the offending terms and to account for the strong
coupling post hoc (see Section 2.1.2). Since vibration-rotation cross terms, which also include
the Coriolis constants Cl.‘fj, do not appear in the Hamiltonian or energy expression for J = 0, it has
a mnemotechnical advantage to simply refer to the vibrational angular momentum contributions
in Eq. 2.10 as Coriolis terms which is done throughout this work.

The zero-point vibrational energy

By setting all vibrational quanta in Eq. 2.8 to zero, we obtain the ground state or zero-point
vibrational energy at second-order of perturbation theory

ZI;ZE = G(0,..,0) = g0+2—+22 2.13)

i j2i

Unlike excited vibrational states, the VPT2 ZPVE is or rather must be** resonance-free which
can be shown by rearranging** the above expression to (unrestricted summations)

2
ZPVE _ Z Z Piiji 3 Puiibiji Lk
- 32w, 43(w; + w; + @)

2 (w; — a).)2

DQ 1 a !
* ; B, 4 * ; (C"J> Sa)[a)jj

The above formulation is much more useful and appealing as it avoids resonance denominators.

For accurate ZPVE predictions, quantum diffusion Monte Carlo is a very popular method
because it essentially yields the exact ground state energy on a given potential V' [166, 167]. In
order to compare the perturbational ZPVE predictions to diffusion Monte Carlo, care must be
taken that constant contributions that cancel for transition wavenumbers are included, such as
g, in general® (Eq. 2.8) and the Watson U contribution* to g, in particular (Eq. 2.11).

(2.14)

43 On similar grounds — “the ground state is non-degenerate and its treatment by perturbation theory should there-

fore be free of potential singularities” [164, p. 290] —, the vibrational ground state rotational constants are

(Coriolis) resonance-free in VPT2.

The correctness of Eq. 2.14 was verified by comparison to numerical results with GUINEA (see also note 46,

p. 16). Note that the resonance-free ZPVE expression in Ref. [165, Eqs. 7-8] contains an error in Zy;qc-

This applies in particular if resonance denominators are removed from the anharmonicity constants. In these

instances, the same resonant terms must be removed from g,.

46 Gaussian 16 Rev. A.03 [70, 159, 168, 169] includes the Watson U term, whereas in GUINEA version 3.0 [170,
171], this term is not included in the Hamiltonian (Eq. 2.6). Thus, in ZPVE calculations with the latter one
must subtract 0.25h¢ ), E’Z‘ from the computed ZPVE.

44

45
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Table 2.1 Useful SOF+x expressions for binary (An = 2) up to quaternary (An = 4) vibrational excitation
wavenumbers. The second-order perturbation theory expressions are derived from Eq. 2.17.

An  n n; ny n Go(...onjynj, g,y ...)

2 2 0 0 0  2x(¥)+2x;

3 1 1 1 0 Vit Vi+ U+ + X0+ X 4

32 1 0 0 2x(§)+7+2x;+2x,

33 0 0 0 3x(y)+6x,

4 1 1 1 1 \7i+Nj+\7k+\71+x,-’j+xi,k+xi’l+xj,k+xjyl+xkyl
4 2 1 1 0 2% (W) + 7+ ¥ + 2%, + 2%, +2x; . + X4

4 2 2 0 0 2x(¥)+2x (V) +2x,;+2x;; +4x,

4 3 1 0 0  3x(¥)+7+6x,+3x;

4 4 0 0 0 4x(y)+I2x,

Sum-of-fundamentals (SOF) form of the VPT2 equations

For most applications, it is convenient to subtract the ZPVE (Eq. 2.13) from Eq. 2.8 and slightly
rearrange the terms [172]

Gom = 3 | @m, +x,07 +n) + % PEREDINERIAP 2.15)

i ki i j>i

The expression in parenthesis can be simplified by inserting the VPT2 expression for a funda-
mental transition wavenumber

¥, = Gy(n, = 1,0,...,0) = @, + 8,y = @, + 2%, + % D X (2.16)
k#i

Replacing the corresponding terms in Eq. 2.15 with ¥, yields

Gom) = D Ui+ Y x, (= m)+ DD x; mim,, 2.17)

i i j>i
——

= SOF
“ v

~~
= SOF+x

where some of the diagonal and off-diagonal anharmonicity is absorbed into the anharmonic
fundamental v, — the SOF form of the VPT2 equations or simply SOF+x. These two different
formulations of G((n) are strictly equivalent if ¥, is computed from Eq. 2.16. The advantage
of the formulation in Eq. 2.17 is that we are not restricted to VPT2 but can insert ¥, values that
were otherwise obtained, be it theoretically*’ or experimentally. If, for example, a reliable exper-
imental database of the fundamental transitions of a molecule or molecular complex is available,
it is advantageous to use experimental values for ¥, for the purpose of assigning experimental
spectra, especially if only a lower-level ab initio treatment is computationally feasible.*® Useful
SOF+x expressions for binary up to quaternary vibrational excitation wavenumbers are reported
in Table 2.1.

47

In Section 5.4, this ansatz is combined with reduced-dimensional variational calculations to account for anhar-
monic contributions from the inactive degrees of freedom.

In Sections 4.3 and 7.2, the assignments of monomeric and dimeric formic acid bands are guided by semi-
experimental SOF+x with affordable MP2/aVTZ anharmonicity constants.

48
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Higher-order corrections to the vibrational energy

Gong et al. recently reported algebraic expressions for VPT4 [73] which is also implemented in
GUINEA, a stand-alone module in the most recent release of CFOUR [170, 171]. The fourth-
order expression for the term values is given by

GVPT4(n)=gg+Z (@, + ) (n+ >+szu<"+ ) (1, +é>
PEZBrun(ned) (e )

i j2i k>j

(2.18)

where g; contains additional fourth-order contributions to g, (Eq. 2.11), y,;;, ¥, ;» and y, ; ,
are higher-order anharmonicity constants, and &, is linear in n; + 1/2 and therefore a higher-
order correction to the harmonic wavenumber ;. The fourth-order corrections to the energy
depend on additional potential energy (; ; x> Pi j x.1.m,) and rotational (af’ﬁ ) parameters. af’ﬁ
is proportional to the first derivative of the inertia tensor with respect to normal coordinates and

appears higher-order expansions of the vibrational angular momentum [73].4

Reduced-dimensional VPTn

Reduced-dimensional VPTn expressions for 1D (n = 2,4) and 2D (n = 2) fundamental term
values are reported here for future reference. The 1D term value for a fundamental transition is
given by

] 1

\71.1D_VPT2 — a)i + 2x3],')’
VilD—VPT4 =, + 2x + (Z)lD + 143 yll’]i)’i, (219)
where
b, 5%
lD — i0,0,0 _ L ii 220
YT 06 48w, (220)
..... 67¢> 153¢% .¢.... 385¢*
6?).1D — L S(p ''''' 19¢llt¢ltllt _ ¢11u + d)tztd)l»l,l,l _ ('bu: ’ (221)
! 1152 o, 8w, 4a? 24w?
R T 17¢%. .. 15¢> ¢, 235¢*
le — L 4) """" _ 7¢l,l,l¢l,1,l,l,l _ ¢I,l,l,l + ¢l i, l¢!,l’ll ¢l i,i ) (222)
i,i,i 288 L1, . 8(0 4(012 24a)l

At second-order, the 1D analogue of VPT2 is exact for the Morse potential and yields the same
energy levels [173, 174]. Extending the perturbational treatment to include coupling to one other
mode j, we obtain

OV = 42 (0 4220 2 (320, (2.23)

]
where
2 2 2
2D _ d)llj( i_3wj>

o 160, (4] — ©7)

(2.24)

49 When requesting a vibrational frequency and intensity calculation in the usual double, i.e. mechanical and elec-
trical, harmonic approximation (“VIB” directive), CFOUR version 2.1 automatically computes all necessary
rotational parameters. ¢ and a P are directly written to separate files (“coriolis.joda” and “didq.joda”) in a
format that can stralghtforwardly be used in VPT calculations with GUINEA.
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2 2
x2D . ¢i,i,j,j ¢i,i,i¢i,j,j ¢i,i,j¢j,j,j iij i ij.j J
i B B B 2 2\ 2 2\’
4 4o, do;  2(40?-0?) 2(40? - 0?)
2 [OR .
Cor R a i J
x = B(C..) <—+—>

a

(2.25)

(2.26)

The algebraic VPT4 expressions beyond 1D are cumbersome (see supplementary material of
Ref. [73]) and not repeated here but can ‘easily’* be evaluated numerically with GUINEA by
setting the corresponding force constants and Coriolis coupling constants to zero. Combining

all of the above equations, we obtain

‘7i1D-VPTn _
+ w,
Giiii 5‘1’1'2”
4 Didid d,
8 24w,
@)
B ¢z’2iii S5, P 47¢?ii¢i,i,i,i 2154)?1‘1’
””” - | - =
64 32w, 576w, 192a)i2 172860? 0
and
‘7i2D—VPTn _
+ w;
d)iiii 5¢1211
4 Dhidi d,
8 24w,
@)
Giiiiii d)iziii 55¢; ;i Piiiii 47¢?ii¢i,i,i,i 215‘1’?”
,,,,, T, _ i Piibid 0, _ 0,
64 32w, 576w, 19207 1728} |
B [¢lzlj(8a)12_3a)j2>]
2 2
Swj(4a)i—a)j) 0
2 2
+ biijj B [d)i,i,id)i,j,j iy P ] B [d)j,j,jd)i,i,j + 1, @i
8 8w, 4(4(0?—601.2) 0 SCOj 4(40)?—@/2.)
1 ~ 2w,
+ - B"< ) A
2; € C”J <coj a)i>
+ ...
+ ...

(2.27)

| Harm

PT2(1D)

PT4(1D)

(2.28)
| Harm

PT2(1D)

PT4(1D)

PT2(2D,ii)

PT2(2Dij)

PT2(Cor)

| PT4(2D)
| PT4(Cor)

“PT4(Cor)” and “PT4(2D)” are introduced as collective terms for all fourth-order 2D terms that
depend on the Coriolis constants and force constants, respectively. The correctness of Eqgs. 2.27-
2.28 was validated numerically with GUINEA. Note that due to symmetry, force constants are
zero if the number of indices for at least one non-totally symmetric mode is odd. “[...],” indic-
ates if such a term in Eqgs. 2.27-2.28 becomes zero because I'(q, ) 1s not totally symmetric for a

30 For comparison, the evaluation of the energy of a single vibrational state takes less than a second for the formic
acid dimer with VPT2. With VPT4, it takes a few seconds for the 9-dimensional monomer and several hours
for the 24-dimensional dimer. The calculations were run on one core with an Intel Core i7-8700 CPU.
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vibrational mode k.°! “(2D,ii)” and “(2D,ij)” are separate to distinguish between contributions
from the diagonal and off-diagonal anharmonicity constants. For the molecules studied in this
work, the fourth-order Coriolis contributions, PT4(Cor), are negligible.>?

2.1.2 Accidental degeneracies: Vibrational resonances in VPT2

Following Aliev and Watson [67], we shall classify near-degeneracies on the basis of their rank,
defined as

r= Z In.l, (2.29)

where a set of integers n, exists (which can be positive, negative, or zero) that satisfy the neces-
sary resonance condition

0~ ) no,. (2.30)

The interaction between two near-degenerate levels of rank r can be described to lowest-order by
components of the vibrational Hamiltonian where the power of the vibrational operators (Eq. 2.3)
equals the rank of the vibrational resonance, i.e. m = r.>®> Third-rank resonances are referred to
astype [ (o, ~ 2w,) and Il (; # w;+w,) Fermi resonances. The classical Darling-Dennison res-
onance between two overtones [175] is a fourth-rank resonance and can be described to lowest-
order in VPT4. An extension of canonical VPT2 to additionally treat fourth-rank resonances
with a quartic force field has been coined “VPT2+K” [11, 72, 77]. For distinction, canonical
VPT?2 with only third-rank resonance treatment is referred to as “VPT2+F”.

Third-rank resonances: VPT2+F

In VPT2, Fermi resonance denominators appear in the expressions of the diagonal and off-
diagonal anharmonicity constants (Eqgs. 2.9-2.10). Not only can third-rank resonance interac-
tions be described by VPT?2 but rather must be accounted for as strong Fermi resonances lead to
small denominators and therefore divergences in the perturbational expansion of the energy.

The usual procedure [11, Section 3.1] to deal with Fermi resonances in VPT2 is to first
remove the offending terms, yielding deperturbed VPT2 or DVPT2. This deperturbation of the
anharmonicity constants and term values is usually indicated by an asterisk (x — x*, v — v*).
By expanding the affected terms in the anharmonicity constants as partial fractions, the diverging
terms can easily be identified.

2
X, & -t < L 4, 1 > (2.31)

32 \w, +2w;, o, w,-2w,

Since the normal coordinates transform like irreducible representations of the molecular point group, it follows
that any force constant ¢; ; , can only be non-zero if I'(g;) X I'(q;) X I'(g) X ... 2 I'(t.s.), i.e. if the symmetric
product of the appropriate normal coordinates contains the totally symmetric species [3]. For the special case
of non-degenerate point groups, we can write I'(g;) X F(qj) XT'(gy) X ... =T(ts.).

For formic acid and its cyclic dimer, the total Coriolis contributions — second- through fourth-order terms that
depend on C  _ to fundamental term values are only 1-10 and 1-2 cm™!, respectively. The second-order contri-
butions (sum over « in Eq. 2.10) are about two orders of magnitude greater than the fourth-order contributions.
For example, the fourth-order corrections are below 0.1 cm™! for fundamentals of trans-HCOOH and even

52

smaller for (HCOOH),.
33 Usually, at this stage in the perturbational treatment of the vibration-rotation problem, the Hamiltonian has
been transformed using the Van Vleck contact transformation (H,, , — H,, ,) to obtain a new representation

that preserves the eigenvalue spectrum where couplings are reduced. In this formalism, it is the transformed
Hamiltonian H,, , that mediates the resonance couplings. For further reading, see for example Refs. [64-67,
69].



2.1. Theoretical treatment of vibrational energy levels 21

2
X e ijk 1 _ 1 1 1
b 8 \wtw+w, w+w -0, o-0+o, -0+0;+w,

(2.32)

In the case of a type I resonance (w, ~ 2w;,), the last term in Eq. 2.31 is removed. Similarly, for
a type II Fermi resonance (®; ~ w; + w,), the last term in Eq. 2.32 is removed. Note that type I
resonances can also occur in x; ; since the summation over k is not restricted (Eq. 2.10).

Looking at the expanded terms in Eqs. 2.31-2.32, it becomes obvious that the near-degeneracy
condition (Eq. 2.30)

A(type ) = |o, — 2w, (2.33)
AjtypeID) = | — 0, + @; + o |, (2.34)

is only a necessary criterion as small denominators can be quenched by small cubic force con-
stants. Deperturbation is an empiric procedure and criteria have been proposed to generalise
the identification of strong resonances [176—178]. Most widely used is the criterion proposed
by Martin et al. [176] who suggested to compare the resonance effect on the resultant funda-
mental term values by comparing the difference with and without inclusion of the resonance
terms (Eqs. 2.33-2.34). The resultant expression involves a square root which is then expanded
as a Taylor series (see Ref. [176]). In the so-called “Martin test”, only the first term of this
expansion

4
iik
A,(type ) = |——|, (2.35)
256A3
4
i.j,k
A, (type IT) = | —2= 1, (2.36)
64A3

is consulted which serves as a sufficient criterion. Throughout this work, A; < 200cm™!
and A, > lcm™' are used.>* In the literature, A,, is also referred to as the “variational-
perturbational” deviation [11].

After the removal of near-singularities, these missing couplings are explicitly reintroduced
by quasi-degenerate perturbation theory in a variational-type framework. Effective Hamilto-
nians are set up where the deperturbed or “dressed” [77] term values are on the diagonal and
the Fermi couplings are on the off-diagonals. The off-diagonal elements are proportional to
the respective cubic force constants and take the following forms for type I (o, = 2w,) and II
(w; ® ®; + ;) Fermi resonances [72]:

(ot + 1, Hm +2,nm, ) s \/(”i + D(n, +2)(n, + 1)
= Wik

” E (2.37)
(ormi+ Lngn, |Hoonng + 1n +1,.00) (n; + D)(n; + D(n, + 1)
— = b = (2.38)

This procedure shall be illustrated for the OH bend-torsion resonance in trans-HCOOH, a
recurring theme in this work. The fingerprint vibrations of formic acid strongly mix and as
a result of this mixing, the CH in-plane bend normal mode (v,) acquires slight OH in-plane
bending character and vice versa. Thus, v, must be included in resonance treatments of the OH

>4 These deperturbation thresholds are implemented as default in Gaussian 16 Rev. A.03 [168].
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bend (vs) and the OH torsion overtone (2v,). The lower-triangular part of the corresponding
symmetric Hamilton matrix has the general form

(vy)*
-0 M ’ (2.39)
i¢4,9,9 i¢5,9,9 (2vy)*

where the deperturbed term values are given by

HVPT2+F
he

N XZ,g 1
2 2 k#4.9
(Vs)* = s + 2x +E+12x (2.41)
5 - 5 5,5 2 2 S,k’ .
k#5.9
2vy)" = 2wy + 6x;’9 + xj,g + x;9 + 2 Xg - (2.42)

k#4,5,9

The VPT2+F term values are then obtained by diagonalisation of the above 3%x3 matrix.

Fourth-rank resonances: VPT2+K

In analogy to the lower-rank Fermi resonances, fourth-rank resonances are mediated at lowest-
order by quartic force constants. As the quartic contributions are diagonal in the transformed
VPT2 Hamiltonian, fourth-rank resonances first appear in VPT4 [77]. Since the off-diagonal
coupling element can be computed to lowest-order using the potential energy and rotational
parameters that are routinely computed by many quantum chemistry programs in VPT?2 calcu-
lations [11],%° algebraic expressions have been determined in the past from the corresponding
VPT4 expressions and incorporated into the framework of VPT2, yielding VPT2+K [72]; the
“K” stands for the off-diagonal K constant.

An important difference to the VPT?2 treatment of Fermi resonances, where the off-diagonal
element is the scaled cubic force constant, is that to lowest-order the K constant is not just
the scaled quartic force constant but there are additional cubic and Coriolis contributions that
are scaled by the harmonic wavenumbers, much like in the x constants (Egs. 2.9-2.10). It was
realised long ago that these cubic contributions must be included for a balanced description as
either contribution can dominate or, perhaps more importantly, they may cancel in the resultant
off-diagonal coupling element [72, 77, 179, 180].

There are two general fourth-rank resonance scenarios where either two binary states (o, +
; & w, + ;) or a fundamental and ternary state (»; ¥ ; + o, + w,) are coupled. These two
general cases comprise six individual resonances that are mediated by

K

1350502

K',j;k,l ’ K;

i iisj.k>

K Ko K

Li3j,J? i i5j.J-k>

(2.43)

where a semicolon’® in the K constants separates the indices of the two resonant components.
The algebraic expressions for all K constants were most recently reported by Rosnik and Po-

35 Itis important to note that not the full quartic force field but only the diagonal (¢ Eq. 2.9) and semi-diagonal

(¢;j.j» Eq. 2.10) quartic force constants enter into the energy expression at second-order of perturbation. The
VPT2 displacement algorithms in many quantum chemistry programs provide enough information to also derive
¢i;ijand @;; i, [11]. However, in order to describe fourth-rank resonances with four distinct indices (K; ;.x
and K;.; ;. Eq. 2.43), a full quartic force field is necessary which would require many more displacements.
Some authors use a comma to separate states on either side of the bra-ket (e.g. K;; ; or K; ;) but in this work, a
comma is already designated to separate indices for two-digit mode labels (i, j, k, ! > 10 for formic acid dimer).
Thus, a semicolon is used instead (K; ;. ; and K. /).

56
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lik [72].°7 K, is the classical Darling-Dennison constant and, in analogy to the historical
extension of the term “Fermi resonance” to include the general case w; # w; + @, where k # J,
K, and K; ;. ; , can also be regarded as “Darling-Dennison” constants. Due to their algebraic
similarity to the Darling-Dennison constants, K, ;,, and its two special cases shall be called
“Darling-Dennison-like” constants.’®

In this context, a seventh resonance is often mentioned where two fundamentals are coupled
(w; # w;). The K constant®® for this second-rank resonance is a special case of the fourth-rank

resonance constant K; ;. , which is easily seen by the general form of the resonance constant

3 3 1
Ky =301+ DK,y + 50,4 DK,y + Y (4 3) K,

,,] - 3 l,l;j,[' (2.44)
2 Py 2

By extending the above example of the OH bend-torsion resonance (Eq. 2.39) to VPT2+K, the

37 See Ref. [11, p. 1315] where the authors pointed out typographical errors in Ref. [72].

58 1In the older vibration-rotation literature, e.g. Ref. [67], the terms “Fermi resonance” and “Darling-Dennison
resonance” are predominantly used to refer to the eponymous resonances [175, 181] in CO, (w; & 2w,) and
H,0 (2w, = 2w;). The definition of the term “Fermi resonance” was broadened in time and it has long
been widely accepted that “Fermi resonance” is a synonym for both possible third-rank resonances, o; ~ 2w;
and w; ® i+ oy, see for example Refs. [180, 182] or [6, Fig. 24]. From a theoretical perspective, this
generalisation makes sense since the same matrix element and same term in the vibration-rotation Hamiltonian
is responsible for both resonances; the former is simply a special case of the latter, i.e. j = k. The term
“Darling-Dennison resonance”, on the other hand, has for a longer time been used more restrictively to only
include the ‘canonical’ 2w; ~ 2w, case, the more general cases 20; % ®; + w; and w; + ®; ~ vy + w; either
being referred to as “generalised Darling-Dennison resonance” [180] or simply not referred to by a special
name [6, 67]. In view of the transformation and generalisation of the term “Fermi resonance”, there is no
apparent reason not to extend the term “Darling-Dennison resonance” to include the latter two; in analogy to
the Fermi resonance, 2w; ~ 2w; and 2w; ~ w; + o, are just special cases of the general w; + w; ¥ Wy +
resonance. The related class of resonances involving a fundamental and a ternary state (w; ~ @; + w; + @; and
two specialised cases) was first discussed in the context of acetylene (C,H,). The general formulae were first
published in the 1970s by Pliva [183] and subsequently by Martin and Taylor [180], Rosnik and Polik [72], and
Franke et al. [11]. This class of resonances was not named and usually referred to as “1-3 resonance” [180]. In
recent years, the definition “Darling-Dennison resonance” is increasingly being used synonymously for all seven
possible resonances that are mediated to lowest-order by quartic force constants, including the aforementioned
six fourth-rank resonances and the second-rank w; ~ w; resonance. One of the earliest such generalisations can
be found in Ref. [77]. This even broader definition of the term “Darling-Dennison” resonance is now used in
the VPT2 routines and manuals of the quantum chemistry programs Gaussian (see https://gaussian.com/freq/;
last accessed on November 18, 2021) and GUINEA (see http://slater.chemie.uni-mainz.de/cfour/index.php?n=
Main.ManualForGUINEA; last accessed on November 18, 2021).

The expression for K;.; in Eq. 2.44 is derived from Ref. [72, Eq. 118]. In analogy to the definition of K constants
for third-rank [72, Eq. 85] and fourth-rank resonances [72, Eq. 98]
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where the indices have been adjusted to the nomenclature in this work, we can define K. ; for second-rank
resonances as
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where the denominator is the rth power of \/5 (r is the rank, see Eq. 2.29).
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effective Hamiltonian now additionally includes coupling between the two fundamental modes
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2.1.3 Hybrid force fields

The motivation to use composite force fields, where the harmonic part is evaluated at a higher
level of theory, is obvious and hybrid force fields have been used repeatedly in the past, see for
example Refs. [184, 185]. Following the classification scheme by Franke et al. [11], there are
four different hybrid force field approaches which can be summarised as follows:

1. Additive approach. The VPT2 equations are evaluated with a consistent lower-level quartic
force field and the anharmonic corrections are added to the higher-level harmonic wavenum-
bers. This approach must be used with caution in effective Hamiltonian approaches.

2. Substituted approach. The lower-level harmonic force constants are replaced with corres-
ponding higher-level values before the VPT2 equations are solved. This approach allows
for a more natural effective Hamiltonian treatment and problems associated with the ad-
ditive approach are overcome.

3. Transformed approach. The full quartic force field is evaluated at the lower-level and
then transformed into the normal coordinates at the higher-level. Errors in the substituted
approach that arise from different normal coordinate definitions at both levels of theory are
completely overcome.® This approximation is the most expensive since the computation
of a full quartic force field requires many more numerical displacements (see note 55,
p. 22).

4. Direct approach. The cubic and quartic force constants are evaluated along the higher-
level normal coordinates, using the lower-level to solve the electronic Schrédinger equa-
tion. The cubic and quartic force constants are evaluated at a non-stationary geometry
which introduces errors that, according to Franke et al. [11], have so far not been well
studied.

The substituted approach is recommended by Franke ef al. as it does not involve additional
computational cost and is generally more robust than the additive approach.

The file structure of GUINEA easily facilitates the use of this approach — the user simply
has to replace the harmonic wavenumbers which are stored in a separate text file. Substi-
tuted hybrid force field calculations are also supported by newer versions of Gaussian (direct-
ive “DataAdd=Freq”) but it is important to note that the results are not directly comparable to
GUINEA or other ‘manual’ implementations based on the theory outlaid in the preceding sec-
tions because Gaussian scales the cubic and quartic force constants.®! Illustrative results with
either the exact or modified lower-level anharmonic force constants are shown in Section 8.1.

0 The above-mentioned weakness of the substituted approach is discussed in the context of the cyclic formic acid
dimer in Section 8.2.

The force constants are internally stored in mass-weighted normal coordinates and converted into dimension-
less normal coordinates immediately before the VPT2 calculation. The conversion into dimensionless normal
coordinates involves the harmonic wavenumbers (Eqs. 2.4-2.5) and if new harmonic wavenumbers are sup-
plied, Gaussian uses these new values to convert the force constants. This similarly affects hybrid force field
calculations with PyVCI (see Section 2.1.4).
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2.1.4 VCI+F: Perturbationally-corrected force field VCI

VPT2 in particular and perturbative vibrational models in general are inherently ill-suited to treat
resonances and the identification of near-degeneracy situations still constitutes an obstacle in per-
turbative effective Hamiltonian calculations (see Section 2.1.2). Variational methods naturally
treat resonances in an automated fashion but they usually require an analytical potential or a nu-
merical grid representation of the potential and are thus very expensive. Focussing on methods
that are applicable with a quartic force field expansion, the freely available PyPES/PyVCI [186,
187] program suite is a suitable method to guide effective VPT2 Hamiltonian calculations. Since
PyVCI employs rectilinear normal coordinate sextic force field expansions of the potential en-
ergy, it fails for large-amplitude and pronounced curvilinear motions which is a well-known
problem in variational calculations with force fields [188].

In instances where the large-amplitude motion is not strongly involved in the internal dy-
namics of the studied system, it is possible to converge eigenvalues with PyVCI in a lower-
dimensional subspace by freezing the problematic large-amplitude coordinate(s) with only mod-
est errors on the computed fundamental wavenumbers of the remaining modes [108]. The strong
OH bend-torsion resonance in trans-HCOOH is an example where this procedure is ill-advised.
The method to freeze large-amplitude motions in PyVCI as outlined in Ref. [108] is successful
for formic acid insofar as the 8D variational calculation with PyVCI can be stabilised, yielding
converged vibrational eigenvalues in the subspace of the remaining eight vibrational coordin-
ates. To reintroduce couplings to the torsional coordinate, it is proposed to draw on the toolset
provided by standard rectilinear normal mode VPT2+F since both methods use rectilinear co-
ordinates and the harmonic oscillator as zeroth-order description. The method is described in
the following using the example of formic acid.

Force field VCI

PyVCI [56, 189] utilises an approximate form of the J = 0 Watson Hamiltonian (Eq. 2.2) which
is perturbatively expanded. The Hamiltonian®” can be partitioned into four components

IA{PyVCI ~ “harm + Tnh + I/harm + Vnh’ (246)
where the harmonic part is the usual harmonic oscillator
IA{harm = Tharm + I/harm - Z w; p + q (247)

The anharmonic potential energy contains the cubic through sextic force constants

hc
Vit = qu,,kq,%qk o7 = b9
”"Z bk 5 (2.48)
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and the anharmonic component of the kinetic energy operator contains the zeroth-order vibra-
tional angular momentum without the Watson U term

anh_hczBaz Cl?,l

ij,k,l

(2.49)

2" In PyVCI, the Hamiltonian is implemented in mass-weighted rectilinear normal mode coordinates Q; and con-
jugated momenta }A’, With the usual conversion factor (Eq. 2.5), this Hamiltonian can be converted into dimen-
sionless normal coordinates g; and conjugated momenta p;. For consistency, the PyVCI Hamiltonian here is
expressed in dimensionless normal coordinates and conjugated momenta. These expressions are strictly equi-
valent to Ref. [56].
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The VCI matrix is constructed from Hartree products of 1D harmonic oscillators

Nyip

D,(0;,...0,) = [ 4.0, (2.50)
i=1

1

where n = {n,, ..., N,;, } is the vibrational excitation array that defines the harmonic oscillator
basis function. A user-defined maximum excitation value determines which basis functions are
included in the VCI matrix

Nvib

(2.51)
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The eigenvalues of the VCI matrix are obtained with the Lanczos algorithm as implemented in
the Fortran-based ARPACK function which is wrapped by a SciPy function.

Reintroducing frozen vibrational degrees of freedom

Building on the sum-of-fundamentals representation of the VPT2 term values (Eq. 2.15, p. 17),
we have to first separate out the torsional mode of formic acid (v)

) n; + ny
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Freezing of the torsional coordinate as proposed in Ref. [108] corresponds to setting @, and all
X, 9 to zero in VPT2. However, there are also cubic contributions of the torsion to
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where i, j # 9 (Egs. 2.9-2.10, p. 15). For the current example, these contributions are fortuit-
ously zero due to symmetry as the number of torsional indices is uneven (see note 51, p. 20).
Next, we replace all terms in the second line of Eq. 2.52 with the corresponding variational
8D eigenvalue (4,,,) which has the largest overlap with the harmonic oscillator basis state n =
{n,, ..., ng}. By replacing the appropriate second-order terms with 4,,,, we obtain a perturbatively-
corrected variational analogue of VPT2. Consider the following three examples of vg+v,, ve+vq,
and 2v,

Xeo T X709

Go(ng=1.m=1) = Ay (ng=1,n=1) + ==, (2.55)

Gong=1.ny=1) = A, (ng=1) + o + 2%y + 2o + = Y xg (2.56)
2 i#6,9

Go(ny=2) = 2wy + 6xg5 + ) X, (2.57)
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All accidental resonances are now accounted for by the variational calculation. The only
drawback is that this does not extend to resonances that involve the torsion as it is reintroduced
post hoc. As such, if strong Fermi resonances occur that involve the torsion, the anharmon-
icity constants in Eq. 2.52 must be deperturbed and effective Hamiltonians set up, quite sim-
ilar to VPT2+F.%> However, there is a central difference between VPT2+F and the proposed
VCI+F method. Accidental resonances or resonance perturbations of states that are involved
in resonances with torsionally-excited states but are not directly resonance-coupled to them are
(approximately) accounted for by the preceding reduced-dimensional variational calculation.
To lowest-order, only explicit Fermi resonances that involve the torsion must be accounted for.
Some numerical results are provided in Section 5.4.

Proposed generalisation of VCI+F

There is room for future improvement of VCI+F. So far only the cubic part of the force field
involving the frozen vibration is used. Additionally, the perturbative corrections are only ap-
plied in the harmonic oscillator basis whereas instead they should be transformed into the new
VCI basis. This is especially important for resonance-perturbed states where it becomes chal-
lenging to assign a harmonic oscillator label. This can be remedied and the resonance treatment
can further be automated without reliance on any a priori screenings of near-degeneracies that
involve the removed coordinate. The general procedure is outlined in the following, again using
the example of trans-formic acid.
The VCI matrix is set up to be block-diagonal

Hn9=0
Hyq = H"=! , (2.58)

where each block contains states that share a common n,. The eigenvalues of the ny, = 0 block
are identical to the 8D eigenvalues which are obtained if the torsion is frozen as described in
Ref. [108]. Basis functions in each block must satisfy the condition

Ny
3 1y < (g — ). (2.59)
i#9

In each block, the matrix elements have the form

H,, = (| Hyym + HXM |0,), (2.60)

arm anh

where the anharmonic components of the Hamilton operator do not contain terms that involve
indices of inactive modes. In a second step, the missing contributions from H ™ are added to
all matrix elements of the VCI matrix in the new eigenvector basis. The final results correspond
to the eigenvalues of this new VCI matrix whose elements generally have the form
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63 The ideas of combining variational and perturbational vibrational methods have a long history and cannot ex-
haustively be covered here. Many approaches focus on making variational calculations more efficient by using
perturbation theory to prune basis functions, e.g. see Refs. [53, 190-192]. The ideas presented here are similar
to previous approaches that use perturbation theory to account for weak couplings to basis states that are not
included in the pruned VCI Hamiltonian [189, 193, 194].
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If, similar to the full-dimensional VCI calculation [108], couplings to higher-excited torsional
states introduce instabilities in resultant VCI wavefunctions, one could restrict the terms in H ;E‘;‘l“
to second-order and/or restrict the coupling between sub-blocks to those where An, is below a
user-controlled value.

2.2 Linear Raman and FTIR jet spectroscopy

FTIR and Raman jet spectra of formic acid were obtained with well-established setups. FTIR
spectra were recorded with the “filet-jet” (fine but lengthy; a reference to the used slit nozzle
and filet-shaped expansion zone) and Raman spectra with the “curry-jet” (classical unrestricted
Raman spectroscopy). In the following, both setups are briefly introduced® and key features

highlighted.®> Throughout this work, helium was used as carrier gas.

2.2.1 The curry-jet

The curry-jet was built by Zielke [195] and further developed and modified in subsequent years.®
A graphical illustration of the curry-jet setup, as of 2019, can be found in Ref. [201]. In contrast
to the FTIR jet expansions (filet-jet), the Raman jet expansions are continuous and the slit nozzle
and helium feed-line can be heated which enables the use of thermal excitation as a means of
population and size control which was used in this work to optimise the spectra for the study of
formic acid monomer and its cyclic dimer, respectively.

Population and size control via thermal excitation. Thermal excitation followed by rapid
jet-cooling was previously successful in detecting higher-energy conformers of carboxylic acid
monomers [42, 86, 87, 89]. The measurement protocol developed by Meyer and Suhm [87,
89] is applied here towards the same goal, especially to systematically increase hot transitions
from higher-excited vibrational states in the global minimum trans conformer that can be used
to critically examine combination/overtone assignments. By intensity-scaling the spectra of a
temperature series to a trans fundamental, isomeric cis-formic acid bands and non-isomeric trans
hot bands can be easily distinguished from cold monomer and cluster bands as they increase in
intensity with temperature whereas the cluster bands decrease. For the dimer measurements,
moderate heating was applied which allows for the use of comparably high concentrations and,
therefore, high signal intensity. For these measurements, the spectra are consequently intensity-
scaled to known dimer bands, thus facilitating the distinction between monomeric bands which
increase with temperature and signals due to larger clusters which decrease relative to dimers.
However, odd-numbered formic acid clusters, e.g. the formic acid trimer, were shown to exhibit
amore complex aggregation behaviour in supersonic expansions [125]. This results in deviations
from the expected concentration behaviour which are addressed in Chapter 6.

64 The filet- and curry-jet have been described in numerous publications. Particularly the following description of
the curry-jet may exhibit similarities to previous publications [28, 41, 42, 91, 109] that are not explicitly marked
as citations.

For a comparison of similarities and differences of both jet spectroscopic setups, see for example Refs. [86,

125].

%6 For further details of the curry-jet, see for example Refs. [86, 119, 196-198]. See Refs. [199, 200] for a discus-
sion of the most recent version of the setup. Two important technical innovations in comparison to previously
published curry-jet spectra of formic acid [140, 141] include the possibility to heat the nozzle and feed-line
before expansion and a more recent change from a pulsed to a continuous filling of the reservoir from which
the gas is subsequently expanded [199]. For the resultant spectra, the main consequence is a much more stable
concentration of the continuously expanded analyte-in-carrier gas beam over several succeeding measurement
repetitions [199].
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Data acquisition and measurement protocol. Formic acid was seeded in helium and expan-
ded continuously through a vertical slit nozzle (0.15 mm width, 4 mm length) into an evacuated
jet chamber. Both the nozzle and its feed-line are heatable and heating between 293 and 463 K
was applied (20-190 °C). For monomer-optimised spectra, high temperatures between 373 and
463 K (100-190 °C) were used to enhance the formation of cis-formic acid and increase the in-
tensity of hot trans bands while simultaneously suppressing cluster formation. As a compromise
between a high dimer signal and moderate intensity of larger clusters, moderate heating of the
nozzle between 293 and 333 K (20-60 °C) was utilised for dimer-optimised measurements. The
expansion was probed at a 90° angle by a continuous-wave diode-pumped 532 nm solid-state
laser (Spectra Physics Millennia eV) that was operated at 20-25 W. The distance between the
nozzle and the laser was set to I mm. In the monomer measurements, a half-wave plate (1/2)
was installed into the optical path specifically for depolarisation measurements. In the dimer
measurements, the waveplate was in place for all measurements. Note that without a waveplate,
the default initial polarisation of the laser is perpendicular to the scattering plane (L}, see Sec-
tion 2.3). Scattered light, perpendicular to both the flow direction and the laser, was collected
by a camera lens and focussed onto a 1 m monochromator (McPherson). The scattered photons
were dispersed onto a liquid nitrogen-cooled CCD camera (Princeton, PyL.oN 400, 1340 x 400
pixel), binning over 400 vertical pixels. In each spectral window, several recordings with vary-
ing exposure times were measured and subsequently co-added. It should be noted that measure-
ments were repeated for several central wavelength settings (4,,,,). A central monochromator
wavelength setting at A, roughly covers a spectral range from 4,;,,—10nm to Ay, ,+10nm.
Near 600 cm™!, this corresponds to a range of ~650 cm™! but only ~450 cm~! in the OH stretch-
ing region. The measurement details for each spectrum can be found in Appendix A.

Data post-processing and calibration. The Raman spectra were calibrated with neon®’ trans-
ition wavelengths [202] in vacuum®® using a second-order polynomial® to convert from the pixel
into the wavelength domain, without adjustment of the count rate. Note that the laser excitation
wavenumber was subsequently subtracted from the scattering wavenumbers to obtain the Stokes
shift, 1.e. V = Vg ies = Viaser — Vimeasured- SP1KeSs due to cosmic rays were eliminated by comparing
multiple exposures for the same pixel column. All data post-processing was executed by a fully
automated Python 3 program routine.”” The combination of the resolving power of the mono-
chromator and the spectral calibration results in a wavenumber uncertainty of about 1-2cm™!.

Thus, a band position uncertainty of +2 cm™~! is ascribed throughout this work.

7 For some spectral regions, additional krypton spectra were measured but not included in the calibration because

they did not significantly improve the quality of the fit.

Note that in previous Raman jet studies of the formic acid dimer [119, 141], neon transitions in air were used for
spectral calibration. This does not significantly affect the low-frequency regions but can lead to band position
deviations on the order of the spectral resolution for the spectral regions that are discussed in this work (>
600cm™).

If only three reference points were available, a first-order polynomial was used.

The first version of the script, described in Ref. [198], was developed by T. Forsting and later extended by
N. Liittschwager. In the course of this work, an automated calibration algorithm that directly determines and
assigns the neon peak positions from a measured spectrum (Octave; written by M. Gawrilow, see Ref. [200])
was implemented into the Python 3 script. Previously separate steps in the post-processing of curry-jet spectra,
necessitating the use of different computer programs, could be combined into one fully automated function call.
The current and previous versions of the script are archived on GitLab. For internal reference: Version 20.06.4
of the script was used with the “madras.despike” method (based on a MatLab script by N. Liittschwager).
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2.2.2 The filet-jet

Since its first conceptualisation and construction by Borho [203], the filet-jet has seen many
modifications and optimisations in the last two decades. A detailed and thorough description of
the apparatus is given by Suhm and Kollipost in Ref. [204].”! FTIR spectra are only consulted in
this work in order to study the Raman-inactive vibrations of the cyclic formic acid dimer. Key
differences between the utilised IR and Raman jet setups include that the filet-jet uses pulsed
expansions; the nozzle and feed-line are not heatable; the distance between the centre of the IR
beam and the nozzle is 10 mm, the sampled area of the jet expansion is thus generally colder
compared to the curry-jet; the IR sampling cross-section is much larger. In order to distinguish
between different cluster sizes, spectra with different reservoir pressures were recorded with
the filet-jet, following the measurement protocol presented in Ref. [86]. The FTIR jet spectra
for the main isotopologue have already been published in Ref. [109]. The newly shown FTIR
jet spectra of deuterated formic acid (Figs. 6.1-6.2, pp. 116) were measured using the same
experimental protocol (and conditions) and the reader is therefore referred to Refs. [86, 109] for
further details. Newly recorded spectra have all been measured at a resolution of 2cm=!. In
addition to the new low-resolution spectra, previously published’ filet-jet spectra with higher
resolutions between 0.5 and 1 cm™! are shown in Figs. 6.1-6.2 to facilitate an analysis of the band
shape (see Section 2.4.3). The InSb/MCT sandwich detectors that are used for the detection of
the mid-infrared radiation in this work and in Ref. [149] are different, resulting in different
wavelength responses for the higher- and lower-resolution spectra. This is best seen near the
filter gap of the detector ~600 cm™! (Fig. 6.2).

2.3 Raman intensities and depolarisation ratios

The Raman intensity 1(0; P%, P'), depends on the scattering geometry and the polarisation 7
of the scattered and incident radiation, denoted ““s” and “1”, respectively. The opening angle
between the unit vectors that define the propagation directions of the incident and scattered
radiation is § = arccos(e' - €*) [206, Section 5.3]. The plane defined by these two vectors is
the scattering plane. In the Raman measurements with the curry-jet (see Section 2.2.1), a 90°
scattering geometry is used. Thus, we continue with & = z /2, focussing on pure vibrational
Stokes’® Raman scattering.”*

Raman scattering corresponds to the fraction of light that is inelastically scattered by mo-
lecules. This is usually described in the oscillating electric dipole model. Very similar to IR
spectroscopy, the vibrational Raman selection rules necessitate a change in the electric polaris-
ability. The intensity of the scattered light is proportional to the scattering cross-section and the
irradiance of the incident radiation. It is useful to express the intensity as

(13424
1

I =1,0'b, (2.62)
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For more recent discussions of the filet-jet, see also Refs. [86, 163, 205].

The spectra were previously shown in Ref. [149] and have kindly been provided by F. Kollipost.

For Stokes scattering, the incident wavenumber is greater than the scattered wavenumber, i.e. ¥y ,ior > V.

The general expressions for the transition polarisability are very involved. For a detailed discussion, see
Refs. [206, 207]. A compact overview in the context of vibrational spectroscopy is given by Wilson, Decius, and
Cross [153]. In analogy to the treatment of absorption and emission processes [153], it suffices to focus on the
induced electric dipole approximation as Raman scattering from induced magnetic dipoles and electric quadru-
poles rarely become important [206]. For pure vibrational Raman scattering, the following approximations are
introduced [206, Chapter 5]: The Born-Oppenheimer approximation applies and the polarisability is a function
of the vibrational coordinates only (adiabatic dynamic polarisability); there are no electronic transitions; the
electronic ground state is non-degenerate; the excitation wavenumber of the incident radiation is much smaller
than electronic but much larger than vibrational transitions in the molecule.
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where b is a proportionality constant (including the number of particles), I, the intensity of
the incident radiation,”> and ¢’ the first differential scattering cross-section.”® It follows from
Eq. 2.62 that ¢’ = ¢'(0; P*, P'). Although ¢’ is strictly the “first differential cross-section”, for
brevity we shall simply refer to it as “cross-section” in the future.

2.3.1 Depolarisation ratios

To contrive recipes for computing ¢’, several approximations are necessary. Before we discuss
the calculation of ¢”, it is instructive to first inspect its dependence on the scattering geometry and
polarisation, which is the Raman activity A(6; P*, P1). There are four polarisation combinations
for a 90° scattering geometry and linearly polarised incident radiation. The Raman activity’’
is a function of the so-called isotropic and anisotropic invariants of the transition polarisability
tensor

A(r/2; 15, 1Y) = 454° + 4y2, (2.63)
A(r /2|15, 1Y = A(z /25 L5, |I)) = Az /2; |1, 1Y) = 377 (2.64)

If we assume this tensor to be symmetric [206, p. 85], its Cartesian components are related to
the invariants via

4502 + 42

(@) = (@, = (@) = === 2.65)
3 2

((a,,)") = ((a,.)") = ((a,)) = %. (2.66)

Following Long’s nomenclature, “(-)” indicates averaging over all spatial directions (since rota-
tions have been separated out) and “(«; ;)” is a component of the Cartesian transition polarisabil-
ity moment which must be integrated over appropriate vibrational wavefunctions. As mentioned,
there must be a change in the transition polarisability moment for Raman scattering to occur.”®

From the above equations, we can deduce several things. For perpendicularly polarised
incident radiation, which is the default setting throughout this work, the intensity depends on
the polarisation of the scattered photons. This ratio is the depolarisation ratio which has the
following form for linearly polarised incident radiation

I(zm/2;|5, 1) 3y?
I(r/2; 15, 11) 4502 + 4y2

p(x/2; 1Y) = < % (2.67)
To measure p, directly as defined in Eq. 2.67, one must use a polarisation filter to selectively col-
lect either the perpendicularly or the parallelly polarised fraction of the scattered light whereas
the incident polarisation remains unchanged. To minimise this loss of intensity in the curry-jet
setup, instead the polarisation of the incident laser polarisation is modulated (L'—||') with a re-
tardation plate (half-wave plate; 4/2) while both polarisation components of the scattered light

75 In Appendix A17 of Ref. [206], Long points out the inequality of the irradiance and intensity which are often

used synonymously in this context. For the purposes here, it is easier to continue with I, and absorb the

remaining terms from the irradiance into the proportionality constant b.

. . . L . . 4
76 The first differential scattering cross-section is related to the total cross-section, o, via 6 = fo " 6'dQ, where

dQ is an element of the solid angle [206, Eq. 5.4.6].

Here the Raman activity is defined without the vibrational degeneracy. Some authors include the degeneracy,
see also Ref. [208].

The above considerations closely follow Long’s detailed derivation in Chapter 5 [206]. The expressions are
deliberately kept as general as possible for the discussion of the depolarisation ratio. It should be noted that
Rayleigh scattering is implicitly included for the special case of no vibrational excitation.
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are collected. This ratio of the different incident polarisations is given by

I/ LD 6
I(z/2;||* + L5, 1Y) 4502 + 7y2

6
<-. 2.68
<5 (2.68)

Based on the above equation, the curry-jet spectra with parallelly polarised incident radiation
(|I') are scaled” by 7/6 to facilitate a comparison with Li spectra.

There are some symmetry constraints on the possible values of p, (and 6). The isotropic
component a*> becomes zero if the product of the irreducible representations of the initial and
final vibrational state does not contain the totally symmetric representation. In other words,
for all molecular systems considered in this work a? is zero for transitions from the vibrational
ground state into non-totally symmetric vibrational states. In these cases, the vibrational band
is completely depolarised and the depolarisation value is 0.75. These considerations generally
extend to rotational AJ # O transitions. For the totally symmetric case, p, can in principle take
all values between 0 and 0.75.%° In the limiting cases, the band is said to be completely polarised
or completely depolarised. By comparison of L' and ||' X7/6 spectra, we can conclude that all
bands that persist are depolarised; they may or may not be totally symmetric. In these cases, an
analysis of the band contour may yield further symmetry information (see Section 2.4.3). Bands
that do not persist in the ||' X7/6 spectra but decrease in intensity relative to the L' spectra, on
the other hand, are totally symmetric.

2.3.2 Scattering cross-sections

Tractable expressions for ¢’ can be obtained in the double harmonic approximation for funda-
mental transitions.3! Since the curry-jet does not measure energy but photon densities (®),*?
we first have to modify Eq. 2.62 by dividing by Ac¥, [206, pp. 524]. In the harmonic approx-
imation, the Stokes scattering wavenumber becomes vV, = V; ... — ®;, where ®; is the harmonic
wavenumber of mode i. The (first differential) scattering cross-section for photon densities®? is
given by

2 Vi oeor(Vr oo —CO~3 giAi rm
O_c/b’i — 247; h . Laser( Laser l) . ,ha - ’ (269)
C a)i 1 — exp (_ cw; >
kgTyip

where the laser wavenumber is set to ¥, = (532nm)~!, ¢ the speed of light in vacuum, kg
the Boltzmann constant, T;, the vibrational temperature (set to 100K to roughly match the

79 In experimental setups, the incident polarisation ratio may slightly deviate from the theoretical limit (Eq. 2.68).

Indeed, the scattering efficiency of the curry-jet is polarisation-dependent. This was recently discussed by
Gawrilow and Suhm in Ref. [199] (see also Refs. [196, 198, 200]). They proposed an empirically corrected
value of 1.195 for 6,,,, instead of 7/6 =~ 1.167 (Eq. 2.68). The impact of correcting 6,,,, Was tested for
selected spectra and differences were barely recognisable. Since depolarisation measurements are used only in
a qualitative manner, this correction is neglected.

This is true for the point groups considered in this work (C, and C,;). For high-symmetry point groups, see
Ref. [207].

A detailed derivation is given by Long [206, Section 5.7].

See also Refs. [119, 195, 209] for a derivation of Raman scattering cross-sections tailored for the curry-jet.

To convert the intensity from energy (I) to photon densities (®), we must divide Eq. 2.62 by the scattering
wavenumber hc¥,. To normalise I in the same manner as I, v, must be replaced by ¥ ;eo.:

I,6'b 1 hcv Y
® = 1 _ 00 =b< 0 >< Laser)o'/:b(l)o.<VL~aser>6,=bq)00'&>.
V,
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vibrational temperature in the expansion), and g; the degeneracy of the vibration (= 1 for all
vibrations investigated in this work).

The Raman activity requires some explanation. In Eq. 2.63-2.64, the activity is rather gen-
eral whereas here A, ., is the Raman activity obtained in the double harmonic approximation.
The invariants a*> and y? are calculated from the first derivates of the transition polarisability
moment with respect to normal mode displacements. The ab initio computed Raman activity,

as calculated by Gaussian, has the form

A =454’ + Ty} (2.70)

i,harm

Note that A.

i,harm?
(4mey)? to be converted into SI units [195]. Since Gaussian prints A, in A%amu~!, the above
form is more useful.

To account for the varying detection efficiency of differently polarised scattered light of the
curry-jet, it was proposed [199] to modify the parallelly scattered part of the Raman activity

in particular in Eq. 2.69, has the units m*kg™' and must be multiplied by

3 yl.z

P(w)’

Aipam = 45 + 477 +
where P(w;) is a ninth-order polynomial depending on the harmonic wavenumber of mode i. The
polynomial coefficients are tabulated in the supplementary material of Ref. [199]. The activity

is not empirically corrected as the impact is negligible for all purposes in this work.

2.4 Theoretical treatment of vibrational transitions

2.4.1 Vibrational mode numbering

The vibrational nomenclature in this work is following established conventions. As suggested by
Herzberg [172, pp. 271], vibrations are grouped by their symmetry and sorted by their frequency
in descending order, i.e. {A’, A”} for C, groups. For C,,, however, instead of {Ag Ay By, By,
the ordering by Bertie and Michaelian [93] is adopted since it conveniently groups Raman- and
IR-active modes {Ag, Bg, A, B}

Each vibrational mode, labelled v;, is ascribed a cardinal number with i = 1,..., N;,. The
highest-frequency totally symmetric vibration is then v,. Since this system offers little informa-
tion on the vibrational motion, these labels are augmented with the greek letters v, §, and y that
shall denote stretching, in-plane bending, and out-of-plane bending/torsional motions, respect-
ively. The chemical groups that are mainly involved in the motion are indicated in parentheses,
e.g v(OH) denotes an OH stretching vibration. These local mode labels are only approximate
and the true normal modes might be strongly mixed group vibrations.

Vibrations of monomeric formic acid, #F and cF, and the cyclic dimer, (FF), are fully char-
acterised by these three information — symmetry, Herzberg label, and local mode label. The
numbering used here for their (symmetrically) deuterated variants deviates from most of the
experimental literature in that usually the ordering is adjusted if the energetic sequence within
symmetry blocks changes whereas here the main isotopologue nomenclature is adopted as it
greatly facilitates the comparison of deuteration effects. The conversion between different num-
bering systems is shown in Table 2.2. For asymmetrically substituted cyclic formic acid dimer,
(FF’), only local mode and symmetry labels are used — (FF’) dimers are no longer C,, but C,
symmetric and there is no benefit in retaining the Herzberg labels as their order would completely
change.

Since the distinction between intermonomer vibrations based on the Herzberg label, local
mode label, and symmetry is not possible anymore for the polar dimer, FF, and trimer, F(FF),
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Figure 2.1 Fingerprint normal mode displacements (600-1500 cm™") of the cyclic formic acid dimer (FF), the polar
trimer F(FF), and the polar dimer FF computed at the CCSD(T)-F12a/VDZ-F12 level. Reproduced from Ref. [109]
(published under a Creative Commons Attribution license, CC BY 4.0).

the local mode labels are provided with additional subscripts. In FF, the subscript “a” indicates
the hydrogen bond accepting unit. In F(FF), the monomer unit that docks onto the cyclic dimer
is labelled “d”. The intra-monomer fingerprint normal mode vibrations of (FF), FF, and F(FF)
are visualised in Fig. 2.1 (p. 34).
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Table 2.2 Conversion between different vibrational numbering conventions used for the formic acid monomer (both
conformers) and the cyclic formic acid dimer. Deviations between the nomenclature employed in this work and
that by Bertie et al. [93, 118], short “Bertie nomenclature”, are marked with a dagger (1); deviations between the
Herzberg nomenclature [172] and the latter are marked with a double dagger (}). For the monomer, the Bertie and
Herzberg nomenclature are identical.

Mode Descr. I’  Bertie Herzberg Bertie Herzberg Bertie Herzberg Bertie Herzberg
HCOOH DCOOH HCOOD DCOOD

v v(OH/D) A’ vy v Ty, vy
vy v(CH/D) A’ Vy Vy Ty, Vy
Vs v(C=0) A’ V3 Vs V3 Vs
V4 5(CH/D) Al V4 Tve V4 T vs
Vs 5(OH/D) A’ Vs Ty, T ve Tve
Ve v(C-0) A/ Ve T vs T vs Ty,
iz 5(0CO) A’ vy iz 1z vy
Vg y(CH/D) A Vg Vg Vg vg
vy y(OH/D) A" 12 vy 12 vy

(HCOOH), (DCOOH), (HCOOD), (DCOOD),
Vi v(OH/D) A, Vi Vi Vi v Ty, Vo v v
Vs v(CH/D) A, vy Vs Vs vy Ty, Vi vy vy
V3 v(C=0) A, V3 V3 V3 V3 V3 V3 V3 V3
V4 6(OH/D) A, V4 V4 V4 V4 v Vg s Vs
Vs 6(CH/D) A, Vs Vs Tve Vg Ty, V4 Tve Ve
Ve v(C-0) A, Ve Ve s Vs s Vs Ty, Vy
Vg 6(0CO) A, \Z! \Z! \Z] \Z] \Z! \Z! \Z] \Z1
vg v(OH/D---0) A, Vg Vg Vg Vg Vg Vg Vg Vg
12) 6(OH/D---0) A, Vo Vo Vg Vo Vo Vo Vg Vo
vio y(CH/D) B, V10 Py v s V10 aar vio Fyy
Vil y(OH/D) B, v s "vig Ty Vil Fvis Vil v
Vi y(OH/D--0) B,  vpp Fuie Vi Fvie Vi Fvie Vi Fvie
Vi3 y(CH/D) Ay v Py Ty vy Vi3 Fvy Vi3 20
Vig y(OH/D) Ay Vig vy Ty vy Vig vy V14 vy
Vis y(OH/D--0) A, Vis Fup Vis : V12 Vis Fup vis Py
Vi Twist Ay Vig Fugs Vi HAZE Vi6 Fvi Vi Fug
V17 v(OH/D) B, V17 V17 V17 V17 v Vis V17 V17
Vig v(CH/D) B, v Vis Vig Vig vy vi7 Vig Vig
V19 v(C=0) B, vy V19 V19 V19 V19 V19 V19 V19
V20 6(OH/D) B, vy V20 Va0 V20 Ty V2o vy Vi
Vai 6(CH/D) B, wy Va1 Ty V2 v V20 Ty V2
V2 v(C-0) B, w» V2 Ty Vai vy Va1 v V20
V23 6(0CO) B, w3 Va3 V23 Va3 V3 Va3 V23 V3
Va4 6(OH/D---0) B, V24 V24 Vo4 V24 V24 V24 Vo4 V24

@ Note that Bertie and Michaelian ascribed the Raman fundamentals at 1080.7 and 989.6cm™! to the CD and
OD in-plane bends of (DCOOD),, respectively. Based on this assignment, the label mapping from this work
to Ref. [93] would be {v,, vs,vg} = {Vg.V5,V4}. In agreement with Ref. [119], these two bands are inversely
assigned here with the OD in-plane bend higher in wavenumber than the CD in-plane bend. Thus, {v4, vs, vg} =
{vs, Ve, V4 ).
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2.4.2 'Types of vibrational transitions

The classification of vibrational transitions into fundamentals, overtones, etc. mainly follows
Herzberg [172, Section I11.2]. This concept is extraordinarily useful but of course only approx-
imate and builds on the assumption that we may ascribe harmonic oscillator quantum numbers
to vibrational levels.

Fundamentals and overtones. If the lower state is the vibrational ground state and the change
in vibrational quantum numbers involves only one mode i (An; = 0 Vj # i), we speak of fun-
damentals if An;, = 1 and first, second, third, etc. overtones for An; = 2, 3, 4, etc., respectively.
The bands are labelled n;v; where n; is the vibrational quantum number in the final state whereas
n;v, is reserved for the wavenumber of that band.** One important symmetry consequence for
(FF) is that its first overtones are all A, symmetric and thus Raman-active. Since C,, is a non-
degenerate point group, we can generalise that for all An, = 3,5, ... overtones have the same
symmetry as the fundamental whereas for An; = 2,4, ... they are A, symmetric.

Combination bands. With “combination band” we shall collectively refer to all transitions
from the vibrational ground state that involve a quantum number change in more than one vibra-
tional mode. Herzberg aptly names this type of transition “summation band” [172, p. 265] as its
wavenumber in a zeroth-order approximation is the sum of the involved fundamentals (n, = 1)
or overtones (n; > 1), V.o, ~ > n,;v,.% Combination bands for which Y, An, = 2 are also
called binary combinations; those for which ). An, = 3 ternary combinations etc. For C,,
symmetric (FF), it follows that binary combination bands of two IR-active or two Raman-active
fundamentals are Raman-active.*® Combination bands are labelled “n,v,+n,v;+n,v,+...”. The
nomenclature “n;V,+n;V,+n, v, +...” for the wavenumber of a combination band bears the danger
that it cannot be distinguished from mathematical operations involving fundamental or overtone
wavenumbers. Instead, the tilde extends over the entire label, e.g. \ZIVJ

Hot bands. Finally, all bands where the initial state is not the vibrational ground state but an
excited vibrational state are called hot bands. The intensity of such bands is proportional to
the Boltzmann factor of the initial state and increases with temperature, thus the name [210,
p. 214]. Herzberg refers to these bands as “difference bands” [172, p. 266]. One central differ-
ence between hot and combination (or difference and summation) bands, say v,—v, and v, +v,,
is that the transition wavenumber from v, to v, exactly equals V, minus V,. Thus, if we measure
a hot band and know the experimental wavenumber of one involved vibrational level, we can
calculate the exact wavenumber of the other level. Generally, one may expect that the intensity
of v,—v, is the same order of magnitude as that of v,+v,, weighted by the Boltzmann factor of
the initial vibrational state [172, p. 267]. The above discussion also applies to cases where v,
and/or v, are not fundamental but overtone/combination level.

An important special case is v, +v,—v, where the same vibration is excited in the lower and
upper state, in addition to another vibration in the upper state. The initial state might be a
fundamental level (v, +v,—v,), an overtone/combination level (e.g. v,+2v,—2v,), or | and k can
be the same vibration (2v,—v,) as long as the total quantum number changeis ), An; = An, = 1.
The intensity of such hot bands is expected to be similar to that of the fundamental v, times the

84 Specifically, n;7; is a set expression that may not be read as n; times ¥; since the wavenumber of an overtone is

only approximately the integral multiple of the fundamental wavenumber.

Deviations arise from mechanical anharmonicity. This can be seen in Table 2.1 where the perturbative second-
order expressions for combination bands have been rearranged into sum-of-fundamentals form.

Generally, all binary combination or overtone bands are Raman-active, except for all four combinations between
a Raman- and an IR-active mode, which are IR-active.
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Boltzmann factor of the initial state [172, p. 267]. Thus, the intensity of such hot bands decreases
rapidly with increasing wavenumber of the initial vibrational state. The above discussion can
generally be extended to cases where v, is not a fundamental. Since then the intensity is expected
to be the same order of magnitude as the corresponding overtone/combination band weighted
by the appropriate Boltzmann factor, such hot bands are generally not expected to be visible in
the spectra. Exceptions are overtone/combination bands that gain intensity through resonance
with a bright fundamental.

In the mechanical harmonic limit, the wavenumber of v, +v,—v, would exactly coincide with
that of v,. By rearranging the second-order perturbation theory expressions in Table 2.1, we can
calculate the expected hot band wavenumbers for k =/ and k # /

In formic acid monomer, we might also need to consider binary combination/overtone levels as
the lower state (see lowest-wavenumber levels in Tables D.4-D.7). The corresponding expres-
sions are:

3, =20, =V +4x, 4, (2.73)

2vtv, = Vi, = T+ 22X, + Xy (2.74)
Vit2v, = 2V, =V, + 2x; ), (2.75)
Vitvitv, —vitv, =V, + X+ X (2.76)

Usually, the anharmonicity constants are negative, resulting in small red-shifts relative to v,. If
v, 1s perturbed by (Fermi) resonances, the above equations are only limitedly valid and larger
red-shifts or even blue-shifts might be observed in some cases.®’

2.4.3 Band contours and symmetry

A ro-vibrational transition of a non-linear molecule can be characterised by the change of at least
one vibrational®® and up to three rotational quantum numbers. The quantity we are interested to
obtain from the IR and Raman spectra is the rotationless vibrational band centre ¥,. While ro-
tational excitations and consequently band widths are reduced by jet-cooling, vibrational bands
of formic acid and its cyclic dimer exhibit a pronounced ro-vibrational contour even at the em-
ployed resolution of 0.5-2cm™'. For bands that exhibit a central Q branch, ¥, can usually be
approximated as the centre of mass of the (unresolved) Q branch. Certain bands, however, do
not exhibit a central Q branch and the resultant band contours can be very complex (vide infra).
An analysis of the band contour is furthermore beneficial as it can provide valuable symmetry
information to guide vibrational assignments. We will see that for the systems that are invest-
igated in this work — F and (FF) —, it is possible to associate the observed band shape with the
symmetry of the fundamental or overtone/combination transition without the need to explicitly
model the ro-vibrational band contours (see for example Ref. [211]) or rely on quantum chem-
ical predictions. The relevant theory is summarised in the following, tailored to the employed
spectral resolutions and molecular systems.

87 See Section 4.4. In particular, the hot band structure near vs of trans-HCOOD is very complex due to the OD

bend-torsion resonance between vs and 2vqg (pp. 81).

For consistency, we shall continue to use n = {ny, ..., n,;,} for the vibrational excitation array.

The following analysis primarily builds on Herzberg’s book on the theory of IR and Raman spectroscopy [172]
and also draws from the works of Hollas [210], Long [206], and Hills ef al. [212]. Parts of this section have
been published in an abridged version in Ref. [109].
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Table 2.3 Rotor symmetry analysis of formic acid monomers and selected clusters at the CCSD(T)-F12a/VDZ-F12
level. The molecules and the principal axes of inertia are visualised in Fig. 2.2. ‘eq.” indicates the global minimum
configuration.

Rotor analysis

Molecule Group A, B, G, k2B 2(4,- BT 44, - B
F trans-HCOOH (eq.) C, 259 040 035 -095 0.8 44 8.9
cF cis-HCOOH C, 290 039 034 -096 0.7 5.1 10.1
(FF) cyclic (HCOOH), (eq.) G, 020 0.08 0.06 -0.71 0.1 0.3 0.5
FF polar (HCOOH), C, 0.28 0.05 004 -093 0.1 0.5 0.9
F(FF) (HCOOH); (eq.) C, 0.10 002 002 —-092 004 0.2 03
F
(FF)

Figure 2.2 Formic acid and selected clusters that are investigated in this work. The geometries have been optim-
ised at the CCSD(T)-F12a/VDZ-F12 level and are shown in the principal axis frame. The GLE scripts for the
visualisation of the molecular structures were generated with PMIFST version 25a.VIL.2017 [215].

(a) Rotor analysis

In addition to the formic acid monomer and its cyclic dimer, two different clusters of formic acid
are explicitly taken into consideration in this work — FF and F(FF). The building block of all these
clusters is the planar and C, symmetric [80, 82] trans-formic acid molecule. The computed
structures are all planar and asymmetric rotors (A # B # C), in agreement with previous
explorations of the conformational hyperspaces of dimeric and trimeric formic acid [152, 213,
214] and available experimental IR and microwave data [120, 131, 151].

The cyclic dimer (FF) is C,,, symmetric if we neglect concerted proton exchange, whereas
FF and F(FF) both belong to the C, point group, as does F. For these two point groups, and
generally for non-degenerate ground states, one can easily verify that the vibrational transition
symmetry equals that of the vibration in the upper state (I") if the lower state is the vibrational
ground state (I'”" = totally symmetric). The C,,, point group for (FF) has four irreducible repres-
entations but the inversion centre leads to either infrared (A, B,) or Raman activity (A,, B,) in
the electric dipole or polarisability approximation. The C; point group has only two irreducible
representations (A’, A”") which are in principle both infrared- and Raman-active.

The rotational selection rules and term formulae depend on the rotor symmetry. The rota-
tional symmetry of formic acid and its clusters are analysed in Table 2.3; they are visualised in
the principal axis frame in Fig. 2.2. Following the suggestion made by Ray [216], the asym-
metry, i.e. the deviation from the symmetric top, can be expressed as

k=28-4-C (2.77)
A-C

where k can range from —1 (near-prolate, C ~ B) up to +1 (near-oblate, A ~ B).
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(b) Energy levels

All relevant C, symmetric systems are coincidentally near-prolate tops with only the cyclic dimer
exhibiting a more pronounced deviation from the prolate top. It is therefore instructive to start
with the prolate top in the absence of external fields to then discuss deviations from this limiting
case. In contrast to the well-known diatomic molecule [174] where rotational transitions”® are
only characterised by the change of the total angular momentum AJ, in symmetric top molecules
there is a whole series of AJ lines for different values of K (projection of J onto the top axis).
All lines for a given K value, which are collectively grouped in different branches according to
their AJ value, are referred to as sub-band [172]. To distinguish between lines from different
sub-bands, we designate each line the label KA J x(J) where O, ..., S is substituted for AK and
AJ [172, pp. 419].

At zeroth-order, the rotational energy levels can be represented by a rigid rotor and we shall
neglect centrifugal distortion corrections as they are very small compared to the available res-
olution and manifest at larger J values. The ro-vibrational term value of a prolate top is given
by [172, p. 400]

ic =Sm,J,K)=Gm)+ F(J,K)=Gm)+ BJ(J + 1)+ (A — B)K>. (2.78)

If a molecule is near-prolate, we can replace B in the above expression to a good approximation®!
with

B =21 > = (2.79)
A ro-vibrational transition n’J'K’ <« n”J"” K" is then given by
U =+ F(J',K") = F(J",K"), (2.80)

where the pure vibrational band centre is condensed into v, and thus independent of the under-
lying parametrisation of the vibrational energy levels. As usual, ’ and " denote the upper and
lower vibrational level, respectively.

When evaluating Eq. 2.80 in the following, it is very useful to define a variable m to unify
the expressions for different rotational branches:

0 P (0] R S
AJ -2 -1 0 1 2
m -2J +1 -J 0 J+1 2J +3
% We shall not consider the more complicated cases involving electronic angular momentum (or electron/nuclear

spin).
Following Townes and Schawlow [217, Chapters 3-4] (nomenclature adjusted to this work), the pure rotational
levels of a prolate symmetric top are given by
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F(J,K)=BJ(J + 1)+ (A - B)K?

and that of a near-prolate top by

F(J,K):B;CJ(J+1)+<A—B;C>LU

where w can be expanded as
) ) K+1
w=K +Zc,»bp—K +Zci(’(_3>.
1 ]

The c; parameters are tabulated [217, Appendix III]. We see that in the limit of a prolate top (x — —1) all terms
in the sum become zero and w — K 2. For slightly asymmetric tops, we may assume that the deviations of w
from K? are very small and that % ~ B is a good approximation.
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(c) Selection rules

In the IR, symmetric top molecules give rise to bands where the transition dipole moment is
parallel (]|) or perpendicular (L) with respect to the top axis [172]. The top axis is along the
a-axis in prolate tops (c in oblate tops). The selection rules are [172]

AK =0, AJ =0,+1, (2.81)
for parallel bands with the restriction AJ = +1 for K = 0 and
AK ==+1, AJ =0,=+I, (2.82)

for perpendicular bands. For Raman bands of symmetric tops, the distinction is made between
totally symmetric and non-totally symmetric bands. The selection rules are [206]

AK =0, AJ =0,+1,+2, (2.83)
for totally symmetric bands with the restriction J' + J” > 2 [172, 212] and
AK =42, AJ=0,+1,+2, (2.84)

for non-totally symmetric bands, again with J' + J” > 2. In all cases, we have the restriction
J > K, i.e. more and more rotational lines are missing from sub-bands with increasing values
of K [172, p. 418]. Already from the above selection rules, we can infer a certain similarity
between parallel IR bands and totally symmetric prolate top Raman bands and also between
perpendicular IR bands and non-totally symmetric prolate top Raman bands.

(d) IR spectrum

The IR spectra that arise from typical parallel and perpendicular bands are illustrated by Herzberg
in Figs. 122 and 128 of Ref. [172]. The central difference is that parallel bands have an intensive,
central Q branch whereas perpendicular bands tend to have a much broader intensity distribution.

Parallel bands. Inserting the above selection rules for parallel bands into Eq. 2.80 yields for
each K sub-band

2mB, (2.85)

where m can take values of —J, 0, and J + 1 for P, Q, and R branches. Within each sub-band,
rotational lines are approximately separated by 2B’, similar to IR bands of diatomic molecules,
with the exception that also a Q branch with AJ = 0 is observed which approximately coincides
with the vibrational band centre 7,. If the K fine structure is negligible and cannot be resolved,
the rotational lines of each K sub-band coincide, the band contour resembling that of linear
molecules. The K fine structure depends on the difference (A’ — A”) — (B’ — B”) which is
usually small compared to 2B, in particular for fundamentals [172, p. 419].°2 If only one central
O branch is resolved, we can infer that this difference is negligible at the employed resolution.

92 The IR spectrum of a parallel band that results from non-negligible K contributions is illustrated by Herzberg

in Fig. 122(c) of Ref. [172].
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Figure 2.3 Excerpts of the FTIR jet spectrum of HCOOH at 0.5cm™! resolution from Figs. 6.1-6.2 (pp. 116).
Grey lines correspond to ro-vibrational lines computed in the near-prolate limit, see text for details. (left) The vg
fundamental; ro-vibrational line simulations for a parallel band according to Eq. 2.85. (right) The vy fundamental;
ro-vibrational line simulations for the Q branches of a perpendicular band according to Eq. 2.86.

Perpendicular bands. We obtain the corresponding expressions for perpendicular K sub-
bands by inserting the selection rules in Eq. 2.82 into Eq. 2.80

vt =7,+2mB + (B = B")J(J + 1)+ (1 £+2K) x (A'-B') + [(A'-A")—(B'-B")]K*
Uy +2mB' + (1 £2K)x (A’ = B') (2.86)

Q

where m can take the same values as before. We can see that even for B’ ~ B” and A’ ~ A",
different K sub-bands do not coincide and the approximate separation of the sub-band centres,
i.e. the O branches, is now 2(A’ — B’). The vibrational band centre ¥, can be determined if the
RO, (K =0, AK = +1) and ’Q, (K = 1, AK = —1) branches can be identified since v, is
located approximately halfway in-between both. This depends on the structure of the P and R
branches and the neglected effects due to B’ # B” and A’ # A” which can all distort the overall
band shape so that individual peak maxima might not necessarily correspond to Q sub-branch.

Example - F. In trans-HCOOH, A’—A’ and A”—A’ bands correspond to hybrid || + L and
1 bands in the (near-)prolate top limit, respectively. In Fig. 2.3 segments of the FTIR jet spec-
trum at 0.5 cm™! resolution are shown in the vicinity of the v, band (A'—A’, left) and v, band
(A”—A’, right). Using experimental band centres and ground state rotational constants from
the literature, the rotational lines have been simulated in the near-prolate limit. The vibrational
band centres ¥, = 1104.85 and ¥, = 640.73 cm™! are taken from Refs. [218, 219]. From the
ground state rotational constants in Ref. [95], 2BS" = 0.75cm™" and 2(4, — B{™) = 4.42cm™
are calculated.”

The v, band seems to exhibit a typical POR structure. Indeed, the simulated line positions
(PP, ©Q, 2R), which are separated by 2B, agree very well with the observed peaks. This ap-
proximate level satisfactorily explains all observed fine structure, even quantitatively for smaller
J values near the central Q branch. The v, band centre can reliably be estimated as the centre of
mass of the central Q branch, 1104.9 cm~!, which compares very well with the high-resolution
value. Note that already at 1 cm~! resolution, individual peaks in the R and P branches are no
longer resolved and at 2 cm™' resolution, the central Q branch no longer stands out and one ob-
serves a broad band contour with three peaks that correspond to the PQ R maxima (see Fig. 6.1).

Vo, on the other hand, exhibits a very complicated fine structure.”* Only lines for the O
branches are simulated as these are expected to be the most intensive. The spacing of these lines

93 Deviations in 2B° or 2(A — B°f) are below 0.02 cm™! if instead of ground state rotational constants the exper-
imental values for ng = 1 or ng = 1 are used.
% 1In the vy spectrum, there are some additional weaker contributions from the nearby v, fundamental
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Figure 2.4 Excerpts of the FTIR jet spectrum of (HCOOH), from Figs. 6.1-6.2 (pp. 116). (a) 0.5 cm™! resolution.
(b) 2cm™! resolution. The mainly A-type band is the v,; fundamental, the mainly B-type band the v,, resonance
triad, and the C-type band the v,, resonance dyad.

is 2(A, — E’gff). The simulation indicates an assignment of the two most intensive bands to *Q,
and Q,. Other Q sub-branches cannot be identified on intensity arguments alone. Many of
the smaller peaks are separated by 0.8 cm™!' which roughly corresponds to ZBSH and indicates
that much of the fine structure is due to (partially resolved) R and P sub-branches. Nonetheless,
with the two main Q branches identified, the vibrational band centre can be determined with
satisfactory accuracy using the above-described method, (642.8+638.8)/2 = 640.8 cm™!, which
compares very well with the high-resolution value.

Example — (FF). IR bands of an asymmetric rotor can be categorised as pure A, B, C, or
hybrid bands, depending on the orientation of the transition dipole moment with respect to the
principal axes. For the cyclic dimer (FF), only two types of transitions from the vibrational
ground state are infrared-active, B,—A, and A,—A,, which give rise to hybrid A+B- and C-
type bands, respectively. In the limit of a near-prolate top, the following correlation applies:
A —|, B —>1,and C -1 [172, 210]. From this correlation, it immediately becomes obvious
why A-type bands generally exhibit a PO R structure that is similar to parallel bands [172, 210].
B-type bands, on the other hand, lack a central Q branch.

For the cyclic formic acid dimer, the characteristic contours of B- and C-type bands are
different (enough) to clearly distinguish between both. A central and sharp Q branch is found
for C-type bands whereas the B-type bands are broader with two characteristic maxima that
correspond to the unresolved Q branches where Vj, is approximately located in-between both.
Examples of the three band types are shown in Fig. 2.4 at 0.5 and 2 cm™' resolution.

While the polar dimer FF is a near-prolate top, its IR band contours are expected to resemble
that of (FF) and not F at resolutions of 0.5-2cm™! due to the similarity of their rotational con-
stants. For the trimer F(FF), one may hope for partial resolution of its band contours at best (see
Table 2.3). Here the assignments have to rely more heavily on quantum chemical predictions.

(e) Raman spectrum.

For Raman bands of symmetric tops, the two band types are usually named after the transition
symmetry, i.e. “totally symmetric” and “non-totally symmetric” [172, 206].

Totally symmetric prolate top bands. In analogy to the procedure for parallel IR bands, the
term values for totally symmetric Raman sub-bands of a prolate top are approximately given by

S & ¥, +2mB’, (2.87)

(626.17cm™!, Ref. [218]). Also, some observed ‘dips’ in the intensity (e.g. slightly below PQ,) are arte-
facts that arise from a poorer signal-to-noise ratio at the band or filter gap of the detector. A comparison to vq
spectra recorded with a cooled bolometer (4 K, see Ref. [149]) shows that the main features in Fig. 2.3 still can
safely be interpreted.
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Instead of three, as in the IR, there are now five rotational branches. The key advantage of Raman
spectroscopy is that the central Q branch is usually very dominant and can in most instances
easily be distinguished from the rotational socket (AJ # 0), even if the latter is not resolved.

Non-totally symmetric prolate top bands. Lastly, non-totally symmetric sub-bands of a pro-
late top are approximately given by

Pt & 9y + 2mB' + (4 £ 4K) X (A’ = B'). (2.88)

One important difference to perpendicular IR bands is the presence of a zero-gap for non-totally
symmetric prolate top Raman bands. The entire K = 1 sub-band for AK = —2 is missing as it
does not conserve the angular momentum.”

Asymmetric rotor. For the slightly asymmetric rotor, Hills ef al.”® distinguish between four
different band types — A, B,,, B,, and B,. A-type Raman bands have no counterpart in the IR. In
the near-prolate limit, the rotational selection rules for K are

H A ‘ B, ‘ B, ‘ B,
AK | 0,42 | +2 [ +1 | +I
For the most general case without any symmetry (C,), all selection rules apply, i.e. AJ =
-2,..,+2and AK = -2,...,+2, giving rise to overall 25 branches. For the C, and C,, point
groups, there is a mixing of different band types but the characteristics of the above-discussed
totally and non-totally symmetric bands survive. A'—A’ and A,—A, transitions give rise to
hybrid A+B,-type bands whereas A”"—~A" and B,—A, transitions give rise to hybrid B,+B,-
type bands. Relating these selection rules to the symmetric top limit, we see how AK + 1
additionally becomes allowed due to symmetry lowering.”” A+ B, -type bands are a mixture of
totally symmetric and non-totally symmetric bands whereas B+ B,-type bands more resemble
non-totally symmetric bands as they are missing the characteristic central Q branch — B,- and
B,-type bands usually exhibit a lower intensity towards the band centre. The identification of
the central Q branch or verification of its absence thus unambiguously allows an assignment of
the observed band type for the C; and C,,, point groups. These band contour information nicely
complement the analysis of depolarised spectra where it is possible to distinguish between totally
and non-totally symmetric scattering contributions. This synergy is illustrated in the following.

Impact of depolarisation ratio and examples. The usual dominance of the central Q branch
in Raman spectroscopy has the distinct advantage that even weaker bands can be identified.
Since the relative intensity of the central Q branch depends on the depolarisation ratio, it is
instructive to look at some examples. For totally symmetric bands, the depolarisation ratio can
range from completely polarised, p, = 0, to completely depolarised, p, = 0.75. Non-totally
symmetric bands are always completely depolarised (see Section 2.3). In Fig. 2.5, jet-cooled

% Herzberg and Long both discuss Raman selection rules for the symmetric top molecule [172, 206]. The discus-

sions in Refs. [172, 206] are equivalent for the resultant term formulae but differ with regard to the selection
rules. For perpendicular bands, Long [206, p. 197] writes that “it should be noted that the first line (K = 0)
in the series of Q branches with AK = +2 occurs at V3, + 4(A — B), whereas the first line (K = 1) in the
series of Q branches with AK = —2 occurs at ¥,;,.” Herzberg, on the other hand, stresses the existence of a
zero-gap in the Raman spectrum because the sub-band K = 1 for AK = —2 is missing due to the selection rule
J" +J" > 2172, pp. 442].

The following discussion is completely based on Ref. [212].

It is noted that Herzberg, who discusses the theory for Raman bands in less detail (due to the sparse number of
well-resolved Raman spectra at that time), writes that for near-symmetric top molecules of the C, point group,
AK = +1 instead of +2 applies for A" —A’ transitions [172, p. 443].

96
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Figure 2.5 Jet-cooled Raman band profiles of selected totally (I' = t.s.) and non-totally symmetric (I" # t.s.) bands
with varying depolarisation ratios (p;). Bands are shown for trans-formic acid (I), trans-propiolic acid (II, spectra
from Ref. [42]), and the cyclic formic acid dimer (IIT). Overlapping contributions from other bands are greyed out.

Raman bands are shown for four limiting cases: A totally symmetric band that is near-completely
polarised (A); a totally symmetric band with an intermediate depolarisation ratio (B); a near-
completely depolarised totally symmetric band (C); a non-totally symmetric band (D). In the
left panels, formic acid F is shown, which is a near-prolate top with comparably large 2 B°f
and 4(A — Be™) values (see Table 2.3). In the right panels, (FF) is shown which exhibits a
more pronounced asymmetry and has much smaller rotational constants. In the middle, trans-
propiolic acid is shown — a “CC-stretched” [42] analogue of formic acid (H-C=C-COOH) —,
which has rotational characteristics that are similar to (FF).”8

Row A illustrates the dominance of the central Q branch for near-completely polarised bands.
While this greatly facilitates the determination of band centres, it complicates size assignments.
When comparing IR bands of F and (FF), one can distinguish the two just by comparing the
width of their band contours (see Figs. 2.3-2.4). Due to the additional O and S branches, where
the spacing of lines is approximately 4 B°", the rotational AJ # 0 socket of Raman bands is
generally much broader.

Row B shows totally symmetric bands with intermediate depolarisation ratios. In the absence
of other overlapping contributions, one can already distinguish between F and (FF) based on the
width of their rotational sockets. Since B°" is much larger in F, its vibrational bands extend over

%8 Due to the heavy acetylenic group, its computed equilibrium constants are much smaller than those of F: 0.40,

0.14, and 0.10cm™! (same level of theory as in Table 2.3). Similar to (FF), trans-propiolic acid exhibits a more
pronounced asymmetry from the prolate top (x = —0.77).
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a much larger wavenumber region than in (FF) or frans-propiolic acid.

Rows C and D, on the other hand, illustrate the importance of depolarisation measurements
(|I' x7/6) to safely assign non-totally symmetric bands. The propiolic acid spectrum (IL.D)
shows particularly well the complications that can arise if polarised bands (greyed out) overlap
with non-totally symmetric bands.” If we imagine the A’ fundamental near 580 cm™' to move
just 10 cm™! towards lower wavenumbers, it would coincide with the centre of the A” symmetric
band. Without depolarisation spectra, the resultant band contour could easily be confused with a
depolarised, totally symmetric band (II.C). There can even be cases where the central Q branch
is so weak that a symmetry assignment is not unambiguous if the signal-to-noise is too low.!%

In summary, for totally symmetric Raman bands we only need to identify the central O
branch to obtain the vibrational band centre V,,. For non-totally Raman symmetric bands, usu-
ally a very broad structure with two characteristic peaks is observed. In these cases, the band
centre can be approximated halfway between both. Care must be taken that the band contour
is not distorted from other, overlapping bands. Depolarisation contributions may help in such
situations but only if the additional scattering contributions are polarised. If the rotational con-
stants, in particular the difference A — B°", are rather large, more of the fine structure might
be resolved. This is the case for the vg band of trans-HCOOD (I.D) which is analysed in the
following using the above-derived expressions for non-totally symmetric prolate tops.

Example — The CH out-of-plane bend of F. Out of the 4 X 9 = 36 fundamental vibrations of
trans-formic acid and its deuterated isotopologues, vg of trans-HCOOD - the CH out-of-plane
bend — is the only fundamental that has so far not been observed in gas phase spectroscopic
studies.!%!

The vg Raman spectra of HCOOH and HCOOD are shown in Fig. 2.6.19% As v overlaps
with A’ symmetric bands, a comparison of the depolarised spectra (cyan) is much easier since
other totally symmetric scattering contributions are minimised.'*?

We shall start with trans-HCOOH where a high-resolution band centre for vg is available.
Focussing on the ||' X7/6 spectrum, we see that the vg band centre is about halfway in-between
the two most intensive peaks of the whole vg4 contour, quite reminiscent of the earlier analysis
of the v, IR band. Indeed, using the high-resolution band centre 73 = 1033.47 cm™! and experi-
mental ground state rotational constants from the literature,'!** we can model the Q sub-branches
using Eq. 2.88. The sub-band centres are shown as grey lines in Fig. 2.6, suggesting that the

9 For a more detailed discussion of this particular example, see Section III of Ref. [42].

100 Sych an example was discussed for trans-propiolic acid in Ref. [42]. The central Q is barely discernible for the
two totally symmetric Raman bands at 1362 and 1302 cm™!.

vg has been previously reported in a weakly perturbing neon matrix [117, 220]. However, in a neon matrix,
vg is slightly blue-shifted upon O—H deuteration whereas harmonic and anharmonic vibrational theories at
various levels of electron correlation consistently predict a small red-shift. (See for example harmonic B3LYP-
D3(BJ)/aVTZ [91], MCTDH on the RC-PES [22, 27], harmonic wavenumbers on both analytic formic acid
potentials (Table D.3), and CVPT6 on both potentials in Ref. [28].) In Ref. [28], the experimental vg gas phase
band centre of trans-HCOOD was recently derived indirectly via its first overtone by assuming a second-order
perturbation theory parametrisation of the energy levels. The determined deuteration shift of —2cm™! [28] is
in agreement with (an)harmonic theory and shows that the neon blue-shift is caused by the matrix environment.
The newly presented purely experimental analysis below also yields a deuteration shift of —2cm™!.

102 The neon-calibrated spectra of HCOOH and HCOOD in Fig. 2.6 have both been linearly shifted along the
abscissa to align the Q branch centroids of the vg band of HCOOH with the high-resolution band centre at
1104.85cm™! [219].

Note that the vg band of HCOOH does not persist in Fig. 2.6 when the incident laser polarisation is changed (||!
X7/6) as would be expected. This is very likely an artefact (perhaps laser alignment drift) of that measurement
as vg exhibits the expected scaling behaviour in the dimer-optimised depolarisation spectra in Fig. 6.4 (p. 119).
The vg band centre and rotational constants are taken from Ref. [95]. From these ground state rotational con-
stants, 4(1&0 - ngf) = 8.84cm™! is calculated.

101
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Figure 2.6 Raman jet spectra of HCOOH and HCOOD in the vicinity of the vg band. The HCOOH impurity in the
HCOOD spectrum is marked with a hash symbol (#) and hot bands are labelled as “h” (non-isomeric hot band) and
“c” (cis fundamental). Grey lines are simulated Q branch sub-band centres (Eq. 2.88), see text for details.

two peaks can be interpreted as SQ, and °Q,. The Raman band centre, which is approximated
as halfway in-between both peaks, (1042.5 + 1024.5)/2 = 1033.5cm™!, excellently agrees with
the high-resolution value.

As expected, O—H deuteration leaves the vg band contour largely unaffected. Peaks in
the vg contour move closer together and the entire envelope shifts towards lower wavenum-
bers. Similarly for HCOOD, the simulated Q branches align very well with the observed max-
ima,'% reinforcing the assignment of the two most intensive peaks to 5 Q, and OQZ. With
SQ, and °Q, as anchor points, we can also determine the band centre in HCOOD, (1039.5 +
1023.5)/2 = 1031.5cm™!. Since the high-resolution band centre of HCOOH must be rounded

off to 1033 cm™!, we shall round the HCOOD band centre to 1031 cm™!.

105 The vg band centre is estimated by adding the shift of the band contour (-2 ¢cm™") to the high-resolution band
centre of HCOOH (1033.47 cm™!). From the ground state rotational constants in Ref. [221], 4(Ag — Bgﬁ) =

7.37cm™! is calculated.



Chapter 3

Formic acid monomer-optimised Raman
jet spectra

The first environment-free, monomer-optimised Raman spectra of formic acid with little to no
dimer contributions were published recently by Meyer [86, 87], paving the way to unearth a
wealth of much weaker combination/overtone bands of formic acid that were previously hid-
den underneath cluster contributions. These measurements have been continued in this work
to further minimise cluster contributions,'*® close spectral gaps, and extend them to partially
and fully deuterated isotopologues.'”” In the following, a detailed description of the spectra is
given. While the trans fundamentals can be assigned right away, many are visibly perturbed by
resonances. Their mode assignments are addressed in the next chapter (Section 4.2) together
with the assignments of cold (labelled “M”; Section 4.3) and hot monomer bands (labelled “H”;
Section 4.4).108

The Raman jet spectra'” of all four H/D isotopologues are shown in Figs. 3.1-3.7, covering
the spectral region from 390 up to 3750cm~!. A legend is provided on p. 49. The raw data
have been published in an online repository and made publicly available [222].!1° Details on the
chemicals are listed in Table 3.1. Since the spectra of all four H/D isotopologues are analysed,
we do not need to worry about bands that arise from isotopic impurities due to H/D exchange in
the apparatus or manufacture-related isotopic H/D impurities as they can readily be identified.
They are marked with a hash symbol (#).!!! The spectra are a patchwork of several individual

109

106 The difference can perhaps best be seen by comparing the intensity of cluster bands in the Raman spectrum of
HCOOH near the 2vq band (cf. p. 56 and Ref. [86, p. 47]).
107 The HCOOD and DCOOD Raman jet spectra presented in Ref. [86] only cover selected spectral regions.
108 The distinction between “hot” and “cold” is made based on the initial vibrational state of a vibrational transition
(for details, see Section 2.4.2). All transitions that originate from the vibrational ground state, i.e. the vibrational
ground state of trans-formic, are called “cold bands”. “Hot band” is used here as a collective term, referring to
all transitions that originate from excited vibrational states. This includes transitions from the vibrational cis
ground state which may be seen as a torsionally excited state.
The Raman jet band centres reported in this work generally agree, apart from a few assignments [119], with
previously reported values obtained from curry-jet spectra within the resolution uncertainty of 2cm~! [86].
These spectra have already been shown in the supplementary material of Ref. [28] and segments in the sup-
plementary material of Ref. [91]. However, in Ref. [28], the spectra only cover the region from 3750 down to
870 cm~!, whereas now also the lower-frequency OCO bending fundamental v, is included (Fig. 3.7). The de-
polarised HCOOD and DCOOD spectra near v; were measured after the publication of Ref. [28] and are shown
for the first time. The figures have been newly created for this work using a similar visualisation template as
in Ref. [28]. The perhaps greatest difference to that work is the (slight) adjustment of the baseline correction,
intensity scaling, and displayed wavenumber range for individual measurements (see Appendix A).
"1 In the HCOOD and DCOOD spectra, there are about 2-3% impurities due to the usual OD — OH isotopic
exchange. However, it should be noted that there is an estimated DCOOD impurity of 4-6% in the DCOOH
spectra (see supplementary material of Ref. [91]).

109
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Table 3.1 Details about chemicals used in the monomer-optimised Raman measurements. The lot numbers are
included for deuterated compounds.

Chemical CAS number Manufacturer Purity Lot number

HCOOH 64-18-6 Acros Organics 98+%

DCOOH 917-71-5 ABCR 95%; 98% D 1401769, 1429695

HCOOD 925-94-0 ABCR, Cambridge Isotope Laboratories 95%; 98% D 1424534, PR-19516/07238FA1
DCOOD 920-42-3 ABCR 95%;98% D 1414704

measurements at different monochromator settings with slightly varying acid-in-helium concen-
trations and laser powers that all influence the count rate. Measurement details are reported in
Appendix A.

It is worth noting that even at the highest temperature (190 °C or 463 K), formic acid does
not seem to decompose as indicated by the absence of detectable amounts of its decomposi-
tion products, H, and CO, or H,0O and CO.'!? The apparent thermal stability of formic acid
under the applied conditions must be contrasted with recent Raman measurements of propiolic
acid (H-C=C-COOH) under similar conditions where substantial decomposition into CO, and
C,H, was observed above 433 K [42]. There are weak scattering signals in the spectra that cor-
respond to O, and N,, which are likely introduced through small leaks along the gas line. There
are also traces of water in the jet expansions. The overall concentration is very small and signi-
ficant amounts of formic acid hydrates can safely be ruled out. The air''? and water''* impurities
are labelled accordingly in the Raman spectra.

In each spectral region, up to four spectra in a temperature series are shown that have been
intensity-scaled (< 1.0) to a monomer fundamental with the lowest intensity in each series (trace
A). The scaling not only enables the discrimination of monomer and cluster bands — the latter
decrease with temperature and are marked with an asterisk (%) — but also the distinction of cold
and hot monomer bands as the latter increase with temperature. Auxiliary symmetry information
comes from depolarisation measurements which are shown in selected spectral regions (trace B).
In addition, they are very useful to identify weak combination/overtone bands hidden underneath
the A” symmetric rotational socket of fundamental bands (see Fig. 3.2).

For the main fundamentals v,-v,, four spectra have been recorded whereas spectral gaps
in-between and above these fundamentals have been filled with at most two spectra in each
temperature series. In these instances, measurements at each temperature were started from a
known fundamental to determine appropriate scaling factors. Since these measurements were
conducted at an intermediate acid-in-helium concentration, spectra from differently concentrated
formic acid measurements that include the same band are allowed to slightly overlap to high-
light the relative intensity change.!!> Below the v,-v, group vibrations, the vibrational Raman

112 Signals corresponding to CO, and CO are good indicators for decomposition since small amounts of water are
always found in the jet spectra. The expected band position for the CO stretch can be calculated using diatomic
constants from Ref. [174, Table 39], 2170.21-2x13.461 = 2143 cm™!. The Raman-active symmetric stretching
vibration of CO, is split into a Fermi resonance doublet [181] located at 1285 and 1388 cem~! [223].

Using diatomic constants from Ref. [174, Table 39], the expected band positions can be calculated for O,,

1580.361 — 2 x 12.0730 = 1556cm™!, and N, 2359.61 — 2 X 14.456 = 2331 cm~!. The observed Raman

band centres are at 1555-1556 and 2329-2330cm™!, respectively. Note that My in the DCOOD spectrum

(2330 cm™!) does not primarily correspond to N, but is ascribed to trans-DCOOD. This was verified through

a control measurement under the same expansion conditions with pure helium (not shown).

114 The vibrational band centres are taken from Ref. [223]: 1595, 3657, 3756 (H,0); 1402, 2727, 3707 (HDO);
1178, 2671, 2788 cm™! (D,0). The symmetric stretching vibration of H,O and D,0O has a comparably high
Raman activity and is observed in the Raman spectra. In the case of partially deuterated water, only the higher-
frequency OH stretch is observed.

115 See for example the My band in the HCOOH spectrum (Fig. 3.3).

113
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Table 3.2 Raman jet band fundamentals (in cm™!) of C, symmetric trans-formic acid and its deuterated isotopo-
logues in comparison to gas phase literature values. Fermi resonance doublets are indicated by braces and their
mode assignments are discussed in Section 4.2. v;-v; are in-plane (A’) and vg and vy out-of-plane vibrations (A”).
Note that vibrational levels are labelled according to Table 2.2 (p. 35).

trans-HCOOH trans-DCOOH trans-HCOOD trans-DCOOD
Ra. jet Lit. Ra. jet Lit. Ra. jet? Lit. Ra. jet’ Lit.
y 3570 3570.5 [94] 3569 3566 [118] 2631 2631.64 [224] 2632 2631.87 [225]
1 3567
y 2942  2942.06 [94] 2219 2219.69 [226] 2954 2231 2232 [93]
2 2938 2938 [118] 2194 2195 [93]
1776  1776.83 [96] 1762 1762.9 [227] 1772 1772.12 [228] 1761 1760 [93]
V3 1725 1725.87 [227] 1725 1725.12 [229]

Vg 1379 1379.05 [230] 971 970.89 [231] 1365 1366.48 [230] 1039 1042 [93]
Vs 1306 1306.14 [95] 1299 1297 [118] 972 972.85 [232] 945 945 [93]
2vy 1220 1220.83 [110] 1206 1010 1011.68 [232] 965
[
[

Ve 1104 1104.85 [219] 1142 1142.31 [233] 1176 1177.09 [234] 1170  1170.80 [235]
\Zi 626  626.17 [218] 620  620.57 [236] 558  558.27 [221] 554 554.44 [221]
Vg 1033 1033.47 [219] 873.38 [237] 1031 873.2 [238]
12) 640.73 [218] 631.54 [236] 508.13 [221] 492.23 [221]

@ See pp. 45 for the determination of the vg band centre of trans-HCOOH and trans-HCOOD.
b See pp. 68 for the determination of the 2v, band centre of trans-DCOOD.

spectra provide no ‘new’ information as they only include the OCO bend v, and the very weakly
Raman-active OD and OH/OD out-of-plane vibrations vg and vy, respectively, that have all been
measured before at higher resolution for all four H/D isotopologues (see Table 3.2). Nonethe-
less, the Raman spectra below 870 cm™! are included for convenience and sake of completeness
(Fig. 3.7).11% To allow for a comparison of the relative intensities — v, has a comparably high
Raman activity —, the v, spectra have been scaled based on one nearby group vibration (v,, vs or
V), occasionally using — contrary to usual practice — a scaling factor >1 (see Appendix A).!!

The assignment of the seven A’ symmetric trans-formic acid fundamentals (v, -v;) is straight-
forward based on their intensity alone. Out of the A” symmetric fundamentals of all H/D iso-
topologues, just the band structure of the CH out-of-plane bend v of HCOOH and HCOOD
can clearly be seen and analysed (see pp. 45). As already mentioned, many trans fundamentals
are visibly perturbed by resonances. The band centres are listed together with available (high-
resolution) literature gas phase values in Table 3.2. Their assignments are discussed in the next
chapter (Section 4.2).

Legend

A note on scaling factors: All scaling factors that are additionally shown in Figs. 3.1-3.7
are not included in the scaling factors reported in Appendix A. This includes the grey spectra
(433 K, trace A) which are just the orange spectra multiplied by 0.05. The depolarised spectra

116 The v, band of DCOOD is partially cut-off — the band centre is located at 492 cm~! [221] but the spectrum in
Fig. 3.7 does not extend below 490 cm™!.

17 For the deuterated compounds, at least one fundamental out of the three group vibrations (v, vs or vg) is also
present in the same spectrum as v, greatly facilitating the determination of appropriate scaling factors by simply
comparing the integrated band intensities of this fundamental in the v; spectrum and the spectrum included in
Fig. 3.6. For the HCOOH measurement, the v; spectrum ends shortly before the v¢ fundamental. The scaling
factor had instead to be determined using another measurement in the v, region that was conducted under the
same conditions as the v; spectrum.
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with parallelly polarised incident radiation (cyan, trace B) are additionally multiplied by 7/6 (see
Section 2.2.1 for an explanation of the 7/6 factor).

M

Bands that scale like cold trans monomer bands of the parent isotopologue. Band
centres are listed in Table 4.3 (p. 71). The scaling alone does not permit a distinc-
tion between different isotopologues. By comparing the spectra of different H/D
isotopologues, isotopic H/D variants can be identified which are labelled “#” in-
stead of “M”. The analysis in Section 4.3 reveals that some M bands turn out to be
fundamentals of carbon-13 variants of the parent isotopologue, e.g. D'>*COOH
in the DCOOH spectrum.

Bands that scale like isomeric hot bands of formic acid, i.e. cis-formic acid, or
non-isomeric hot bands from vibrationally excited trans states. Band centres are
listed in Table 4.4 (p. 80).

Bands that scale like clusters of formic acid, including dimers.

H/D variants of the parent trans isotopologue, e.g. DCOOD and HCOOH in the
DCOOH spectrum.

The labels “M” and “H” are provided with subscripts (A, B, ...) for bookkeeping purposes; these
are not correlated across spectra of different isotopologues.
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Figure 3.1 Raman jet spectra of HCOOH and its deuterated isotopologues between 3270 and 3750 cm™! using
helium as carrier gas. See text for details. The spectra are publicly available [222].
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Figure 3.2 Raman jet spectra of HCOOH and its deuterated isotopologues between 2790 and 3270 cm™! using
helium as carrier gas. See text for details. The spectra are publicly available [222].
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Figure 3.3 Raman jet spectra of HCOOH and its deuterated isotopologues between 2310 and 2790 cm™! using

helium as carrier gas. See text for details. The spectra are publicly available [222].
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Figure 3.4 Raman jet spectra of HCOOH and its deuterated isotopologues between 1830 and 2310 cm™! using
helium as carrier gas. See text for details. The spectra are publicly available [222].
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Figure 3.5 Raman jet spectra of HCOOH and its deuterated isotopologues between 1350 and 1830 cm™! using

helium as carrier gas. See text for details. The spectra are publicly available [222].
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Figure 3.6 Raman jet spectra of HCOOH and its deuterated isotopologues between 870 and 1350 cm™! using helium
as carrier gas. See text for details. The spectra are publicly available [222].
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Chapter 4

Assignment of vibrational formic acid
monomer bands

This chapter is dedicated to the extension and update of the experimental vibrational database
of formic acid. Many overtone/combination band assignments and especially the analysis of hot
bands rely on some guidance from theory. For this purpose, computed''® canonical Van Vleck
perturbation theory (CVPT) energy levels on the CCSD(T)-F12-quality formic acid potentials
by Tew and Mizukami [21], TM-PES, and Richter and Carbonniere [22], RC-PES, are consulted
throughout this chapter. The accuracy of the vibrational method and the potential energy func-
tions is benchmarked first using the available experimental data for the fundamental vibrations
of trans-HCOOH and cis-HCOOH (Section 4.1).!"” Many rrans fundamentals are perturbed by
strong resonances and knowledge of these resonance polyads greatly facilitates the assignment
of observed “M” and “H” Raman bands. The fundamentals of all H/D isotopologues of trans-
formic acid are, therefore, examined in Section 4.2.12° Building on the analysis of important
resonance polyads,'?! it will be attempted to assign all observed monomeric Raman bands down
to the noise level. In Section 4.3 the assignment of cold bands (“M”) is discussed,'?? followed
by an analysis of hot bands (“H”) in Section 4.4.23 Once the interpretation of the Raman spec-
trum of formic acid monomer is completed in the fundamental region up to 3750 cm™!, previous
IR assignments and band centres are reviewed in Section 4.5.'>* The updated and extended

118 The CVPTx calculations have been performed by E. L. Sibert IIT and published in Ref. [28] under a Creative
Commons Attribution license (CC BY 4.0). Since the computed energy levels are extensively used in this
chapter, they are reproduced for the convenience of the reader in Appendix D.

The analysis in Section 4.1 closely follows Sections III.B and V of Ref. [28].

The resonance analysis of frans-formic acid fundamentals in Section 4.2 closely follows Ref. [91]. The in-
vestigation of the OH bend-torsion resonance in Section 4.2 partially builds on published spectra [86] and
analyses [91] but contains unpublished, novel interpretations regarding the 2vqy band of trans-DCOOD.

In Section 4.3.2, the OH bend-torsion polyad quantum number, as defined for the bending fundamental in
Section 4.2, is adjusted for higher-excited combination/overtone levels in this polyad. The analysis in that
section closely follows the discussion in Section I'V.C of Ref. [28]

Many assignments have been previously published in Refs. [28, 91]. While the proposed assignments of cold
monomer bands in Ref. [28] remain valid, some M bands are newly reported and assigned in this work: M,,
Mg, My (DCOOH); My, Mg, Mg, Mp, Mg (HCOOD); M, Mg, M;, M; (DCOOD).

Many isomeric cis hot band assignments have been published by Meyer [86, 87]. As a part of this work, addi-
tional cis assignments have been previously published in Ref. [91] and non-isomeric trans hot band assignments
in Ref. [28]. Some H bands are newly assigned in this work: H,, Hg, Hg, Hp, HQ (DCOOD); Hy (HCOOD);
Hg, Hy, Hy, Hyy, Hy, Hp (DCOOD). The assignment of Hy has been proposed by Meyer [86] and can be con-
firmed in this work whereas the tentative assignments of Hg (DCOOH), H; (HCOOD), and H (DCOOD) have
already been suggested in Ref. [28]. In some cases, the H band centres have been adjusted compared to Ref. [28].
The changes are +1 cm~! and, therefore, within the resolution and calibration uncertainty of +2 cm~ L,

The IR reassignments in Section 4.5 have been published in advance in Ref. [28]. In some cases, the reas-
signments proposed here deviate from those already published in Ref. [28]: 2600 and 3106.5 cm~! (HCOOH);
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121

122

123

124
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benchmark-quality vibrational database of monomeric formic acid is summarised in Section 4.6
(Table 4.8).1%

4.1 Assessing errors in computed vibrational levels

Computed anharmonic fundamentals of HCOOH are listed together with experimental reference
data in Table 4.1; deviations between experiment and anharmonic calculations are visualised in
Fig. 4.1, including data for the three deuterated isotopologues of formic acid.

Inspection of Table 4.1 shows that the CVPT6 results for trans-HCOOH compare favourably
with ICPH-VCI and MCTDH reference data. Deviations on the same potential are within 2 cm™!.

Comparison for cis-HCOOH indicates that the ICPH-VCI eigenvalues are not fully con-
verged'?® which was already suspected based on VPT2 comparisons [22].'?” The largest dis-
crepancy between theory and experiment is found for CVPT6 on the TM-PES which overes-
timates v, of cis-HCOOH by 16 cm™!. Given that CVPT4 and CVPT6 fundamentals agree to
within 4 cm™! for cis-HCOOH on that potential, this discrepancy is likely due to the potential
energy surface. v, of the cis conformer was not reported in Ref. [21] and is, therefore, missing
in Fig. 4.1.

MCTDH and CVPT®6 results for cis-HCOOH compare favourably with deviations within
3cm~!. Deviations for v, are slightly larger and it is noteworthy that upon C—H deuteration,
the v, deviations on the RC-PES increase between MCTDH (3625 cm™!, Ref. [27]) and CVPT6
(3637 cm™'). Moreover, the deuteration shifts for both (=6cm™' MCTDH, +1cm~' CVPT6),
are outside the experimental error bars (—2(2) cm™'). While the absolute band position de-
viations of v, are large on the TM-PES, CVPT6 correctly reproduces the experimental C—H
deuteration shift (=1 cm™).

In essence, the benchmark in Fig. 4.1 shows that both potential energy functions perform well
for all fundamentals and their resonance perturbers whilst the TM-PES tends to overestimate
experiment and the RC-PES tends to underestimate experiment.

Error estimation for higher-excited states

Naturally, the theory-experiment discrepancies and the theory-theory deviations between differ-
ent potentials will only increase for higher-excited vibration states, especially the trend of the
potentials to either over- or underestimate experiment. Knowledge of the theory-experiment
deviation for each fundamental can be used to estimate the expected error for higher-excited
vibrational states. To lowest-order, the error can be assumed to be a linear combination of the
individual errors per vibrational mode, scaled by the respective quanta of excitation

Nyip

HOESWACESSNE (4.1)

i=1

2601.13 cm™! (HCOOD).

125 The benchmark database published in Ref. [28] is partly outdated. In addition to new Raman band assignments
or Raman band centre adjustments (see notes 120, 122, 123), new trans-formic acid-13C bands that are hid-
den underneath H bands could be assigned based on dimer-optimised spectra at a lower temperature (Fig. 6.3,
p. 118). Changes from the IR side include: Addition of the newly measured v; cis-HCOOH band [90]; ad-
dition of DCOOD fundamentals previously not measured at high-resolution (cf. Table 3.2, p. 49) which have
been determined from FTIR jet spectra at 1 cm™! resolution (published in Ref. [149]) that are partly shown
in Figs. 6.1-6.2 (pp. 116); new determination of the 2v; band centre of HCOOH and HCOOD from spectra
published in Ref. [126].

126 See Ref. [29] and Section 5.3.1 where the convergence of ICPH-VCI eigenvalues is examined.

127 The VPT2 data on both potentials as published in Ref. [22] are incorrect. For details, see Section 5.2.
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Table 4.1 Computed fundamentals of trans- and cis-HCOOH together with experimental reference values (from
Table 4.8, pp. 91). The CVPT6, ICPH-VCI, and MCTDH values are from Refs. [21, 22, 28].

trans-HCOOH cis-HCOOH
TM-PES RC-PES TM-PES RC-PES
Descr. I' ICPH-VCI CVPT6 CVPT6 MCTDH Exp. ICPH-VCI CVPT6 CVPT6 MCTDH Exp.
vi (OH) A’ 3575 3576 3568 3567 3570.5 3653 3636 3631 3637.16

v, v(CH) A" 2938 2940 2939 2937  2942.06 2880 2878 2874 2871 2873
vi v(C=0) A’ 1783 1783 1773 1774  1776.83 1824 1821 1810 1810 1818
vs 6(CH) A’ 1379 1380 1374 1375 1379.05 1394 1389 1384 1383

vs 6(OH) A’ 1305 1305 1300 1301  1306.14 1255 1246 1247 1246

Ve V(C-0) A’ 1108 1108 1106 1106  1104.85 1103 1096 1097 1097 1093
vy 6(0CO) A/ 627 627 623 623 626.17 668 657 652 652

vg Y(CH) A” 1034 1035 1032 1032 103347 1038 1020 1014 1011

vy Y(OH) A" 638 640 637 637 640.73 492 491 491 491 493.42

; Figure 4.1 Deviation between experimental and

trans c1s L
:I: computed formic acid fundamental wavenumbers
15 1 (Bexp = Veale = Vexp)- Experimental data are from
Table 4.8, pp. 91 (preferably IR) and computational
data from Refs. [21, 22, 27, 28]. Data for all
four H/D isotopologues are aggregated for trans-
and cis-formic acid with 43 and 19 data points,
respectively (Table 4.8). These 43 points com-
prise all frans fundamentals and their strong reson-
ance partners including 2vy (HCOOH), 2vg and 2v,
(DCOOH), v3+vg and 2vy (HCOOD), and v,+vg
% and 2vg (DCOOD). For the ICPH-VCI model, 10
—10 A and 8 data points are used, respectively, as v,
of cis is not reported in Ref. [21] and deuterated
—15 A data are not available. Each box extends from the
TMLPES RC_PES TMLPES RC_PES lov&fer quartile to the upper quart}le of the fiata, and
r r r : r r r r whiskers extend out to twice the interquartile range.
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where n = {n,,..., N,;, } is the vibrational excitation array that defines the combination/over-
tone level. Remaining errors would arise from vibrational anharmonicity. If a state is strongly
perturbed by resonances, the true error may deviate more than expected based on Eq. 4.1.

Impact of anharmonic effects

To highlight the role of anharmonic effects, we shall focus on the anharmonicity constants from
second-order perturbation theory, expanded in curvilinear normal mode coordinates. It is in-
structive to compare x; ; values as they allow a global comparison of anharmonic effects with
only N, (N, + 1)/2 = 45 parameters — the CVPT6 Hamiltonian has over 4000 terms, in con-
trast. Let us consider the two CO stretching vibrations v, and v,. For trans- and cis-HCOOH,
the CVPT6 data in Table 4.1 indicate a similar performance of the two potentials across both
conformers with pronounced deviations for v; (10-11 cm™!) and much smaller absolute differ-
ences for v, (1-2cm™!). The comparison to experiment further attests to a high accuracy for v,
in all four cases with deviations within 4 cm™~! whereas for v; absolute deviations range from —8
up to +6 cm~!. How does this affect predictions for excited vibrational states involving mode 3?
Fig. 4.2 provides some insights.
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Figure 4.2 Comparison of differences in vibrational constants of HCOOH (left trans, right cis) between the TM-
PES and RC-PES (in cm™!), e.g. Ax;; = x; j(TM-PES) — x; ;(RC-PES). The vibrational constants have been
computed with canonical Van Vleck perturbation theory, expanded in curvilinear normal mode coordinates. @ and
x are the usual harmonic wavenumbers and second-order anharmonicity constants (from Table D.3) and 70 the
eigenvalues of the CVPT6 Hamiltonian.
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Deviations between both potentials are disentangled in Fig. 4.2 into harmonic (Aw,) and in-
dividual second-order anharmonic contributions (Ax; ;) which are contrasted to the total CVPT6

deviations (Afxi@). Starting with v, based on similar errors in the harmonic (2.9, —1.3cm™)
and CVPT6 (2.1, —1.3 cm™") wavenumbers for trans- and cis-HCOOH, respectively, we can in-
fer similar net anharmonicities between both potentials. Comparison of Ax ; values in Fig. 4.2
illustrates that in the case of cis-HCOOH the similar performance of both potentials is largely a
result of error cancellation. The same applies to v; where again individual anharmonicity con-
stants are much more similar for frans — deviations are within +1cm™' — whereas for cis the
individual differences range from —6.5 up to 4.1 cm~!. Thus, the anharmonic corrections for
trans-formic acid are more similar on the two potentials and the resulting deviations in com-
puted energy levels can primarily be ascribed to deviations in the underlying harmonic force
field. This argument holds when comparisons are made to experiment for x, ; where the full
set of x constants is available for trans-HCOOH.'?® Returning to the task of estimating errors,
this means we can obtain reliable estimates for combination/overtone levels using Eq. 4.1. For
cis-formic acid, on the other hand, the difference between the surfaces in both harmonic and
anharmonic contributions is more pronounced.

Let us conclude by considering numerical examples for the respective overtones, 2v; and 2v,
of trans-HCOOH, where we can compare predictions to accurate gas phase band centres (see
Table 4.8, p. 91). Starting with 2v;, the ab initio CVPT6 predictions are 3545 and 3529 cm™! on
the TM-PES and RC-PES, respectively — the gas phase band centre is located in-between both
at 3534 cm~!. Subtracting the expected error yields much more accurate predictions with 3534
and 3536 cm™!, respectively. Similarly for 2v;, the ab initio predictions 2199-2204 cm™! can be
narrowed down to 2198-2199 cm~! which compare very well with the experimental band centre
at2196.3cm™!.

4.2 Resonance analysis of frans-formic acid fundamentals

Segments of the Raman jet spectra of formic acid and its three deuterated isotopologues are
shown in Fig. 4.3. Looking at the fundamental bands of the trans conformer, we see that sev-
eral fundamentals are perturbed by resonances (doublets connected by brackets), in some cases

128 In Ref. [126] the authors compiled experimental x;; values for frans-HCOOH from experimentally known
overtone and combination bands. In light of the v5 < 2vq label switch, x; 5 value must be updated to x; 5 =
4857 — 3570.5 — 1306.2 = —20cm™!.
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Figure 4.3 Overview of the Raman jet spectra of formic acid and its three deuterated isotopologues in the spectral
range of the six fundamentals v;-v¢ (nozzle temperature at 433 K; mind concentration variations, cf. Table A.1).
Fundamentals, which are visibly perturbed by resonance, are highlighted in red. In these cases, also the band
centre of the perturber and the band centre splitting is shown. Adapted from Ref. [91] (published under a Creative
Commons Attribution license, CC BY 3.0).

leading to a near 1:1 intensity distribution, such as is the case for the C—H stretch (v,) of trans-
HCOOD. In the following, these resonances are analysed.

The resonance analysis follows the theory as laid out by Herzberg [172, pp. 215] where
two central assumptions are made. The resonance comprises only two interacting levels and
only one transition carries intensity at zeroth-order. From the experimentally determined band
centres (V) and integrated band intensities (I), the magnitude of the coupling element can be
determined [239] in this approximation to

_1a7VR

= , 42
| expl 1 + R ( )

where R = I,/ 1, (R 2 1). The deperturbed band centre then corresponds to the centre of
gravity of the two bands. The observed intensity ratio, Iy, Iy, €quals the ratio of the square
of the mixing coefficients of the zeroth-order wavefunctions, b*:a?.

The results of the two-level resonance analysis are summarised in Table 4.2 together with
ab initio predictions of the coupling constant || from a cubic force field expansion of the
TM-PES. The three high-frequency stretching vibrations v,-v; and the OH/D in-plane bend (vs)
are involved in accidental degeneracies for at least one H/D isotopologue of formic acid but the
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Table 4.2 Resonance analysis for Fermi resonance-perturbed trans-formic acid fundamentals. Band centres and
coupling constants are in cm™!. “high” and “low” refer to the relative intensities, not the wavenumbers of the
respective bands. Error bars, given in parentheses, have been calculated using the Gaussian error propagation with
generous band centre uncertainties of +2 cm™! and integrated band intensity errors of +20%.

Band centre (Raman) Intensity (Raman) W
Iso. Perturber Low High Fund. (dep.) Loy * Thign Raman? Calc.
2 HCOOH Vo+v; 3567 3570 3569 2:3(0.5) 2(2) 0.3
v,  HCOOD V34V 2954 2938 2946 1:1(0.5) 8(2) 8.7
v,  DCOOD \ZeaZ 2194 2231 2219 1:2(1) 17(2) 18.9
V3 DCOOH 2vg 1725 1762 1747 2:3(0.5) 18(2) 18.3
V3 DCOOD 2vg 1725 1761 1747 2:3(0.5) 18(2) 18.1
Vs HCOOH 2vg 1220 1306 1296 1:7(2) 28(4) 39.6
Vs DCOOH 2vg 1206 1299 1286 1:7(2) 31(4) 42.7
Vs HCOOD 2vqg 1010 972 981 3(1):1 17(2) 16.8

“ For v, of HCOOD, only the Q branches are integrated to determine [W|. Similarly for vs of HCOOD, the bands
are integrated after subtraction of the depolarised components (L' —7/6 ||'), since vg overlaps with v5 and 2vy.
b Calculated from a cubic force field expansion of the TM-PES (see Egs. 2.37-2.38, p. 21).

coupling strengths vary which is reflected in the observed intensity transfers and band centre
splittings.

Resonance perturbations of v,. As expected from the small spectral splitting of 3cm™!, the
resonance of the O—H stretch (v,) of trans-HCOOH has the overall weakest coupling strength.
An assignment of the perturber to v,+v; is consistent with its absence in the DCOOH spectrum
and the small experimental coupling constant of 2(2) cm™! is in agreement with the vanishingly
small ab initio value. The very high intensity of v,+v;, despite the small coupling constant, and
its absence in the Raman spectra of the deuterated isotopologues clearly point at a dark state
gaining intensity from v, due to a ‘true’ near-degeneracy.'” CVPT6 on either analytic formic
acid potential, however, predicts an essentially pure v,+v; state without significant wavefunction
contribution from the zeroth-order O —H stretch. Given that the coupling is very weak, this is not
surprising, as the CVPT6 energy separation of both states is 7-8 cm™~!, thus 2-3 times larger than
the experimental splitting of 3 cm™~!. Only slight modifications of the harmonic O —H stretching
force constant by a few cm™! in order to reproduce the experimental fundamental band centre
yield mixing ratios of about 1:1 and a splitting of 2 cm~! on the harmonically-modified TM-PES.

Resonance perturbations of v,. Bertie ez al. reported a resonance between the C—H stretch
(v,) and a combination vibration of the two CO stretches (v;+V,) in the Raman gas phase spec-
trum of HCOOD [118]. The higher-wavenumber band they reported (2941.8 cm™', Ref. [118]),
however, corresponds to HCOOH impurities. Fig. 4.3 shows that v, of trans-HCOOD, coincid-
entally, is indeed involved in a strong resonance where the higher-wavenumber band is located at
2954 cm~!. This second band was probably not identified by Bertie et al. due to additional con-
tributions from the C—H stretch of the cyclic dimer which is nearby [118, 119]. Nonetheless, the

129 Using the relationship [239] 6 = A¥(R — 1)/(R + 1), where § is the deperturbed, zeroth-order separation
of the two interacting levels, we obtain 8 = 3(3/2 — 1)/(3/2 + 1) = 0.6cm™!. Thus, the significant intensity
transfer to v,+v; can be ascribed to an accidental near-degeneracy which leads to a pronounced mixing between
zeroth-order wavefunctions in spite of a vanishingly small coupling element.
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initially proposed assignment to v;+v, is correct and can be confirmed by CVPT6. Whilst the
lower-wavenumber band is slightly more intensive, indicative of a higher fundamental character,
a much more appropriate description of this resonance is provided by the polyad representation

ny + ng
2

Similarly in fully deuterated formic acid, v, is involved in strong resonances. This was already
recognised by Bertie and Michaelian who reported band centres for both [93]. Their assign-
ment of the lower-wavenumber band to v,+v, a combination vibration of the CD in-plane bend
and C-O stretch, also remains valid. Whereas in DCOOD the fundamental can be assigned
unambiguously, we can define a polyad quantum number in analogy to HCOOD

NYP =n, + (4.3)

ny + ng
2

The experimentally determined coupling strengths for both v, resonances are in good agreement
with cubic Fermi constants on the TM-PES (Table 4.2).

NE =n, + (4.4)

Resonance perturbations of v;. Upon C—H deuteration, the out-of-plane bend of this moi-
ety (vg) is shifted down by about 160cm™" and its first overtone becomes resonant with the
C=0 stretch (v;). This very strong resonance has been recognised early on and observed in gas
phase [93, 118, 227], jet-cooled [141, 149], and matrix isolation studies [117, 240]. A survey
of the existing (predominantly IR) literature shows that usually the lower-wavenumber band is
identified as the fundamental.'*® While both bands are of similar intensity in the Raman spectra
of DCOOH and DCOOD, the higher-wavenumber band is distinctly higher in intensity for both
isotopologues.'3!

The inverse intensity pattern between IR and Raman could be an indication for a breakdown
of the bright state picture, i.e. 2v;g carrying some intrinsic IR or Raman intensity. In the Ra-
man spectra of the two C—H isotopologues, HCOOH and HCOOD, 2vy is observed between
2055 and 2060 cm™. It is well separated from v, (~300 cm™!) and any other fundamental vibra-
tion (>400cm™). Its exceedingly small intensity confirms that 2vg is essentially a dark state.
Does 2vg perhaps have some intrinsic IR intensity? In Fig. 4.4, the Raman jet spectra of the
v3/2vg doublet are contrasted to highly diluted formic acid FTIR jet spectra using helium as
carrier gas.!* Across both isotopologues, the higher-wavenumber IR band is slightly but dis-
tinctly more intensive, in agreement with the much clearer Raman intensity pattern. Whereas
the Raman spectrum is free of clusters in this spectral region, the lower-wavenumber band of the
v5/2vg doublet overlaps with the IR-active C=0 stretch of the cyclic formic acid dimer which is
centred [147, 149] at 1719.3 (DCOOH) and 1717.5cm~! (DCOOD). Indeed, small dimer con-
tributions slightly distort the contours of the lower-wavenumber band in Fig. 4.4, providing a
plausible explanation for why it was identified as fundamental in previous IR studies.

The deperturbed separation of v; and 2vg is very small and amounts to a few cm™!. Partic-
ularly for anharmonic vibrational methods, the energetic order of fundamental and overtone is

130 1n the IR spectra of Millikan and Pitzer [92], the resonance-split bands were not resolved due to thermal broad-
ening of v; and 2vg. By embedding formic acid in a neon matrix [117], Redington was able to resolve both bands
and obtain deperturbed band centres following a two-level analysis [172]. Interestingly, the lower-wavenumber
band in Redington’s spectra is higher in intensity, as is the case in the high-resolution gas phase infrared spec-
trum of DCOOH that was reported by Goh et al. [227]. Madeja and Havenith did not show the spectrum of the
higher-wavenumber resonance partner in their rotational analysis of the DCOOD v; band [229] but a similar
scenario to DCOOH appears plausible.

131 The gas phase Raman spectra of DCOOH and DCOOD published by Bertie ef al. show the same intensity
pattern for v3 and 2vg [93, 118], as do the Raman jet spectra reported by Xue [119]. Note that for DCOOD,
Bertie and Michaelian assigned the perturber to 2vg [93] whereas for DCOOH, the perturber was ascribed to
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Figure 4.4 FTIR and Raman jet spectra the v5/2vg resonance doublet in DCOOH and DCOOD. The Raman spectra
are an excerpt from Fig. 4.3. See text for details on the FTIR spectra.

very susceptible to slight deviations in the nuclear vibrational treatment and underlying poten-
tial.'*3 Thus, it is questionable how meaningful it is to localise the fundamental and assign it to
either the lower- or higher-wavenumber band or simply withdraw into the polyad representation

g
Ny =n,+ > 4.5)
which is the most ideal pathway from the perspective of anharmonic vibrational calculations.

Resonance perturbations of v.. The last resonance perturbations in Table 4.2 involve the
OH/D in-plane bend (vs). As mentioned in the introduction, it undergoes a very strong reson-
ance with the overtone of its respective torsion vibration (2v,). Recently, Hull experimentally
confirmed [107] the proposed reassignment [21, 22] of the overtone to the lower-wavenumber
band. By providing the complementary Raman picture, Meyer could show by detailed com-
parison of the respective IR and Raman jet spectra of HCOOH that the intensity pattern of this
resonance is inverse between IR and Raman. In the Raman spectrum, the usual scenario of a
dark state stealing intensity from a bright fundamental is found, whereas in the IR, the overtone
is more intensive [86].'3*

ve+v; [118].

The FTIR spectra have kindly been provided by K. A. E. Meyer. Each FTIR spectrum has been averaged over
1000 individual scans. For internal reference, the DCOOH spectra were measured on 15.01.2020 (scans d-h)
and the DCOQD spectra on 07.01.2020 (scans b-h).

The sensitivity of the v3/2vg resonance to the vibrational treatment (and PES parametrisation) is perhaps best
illustrated by comparing CVPT6 to MCTDH. Utilising the RC-PES, Aerts et al. reported J = 0 MCTDH
energy levels for both conformers of all three deuterated formic acid isotopologues [27]. The CVPT6 en-
ergy levels for v; and 2vg of trans-DCOOD on this potential (1723.0 and 1760.5 cm™') agree within 1.5 cm™!
with the variational MCTDH predictions (1759.0 and 1721.5 cm™!), however, CVPT6 identifies the lower-
wavenumber component as the fundamental, whereas MCTDH predicts more fundamental character for the
higher-wavenumber level.

See Fig. 4.4 of Ref. [86]. The broad IR feature contains additional contributions from the cyclic dimer, more
specifically the v,, resonance triad (see Section 7.2). Comparing the intensity of this dimeric resonance triad
(Fig. 6.1, p. 116), which decreases with decreasing wavenumber, with the spectrum reported in Fig. 4.4 of
Ref. [86], one immediately sees that the monomeric contribution (centred at 1220.83 cm~!, Ref. [110]) is the
main contributor to the overall absorption feature in Fig. 4.4 of Ref. [86]. The higher-wavenumber IR band of the
vs/2vgy resonance doublet, however, is not discernible in the reported FTIR jet spectrum. This is consistent with
prior findings that the higher-wavenumber band of the bend-torsion doublet is less visible in the IR spectrum
of HCOOH [94, 95] which probably triggered the misassignment in the first place.

132
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Figure 4.5 Excerpt of the formic acid Raman jet spectra shown in Fig. 4.3. Note that intensities can quantitatively
be compared within each row but not across different rows, i.e. isotopologues. Adapted from Ref. [91] (published
under a Creative Commons Attribution license, CC BY 3.0).

Since 3V &~ V,, there is a significant number of multi-quantum states in the fundamental
range that are coupled through this bend-torsion resonance. Particularly for bookkeeping pur-
porses, it is very useful to define a resonance polyad quantum number

n
Ny=ng+2. (4.6)

Note that for larger values of N, the polyad definition needs to be adjusted (see Section 4.3.2).

It is worth noting that the two-level analysis of the Raman resonance pair yields a distinctly
smaller coupling strength than predicted by a cubic force field (Table 4.2). In the two-level
picture, the Raman intensity ratio of the 2v, and v5 bands would need to be 1:2 in order to
yield a coupling constant that quantitatively agrees with the cubic force field estimate. These
discrepancies could be indicative of additional electrical anharmonic effects that influence the
2v,y:vs Raman intensity ratio in favour of the fundamental or mechanical couplings to additional
states that are not included in the two-level bright state analysis, possibly v,. Itis also conceivable
that the cubic Fermi constant is missing important higher-order contributions [6, Section 3.4].
The value reported by Baskakov et al. (42 cm™', Ref. [95]), on the other hand, excellently agrees
with the cubic Fermi coupling element on the TM-PES (40 cm™!). That value was obtained by
fitting ro-vibrational IR lines using a semi-global effective Hamiltonian.

Deuteration data for this important resonance are partly missing and/or outdated. In
Fig. 4.5, we see how this resonance evolves in the Raman spectra upon deuteration. In trans-

135

135 See for example Refs. [93, 118, 232], references cited in Ref. [95], and also Ref. [117] (matrix isolation).
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Figure 4.6 Harmonic wavenumbers (in cm~!, TM-PES) of A’ symmetric trans-formic acid fundamentals and over-
tones between 850 and 1550 cm™! as a function of the C—H proton mass. A cross marks the point where the curves
would cross in the limit of no interaction.

DCOOH,'?® the resonance pattern remains qualitatively unchanged but the experimental two-
level coupling strength |W | slightly increases from 28(4) to 31(4) cm™!. The increase by 3 cm™!
quantitatively agrees with the increase of the computed cubic coupling constant but consequently
the absolute experimental coupling strength is still much smaller than predicted with a cubic
force field (see Table 4.2). Since C—H deuteration minimises the involvement of v, in the bend-
torsion resonance, the necessity to include v, in the bright state analysis appears less likely as
the major source of this discrepancy. In trans-HCOOD, the fundamental moves below the over-
tone which gains in relative intensity. The bright state Raman coupling strength decreases to
17(2) cm~! as expected for the smaller OD amplitudes (Table 4.2). For trans-HCOOD, the ex-
perimental and calculated coupling constants agree within the generous experimental error bars.
A look into the corresponding FTIR jet spectrum of HCOOD (see Fig. 6.2, p. 117) shows that
both bands have a near 1:1 intensity ratio, providing further evidence that 2v, has intrinsic IR
intensity.'%’

The OD bend-torsion resonance in DCOOD. In fully deuterated trans-formic acid, the res-
onance between vs and 2v, is seemingly detuned and 2v, is not observed in the Raman spectrum
(Fig. 4.5). It was recognised early on that the two in-plane bending vibrations, v, and vs, must
strongly interact in trans-DCOOD based on their wavenumber shifts relative to that of both
singly deuterated trans-formic acid isotopologues [92, 241]. Indeed, Fig. 4.5 shows that the two
trans-DCOOD bands at 945 and 1039 cm™! are either above or below their respective counter-
parts in singly-deuterated formic acid which are near-isoenergetic (971-972 cm™!). This mode
mixing is further reflected in the band shapes of v, and vs. In the other three isotopologues, vs
has a much smaller depolarisation ratio than v,, resulting in a large polarised component to the
O branch and, therefore, high intensity ratio of its Q branch relative to the AJ # 0 rotational
contour. In trans-DCOQOD, however, v; is strongly depolarised, as indicated by the low intensity
of its O branch.

Analysis of the harmonic wavenumbers of the three normal vibrations v,, vs, and v, as a
function of the C—H proton mass from 1m('H) up to 2m('H) allows us to inspect the magnitude
of the avoided crossings. Fig. 4.6 shows that the avoided crossings are very large (40-130cm™!)

136 Note that only the higher-wavenumber band was observed by Bertie ef al. in the gas phase Raman spectrum of
DCOOH [118].

137 In this context, results from a two-state IR bright state analysis [107] must be viewed with caution.
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Figure 4.7 FTIR and Raman jet spectra of DCOOD intensity-scaled to the C—O stretching fundamental of the
monomer (not shown) with the lowest intensity in a reservoir pressure series (IR) or temperature series (Raman).
Isotopic H/D impurities are marked with a hash symbol (#) and clusters with an asterisk () and hot bands are
labelled as “h”. The Raman spectra were published in Ref. [86, p. 222] and are kindly provided by the author. The
FTIR jet spectra are shown in Fig. 6.2 (p. 117; scaled instead to a cyclic dimer band).

which is indicative of a strong interaction between v,, vs, and v, [99]. The delocalisation of the
two bending vibrations is only very small in hydrogenated and singly deuterated trans-formic
acid since the avoided crossings appear near half-integer masses of 1.5m('H). Indeed, the bend-
ing normal modes shown in Fig. 4.5 mostly correspond to local bending vibrations of the OH/D
or CH/D moieties for these isotopologues. One avoided crossing of v, and vs, however, acci-
dentally coincides with an integer value that corresponds to trans-DCOOD. The normal modes
in Fig. 4.5 show that the two respective normal modes can alternatively be classified as in-phase
(v4) and out-of-phase (vs) linear combinations of the local mode CD and OD in-plane bends.

Correcting the two CVPT6 predictions of 2v, for the expected error (Eq. 4.1), the gas phase
band centre is expected at (966 + 1) cm~!. Indeed, Meyer observed a band at 965 cm™! in the Ra-
man jet spectrum of DCOOD at slightly higher acid concentrations than employed in this work
which seems to scale like a cold monomer band [86]. The spectra are kindly provided by the au-
thor and are reproduced in Fig. 4.7. Since the bending fundamentals of singly deuterated formic
acid are both centred slightly above 970 cm~!, an alternative assignment to isotopic impurities
(including carbon-13) can safely be ruled out, leaving 2v, as the only possible trans-DCOOD as-
signment (Table D.7). Since 2v, seems to carry intrinsic IR activity for the other isotopologues,
a comparison with the corresponding IR spectrum can provide further confirmation. Monomer-
scaled FTIR jet spectra of DCOQOD at different reservoir pressures are shown in the top panel of
Fig. 4.7. Centred at 965 cm™!, there is an absorption feature that scales like a monomer and the
5-6 cm™! separation of the maxima matches the separation of the P and R branch maxima of
the nearby v5 fundamental, further strengthening an assignment to trans-DCOOD, i.e. 2v,. In
the gas phase, the band centre is shifted by +2 cm™! relative to a weakly perturbing neon matrix
where it was observed at 962.8 cm~! by Redington [117].

4.3 Assignment of overtone and combination bands

All M bands are A’ symmetric, as indicated by their band contours and confirmed by depolarisa-
tion measurements in critical cases where an A” assignment seems equally possible (see spectra
in Chapter 3). Therefore, we will only consider A’ symmetric energy levels in the following
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discussion which greatly simplifies the assignments. The band centres and vibrational mode
assignments are compactly listed in Table 4.3.

4.3.1 M bands below 2600 cm!

Based on a sum-of-fundamentals estimate of the expected positions of binary A’ states, it should
be expected that some observed M bands correspond to multi-quantum vibrational excitations
(An > 3). In Ref. [28], the mode assignments were based on CVPT6 energy levels com-
puted on the TM-PES and RC-PES. Such a comfortable situation is rather the exception and
for other increasingly larger systems, ab initio VPT2 at the MP2 or DFT level is often the most
(or even only) affordable method when also factoring in the availability of computing facilit-
ies and overall computation time. It is more instructive to try assigning the M bands based
on semi-experimental SOF+x. The vibrational energy levels are calculated using the second-
order expression in Eq. 2.17 (p. 17). To enhance the accuracy, experimental fundamentals (see
Table 3.2, p. 49) are combined with MP2/aVTZ x constants.

The majority of M bands is located between 1500 and 3200 cm™'. They are shown in Fig. 4.8
for all four H/D isotopologues in the top panels together with all fundamentals in this spectral
region. In the respective bottom panels, semi-experimental SOF+x predictions are included
for all A’ symmetric two-quantum energy levels except for those that are already assigned (see
Table 4.2, p. 64). Building on the preceding analysis of resonance polyads in formic acid, it is
quite obvious that we need to additionally consider those ternary and quaternary states that are
in resonance with binary states, e.g. v;+2v, which is coupled to v;+vs or vs+2v, and 4v, which
are coupled to 2vs in trans-HCOOH. The polyad representation comes in handy, as it provides
a recipe which ternary and quaternary states to include. The excitation array n = {n,, ..., ny} is
modified for each isotopologue based on Egs. 4.3-4.6:

n(HCOOH) = {n,, n,, ny, ny, Ns, ng, ny, ng}
n(DCOOH) = {n,,n,, N;,n,, Ny, ng, n,}
n(HCOOD) = {n,, NSD, Ny, ny, Ns, Hg, N7, Hg }
n(DCOOD) = {n,, N;Z, N, ny, ng, hg, Ny, Ny }

In Fig. 4.8, different values of N, are reflected in the colour. States are green if all N, = 0.
Red and blue are reserved for cases where at least one N, is 1 or 2, respectively. Note that
‘disconnected’ polyads, e.g. { N5, N5} = {1, 1}, are red and not blue. For red and blue states, the
SOF+x expressions must be adjusted to incorporate resonance effects.!*® For third overtones,
e.g. 4v, (N, = 2), there is a certain indeterminacy since different second-order formulations
exist'* that are only strictly equivalent in the absence of resonances. In these cases, appropriate
error bars'*? are provided in Fig. 4.8. Note that for HCOOD, the error bars are narrower than the

138 To incorporate Fermi resonance effects, the appropriate SOF+x expressions (Table 2.1, p. 17) are modified by
replacing 2 X (V;) + 2x; ; with 2¥; for resonance-perturbed first overtones and V; + x; ; + V; with \FVJ for binary
combination levels.

139 47, can either be computed from the fundamental 4 x (¥;) + 12x; ;, the fundamental and first overtone 2 X (¥;) +
2¥; + 10x; ;, the fundamental and second overtone ¥; + 3¥; + 6x; ;, and just the first overtone 2 X (2¥;) + 8x; ;.

140 With ¥, 27y, and 37, available for HCOOH, 47, can be estimated in four different ways (see note 139):

4% (Ty) + 12x y = 4 X 640.73 = 12 x 10.8 = 2433 em ™",

2 () + 27 + 10x} , = 2 X 640.73 + 1220.83 — 10 x 10.8 = 2394 cm,
T + 37 + 6x5 = 640.73 + 1931.1 - 6 X 10.8 = 2507 cm ™",
2 X (27) + 8x% g = 2% 1220.83 — § x 10.8 = 2355cm ™,
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Table 4.3 Band list (¥, in cm™!) of cold trans-formic acid bands in the monomer-optimised Raman jet spectra
(Chapter 3). All bands are polarised and, therefore, A’ symmetric. Fundamentals and their strong Fermi resonance
partners were discussed previously and are not included here (see Table 3.2, p. 49). Energy levels are computed
with CVPT6 on the TM-PES and RC-PES. Note that vibrational levels are labelled according to Table 2.2 (p. 35).

CVPT6 Assignment CVPT6 Assignment

¥y TM-PES RC-PES Label r ¥y TM-PES RC-PES Label r
trans-HCOOH trans-DCOOH (continued)
M, 1673 1675 1668  vg+v, A | My 3563 a A
Mg 1726 1732 1725  vg+v, A | My 3607 a A
Mc 1737 1743 v3(1*C) A’
Mp 1847 1850 1839  v;+2v, A’ | trans-HCOOD
Mg 1931 1932 1921  vs+v, A | M, 1150 1154 ve(1°C) A
Mg 2060 2066 2060 2vg Al Mg 1527 1529 1522 sty A
Mg 2197 2204 2199 2y A | Mc 1539 1542 1536 vgtv, A
My 2298 2305 2295  4vy/vg+2v A | Mp 1730 1734 1730 vg+vy A
M; 2301 2304 2292 vi+vgtug A | Mg 1733 1740 v3(1C) A
M; 2336 2338 2331 vg+2vg/4vy A | Mg 1953 1955 1946  2vs A
Mg 2395 2402 2389  vi+v, A | Mg 2055 2061 2057 2vg A
M; 2400 2405 2396  vs+vg A | My 2327 2334 2323 vty A
My 2504 2507 2499  vs+2vy/2vs A | M 2341 2348 2345 2y A
My 2678 2678 2669  v4+vs Al My 2692 2697 2689 vstvgtvg A
Mg 2746 2747 2736 2y, A | Mg 2710 2713 2709  vetvgtvg A
Mp 2928 2928 v,(1*C) Al M 2713 2712 2707 2y, A
Mgy 2960 2964 2952  v,+4vg A | My 2741 2749 2737 vitvs A
Mg 2995 3002 2987  v3+2v, A | My 2782 2788 2775  v342u A
Mg 3081 3087 3073  vi+vs A | My 2880 b A
Mp 3153 3160 3145  vi+y, A | Mp 2892 ¢ A
My 3559 a A" | Mg 2933 2935 2922 vu4v+2v A
My 3609 a A | Mg 3092 3096 3089  vytvetvg A

Mg 3137 3145 3132 w3+, A

trans-DCOOH My 3184 3191 3182 v +v, A
M, 1508 1509 1503  vg+v, A | My 3529 3540 3525 2w A
Mg 1693 1699 2vg(BO)v;(BC) A
Mc 1828 1830 1820  v,4+2v A’ | trans-DCOOD
Mp 1919 1921 1910  vs+v, A | M, 1146 1149 ve(1°C) A
Mg 1937 1936 1937 2y, A | Mg 1690 1698 2vg(BPCO)vy(13C) A
Mg 2103 2106 2101  v,+v, A | M 1720 1723 1717 vgtvy A
Mg 2174 2175 2170 vy+2v A | Mp 2073 2074 2065 2y, A
My 2200 2200 v,(130) A | Mg 2108 2110 2106 vs+vg A’
M; 2271 2269 2263 vu+vs A | Mg 2126 2129 2123 vg+2u A
M; 2277 2282 2272 2y A | Mg 2210 2211 v (1C) A
Mg 2290 2293 2283 4y, A | My 2330 2338 2329 2 A
M; 2342 2344 2337 vg+2u A | M, 2647 d A
My 2428 2431 2421 vs4vg A | M, 2656 2660 2652 vs+vgtvg A
My 2695 2701 2695  vy4+2vg/vs+vy A’ | Mg 2668 2673 2665  vs+2vg/vitvs A/
Mo 2731 2736 2733 vitvy/vg+2vg A’ | My 2704 2707 2702 vy4vs/vs+2vg A/
Mp 2860 2870 2858  wvgH+2vg/vs+ves A’ | My 2761 2768 2757 vu42vg/vitv, A
Mg 2898 2906 2896  vitvg/vet2vg A’ | My 2797 2803 2795  vitvy/vgt2vg A/
Mg 3352 3352 3347 w4y A" | Mg 2888 2898 2888  vgH+2vg/vztv, A’
Mg 3404 3408 3398  vgt+dvg A | Mp 2926 2934 2926 vytvg/vgt2vg Al
Mp 3421 3424 3409 3y, A" | Mg 3181 3188 3178  v+yy A

@ Likely a member of a highly-excited bend-torsion polyad (see pp. 78).

b~ Assignment ambiguous, either v3+2v; of trans-HCOOD or v, of trans-H'*COOD (see pp. 77).
¢ Assignment ambiguous, either 2vg+v; or v4+vs+v; (see pp. 77).

4 Possibly a trans-D'>*COOD band (see p. 77).
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Figure 4.8 Observed M bands in the Raman jet spectra of formic acid and predicted semi-experimental SOF+x band
centres for all A’ symmetric two-quantum trans-formic acid states and their Fermi resonance partners. Different
excitations of resonance polyads (IN;) are reflected in the colour (0 = green, 1 = red, 2 = blue). Straightforward
assignments, which are in agreement with CVPT6 results, are greyed out. See text for details.



4.3. Assignment of overtone and combination bands 73

width of the symbol and thus not shown. Moreover, based on the close proximity of the three
N, = 2 states, these particular SOF+x predictions must be used with caution.'*!

Several M bands in Fig. 4.8 can be assigned right away on the basis of the SOF+x predictions
and/or by comparison to other isotopologues. These assignments are highlighted in grey and
agree with the previous CVPT6-guided assignments [28]. The remaining M bands are discussed
in the following.

M bands below 1500 cm~!.  In the HCOOD (M,) and DCOOD (M, ) spectra (Fig. 3.6, p. 56),
a band is observed near the C—O stretch (vg) which is shifted from it by —26 and —24 cm™!,
respectively. The isotope pattern, i.e. the similar shift, and absence of this band in the HCOOH
and DCOOH spectra indicate an assignment to v, of the respective trans-formic acid-"C iso-
topologues. The relative intensities match the natural abundance of carbon-13 and the isotope
shift for HCOOD is in excellent agreement with previous observations in a weakly perturbing
neon matrix [117].

By comparing the monomer-optimised spectra (Fig. 3.6, p. 56) with the Raman jet spectra at a
higher acid concentration (Fig. 6.3, p. 118), itis possible to identify carbon-13 bands of HCOOH
and DCOOH that are otherwise hidden underneath hot bands. Monomeric hot and carbon-13
bands are labelled “M,” and “M,;” in the latter, respectively. Since the dimer-optimised spectra
have been recorded at much lower nozzle temperatures and are intensity-scaled to dimer bands,
monomeric hot and monomeric carbon-13 bands can be distinguished by their scaling behaviour
with temperature — faster increasing monomer bands correspond to cold bands.!'#?

M bands between 1500 and 1800 cm~!.  To the lower-wavenumber side of the C=0 stretching
fundamentals (v;), there is one additional band in the spectrum of each isotopologue which
does not correspond to any binary vibrational energy level or higher-excited Fermi resonance
partner (Fig. 4.8). Moreover, there are no other higher-excited A’ symmetric energy levels in this
spectral region for any H/D isotopologue of trans-formic acid. In analogy to the surplus bands

where the former equation incorporates no resonance effects (even x is deperturbed). The bend-torsion res-
onance effectively pushes 47, towards lower wavenumbers, thus 2355cm™! can be regarded as an upper-
bound limit whereas the lower-bound is estimated from the difference without and with resonance effects,
2355 — (2433 — 2355) = 2277cm~!. The SOF+x prediction shown in Fig. 4.8 and Table 4.3 is the aver-
age of these limits with error bars extending from 2277 to 2355 cm™!. The same procedure is carried out for
4vy of trans-DCOOH and trans-HCOOD.

With increasing quantum numbers in the bend-torsion polyad, the off-diagonal coupling elements increase
(Eq. 2.37, p. 21). Defining W = ¢s g 9/4, the lower-triangular parts of the VPT2+F Hamiltonians take the
following forms:

141

H (vs)* H @y
Ns=1 1% Ne=2
—= =" —= = (V2w (vsH2u)"
hc * hc
W@ 0 VoW (dve)*
Vo

As long as bend-torsion states are not perturbed by other accidental resonances, we would expect the maximum
separation of states to increase from N5 = 1 to N5 = 2. The SOF+x predictions in Fig. 4.8 become suspiciously
close in HCOOD. This could be indicative of a sequence change from N5 = 1 to N5 = 2, i.e. 4¥y moving below
275, which cannot be described in this simple model.

142 Below 1500 cm™!, two such frans-formic bands are observed in the HCOOH spectrum (1095 and 1295 cm™!)
and one in the DCOOH spectrum (1128 cm™!). The two bands at 1095 and 1128 cm™! are easily identified as
vg of trans-H'3COOH and frans-D'3COOH, respectively. The H'3COOH band centre is in excellent agree-
ment with the available high-resolution band centre (1095.40 cm~!, Refs. [242, 243]). In analogy, the band at
1295 cm™~! can be identified as the OH in-plane bend (vs) of trans-H 13COOH. The previously reported gas phase
band centre (1206.7 cm™!, Ref. [244]) must be reassigned to 2vq of trans-H'>*COOH in light of the vs < 2v,
label switch.
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near v, the additional band for each isotopologue can be assigned to the respective carbon-13
species. In the HCOOH and HCOOD spectra, the carbon-13 v; band is close to vg+v, of the
carbon-12 isotopologue. By comparison of the observed hot bands near v, and experimentally
available carbon-13 shifts, v4+v; can be assigned to the respective lower-wavenumber band in
the HCOOH (Mg) and HCOOD spectrum (Mp).!** The assignments of the carbon-13 bands
in the DCOOH and DCOOD spectra (both My), on the other hand, are clear. The substantial
isotope shifts indicate that the v,/2v4 resonance persists in trans-D'?*COOH and trans-D'?COOD
and the observed carbon-13 bands correspond to the lower-wavenumber pair of this resonance
doublet whereas the higher-wavenumber band is most likely hidden underneath the carbon-12
doublet.'**

M bands between 1800 and 2600 cm~'. Moving beyond the v, fundamental and climbing the
spectral ladder up to 2600 cm™!, the onset of the O—D stretching band (v, ), there are clusters
of bands in the HCOOH (M;-M; ), DCOOH (M;-My ), and DCOOD spectra (Mg-M;) and one
single band in the HCOOD spectrum (Mg) that require a detailed discussion. The following
discussion is sorted backwards, starting with HCOOD.

On the basis of the visualised SOF+x predictions (Fig. 4.8), one could ascribe M of HCOOD
to a transition into a state in the N5 = 2 polyad. The CVPT6 energy levels in Table D.6 confirm
this and indicate an assignment of My, to the OD bending overtone 2vs, as opposed to vs+2v, as
indicated by SOF+x. It should be noted that SOF+x fails in reproducing the correct sequence
Vs+2Vy > 2Vs > 47, because the relative position of the two overtones, 2vs and 4v,, is inverse
to the energetic order of v5 and 2v, (see note 141, p. 73).

For DCOOD, SOF+x suggests the assignment of Mg, to vs+v, which is confirmed by CVPT6.
Moreover, inspection of the CVPT6 list of A’ symmetric energy levels in this region shows
that Mg (2126 cm™!) corresponds to vg+2v, (Table D.7). Note that v +2v, was not included in
Fig. 4.8 because of the weakening of the OD bend-torsion resonance in trans-DCOOD (pp. 68).
Indeed, the 3:2 intensity ratio of My and Mg, rather indicates direct intensity gain from the nearby
v, fundamental than resonance-mediated intensity transfer due to a strengthening of the bend-
torsion resonance which remains similarly weak between vs+v, and v,+2v,. The last unassigned
DCOOD band in this spectral region (M) does not correspond to any trans-DCOOD energy
level of A’ symmetry which similarly applies to the DCOOH band My, (cf. Tables D.5 and D.7).
Considering that both these bands are red-shifted relative to the respective C—D fundamental
(v,), a carbon-13 assignment appears very plausible for this particularly Raman-active mode.
Indeed, the harmonic carbon-13 red-shift of v, is 19-20 cm™! for both isotopologues on the TM-

143 For HCOOH, the assignment of vg+v, to My is clear in view of computed CVPT6 energy levels (Table D.4)
and the vg hot bands where vg+v;—v; can unambiguously be assigned (pp. 83). With Mg assigned to vg+vs,
M can be ascribed to v of trans-H'>COOH. Note that an alternative assignment of M to vg+vy (A”) can be
ruled out since all M bands are polarised, thus totally symmetric. The resultant carbon-13 shift of —39 cm™! is
in excellent agreement with the observed —40 cm™! in the thermal gas phase and in a neon matrix [117, 244].
In analogy to HCOOH, M, (1730 cm™!) is ascribed to vg+v; of trans-HCOOD and Mg (1733 cm™!) to v; of
trans-H'3COOD. These assignments are commensurable with respect to the carbon-13 shift which is —39 cm™!
for HCOOH and HCOOD and the assignment of vg+v;—v; in the HCOOD spectrum (pp. 83). The rotational
fine structure of the vg+v; band has been investigated in the past and three band centres (different effective fit
Hamiltonians) have been published, 1735.27 [245], 1735.81 [246], and 1732.08 cm~! [228]. The Raman jet
band centre agrees within the error bars of +2 with the most recent value [228].

A harmonic estimate using the TM-PES shows that the 5 red-shift (37-38 cm™!) is quantitatively matched
by the 2wy red-shift (36 cm™!) for both C—D isotopologues of trans-formic acid when replacing carbon-12
with carbon-13. By transferring the experimental resonance splitting from the carbon-12 to the carbon-13
isotopologues, we can estimate the approximate positions of the unobserved higher-wavenumber bands: 1762+
(1693 — 1725) = 1730cm™! (trans-D'3COOH) and 1761 + (1690 — 1725) = 1726 cm™! (trans-D'3COOD).
For comparison, the lower-wavenumber band of the resonance doublet is located at 1725 cm™! in the carbon-12
isotopologues.

144
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PES in excellent agreement with the observed red-shifts for My; (DCOOH, 19 cm™') and M
(DCOOD, 21 cm™!). Remembering that v, of frans-DCOOD is resonance-perturbed (pp. 64),
the similarity of the carbon-13 shift across both C—D isotopologues indicates that the resonance
between v, and v,+v, persists in trans-D'?*COOD which is confirmed by CVPTS6.

With My, in the DCOOH spectrum assigned, we can turn to the assignments of the remain-
ing DCOOH bands (M;-My). SOF+x indicates plausible assignments to v,+vs, 2v,, and 4v,,
respectively, which are confirmed by CVPT6. It is noteworthy that even the relative sequence of
the three bands is correctly predicted by SOF+x. Most crucial is the assignment!'* of M; to 2v;
as the assignments of M; and My are then trivial based on their large wavenumber separation
(19 cm™). Note that 4v, and v+2v, are predicted to be in resonance.

The assignments in this spectral region for DCOOH and HCOOD facilitate the assignment
of the remaining HCOOH bands My-M; . M (2395 cm™!) and M; (2400 cm™!) can unambigu-
ously be ascribed to v;+v, and vs+v,, respectively — an inverse assignment is not compatible with
the observed hot band structure near v; and v5 (see Section 4.4). The list of candidates for the re-
maining three HCOOH bands (My;-M;) is clear in light of the additional symmetry information.
After exclusion of A” symmetric states, which are not compatible with the observed polarisation
of the bands, this leaves only four possible vibrational states in this spectral region: v;4+vg+v,
4vy, Ve+2vy, and vg+2v, — the next higher and lower A’ symmetric levels are 2v, (2197 cm™,
M) and v;+v; (2395cm™!, Mg). SOF+x correctly rules out vg+2v; which is expected above
2350 cm™! but for the individual assignments of My-M;, the CVPT6 results must be consulted.
The SOF+x estimates of vs+2v, and 4v, are near-isoenergetic and located halfway in-between
the observed band centres, indicative of an accidental near-degeneracy. Indeed, CVPT6 pre-
dicts a near 1:1 resonance between v +2v, and 4v, (states 30 and 31, Table D.4). In light of
this, M, is assigned to v;+vg+v, which is the lowest-intensity band out of the three. The CVPT6
eigenvector coefficients of v;+vg+v, indicate an accidental and weak resonance with the 4v,
and vg+2v, doublet which might explain the absence of v;+v3+v, from the Raman spectra of
deuterated formic acid. In analogy to DCOOH, where 4v, is below v,+2vy (Mg and M, ), My of
HCOOH is primarily ascribed to 4v, but it must be stressed that 4v, and v+2v, should rather
be treated as a quantum doublet in HCOOH.

4.3.2 Excursus: The OH bend-torsion polyad at N; = 2 — involvement of
the C-0O stretch

The preceding analysis showed that many HCOOH combination/overtone bands are observed
in the Raman spectra between 2200 and 2600 cm™! (Table 4.3). This is quite remarkable given
that for deuterated isotopologues — which have a higher density of vibrational states — clusters of
bands are usually found in the vicinity of fundamentals. For most observed bands, we can ration-
alise their visibility in the bright state picture through wavefunction overlap from the bright fun-
damentals [28]. Fig. 4.8 shows that in this particular spectral region, there is the interesting situ-
ation of different N polyads intersecting in HCOOH, more specifically {n,, ns, N5} = {1,0,1},
{0,1,1}, and {0,0,2}. Before continuing with the assignment of M bands above 2600 cm™!, it
is instructive to have a closer look at these polyads, especially with regard to the strong mixing
of 4v, and v,+2v, — members of {0,0,2}, and {0, 1, 1}, respectively — and its implications for
higher excitations in the bend-torsion polyad. !4

145 A previous high-resolution IR study locates the 2vg band centre of trans-DCOOH at 2254.24 cm™! [226] which
is more than 20 cm~! below the Raman jet assignment and CVPT6 predictions. The analysis of the experimental
data for the three other H/D isotopologues and CVPT®6 results for trans-DCOOH in Section 4.5 independently
lead to the conclusion that the 2v, band centre of trans-DCOOH is between 2270 and 2280 cm ™.

146 The following analysis closely follows the discussion in Section IV.C of Ref. [28]
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Figure 4.9 Eigenvalue differences between the full CVPT6 Hamiltonian and either (left) the CVPT6 OH bend-
torsion polyad Hamiltonian or (right) the fully coupled CVPT6 10-state Hamiltonian plotted against the full CVPT6
wavenumbers for trans-HCOOH.

The presence of significant mixing between states that share the polyad quantum number N5
makes it challenging to identify additional resonance interactions between zeroth-order states.
One way to circumvent this issue is to examine the couplings in the polyad eigenstate represent-
ation where all the couplings between states sharing common {n,, ..., ny, N, ng, ..., ng} quantum
numbers are subsumed into the zeroth-order CVPT6 effective Hamiltonian. The 10x10 Hamilto-
nian matrix in this representation is visualised in Fig. 4.9 for states that satisfy the condition
2 = n, + ng + N5.'* Note that the diagonal values of this 10-state Hamiltonian are simply the
eigenvalues of the polyad eigenstate representation. The ordinate represents the wavenumber
difference between the eigenvalues of the full CVPT6 Hamilton matrix and either the polyad
eigenvalues (left, disks) or those of the 10x10 effective Hamilton matrix (right, crosses). The
blue points in Fig. 4.9 correspond to N5 = 2, the red points correspond to Ny = 1, and the green
states have N5 = 0. The smaller the vertical distance to zero in Fig. 4.9, the better the polyad or
10-state effective Hamilton representation.

There are two important results of the Ny polyad representation. First, the similarities
between CVPT6 eigenvalues of the full and effective 10x10 Hamiltonian (+1cm™!) indicate
that there is only minor coupling between the states shown in Fig. 4.9 and all other states of
the full CVPT6 Hamilton matrix, with one exception; the C—H bending overtone 2v, ({2,0,0})
is missing contributions from the C—H stretch (v,). Upon inclusion of v, into the effective
Hamiltonian, the {2,0,0} eigenvalue agrees to within 1 cm~! with the CVPT6 value. Finally,
the diagonal elements, i.e. polyad eigenvalues, match reasonably well with the eigenvalues of
the 10x10 matrix or the full CVPT6 Hamiltonian, with only two exceptions. The exceptions
are indicated by the double-headed arrow which result from an isolated resonance between the
lowest energy states of the {0,0,2} and {0, 1, 1} polyads. The cubic term that mediates this
interaction is the same that couples v, and 2v, in the original normal mode representation. The
current representation is an excellent basis for describing the coupling.

Inspection of CVPT6 eigenvectors at higher excitation wavenumbers indicates that the C—O
stretch (vg) remains an integral part of the OH bend-torsion polyad for Ny > 2. Thus, Eq. 4.6

147 The effective 10x10 CVPT6 Hamiltonian matrix is shown in the supplementary material of Ref. [28]
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(p. 67) should be modified to include the C—O stretch starting with!*® Ny = 2:

n

4.3.3 M bands above 2600 cm~!

M bands between 2600 and 2800 cm~!. Fig. 4.8 shows that the majority of the observed
DCOOD bands above 2600 cm™! correspond to different N; = 1 polyads. By comparing the
splittings for different { N5, n;} = {1, 1} pairs, e.g. v;+v, and vg+2vg, we can safely assign My
to { N5,ns} = {1, 1}. The two weaker bands at 2647 cm~! (M;) and 2656 cm™! (M;) are hidden
underneath the rotational contour of the OD stretch (v,) and are unveiled by depolarisation meas-
urements (Fig. 3.3, p. 53). Inspection of SOF+x predictions for other ternary and quaternary
energy levels (not shown) reveals a possible assignment of M; to vs+vg+v,. CVPT6 confirms
this assignment and further indicates that M; most likely does not correspond to a vibrational
transition in trans-DCOOD (cf. Table D.7). An assignment to v, of trans-D'>*COOD would be
surprising in light of the pronounced blue-shift (+16 cm™!). However, it is noted that CVPT6
does predict an unusual sensitivity of this mode towards carbon-13 exchange (cf. Tables D.2
and D.7) and very strong resonance perturbations which are most likely the cause. Indeed such
perturbations in the carbon-13 analogue are to be expected based on the available carbon-12 data
in this spectral region.'#

Lastly, there are three HCOOD bands (M;-M; ) whose assignments deserve a few comments.
The most intensive band at 2713 cm=! (M, ) corresponds to 2v,. The band centre compares well
with the previously reported Raman band centre at 2714 cm™' [118]. Out of all possible A’
symmetric ternary states, vs+vq+v; and vg+vg+v, are the most plausible assignments for the two
weaker bands (M; and My ) given that also vs+v; and vg+v, are observed at lower wavenumbers
(Mg and M). SOF+x band positions (2692 and 2708 cm™!) are in excellent agreement with the
experimental band centres (2692 and 2710 cm™!). These assignments are supported by CVPT6
energy levels which show that the only other A’ symmetric state in this spectral region, 3v,+2v,,
is expected halfway between M; and Mg when including the expected error (Eq. 4.1).

M bands between 2800 and 3200 cm~!. The remaining M bands below 3200 cm™" are located
near the C—H stretching fundamentals (v,) of HCOOH and HCOOD. Meyer was able to unearth
two peaks at 2928 cm™! (M) and 2960 cm™! (Mg) that are hidden underneath the pronounced
rotational contour of v, in the Raman spectrum of HCOOH [86, p. 54]. The lower-wavenumber
band (M,) corresponds to the C—H stretching fundamental of trans-H'?COOH."* A survey
of the SOF+x predictions for all three- and four-quantum energy levels indicates that there is
no possible trans-HCOOH assignment for M. CVPT6 on the TM-PES predicts only one A’
symmetric energy level between 2940 and 2980 cm™!, v;+4v,. This assignment is further cor-
roborated by the bright state model since v;+4v, has a squared wavefunction contribution from

148 The hot band analysis for vg reveals substantial involvement of the C—O stretch already starting with N5 = 1.5
in trans-DCOOH (pp. 83).

149 In trans-D'3COOD, the CVPT6 eigenvectors indicate strong mixing between v, and vs+2vg which, in turn,
belongs to a polyad that includes v3+vs and vs+vg+v;. All three combination states are observed in the Raman
jet spectrum of DCOOD (M;-M; ). Neglecting the sensitivity of vs to carbon-13 isotopic exchange, we can
approximate the isotope shift of M; (2668 cm™!, vs+2vg) by transferring the carbon-13 shift of 2vg which is
experimentally known. This yields 2668+ (1690—1725) = 2633 cm™! for vs+2vg for trans-D 13COOD which is
just slightly above the v, fundamental of trans-DCOOD at 2632 cm™!. A near-degeneracy in trans-D'3COOD
thus appears very plausible.

150 The carbon-13 red-shift in the Raman spectrum (14 cm™!) agrees with IR values in a weakly perturbing neon
matrix (14.5cm™!, Ref. [117]) and high-resolution thermal gas phase (11.3cm™!, Ref. [244]). The absolute

band position deviation for v, of trans-H! 3COOH between IR gas phase [244] and Raman jet amounts to 1 cm™!.
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the C—H stretch that is higher than that of v,+vs which is also observed in the Raman spectrum
(MN).ISI

The three HCOOD bands M-Mg, cannot be assigned based on the energy levels included in
Fig. 4.8. Again, we turn to CVPT6 energy levels which show that this spectral region is dom-
inated by different N5 polyads. Overall, there are six A’ symmetric energy levels in this region
(states 92-97, Table D.6). When correcting the expected error using Eq. 4.1, v,+v,+2v, is the
best match for Mg, (2933 cm~!) which is further corroborated by a large bright state coefficient
on the TM-PES (8.4%). M, cannot safely be assigned to v;+2v; of trans-HCOOD as the pos-
sibility of an alternative carbon-13 assignment cannot be ruled out.? For M,, there are two
equally plausible candidates, 2v,+v, and v,+vs+v,. The former is preferred based on the bright
state model'>® but the latter could plausibly gain intensity indirectly through its resonance with
Vy+v7+2v (Mg). The assignments of M, and My, are thus left open in Table 4.3.

M bands above 3200 cm™!. All remaining M bands above 3200 cm™' are observed in the
O-H stretching (v,) spectra of HCOOH and DCOOH, except for one band in the HCOOD
spectrum (My;). My, most likely corresponds to 2v; but its high intensity, despite no nearby
bright fundamental, and its simultaneous absence in the HCOOH spectrum, in spite of a nearby
fundamental to gain intensity from, is puzzling.'>* While chemical impurity as the source of M,
cannot be ruled out entirely, it appears to be very unlikely — a similar band is neither observed
in the HCOOH spectrum nor that of the deuterated isotopologues.

In the HCOOH spectrum (Fig. 3.1, p. 51), v, and v,+v, are framed by two much weaker
bands, labelled M, and M,,. Except for the anticipated disappearance of v,+v,, the correspond-
ing DCOOH spectrum is very similar to that of HCOOH. The two M bands are incidentally also
labelled My, and M,,. Three additional, much weaker bands well below v, (Mg-M;) are found
in the DCOOH spectrum between 3352 and 3421 cm™!.

Starting with My, and My, the combined isotope information rules out any involvement of the
C—-H/D stretching and bending modes (v,, v,, vg). The strong resonance between v; and 2vg in
DCOOH also makes v, an unlikely candidate, leaving vs, v, v5, and vy. From the A’ symmetry
constraint we can further conclude that "79 € N. With 27, = 2V; & V4 & V5 and 375 = V,, the
two perturber states very likely satisfy the condition

7 M
3=n5+n6+?+3. (4.8)
The involvement of the OCO bend (v,) appears questionable based on its weak involvement with
N5 = 1and N, = 2 polyads while the detection of v,+4v, certainly begs the question if starting

151 This model predicts that two additional bands near Mp (2928 cm™"), vg+v;+2vqy and 2v;+vg+ve, should have

sufficient intensity to be observed. They are coupled to v;+4v, and one can easily see the similarity to a similar

polyad near 2300 cm™~! that was discussed above. vg+v;+2vq and 2v;+vg+vg are not observed and are probably
hidden underneath the hot bands.

CVPT6 predicts that the Fermi resonance between v, and v3+vg is weakened but persists in trans-H'3COOD.

As aresult of carbon-13 exchange, the v, band centre of trans-H'3COOD is expected to approximately coincide

with that of rans-HCOOD at 2938 cm™!, which, therefore, cannot be separated from the main isotopologue at

the present low resolution. With trans-H'*COOD Raman jet band centres of vg and v available (M, and M),

it is possible to estimate an upper-limit for vs+vg in trans-HCOOD, 1733 + 1150 = 2883 cm™!, which is near

the error-corrected CVPT6 prediction for v3+2v; of trans-HCOOD (2881 cm™!, both potentials).

The squared wavefunction overlap from the zeroth-order C—H stretch is 0.1% for v4+vs+v; and 0.5% for 2vg+v,

(CVPT6 on the TM-PES).

154 Oswald et al. observed 2v; in the FTIR jet spectra of HCOOH and HCOOD which is consistent with their
interpretation of only weak resonance interaction between v; and 2v; in trans-HCOOH [126]. The Raman
band centre of My (3529 cm™!) agrees with the IR band centre of 2v; within 1 cm™! when interpreting the
reported [126] maxima of the trans-HCOOD band as P and R branch maxima, 293 = (3531 + 3526)/2 =
3529cm™.

152
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with Ny, = 3, v; perhaps becomes involved in the extended OH bend-torsion polyad. The
currently available experimental and computational data do not permit either conclusion. If v,
is not involved, the above condition reduces to the extended OH bend-torsion polyad (N5, = 3).

The assignments of the three other DCOOH bands (My-M;) certainly support the hypothesis
of an involvement of the extended OH bend-torsion polyad. Starting with the most intensive
band (Mg, 3352 cm™!), the computed CVPT6 eigenvalues in Table D.5 indicate only two A’
symmetric energy levels, v,+v, and v;+v,+v,, as possible assignments. Bearing in mind that
all transitions that involve v; energy levels are resonance-doubled in DCOOH, the latter can be
ruled out since the second band, which is expected near 3320 cm™!, is missing. The assignment
of Mg to vg+4v, is clear with no other A’ symmetric candidate nearby (Table D.5). Lastly,
M; can either be assigned to 3v, or v,+2v,+2v,. 3v, appears much more plausible in light
of a predicted resonance between v,+4v,, 3v,, and v,+v,. Note that vs+4v, and 3y, are both
members of the extended OH bend-torsion polyad N5, = 3.

Returning to the assignment of My, and My, inspection of the CVPT6 term values and
squared leading eigenvector coefficients in Tables D.4 and D.5 shows that we can at best narrow
down the list of suspects. Several states in this spectral region are strongly coupled — especially
through the vs/2v, resonance — as evidenced by comparably small leading eigenvector coeffi-
cients (cf. Tables D.4-D.5). It appears more promising to subsume into the N5 or Ny, polyad
representation. Currently, the strong OH bend-torsion resonance does not allow the identifica-
tion of other important couplings which are ‘smeared out’.

Itis worth pointing out similarities to the O —H stretching Raman spectrum of trans-propiolic
acid [42], arelated carboxylic acid where the carbon-bound H atom is replaced by an acetylenic
—C=C-H group. The O—H stretching fundamental of trans-propiolic acid is also accompanied
by an intensive, lower-wavenumber satellite that corresponds to a non-binary combination/over-
tone band and two weaker bands that are located at the higher-wavenumber side of the O—H
stretching Q branch [42, Fig. 3A]. Interestingly, there is evidence for the OH torsion reson-
ance to persist in propiolic acid but change its resonance partner from the OH in-plane bend
(vs in formic acid) to the C—O stretch (v in formic acid).!> The OH bend, in turn, becomes
near-degenerate with a combination band that has one quantum each in the out-of-plane bending
vibration of the OCO group and the OH torsion. While the vibrational characterisation of the
trans-propiolic acid fundamentals has only recently been completed and the combination/over-
tone manifold only begun to be explored (see Ref. [42] and references cited therein), the initial
data in Ref. [42] point at a similarly complex involvement of the OH torsion in the internal
dynamics of trans-propiolic acid.

4.4 Assignment of hot bands

In this section, the assignment of observed hot bands, labelled “H” (see Chapter 3), is discussed.
The band centres and assignments of well-resolved hot bands are listed in Table 4.4. These hot
bands either correspond to isomeric cis fundamentals or non-isomeric hot band transitions from
thermally populated vibrational frans states. Based on considerations outlined in Section 2.4.2
(see paragraph on hot bands), the assignments here are guided by simulated hot band shifts
using CVPT6 energy levels in Tables D.4-D.7. In addition, CVPT2 anharmonicity constants
from Table D.3 are consulted since at second-order of perturbation theory, the hot band shift
can directly be related to the anharmonicity constants (Egs. 2.71-2.76, p. 37).

155 The assignment of the trans-propiolic band at 1118 cm™! that is in resonance with the C—O stretch (1154 cm™)
could not be finally clarified in Ref. [42]. VPT2 calculations presented in Ref. [42] indicate an assignment of
1118 cm™! either to the OH torsion overtone or a CCO bending combination level.
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Table 4.4 Band list (¥, in cm™!) of formic acid monomer hot bands in the monomer-optimised Raman jet spectra
(Chapter 3). The hot band shift is referenced to the nearest trans-formic acid fundamental and measured directly
from the separation of the experimental band centroids. V is the experimentally-derived term value of the upper
vibrational level that is obtained by adding the wavenumber of the lower level (V;). Experimental values for ¥; are
taken from Table 3.2 (p. 49). Note that vibrational levels are labelled according to Table 2.2 (p. 35).

Raman jet Hot band shift Exp.
12 Rotamer ~ Assignment (v,—v;) Obs. TM-PES RC-PES Vs V;
HCOOH H, 1093 cis Ve —11 -12 -9 1093
Hg 1097  trans Vetvog—Vgy =7 =7 =7 1738 640.73
Hc 1101 trans Vetvy—vy -4 -2 -4 1727 626.17
Hp 1284  trans 2vs—=2vglvs+2v9—2vy =22 -20 —-18 2505  1220.83
Hg 1295  trans Vs+Vg—Ve —11 -8 -10 2400 1104.85
Hg 1310 trans Vs+Vg—Vy 4 5 5 1951 640.73
Hg 1757  trans 2v3—v3 -19 -20 —18 3534  1776.83
Hy 1763
H; 1770  trans V3tV —vy -6 =7 =7 2396 626.17
H; 1782 trans V3+Vg—Vo/V7+3vg—Vg 6 5 4 2423 640.73
Hy 1818  cis V3 41 39 37 1818
H; 2873  cis V) —69 —62 —65 2873
Hy 2925 trans Vo+vg—Vg —17 =21 =17 3958  1033.47
Hy 2938 trans Vo+Vg—Vy -4 1 -1 3579 640.73
Ho 3562
Hp 3638  cis Vi 68 77 68 3638
DCOOH H, 1124 trans 3vg—vy —-18 -18 -17 1756 631.54
Hp 1128  cis Ve —-14 -14 -9 1128
Hc 1132
H, 1135
Hg 1139 trans Ve+v—vg —4 —4 —4 1760 620.57
Hg 1147  trans Ve+Vg—Vgy 5 4 6 1779 631.54
Hg 1209  trans Vi+2v9—v, 3 2 1 1830 620.57
Hy 1276  trans 2vs=2vy/vs+2vy—2vy  —23 =20 -19 2482 1206
H; 1286  trans Vs+Ve—Ve -13 —-13 —12 2428  1142.31
H; 1305  trans Vs+vg—Vg 6 7 6 1937 631.54
Hyx 1705  trans 3vg—vg —56 -53 —56 2578 873.38
Hy 1768  trans V3+vg—vg 6 6 8 2641 873.38
Hy 1790  cis V3 28 26 20 1790
Hy 2167  cis Vs =52 —48 =50 2167
Ho 2208  trans Votvs—vy —11 —13 -12 3179 970.89
Hp 2211 trans Vo+vg—Vg -8 -10 -8 3084 873.38
Hqo 2217 trans VoV —Vy -3 -3 -3 2849 631.54
Hr 3560
Hg 3566
Hy 3635 cis 12 66 73 65 3635
HCOOD H, 904  cis Vs —67 =73 —64 904
Hp 925  trans 4vg—vs —47 —48 —48 1898 972.85
Hc 939  trans 3vg—vy =32 -33 =33 1447 508.13
Hp 968  trans Vs+v;—Vy -4 -3 -3 1526 558.27
Hg 980  trans 2vs—vs 8 9 9 1953 972.85
Hg 1005  trans Vs+Vg—Vgy 33 32 32 1513 508.13
Hg® 1163  cis Ve -13 —-16 -17 1163
Hy? 1167  trans 2Vg—Vg -9 —11 -14 2344 1177.09
H; 1172 trans Vetvo—vgy -4 -4 -3 1680 508.13
H; 1172 trans Vet+vy—Vvy -4 -5 -5 1730 558.27
H; 1768  trans V3+v;—vy —4 —4 —4 2326 558.27
Hy 1819  cis 12 47 43 44 1819

continued
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Table 4.6 (continued)
Raman jet Hot band shift Exp.
I Rotamer  Assignment (v,—v;) Obs. TM-PES RC-PES Vg V;
HCOOD H 2625  trans Vi+v—vy -5 -6 =5 3183 558.27
Hy 2685 cis 2 55 53 54 2685
Hy 2871 cis Vy —66 —65 —64 2871
Ho 2930
Hp 2934
Ho 2951
DCOOD H, 883 cis Vs —62 —66 —-60 883
Hp 922 trans 3vg—vg -23 —24 —26 1414 492.23
Hc 950  trans Vs+Vvg—Vy 5 5 6 1442 492.23
Hp? 1156  cis Ve -14 -13 —-11 1156
Hg? 1161  trans 2vg—Vg -10 -9 —-11 2332 1170.80
Hg 1166  trans Ve+Vg—Vgy -5 —4 -3 1658 492.23
Hp 1166  trans Ve+v—vy -5 =5 =5 1720 554.44
Hg 1704 trans 3vg—vg —56 -53 —56 2577 873.2
Hy 1722 trans 2vg+v;—vy -39 =37 —40 2276 554.44
H; 1758  trans V3+v;—vg -3 -2 -2 2312 554.44
H; 1766  trans V3+vg—Vg 6 6 8 2639 873.2
Hy 1789  cis V3 28 26 23 1789
H; 2145  cis Vy —86 -90 —86 2145
Hy, 2188  trans Vatvetvg—vg —43 —44 —42 3061 873.2
Hy 2191  trans VatVgt+vo—vg —41 —-40 -40 2683 492.23
Ho 2223  trans Vot+vg—Vg -8 -8 =7 3096 873.2
Hp 2229  trans Vo+Vg—Vg -3 =3 -2 2721 492.23
Hq 2626  trans Vi+vi—vy -6 -6 -5 3180 554.44
Hp 2685 cis Vi 54 55 54 2685

@ These assignments are rather tentative.

Hot bands near the OH/D in-plane bend (v;). In the vicinity of the OH bending fundamental
of HCOOH (vs), there are three hot bands (Hp-Hp)."*® Since all x5 ; constants are negative for
trans-HCOOH (Table D.3), the blue-shift of the most intensive hot band (Hy) 1s an indication that
the upper level might be resonance-perturbed. The N polyad is an obvious candidate and with
the aid of the CVPT6 eigenvalues, we can assign Hy. to vs+vy—v,. Hp can readily be assigned
to vs+Vvg—V, since other vs+v,—v; type hot bands are predicted to be much less shifted from the
Vs fundamental.’>’ H, (1284 cm™!), on the other hand, might also correspond to a transition
between Nj states because the size of the red-shift exceeds the predicted shifts based on CVPT2
anharmonicity constants by far. An assignment to vy of cis-HCOOH can be ruled out which is
expected around 1250 cm~!. Comparison of several CVPT6 energy levels that correspond to the
N5 =1and N5 = 2 polyads, as lower and upper levels, respectively, yields a suitable transition
from 2v, into the lower-wavenumber level of the strongly coupled pair 2vs/vs+2v.

The three hot bands in the vs spectrum of DCOOH (Hy;-H,) are readily assigned by analogy
to HCOOH. The fourth DCOOH band near 2v, (Hg) can be assigned to 2vy+v,—v; since the
3vy—Vvy hot band would be shifted several tens of cm™' away from 2v.

The (perhaps most interesting) hot band structure is observed in the vicinity of the OD

156 H might have additional contributions from the vs fundamental of frans-H'>*COOH (p. 73).

157 In light of a possible accidental near-degeneracy between vs+vg and vi+v; (pp. 74), it should be noted that
neither is a hot band observed near vs that could be assigned to v3+v;—V,, nor near vy that corresponds to
V5+V6—V7.
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Figure 4.10 Comparison between computed hot band transitions of HCOOD (CVPT6, TM-PES) and observed hot
bands in the Raman jet spectrum. The energy levels are labelled “k,,” where the vibrational mode k is indexed by
the quanta of excitation m. Note that an isolated resonance that is predicted between 5,8, and 7,95 couples four
states that belong to two different vs/2vq polyads. See text for details.

in-plane bending fundamental of trans-HCOOD which spans 100 cm™! with overall six well-

resolved, non-overlapping hot bands (H,-Hp). Most hot band shifts are in sign and magnitude
incompatible with the anharmonicity constants which again indicates the involvement of Ns
polyads. Since vs is the only A’ symmetric bright fundamental in this spectral region, we only
need to consider transitions of the type vs+v,—v; and 2vy+v,—v; due to the bend-torsion reson-
ance. If the lower level is v5 or 2v,, then all three possible transitions between Ny = 1 and
N, = 2 states have to be considered.

The resultant final energy levels are visualised in Fig. 4.10 for the ten lowest initial vibrational
energy levels where the tenth corresponds to the cis ground state which can alternatively be seen
as a torsionally-excited state. The term values are normalised column-wise by subtracting the
term value of the initial energy level at the bottom. Thus, the ordinate axis reflects the transition
wavenumbers which can directly be compared to experiment (Fig. 4.10). The symmetry of
vibrational states is reflected in the colour (A’ black, A” grey), however, only A’—A’ and A" —A"
transitions are possible since the observed hot bands are all polarised and thus totally symmetric.
The experimental band centres are depicted as green lines. Since the intensities are proportional
to the Boltzmann population of the lower level, the transition intensities should decrease from
left to right. Consequently, the first match (from left to right) is assigned as the major contributor
to a hot band, indicated by a red arrow, while additional contributions cannot be ruled out. Note
that the previously discussed weakening of the bend-torsion resonance from trans-HCOOD to
trans-DCOQOD (pp. 68) is also reflected in the vs hot band structure of both (cf. Fig. 3.6, p. 56).
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Figure 4.11 Experimental Raman jet and calculated hot band progressions in the vicinity of the C—O stretch (vg).
To enable comparability of the relative hot band intensities, the limits on the ordinate are set to 1/3 of the max-
imum intensity of v, for each isotopologue. Wavenumber ticks are separated by 5cm~!. Adapted from Ref. [28]
(published under a Creative Commons Attribution license, CC BY 4.0). (exp) The spectra in a temperature series
(373-463 K in uniform steps) are intensity-scaled to the v fundamental with the lowest intensity. (calc) The vg
Raman spectrum is simulated by assigning a linear transition term to the C—O stretch and using CVPT6 energies
on the TM-PES. The wavenumber axis is shifted to match the experimental vg band centre. The trans fundamental
is scaled with 3/20 to reproduce the relative experimental intensities. For the cis fundamental, the scaled trans-
ition oscillator strength of the trans fundamental is multiplied by the appropriate Boltzmann factor and the relative
cis-trans Raman intensity factor (taken from Table S3 of Ref. [91]). The width of the Gaussian functions is set to

6 = V0.5 cm™! to roughly match experiment.

In contrast to the wealth of hot bands in the HCOOD spectrum that are far apart, only two trans
hot bands are observed in the DCOOD spectrum (Hy and H) that correspond to 3vy—v, and
Vs+Vy,—V,. Contrary to expectations, the former has a much higher intensity than the latter. This
could either be an indication of additional hot band contributions or a higher intensity of the
3vy—V, transition due to electric anharmonicity. One could point out the same for the HCOOD
hot band at 939 cm™! (H.) but from the data shown in Fig. 4.10, the high intensity of H. could
plausibly be interpreted as 2vs—2v, additionally contributing to the observed intensity.

Hot bands near the C-O stretch (vi). In the HCOOH spectrum, there are three distinct hot
bands near the C—O stretching fundamental (v;), which are shifted from it by —11, —7, and —4
(H,-H¢). Meyer and Suhm ascribed the latter two to vg+v;—v, and vg+vy—v,, respectively, and
the former to v, of cis-HCOOH which profits from an increased Raman scattering cross section
relative to v, of rrans-HCOOH [87].1°% Meyer noted [86] that the assignments in Ref. [96],
which put the vg+v; level above vg+v,, are not compatible with the hot bands in the Raman
spectra. An assignment of vg+v; and vg+v, inverse to Ref. [96], on the other hand, yields hot
band shifts that are in excellent agreement with the observed hot band structure. Already in
2018, Richter and Carbonniere proposed such a reassignment, based on an improved root mean
square deviation to experiment for their MCTDH results [22] and the ICPH-VCI calculations by
Tew and Mizukami [21].

Fig. 4.11 combines the experimental and computational perspectives, displaying the v, hot

158 In Ref. [91], this assignment was reviewed in light of an error made in Ref. [87] where the shift of 2vg—vg

relative to vg was assumed to be xg ¢ rather than 2x4¢. By considering the missing factor of two (using x; ;
values provided in Table 1 of Ref. [87]), the predicted shift of this non-isomeric hot band becomes similar
to the expected cis-trans shift of vg. As such, 2vg—vg of trans-HCOOH could contribute to the hot band at
1093 cm~! (H.) which was ascribed primarily to v, of cis-HCOOH:; indeed the hot band is expected at 2196.3 —
1104.85 = 1091.5 cm™! using high-resolution values from Ref. [94]. The expected intensity of the 2vg—v, hot
band, however, is distinctly too small for it to be the sole contributor to H-. The cis-HCOOH assignment,
therefore, remains unaffected.
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bands for all four isotopologues. For the hot band simulations, CVPT6 energy levels on the
TM-PES are used. In the absence of anharmonic Raman intensities, a simple model is used to
simulate the Raman intensities. Essentially only anharmonic terms in the polarisability are neg-
lected and the fundamental-to-hot band intensity ratio is adjusted by one scaling parameter for
all four isotopologues to match experiment. Considering the crudeness of the intensity model,
the experimental hot band structure of HCOOH is surprisingly well reproduced. Note that the
choice of width for the Gaussian functions and the underestimated shift (simulation —2, experi-
ment —4 cm™!) cause vg+v,—v, to overlap with the v, fundamental in frans-HCOOH.

Moving towards HCOOD and DCOQD, the simulations show that an overlap of the two hot
bands vg+v,—v; and vg+vy—v, results in the comparably high intensity of H; (HCOOD) and
H; (DCOOD). The interpretation of the two weaker v, hot bands in the HCOOD (H;, Hy;) and
DCOOD (Hy,, Hg) spectra is not as straightforward. In light of the comparably large red-shifts
(cf. Table D.3), 2v,—v of trans-formic acid or v, of cis-formic acid are the most plausible assign-
ments. CVPT6 on both potentials consistently predicts vg of cis-formic acid below 2v,—v, across
both OD isotopologues. The bands are (very cautiously) assigned accordingly in Table 4.4.

In the DCOOH spectrum, the hot band structure around v is distinctly more complex. Most
striking is Hy which is blue-shifted from the trans fundamental. By analogy to the previous dis-
cussion of vs hot bands, the upper level is most likely resonance-perturbed. Hy can be assigned
to vg+Vvy—Vy which, due to a strong resonance between v+v, and 3v,, is shifted above the v,
fundamental (cf. Table D.5). 3vy—v,, in turn, can be located at the lower-wavenumber end of
the hot band structure and is assigned to H,. By analogy to the other deuterated isotopologues,
Hy can cautiously be ascribed to v, of the cis conformer. The remaining v, hot bands, H. and
H,,, cannot be assigned with the presently available data.

Hot bands near the C=0 stretch (v;). We start with HCOOD where the hot band structure
is the simplest. By analogy to cissHCOOH where v, was located at 1818 cm™ [87, 89], Hy
(1819 cm™") can be assigned to the v; band of cis-HCOOD. For the assignment of H;, v3+vy—v,
and v;+v,—v, are obvious choices. On the basis of the CVPTG6 energy levels, H; is assigned to
the latter, since v3+v,—V, is predicted to overlap with the v, fundamental.

Moving to HCOOH, the previous assignment of H; to v3+v,—v, by Meyer and Suhm [87]
can be confirmed by the CVPT6 results and by analogy to HCOOD. The weak intensity and
large red-shift of H (cf. Table D.3) are consistent with an assignment to 2v;—v;.1% Hy; cannot
safely be assigned which leaves the interesting case of H; which is shifted by +6 cm™ from v,.
The incompatibility of the blue-shift with second-order anharmonicity constants again points
to resonance perturbations of at least one involved vibrational level. Inspection of the CVPT6
eigenvectors of all binary v;+v; states reveals a near 1:1 mixing between v;+v, and v,+3v, across
both potentials. The assignment of Hj to v3+vy—v, or v;+3vy—v, is furthermore consistent with
the absence of a blue-shifted hot band in the HCOOD spectrum.

In the DCOOH v, spectrum, three hot bands are identified (Hg-H,,) whereas five can be
resolved in the DCOOD spectrum at 1704, 1722, 1758, 1766, and 1789 cm™! (Hs-Hg). The
DCOOD assignments are discussed in the following, the DCOOH assignments are analogous.
The shift of the Hy relative to the v;/2vg centre of mass amounts to +42 cm™!, similar to the cis-
trans shift observed in HCOOH and HCOOD (42-47 cm™"). Note that the similarity of the cis-
trans shifts across different H/D isotopologues, when referenced to the unperturbed trans v, band
centre, indicates that the resonance to 2vg is weakened or completely quenched in the cis isomer.
This is consistent with the CVPT6 results. Hg and H; clearly correspond to transitions from vg

159 The resulting term value for 2v3, 1776.83 + 1757 = 3534 cm™!, is furthermore in good agreement with the
helium nanodroplet value at 3533 cm™! [115, 121] and low-resolution FTIR jet band centre 3534 cm~!. (Note
that the FTIR band centre has newly been determined in this work from the spectra published in Ref. [126].)
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into the v;+v,/3v; doublet as they exhibit very unusual shifts and mirror the intensity ratio of v,
and 2vg. Hy and Hj are both red-shifted by —3 cm™' when referenced to the nearest member of
the v;/2vg doublet. Transitions originating from v, or v; appear plausible. As for HCOOH and
HCOOD, CVPT2 anharmonicity constants (x;;, Table D.3) indicate that hot bands originating
from v, will overlap with v; and 2vg (shift between 0 and —1 cm™") whereas the predicted shift of
v, hot bands is in agreement with experiment (—4 cm~!). When computing the red-shift directly
from the resonance-perturbed CVPT6 energy levels, similar results are obtained.

Hot bands near the C-H/D stretch (v,). In the C—H stretching spectrum of HCOOH, there
are three distinct hot bands at 2873, 2925, and 2938 cm™! (H, -Hy). Meyer and Suhm observed
the former two and assigned them to v, of cis-HCOOH and v,+vg—v; of trans-HCOOH, re-
spectively, on the basis of deperturbed anharmonicity constants at the B3ALYP-D3 level [87]. Hy
overlaps with the C—H stretching fundamental of the cyclic formic acid dimer [87, 119] and was
later observed in jet spectra at a lower acid concentration [86]. Meyer proposed an assignment to
V,+Vy—V,, possibly with additional contributions from v,+v,—v, [86]. The assignments for H; -
Hy are all confirmed from the perspective of CVPT6 energy levels and CVPT2 anharmonicity
constants (Table D.3). These calculations indicate a negligible hot band shift of v,+v,—v,; which
can further be confirmed with v,+v, experimentally available (Table 3.2, p. 49). The resultant
hot band shift is —1 cm™.

By analogy to HCOOH, the HCOOD hot band at 2871 cm™! (Hy) is assigned to v, of cis-
HCOOD. The other three non-isomeric HCOOD hot bands (H,-H,) cannot safely be assigned
due to the near 1:1 resonance between v, and v; + v, rendering second-order anharmonicity
constants unusable. For an assignment of these hot bands, reliable and converged energy levels
up to 4500 cm™! are necessary.

Moving down the spectral ladder into the C—D stretching manifold, the large hot band shifts
of Hy (2167 cm™!, DCOOH) and H; (2145 cm™!, DCOOD) unveil them as cis-formic acid bands
(v,). In Ref. [91], Hy was rather tentatively ascribed to cis-DCOOH due to the unexpectedly
large isotope shift of 22 cm™! relative to cis-DCOOD (H, ). The assignment is secured by CVPT6
(Table D.1). Indeed, this deuteration shift is not predicted in the harmonic approximation and is
almost zero on both potentials. For both isotopologues, cis-DCOOH and cis-DCOOD, a Fermi
resonance to v,+v; is predicted. v, of DCOOD appears to be the only fundamental across all
H/D isotopologues that is involved in a resonance that is shared by both rotamers whereas all
other strong resonance perturbations in trans-formic acid (Section 4.2) are either weakened or
completely quenched in the cis conformer (and vice versa).

Hg in the DCOOH spectrum corresponds to v,+v,—v, and its absence (predicted shift near
zero) in the DCOOD spectrum can be ascribed to the resonance between v, and v,+v,. The
remaining non-isomeric hot band assignments for DCOOH (Hp-H,) and DCOOD (Hy-Mp) in
Table 4.4 are analogous to HCOOH. It should be noted that the consistently higher intensity of
V,+Vvg—Vvg hot bands in comparison to other v, hot bands, e.g. v,+v;—v,, indicates either addi-
tional contributions to the overall intensity from other hot bands or intensity gain via mechanical
or electrical anharmonicity. (Recall that V; is always lower than Vg and, therefore, has a more
favourable Boltzmann factor.) Overall, the isomeric and non-isomeric hot band assignments for
all four isotopologues reflect the geometric coupling between the C—H/D stretch (v,) and its two
bending vibrations (v, and vg) but also to the OH/D torsion (vy). The latter coupling is mediated
by the C—O bond [98] and is also responsible for the large cis-trans shifts of v, (50-90 cm™).

Hot bands near the O—-H/D stretch (v;). The v, band of cis-formic acid can readily be as-
signed for all four isotopologues due to its large spectral shift from the respective trans funda-
mental [87, 91]. Similar to v, hot bands of HCOOD, the remaining hot bands in the HCOOH
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(Hp) and DCOOH (Hy, and Hy) spectra cannot be assigned purely on the basis of second-order
anharmonicity constants and converged energy levels up to 5000 cm~! are necessary.

The remaining hot bands in the HCOOD (H, ) and DCOOD (Hgq) spectra both correspond to
v;+v,—v,. The assignment is straightforward in light of the anharmonicity constants (Table D.3)
and the derived term values for v,+v, agree within 1 cm™!' with the observed cold band centres
(Mr and M), Table 4.3). Note that the intensity of these hot bands relative to the v, fundamental
is distinctly higher in the DCOOD spectrum. One possible source of this higher intensity could
be additional, cold transitions that overlap with HQ.“’O Since the O—D stretching fundamentals
of the cyclic formic acid dimers, (HCOOD), and (DCOOD),, are shifted towards 2200 cm™!
upon dimerisation [93, 118, 119, 140], a measurement without heating of the nozzle is expected
to reveal possible cold monomeric contributions that are hidden underneath Hy,.

4.5 Review of previous IR assignments

Building on the HCOOH reassignments proposed by Tew and Mizukami [21] and Richter and
Carbonniere [22], previous IR assignments for all formic acid H/D isotopologues will be re-
viewed in this section in light of new Raman jet data. HCOOH bands where the present ana-
lysis is in agreement with the proposed reassignments in Refs. [21, 22] are not included in
Table 4.7. This especially concerns the vy < 2v, label switch. Tentative assignments by Tew
and Mizukami that remain tentative from the perspective of this work are also not further dis-
cussed. All proposed revisions are compactly summarised in Table 4.7 and are discussed in the
following. Since all reassignments concern trans-formic acid, the prefix “frans” is dropped in
the following. Let us start, however, with the 2v, band of DCOOH which is not included in
Table 4.7 because the following discussion rather concerns the accuracy of the band centre than
the vibrational assignment per se.

DCOOH. 2254.24 cm™!. Tan et al. analysed the rotationally-resolved room temperature gas
phase IR spectrum of DCOOH between 2130 and 2300 cm~! and obtained ro-vibrational para-
meters for the v, fundamental and 2v, by fitting observed lines [226] (note differing nomen-
clature; Table 2.2, p. 35). In light of the new assignment of 2v, in the Raman spectrum of
DCOOH (2277 cm™!, Table 4.3), the accuracy of the previously reported IR band centre at
2254.24 cm™! appears questionable. The assignment of the Raman band can be secured inde-
pendently based on anharmonic vibrational energy levels and experimental isotope data. On
the basis of Eq. 4.1 (p. 60), the error-corrected CVPT6 term value of 2y, on the TM-PES
amounts to 2282.2 — 2.4 x 2 = 2277.4cm™!. The similarly calculated value on the RC-PES
is 2272.3 + 2.4 x 2 = 2278.5 cm™!. These values are in excellent agreement with the observed
Raman jet band centre. On the basis of experimental data in Tables 3.2 (p. 49) and 4.3 and
the assumption xg4(is0 1) ~ 0.5 X 2Vg(iso 2) — Vg(iso 2), the DCOOH 2y, band centre can be
estimated in three ways using Eq. 2.1 (p. 17):

via HCOOH: 27,(DCOOH) = 2 x 1142.31 + 2197 — 2 x 1104.85 = 2272 cm™!
via HCOOD: 27,(DCOOH) =~ 2 x 1142.31 + 2341 — 2 x 1177.09 = 2271 cm™'
via DCOOD: 27,(DCOOH) = 2 x 1142.31 + 2330 — 2 x 1170.80 = 2273 cm™".

The 4-6 cm™! underestimation to the observed Raman band centre at 2277 cm™! is in agree-
ment with the (comparably weak) resonance between v, and 2v, in DCOOH, as indicated by the
CVPT6 eigenvectors. Diagonalisation of the corresponding 2x2 effective VPT2+F Hamiltonian
on the TM-PES shows that 2v, is shifted by 2.5 cm™! relative to the deperturbed band centre. The

160 See previous discussion on possible resonance perturbations of v, in trans-D'3COOD (pp. 77).
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Table 4.7 Summary of proposed (re)assignments for trans-formic acid IR bands. “n.a.” and “n.d.” refer to bands
that have initially not been assigned and mode assignments that are not discussed, respectively. Note that Refs. [21,
22] only cover HCOOH, whereas Ref. [27] only treats the three deuterated isotopologues. Tentative assignments

are set in parentheses. Note that vibrational levels are labelled according to Table 2.2 (p. 35).

IR Assignment

Isotop. Vo Ref. Initial Ref. [21] Ref. [22] Ref. [27] This work

HCOOH 1726.40 [96] VetV n.d. VetVy VetVy
1736.96 [96] VetVvy n.d. VetVo VetVo
2298.6 [94] (vs+vg) Vtvgtvg (Ve+2v9) (4vg)
2338 [94] n.a. V5+Vg (vs+vg) (vg+2vy)
2376 [94] v3t+vy (Vgt+vs+vg) Vetvrtvg see text
2400.2 [94] 2vs (v3+v7) Vs+Vg Vs+Vg
2600 [94] V4+vs (v4+2vg) n.d (2vslvs+2vg)
3106.5 [94] (v4+vgt+vy) (v4+vgt+vy) n.d. Bv;+2vg)
3826 [94] Qvyt+vg) Qvyt+vg) n.d. v3t+2vg
3963.6 [94] Vot+vg (vy+vg) n.d. (v3+2vg)

HCOOD 2142.4 [238] n.a. n.d. Vs+Vg
2178.8 [238] n.a. n.d. Ve+2vq
2601.13 [224] 3vy+vg n.d. (v74+vg+2vg)

size and direction of the VPT2+F prediction are in good agreement with the above experimental
isotopologue analysis. Thus, the most likely source of the IR-Raman discrepancy might be the
missing Fermi interaction between v, and 2v; in the effective Hamiltonian that was employed in
Ref. [226].

HCOOH. 1726.40 and 1736.96 cm~'. Building on previous high-resolution studies in this
spectral region [94, 247], Perrin et al. presented a thorough and the so far most detailed analysis
of the rotationally-resolved HCOOH spectrum in the vicinity of v5 [96]. They included couplings
to and between four nearby combination states in the effective fit Hamiltonian and obtained ro-
vibrational parameters and band centres at 1726.40, 1736.96, 1792.63, and 1843.48 cm~!. The
reassignments concerning the former two to vg+v; and vg+v,, respectively, have been discussed
in a previous section (pp. 83). In light of the vs < 2v, label switch [107], also the latter two
must be reassigned to 3v, and v,+2v,, respectively. Note that the vs+v,/v,+2v, Fermi pair
was observed before by Freytes et al. [94] with IR spectroscopy who determined their band
centres via their central Q branches (1847.8 and 1931.1 cm™!). The similarly estimated low-
resolution Raman jet band centres agree well with the band centres by Freytes ef al. within the
Raman resolution and calibration uncertainty of +2cm~! but both are incompatible with the
v,+2v, band centre reported by Perrin ef al. [96]. The 4 cm™! discrepancy might be resolved by
inclusion of lines that correspond to vs+v, in the effective fit Hamiltonian that was employed
in Ref. [96]. Similarly, the sub-cm~! accuracy of the 3v, band centre [96] appears questionable
without inclusion of the Fermi partner vs+v, which is centred at 1951 cm™'. In all these contexts,
areinvestigation of the high-resolution v, spectrum appears compelling. Similarly, the v5 < 2v,
label switch calls for an update of the global fit of vibrational energy levels up to 1500 cm™' [95],
possibly together with ro-vibrational lines from Ref. [96].1%!

HCOOH. 2298.6 and 2338 cm~!. Regarding the assignment of the IR bands at 2298.6 and
2338 cm™! that were reported for the first time by Freytes er al. in 2002 [94], Richter and Car-
bonniere summarised [22] that the

161 See also Ref. [248] for the most recent additions of HCOOH ro-vibrational lines to the HITRAN database.
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“observed level at 2298.6 cm~! labeled as vs+v, matches perfectly the calculated one at 2294 cm™!
labeled as (2vg+vg) after the usual v5 to 2vy switch, also when the expected error progression is
taken into account. Tew attributed this one rather to the lower 3 mode combination v;+vg+vy which
is equally possible in view of our data while Tew’s (2vy+v,) value would be about 13 cm™! higher
than the observed one. The experimentally unassigned level at 2338 cm™! — tentatively assigned as
vg+Vs by us — can either be vg+vs5 or 4vg given our error progressions, but it can only be vg+vs in
view of Tew’s data.”

The CVPT6 calculations on both formic acid potentials resolve the discrepancy between the
ICPH-VCI and MCTDH results and show that the ICPH-VCI values are consistently above the
CVPT6 values which is indicative of convergence errors.'®? In view of the near 1:1 resonance
between vg+2v, and 4v, (pp. 74), the two IR assignments are linked and an assignment of either
band should clarify the assignment of the other. An assignment to the v +2vy/4v, doublet is
more favourable since v, has a very high infrared visibility [249] and many of the combina-
tion/overtone bands observed by Freytes et al. [94] do involve!® v, whereas both vs and v have
weak infrared intensities and it is questionable whether the combined excitation would generate
a large transition dipole moment.

HCOOH. 2376 cm~!. The HCOOH band at 2376 cm™! was initially assigned by Freytes et
al. to v3+v; [94]. v;+v; is observed in the Raman jet spectra at 2395 cm™! (pp. 74) and the as-
signment is confirmed by comparison to hot bands involving v;+v, (pp. 84). Tew and Mizukami
tentatively reassigned [21] the 2376 cm™! band to v¢+v,+v, “which is considered the more likely
match than the neighbouring bands at 2361 (v4+2v,) or 2402 (v;+v,)” This argument holds in
view of CVPT6 results on both surfaces and MCTDH data by Richter and Carbonniere [22].
However, it is worth pointing out that for all four calculations the anharmonic predictions are
still 9-14 cm™! below experiment when the expected error progressions are taken into account.
Given the remarkable agreement with experiment for states involving three and four quanta when
the expected error is considered, an assignment of this band to a cold trans-HCOOH transition,
1.e. from the vibrational ground state, appears questionable.

HCOOH. 2400.2cm™!. Refs. [21, 22] are in disagreement regarding the assignment of the
2400.2cm™! IR band [94] for which an assignment to vs+v, and v;+v; was proposed. Richter
and Carbonniere pointed out that taking into account the expected error progressions, v;+v;
is expected at lower wavenumbers across both variational calculations [22]. The reassignment
to vs+V, is consistent in view of the assignment of the HCOOH Raman bands at 2395 and
2400 cm™! (Section 4.3) and also the assignment of the v;+v,—v, and vs+v,—v, hot bands (Sec-
tion 4.4). Lastly, an inverse assignment of v;+v, and vs+v, (the latter below the former) is not
compatible with the observed hot bands.

HCOOH. 2600 cm~'. In view of the available computed vibrational data in Table D.4, the
IR band at 2600 cm™! [94] could plausibly be assigned to two different polyads, {n,, N5} =
{1,1} or {0,2}. The couplings between these polyads were discussed in detail in Section 4.3.2.
Note that the two higher-energy states in the {0, 2} polyad are strongly coupled in the normal
mode representation (vs+2v, and 2vs). Tew and Mizukami tentatively ascribed the IR band to
v,+2v, [21] which corresponds to {1, 1} in the polyad representation. The second state in this
polyad, however, is not observed in the IR spectrum of HCOOH [94]. The possible (and more
plausible) assignment of the IR band at 2298.6 cm™! to 4v, — the lowest-energy member of the

162 See Ref. [29] and Section 5.3.1 where the convergence of ICPH-VCI eigenvalues is examined.
163 Many of the IR assignments originally proposed in Ref. [94] have been reassigned, see for example updated
assignments in Ref. [21] and proposed here (Table 4.8).
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{0, 2} polyad — was discussed above. The second state in the {0,2} polyad was also observed
in Ref. [94]. In these contexts, an assignment of the IR band at 2600 cm™~! to the last member of
the {0, 2} polyad is more convincing but still, the assignment needs further confirmation and is,
therefore, marked as tentative in Table 4.7.

HCOOH. 3106.5cm™!. Regarding the assignment of the IR band at 3106.5cm™! [94], the
CVPT6 energy levels in Table D.4 indicate overall three possible assignments: 3v;+2v, (A'),
Vi +Hvgt+v,; (A'), and v,+ve+vy (A”). In Refs. [21, 94], it was tentatively ascribed to v,+v,+v;.
In view of the error-corrected performance of computed vibrational energy levels in compar-
ison to experiment, however, an assignment of the IR band at 3106.5 cm™ to v,+v,+v; can be
ruled out: v,+v4+v; is not observed in the Raman spectrum of HCOOH but that of HCOOD
at 3092 cm™! (Table 4.3). Using Eq. 4.1, the error-corrected CVPT6 predictions for HCOOD
on both potentials are 3093-3094 cm~! and agree with experiment within the resolution and
calibration uncertainty of +2 cm~'. The similarly corrected predictions for HCOOH are 3099-
3100cm™!. Note that this energy level is not predicted to be involved in strong resonances,
neither in HCOOH nor HCOOD. An alternative assignment to v,+v+v, of HCOOH appears
equally doubtful with error-corrected predictions of 3113-3115 cm™! from either CVPT6 (both
potentials) or MCTDH [22]. Lacking more plausible assignments, the IR band at 3106.5 cm™"
is very cautiously ascribed to 3v;+2v, but marked as (highly) tentative in Table 4.7.

HCOOH. 3826 cm~!. From the perspective of the published computed anharmonic term val-
ues [21, 22, 28], there are only two assignments that seem plausible for the HCOOH band at
3826 cm™! [94]: 2v,+v, and v3+2v,. On the basis of the expected error progression (Eq. 4.1),
an assignment to v;+2vg is more convincing as 2v,+v; is expected at 3831-3835 cm™! whereas
v3+2vg is uniformly located at 3826-3827 cm™".

HCOOH. 3963.6 cm~!. Meyer noted that a previous IR assignment of v,+vg [94] is incom-
patible with the extracted term value from hot band assignments [86]. The anharmonic calcu-
lations further support the Raman jet assignment which was discussed above (pp. 85), thus the
IR assignment at 3963.6 cm™' [94] must be revised. From the vibrational term values shown
in Table D.4, there are only two plausible assignments for the IR band at 3963.6 cm™!: v;+2v,
or 2v,+vs. The other assignments correspond to highly excited (n > 5) states and appear less
likely. Since a second band, corresponding to 2v,+2v,, was not reported by Freytes et al., an
assignment to v;+2v, is more favourable. However, given the overall weak intensity of the
3963.6 cm™~! band, the corresponding 2v,+2v, band might be too weak to be observed, thus the
assignment is marked as tentative in Table 4.7.

HCOOD. 2142.4 and 2178.8 cm~!. Williams reported two parallel bands in the IR gas phase
spectrum of HCOOD that nearly seven decades later remain unassigned [238]. With the addi-
tional symmetry information from the band contour, an assignment of both bands is straightfor-
ward with CVPT6 term values from Table D.6. The bands at 2142.4 and 2178.8 cm™! can be
assigned to the Fermi pair'®* vs+v, and v +2v,, respectively. Note that even when considering
A" symmetric states in this region, the proposed assignment is the best energy match.

164 Marushkevich ef al. observed vs+ve at similar wavenumbers and reported vibrational band centres at 2139.8
and 2176.8cm™! in a neon and 2144.1 and 2181.0cm™! in an argon matrix [84]. While the doublet was inter-
preted as matrix site splitting, the similarity to the unperturbed gas phase band centres indicates an alternative
interpretation as a Fermi resonance doublet.
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HCOOD. 2601.13cm™!. A’dawiah et al. analysed the rotationally-resolved thermal gas phase
infrared spectrum of the O —D stretching fundamental (v,) of HCOOD [224] and H*COOD [250].
The authors included additional Coriolis couplings to a nearby A’ state in the fit Hamiltonian
and reported vibrational band centres at 2601.13 (HCOOD) and 2596.31 cm™! (H*COOD)
for the perturber which was assigned to 3v,+v; in both cases [224, 250]. A simple sum-of-
fundamentals estimate for HCOOD, however, clearly shows that the 3v,+v; band centre is expec-
ted at much higher wavenumbers (3 X 558 + 1031 = 2705 cm™") which is near the computed an-
harmonic prediction (2712 cm™!, Table D.6). Moreover, the carbon-13 shift of —5 cm™! appears
much too small for the C—H out-of-plane bend vg. For the carbon-12 isotopologue, v,+vg+2v,
(2604 cm™!) is the best energy match for the band centre at 2601.13 cm™". While v;+vg+2v,
(2585 cm™) is also the best match for the band at 2596.31 cm™~! based on CVPT6 energy levels
for the carbon-13 isotopologue (not shown), it should be noted that the theory-experiment agree-
ment is much poorer. In view of similar discrepancies discussed above for the DCOOH band
at 2254.24 cm™!, the question arises whether additional couplings and/or vibrational states must
be included in the fit Hamiltonian that was employed in Refs. [224, 250].

4.6 Vibrational benchmark database of monomeric formic
acid

The discussion of Raman and IR band (re)assignments in the preceding sections is condensed in
Table 4.8 which comprises benchmark-quality vibrational band centres of different formic acid

isotopologues and conformers. Bands whose assignments are not secured yet or that await a
165 -1
t

mode assignment'® and available band centres in the overtone manifold above 4000 cm™ are
not included.
The following labelling system is used in Table 4.8:
Q Vibrational band centres are approximated from the position of the central Q

branch. Band centre uncertainties of +2 and +1 cm™! are ascribed to Raman and
FTIR'% jet band centres from this work, respectively.

rv Vibrational band centres are obtained by fitting rotationally-resolved lines using
effective fit Hamiltonians. The value of the band centre depends on the form of
the effective Hamilton matrix (included states and included operators). For these
bands, two decimal places are shown even if more significant digits are reported
in the original publication.

h Vibrational band centres (V,) are determined from difference bands in the Raman
spectra (v,—v;). The assignments were discussed in Section 4.4 (see Table 4.4,
p- 80). The observed difference band (V, — V,) is ascribed an uncertainty of
+2cm™!. Since ¥, is available from high-resolution spectroscopy in almost all
cases, V, is ascribed an uncertainty of +2 cm~!. Larger uncertainties are annot-
ated in Table 4.8.

c Vibrational band centres are obtained from the analysis of the unresolved ro-
vibrational band contour. This only applies to the vy Raman band centres of trans-
HCOOH and trans-HCOOQOD (see pp. 45). The Raman band centres are ascribed
a smaller uncertainty of +1 cm™' (see pp. 45).

165 The assignments of a few IR bands that were reported by Freytes et al. [94] remain tentative (see Table 4.7,
p- 87). These band centres are not included in Table 4.8 and require further investigation. Combination states
reported in Refs. [90, 224, 250] are also not included as they are still awaiting a mode assignment. Similarly,
some Raman bands in Tables 4.3 (p. 71) and 4.4 (pp. 80) remain unassigned.

166 The FTIR band centres are determined from dimer-optimised spectra shown in Figs. 6.1-6.2 (pp. 116).
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If the method of determining the band centre is not explicitly reported in the reference, the
corresponding cell is left empty in Table 4.8.

Table 4.8 Experimental term values (¥, in cm™') referenced to the respective ground state for different isotopo-
logues and rotamers of formic acid below 4000 cm™!. Note that vibrational levels (the vibrational mode is indexed
by the quanta of excitation) are labelled according to Table 2.2 (p. 35). See text for details.

Raman IR
Iso. Conf. Label r Vo Comment Vo Reference Comment
HCOOH trans 71 A’ 626 o 626.17 [218] v
HCOOH trans 9 A" 640.73 [218] v
HCOOH trans 8 A 1033 c 1033.47 [219] v
HCOOH trans 6, A’ 1104 0 1104.85 [219] rv
HCOOH trans 9, A’ 1220 0 1220.83 [110] rv
HCOOH trans 7y A’ 1253.44 [95] v
HCOOH trans 719, A" 1268.69 [95] v
HCOOH trans 5, A/ 1306 o 1306.14 [95] rv
HCOOH trans 4, A 1379 0 1379.05 [230] rv
HCOOH trans 819 A’ 1673 0
HCOOH trans 6,7, A’ 1726 0 1726.40 [96] rv
HCOOH trans 6,9, A" 1738 h 1737.96 [96] v
HCOOH trans 3 A’ 1776 o 1776.83 [96] v
HCOOH trans 95 A 1792.63 [96] rv
HCOOH trans 719, A’ 1847 0 1847.8 [94] o
HCOOH trans 5,7, A’ 1931 0 1931.1 [94] 0
HCOOH trans 5,9, A" 1951 h
HCOOH trans 8, A/ 2060 (0]
HCOOH trans 6,8 A 2132 [94]
HCOOH trans 6, A’ 2197 (0] 2196.3 [94] (0]
HCOOH trans 941619, A’ 2298 0
HCOOH trans 7,8,9, A’ 2301 0
HCOOH trans 619,/9, A’ 2336 (0]
HCOOH trans 3,7, A 2395 0
HCOOH trans 5,6, A 2400 0 2400.2 [94] 0
HCOOH trans 319(/7,93 A" 2423 h
HCOOH trans 519,/5, A’ 2504 0 2504 [94]
HCOOH trans 4,5, A’ 2678 0
HCOOH trans 4, A’ 2746 (0] 2745 [94]
HCOOH trans 3,8, A 2803 [94]
HCOOH trans 3,6, A’ 2876.6 [94] o
HCOOH trans 2 A’ 2942 0 2942.06 [94] v
HCOOH trans 7,94 A’ 2960 0
HCOOH trans 319, A’ 2995 o
HCOOH trans 3,5 A 3081 o
HCOOH trans 3,4, A’ 3153 0 31523 [94] 0
HCOOH trans 3 A’ 3534 h 3534 [126] 0,1
HCOOH trans 2,7, A’ 3567 0
HCOOH trans L A’ 3570 (0] 3570.5 [94]
HCOOH trans 2,9, A 3579 h
HCOOH trans 3,8, A 3826 [94]
HCOOH trans 2,8, A" 3958 h
H3COOH  trans 7, A 621.60  [251] v
HCOOH  mans 9, A" 639.08  [251] rv
H'3COOH  rrans 8, A" 1019.61  [243] rv
H'*COOH trans 6, A 1095 0 1095.40 [243] rv
HCOOH  mans 9, A 1206.7 [244]

continued
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Table 4.8 (continued)
Raman IR
Iso. Conf. Label r Vo Comment % Reference Comment
H!3COOH  rrans 5 A’ 1295 0
HCOOH  mans 4 A 1386.2 [244]
H'3*COOH trans 3 A 1737 (0] 1735.7 [244]
HCOOH  trans 2, A 2928 Q 2927.4 [244]
H3COOH  rrans 1, A 3572.0 [244]
HCOOH cis 9, A" 493.42 [88] rv
HCOOH cis 6, A 1093 o
HCOOH cis 3 A 1818 (0]
HCOOH cis 2 A’ 2873 (0]
HCOOH cis L A’ 3637 (0] 3637.16 [90] v
DCOOH trans 74 A’ 620 0 620.57 [236] v
DCOOH trans 9, A 631.54 [236] v
DCOOH trans 8 A" 873.38 [237] v
DCOOH trans 4, A’ 971 (0] 970.89 [231] v
DCOOH trans 6, A’ 1142 o 1142.31 [233] rv
DCOOH trans 9, A’ 1206 0
DCOOH trans 5 A 1299 o
DCOOH trans 819, A 1508 (0]
DCOOH trans 8,/3; A’ 1725 (0] 1725.87 [227] v
DCOOH trans 9, A" 1756 h
DCOOH trans 6,7, A’ 1760 h
DCOOH trans 3,/8, A 1762 0 1762.9 [227]
DCOOH trans 6,9, A" 1779 h
DCOOH trans 719, A’ 1828 (0]
DCOOH trans 5,7, A’ 1919 0
DCOOH trans 4, A’ 1937 0
DCOOH trans 5,9, A 1937 h
DCOOH trans 4,6, A 2103 o
DCOOH trans 4,9, A 2174 (0]
DCOOH trans 2 A’ 2219 (0] 2219.69 [226] v
DCOOH trans 4,5, A’ 2271 0
DCOOH trans 6, A’ 2277 0
DCOOH trans 94 A 2290 (0]
DCOOH trans 6,9, A 2342 (0]
DCOOH trans 5,6, A’ 2428 0
DCOOH trans 519,/5, A 2482 h,?
DCOOH trans 84/3,8, A" 2578 h
DCOOH trans 3,8,/85 A" 2641 h
DCOOH trans 4,8,/3144 A’ 2695 o
DCOOH trans 3,4,/4,8, A’ 2731 (0]
DCOOH trans 2,9, A 2849 h
DCOOH trans 6,8,/3,6, A 2860 (0]
DCOOH trans 3,6,/6,8, A’ 2898 o
DCOOH trans 184 A" 3084 h
DCOOH trans 2,4, A’ 3179 h
DCOOH trans 2,6, A 3352 0
DCOOH trans 6,9, A 3404 o
DCOOH trans 6, A’ 3421 0
DCOOH trans 1, A’ 3569 0
DCOOH  mans 6, A 1128 0
D3COOH  rrans 8,/3; A’ 1693 0

continued
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Table 4.8 (continued)

Raman IR
Iso. Conf. Label r Vo Comment % Reference Comment
DCOOH  mans 2, Al 2200 0
DCOOH cis 3 A/ 1790 o
DCOOH cis 2, A’ 2167 o
DCOOH cis 1, A’ 3635 0]
HCOOD trans 9, A 508.13 [221] rv
HCOOD trans 74 A/ 558 o 558.27 [221] v
HCOOD trans 5; A/ 972 o 972.85 [232] v
HCOOD trans 9, A’ 1010 o 1011.68 [232] v
HCOOD trans 8, A" 1031 c
HCOOD trans 6, A’ 1176 0] 1177.09 [234] rv
HCOOD trans 4 A’ 1365 0] 1366.48 [230] rv
HCOOD trans 9, A" 1447 h
HCOOD trans 519 A" 1512 h
HCOOD trans 5,7, A’ 1527 0
HCOOD trans 8,9, A’ 1539 0
HCOOD trans 6,9, A 1679 h 1680.96 [228] rv
HCOOD trans 6,7, A/ 1730 o 1732.08 [228] v
HCOOD trans 3 A’ 1772 o 1772.12 [228] rv
HCOOD trans 9 A’ 1898 h
HCOOD trans 5, A/ 1953 (0]
HCOOD trans 8, A/ 2055 (0]
HCOOD trans 516, A/ 21424 [238] o
HCOOD trans 6,9, A/ 2178.8 [238] o
HCOOD trans 317 A’ 2327 o
HCOOD trans 6, A’ 2341 0
HCOOD trans 1, A’ 2631 [0 2631.64 [224] v
HCOOD trans 5,6,7, A’ 2692 0
HCOOD trans 6,89, A" 2710 O
HCOOD trans 4, A’ 2713 o
HCOOD trans 3,5, A’ 2741 0
HCOOD trans 3,9, A’ 2782 0
HCOOD trans 4,7,9, A’ 2933 0]
HCOOD trans 2,/3,64 A 2938 o
HCOOD trans  3,6,/2, A 2954 Q
HCOOD trans 4,6,7, A’ 3092 0
HCOOD trans 3,4, A’ 3137 0
HCOOD trans 1,7, A’ 3184 0
HCOOD trans 3, A’ 3529 0] 3529 [126] 0,7
H'3COOD  trans 6, A’ 1150 0
HCOOD  mans 3, A/ 1733 0
H'*COOD  trans 1, A’ 2631.13  [250] rv
HCOOD cis 5; A’ 904 o
HCOOD cis 3 A’ 1819 0]
HCOOD cis 2, A’ 2871 [0
HCOOD cis 1 A’ 2685 0]
DCOOD trans 9 A" 492.23 [221] v
DCOOD trans T A’ 554 0] 554.44 [221] v
DCOOD trans 8, A" 873.2 [238] , €
DCOOD trans 5 A’ 945 0] 946 0]
DCOOD trans 9, A’ 965 0] 965 0]
DCOOD trans 44 A/ 1039 o 1040 o

continued
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Table 4.8 (continued)
Raman IR
Iso. Conf. Label r Vo Comment % Reference Comment
DCOOD trans 6, A’ 1170 [0) 1170.80 [235] v
DCOOD trans 9; A" 1414 h
DCOOD trans 5,9 A" 1442 h
DCOOD trans 6,9, A 1658 h
DCOOD trans 6,7, A’ 1720 0
DCOOD trans 8,/34 A’ 1725 0 1725.12 [229] v
DCOOD trans 3,78, A’ 1761 0 1761 0
DCOOD trans 4, A’ 2073 0
DCOOD trans 5,6, A 2108 o
DCOOD trans 6,9, A 2126 0
DCOOD trans 4,6, A’ 2194 0
DCOOD trans 2, A’ 2231 0
DCOOD trans 7,8,/3,7, A’ 2276 h
DCOOD trans 3,7,/7,8, A’ 2312 h
DCOOD trans 6, A 2330 (0]
DCOOD trans 83/3,8; A" 2577 h, 4
DCOOD trans 1, A 2632 0 2631.87 [225] rv
DCOOD trans 3,8,/8, A 2639 h, 4
DCOOD trans 5,617, A’ 2656 o
DCOOD trans 518,/315; A 2668 o
DCOOD trans 4,6,9, A" 2683 h
DCOOD trans 3151/5,8, A’ 2704 0
DCOOD trans 2,9, A" 2721 h
DCOOD trans 4,8,/3,4, A’ 2761 0
DCOOD trans 3,4,/4,8, A 2797 0
DCOOD trans 6,8,/3,6, A’ 2888 0
DCOOD trans 3,6,/6,8, A’ 2926 0
DCOOD trans 4,68, A 3061 h, 4
DCOOD trans 2,8 A 3096 h, 4
DCOOD trans 1,7, A 3181 0
D3COOD  trans 6, A’ 1146 0
DCOOD  rrans 8,/3; A 1690 0
DBCOOD  mans 2, A 2210 0
DCOOD cis 5 A’ 883 0
DCOOD cis 3 A’ 1789 0
DCOOD cis 2, A’ 2145 0
DCOOD cis 1, A 2685 o

¢ The band centre has newly been determined in this work on the basis of the published spectra which were kindly
provided by the authors of Ref. [126].

Uncertainty of +3 cm™! since ¥, is only available from low-resolution Raman spectroscopy.

The band centre has a single-sided error bar of —1 cm™! since two band centres are reported in Ref. [238] due
to a typographical error (873.2cm™! in Table I and 872.2cm™! on p. 248).

The band centre uncertainty is +2 and =3 cm™! since the term value was determined with 75 = 873.2cm™!
which has a single-sided error bar of —1 cm~! (see note d).



Chapter 5

Theoretical description of formic acid
vibrations

Previous ab initio studies of HCOOH have been primarily concerned with the trans rotamer.
These have either focussed on the fundamental region below 4000 cm~! or the C—H and O—H
stretching overtone manifolds, have either used effective perturbative Hamiltonians or vari-
ational methods, and have either accounted for the full vibrational dimensionality or employed
reduced-dimensional models.'®” With a plethora of new experimental reference data for trans-
HCOOH that fill important gaps in the spectral region up to 4000 cm=! (Table 4.8, pp. 91) the
vibrational dynamics of trans-HCOOH in the fundamental region will be systematically invest-
igated in this chapter in order to link, merge, and extend insights from previous investigations.
The primary focus is to benchmark nuclear vibrational models and explore the applicability of
low-order perturbative vibrational models, such as rectilinear normal mode VPT2, to comple-
ment recent variational and curvilinear perturbative perspectives [21, 22, 29, 109].

5.1 Definition of effective Hamiltonians for trans-HCOOH

The vibrational benchmarking database of frans-H'>*COOH in Table 4.8 (pp. 91) comprises over-
all 42 term values between 600 and 4000 cm~!. Less than 50% of these energy levels can be com-
puted with ‘pure’ VPT2 whereas all others are somehow involved in resonance interactions with
one or several N polyads (Eq. 4.6, p. 67). The accuracy of perturbative predictions depends
on the appropriate treatment of such resonances. As such, before we can continue to investigate
the performance of VPT?2 in the following, we need to define appropriate resonance Hamiltoni-
ans. In Table 5.1, resonance polyads are proposed for all experimentally available term values
of trans-HCOOH up to 4000 cm~'. The division into three sets I-1II reflects excitations in the
OH bend-torsion polyad, i.e. N5 =0, 1,2, respectively. States that are coupling to states from a
higher-excited Ny polyad are included in the same set at the latter.

The definition of resonance polyads is informed by the Martin test and the experimental
analysis provided in the preceding chapter. With default thresholds (Section 2.1.2), the Martin
test detects the following three resonances: @, ~ w; + ws, @, * 2wy, and ws & 2w,. The
involvement of v, (CH in-plane bend) in the OH bend-torsion resonance can be understood from
a geometrical perspective as v, exhibits partial OH bending character and vs, in turn, partial CH
bending character. Indeed, a recurring motif in Table 5.1 is the v,/vs/2v, triplet. The effective
Hamiltonians have been defined to be as small as possible while retaining all relevant couplings.
The accuracy of these minimum effective Hamiltonians was validated by comparison to the

167 See for example Refs. [98, 101, 114] where the OH overtone manifold is investigated or Refs. [21, 22, 24, 29,
99, 109] where the fundamental region is discussed.
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Table 5.1 Vibrational benchmarking set of rrans-HCOOH. Effective Hamiltonians are proposed in order to model
the experimentally available term values with perturbation theory. States that are grouped together (braces) belong

to the same effective Hamiltonian. The experimental term values are compiled in Table 4.8 (pp. 91).

Set

Data points

Experimentally available

Effective Hamiltonian

I

II

I

18

16

V7, Vg, Vg, Vg, 2V7, V7+Vg, Vg+Vg,
V6+V7, V6+V9, V3, 2V8’ V6+V8,
2\/6, V3+V8, V3+V6, 2V3, Vi,
V3+2\/8

2vg, Vs, V4, Vg, Vs+Vg, V742V,
Vs+Vy, 2V, Vy, V3+2vg, V3+vs,
V3+Vs, Votvg, Votvg, Votvg,
[V3+vg/vs+3vg]?

\/7+V8+V9, V3+\/7, 4V9,
V6+2V9, V5+V6, V4+V5, V7+4\/9,
[V5+2V9/2V5]a

{2vg, vs, 4}, {3vg, vs+vg, vatvg), {v3+2vg, vs+vg,
vatvr ), {2v4, vo, v3+2vg, Vitvs, vatug), {vatvg,
V3+vr+2vg, V3+vs+vy, vatyutvs), {vtvg, v343v,
V3+Vs+vg, Va+vut+vg ), {votvg, v3tvg+2vg, v3+vstvg,
V3t+vatvg}, {vatvg, Vo3V, Vst+vytvg, vatvstvg )

{vitvg+vg, v3t+vy, 4vg, Vet+2vy, Vs+vg, Vs+2vg, 2vs,
V4+2V9, V4+V5 }, {V7+4V9, V6+V7+2Vg, V5+V6+V7,
V5+V7+2V9, 2V5+V7, V4+V7+2V9, V4+V5+\/7}

¢ Resonance doublets; only the respective higher-wavenumber band has experimentally been observed.

eigenvalues of the full CVPT6 matrix using the same potential [28]. Despite the significant
intensity transfer between v, and v,+v,, the analysis in Section 4.2 showed that the coupling
between them is so weak that it can be treated perturbatively. Both states are therefore sorted
into Set L.

The C—H stretching region (v,) deserves a few comments (see also Appendix C.3). The
C—H stretch is very sensitive to the form of the effective Hamiltonian treatment — 2938 without
and 2944 cm™! with 2v, included in the effective v, VPT2 Hamiltonian (TM-PES). Based on
the effective Hamiltonian results from Section 4.3.2, 2v, is grouped together with v, (Set 1II,
Table 5.1). Due to its simultaneous connection to the Ns; = 2 polyad, one could in principle
treat all observed states between 2300 up to 3200 cm™! in the same effective Hamiltonian. Since
the proposed disconnected Hamiltonians in Table 5.1 are able to reproduce the reference values
of the full CVPT6 Hamilton matrix with sufficient accuracy, smaller effective Hamiltonians are
preferred. However, they may need some adjustment if additional members of the {n,, Ny} =
{1,2} polyad are observed since some of them are predicted to be near v,.

5.2 Fundamentals of trans- and cis-HCOOH

The trans conformer

Differently calculated term values of the nine frans-HCOOH fundamentals are compared in
Table 5.2. The TM-PES is used throughout all calculations to remove additional error sources
that could fortuitously cancel. Furthermore, the Watson Hamiltonian is employed to focus on
differences between variational and perturbative vibrational methods. Strictly speaking, not the
pure Watsonian but its [CPH modification is used in the 9D VCI calculations (column L) but in
the absence of pure Watsonian VCI data, ICPH-VCI serves as a computational reference whose
accuracy for the nine trans fundamentals was validated in Section 4.1 against experiment. The
numerical deviations between both have so far not been quantified for formic acid but at least for
the fundamental vibrations the deviations between both models are expected to be negligible.'®

168 See for example comparisons of Watsonian VCI and ICPH-VCI calculations for the tetra-atomic HOPO and its
deuterated isotopologue [252].
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Table 5.2 Assessment of variational and perturbational models for the fundamentals of trans-HCOOH (in cm™!)
on the TM-PES. Results in parentheses are obtained with lower-order force fields and are referenced to the ‘exact’
results (D to C; F and G to E).

1D 9D (dep.) 9D (pert.)
Harm VPT2 VPT4 VCI* VPT2Y VPT4® VPT2® VPT4® VCI¢
Full QFF? SFFY QFFY Full! QFFY SFF? QFF® SFF/ QFF¢ SFE/ 5-B
Descr. T A B C D E F G H I J K L
v; v(OH) A’ 3767 3604 3599 (4+64.0) 3601 (+65.0) (=6.9) 3576 3577 3575
v, V(CH) A’ 3092 2975 2972 (+41.7) 2973 (+42.5) (=6.2) 2933 2935 2944 2946 2938
v; W(C=0) A’ 1818 1805 1805 (+1.5) 1805 (+1.4) (=0.1) 1783 1783 1783

vs 6(CH) A’ 1412 1418 1416 (+1.7) 1416 (+1.4) (=0.3) 1373 1373 1380 1377 1379
vs 8(OH) A’ 1323 1320 1321 (-1.0) 1320 (-0.7) (+0.1) 1273 1272 1302 1289 1305

ve V(C-0) A’ 1140 1149 1148 (+1.6) 1148 (+1.5) (-0.1) 1107 1107 1108
v; 6(0CO) A’ 632 640 639 (+04) 639 (+04) (-0.0) 627 627 627
vg y(CH) A” 1056 1096 1085 (+8.1) 1087 (+5.9) -8 1034 1035 1034

vg y(OH) A” 673 967 617 (+93.2) 834 (+263) -8 640 637 638

Eigenvalues are computed with QVib (see Appendix B.4).

The effective Hamiltonians are defined in Table 5.1. Deperturbed and perturbed term values correspond to the
diagonal values and eigenvalues of the effective Hamiltonians, respectively

¢ From Ref. [21]; full VCI using a 5-body expansion of the potential and the ICPH modification of the Watsonian.
Note that the previous discussion of convergence errors (Section 5.3.1) does not affect the trans fundamentals.
Force constants are obtained with QFit (see Appendix B.4).

The numerical quartic force field is computed from analytic second derivatives (see Appendix B.2).

As item e but the quintic and sextic force constants are not exact (see Appendix B.2).

Eigenvalues are not converged due to a negative leading coefficient in the polynomial expansion of the potential.

[ NN

Details of the individual computations can be found in Appendix B and the footnotes of
Table 5.2. VPTn calculations in reduced and full dimensionality have been performed with
GUINEA. Numerical sensitivities of force constants are overall negligible and effects on com-
puted fundamentals are within 1 cm=!.1%

We can divide the following discussion of the nine vibrational modes into three groups: The
high-frequency X —H stretching vibrations (v,-v,, A"), the in-plane fingerprint vibrations (v;-v,,
A’), and the out-of-plane bending vibrations (vg-vg, A”).

The two stretching vibrations are energetically and geometrically cleanly separated from
other vibrational modes and the rectilinear normal mode displacements are mostly localised
along the X—H bonds. As such, the excellent performance of VPT?2 is not surprising. The per-
turbational 1D predictions agree with 1D VCI to within 3cm~! (B, C versus E), despite very
large potential energy contributions beyond a quartic force field (D, F, G). The cancellation of
higher-order vibrational corrections beyond VPT2 can be ascribed to the local mode character of
these stretching vibrations or, in other words, the Morse-likeness of the C—H and O — H stretches
as VPT2 is exact for the vibrational term values of the Morse potential [77, 173]. Nonetheless,
vibrational coupling is essential to correctly model the X —H stretching levels as previously poin-
ted out [101]. The size of these couplings is reflected in the deviations between 1D and 9D VPT2
(H, J versus B). The slightly larger deviations for v, in the full-dimensional treatment (J, K versus
L) were discussed above (Section 5.1) and are mostly due to the effective Hamiltonian treatment.

At the other wavenumber end, the predictions for the two A” symmetric out-of-plane modes

169 Absolute deviations of 9D VPT?2 fundamentals are within 1 cm~! when instead the QFF is obtained from single-
point energies. Similarly, deviations for 1D VPT2 or VPT4 are well below 1cm~! when they are instead
computed with force constants obtained via numerical differentiation.
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Figure 5.1 Potential energy scans (TM-PES, in cm™!) of trans-HCOOH along the XH stretches and XH out-of-
plane bending or torsion vibrations in dimensionless normal coordinates.

significantly differ between different vibrational models in one dimension (B, C, E). This is
especially pronounced for the OH torsion (v,). The diagonal 1D anharmonicity of v, is small
and negative for VPT4 but several hundreds of cm~! and positive for VPT2 and VCI — yet the net
anharmonicity constitutes only 5% of the zero-point-corrected term value (A versus J, K, L). The
discrepancies between 1D VPT2 and VPT4 can be understood by inspection of the individual
contributions to the anharmonic 1D correction (Eq. 2.27, p. 19). Note that all terms in Eq. 2.27
that are set in brackets are zero since vg and v, are both non-totally symmetric. In view of a very
large and positive quartic force constant (¢ ¢ o & 2350 cm™"), we can easily rationalise why the
anharmonic 1D correction is positive and very large for v, at second-order of perturbation — the
1D VPT?2 correction is +¢q g 9/8. This is almost completely offset by the inclusion of fourth-
order corrections due to additional negative contributions in 1D VPT4 (Eqgs. 2.21-2.22, pp. 18).
The 1D VPT4 term value of v, is very close to the full-dimensional value (C, K), however, the
incompatibility of 1D VPT4 and VCI (C, E) indicates that this near-quantitative agreement is
most likely accidental.

In view of these large discrepancies between different vibrational models and the pronounced
sensitivity of the 1D results to the force field completeness, it must be asked whether the quant-
itative agreement for v, to within 2cm™! in the full-dimensional treatments (J, K, L) is partly
fortuitous and perhaps facilitated by the cancellation of higher-dimensional anharmonic correc-
tions. This is not the case and we can rationalise the deviations between different 1D models as
the inadequateness of rectilinear coordinates to describe an essentially curvilinear motion. One-
dimensional cuts along the rectilinear torsional coordinate are not physically meaningful.!”® In
order to describe the inherently curvilinear torsional path, the O—H stretching coordinate (g,)
must be included to counteract the simultaneous stretching of the O—H bond in rectilinear co-
ordinate space (the g, normal coordinate is perpendicular to the molecular plane). The banana
shape of the two-dimensional contour plot along g, and ¢, in Fig. 5.1B nicely illustrates the
curvilinear nature of the torsion as the minimum energy path is not a vertical line — effective
elongation of the OH bond — but is bent to the left as negative displacements along g, corres-
pond to a simultaneous shortening of the OH bond length. In principle, the same applies to
the CH out-of-plane bend (vg), however, the curvature in Fig. 5.1A is much less pronounced and

170 The 2D pendulum or stretch-bend coupling in carbon dioxide are textbook examples of the relationship between
rectilinear and curvilinear descriptions of bending motions. For further reading, see for example Ref. [253] or
Refs. [3, 46].
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Figure 5.2 Differently calculated term values of the vg and vy fundamentals of trans-HCOOH from Table 5.2
compared to experiment (Table 4.8, p. 91). The additional 2D term values are computed according to Eq. 2.28
(p- 19) and include essential coupling to the respective XH stretch. Note that “1D+2D+Cor” is not available VCI
(see Appendix B.4).

low-order expansions in rectilinear coordinates, therefore, remain a valid approximation towards
much higher excitation energies.

Returning to the sensitivity of different 1D models for v, it should be realised that in these
calculations only the g, = 0 region of the potential is sampled which corresponds to vertical
displacements in the contour plot at g, = O where the potential energy increases rapidly beyond
lgo| = 0.5 (Fig. 5.2B). This explains the sensitivity of 1D rectilinear VCI with respect to the
order of the force field expansion (E, F, G). When additional relaxation of the O—H stretch is
included by extension to 2D, much lower regions of the potential are probed for even larger
displacements of g,. In the bottom panel of Fig. 5.2, the discrepancies between the 1D and 9D
rectilinear perspectives are bridged by 2D term values that include additional out-of-plane bend-
stretch coupling. The perturbative 2D calculations are computed according to Eq. 2.28 (p. 19)
and include additional contributions from the OH stretch (j = 1) for v, and correspondingly
from the CH stretch (j = 2) for vg. The 2D VCI term values are computed from the eigenvalues
of the potentials shown in Fig. 5.2. Indeed, VPT2, VPT4, and VCI can all be reconciled in
the 2D approach and the resultant term values are in-between the harmonic and anharmonic
9D values. Moreover, in this 2D sub-space perturbation theory once again agrees with VCI to
within 1-2 cm™!,

Lastly, we turn to the mid-frequency group vibrations. The 1D analysis in Table 5.2 in-
dicates that the diagonal anharmonicity is very small (D, F, G). For such vibrations, it is not
uncommon that the off-diagonal anharmonicity outweighs the diagonal anharmonicity. Overall,
it is not surprising that VPT2 and VPT4 both reproduce the VCI term values of v;, v,, and v,
to within 1 cm™! in the 9D treatment (J, K, L). For these modes, rectilinear normal mode VPT2
is a suitable method and is expected to yield quantitatively correct predictions for higher excit-
ations along these modes. For the in-plane CH (v,) and OH (vs) bends, the previous arguments
for vg and vy apply. A 2D VPT2 treatment with additional XH in-plane bend-stretch coupling
(Eq. 2.28) yields 1387 and 1292 cm™! for v, and vs, respectively. Already two-thirds of their
total deperturbed anharmonicities are recovered by simply accounting for the curvilinearity of
the bending vibrations. The deperturbed 9D term values of v, and v seem to be converged with
respect to the order of perturbation theory (H, I) and larger discrepancies in the perturbed cal-
culations (J, K, L) can be ascribed to their resonance interaction with the OH torsion overtone
(2vy). The perturbed term values in Table 5.2 are obtained by diagonalisation of an appropriate
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effective Hamiltonian which takes the following form at second-order (see Eq. 2.39, p. 22)

HVPT2 1373.1
;—ff =l 0o 12735 , 5.1
¢ 269 39.6 12568

and fourth-order (see Eq. 2.45, p. 24)

HYPT4 1373.3
;lff =| 48 12722 . (5.2)
¢ —21.1 27.8 12456

The Fermi coupling strengths (W, 4,4) decrease and the deperturbed wavenumber difference
between vs and 2v, simultaneously increases to effectively weaken the resonance coupling from
second- to fourth-order. It is worth noting that when comparing to experimentally deperturbed
values, (2vy)* = 1249cm™, Wy 4o = 42cm™" [95] (mind vy<2v, label switch), VPT4 is nearer
experiment for (2vy)* whereas the VPT?2 value is ‘better’ for W 4. This illustrates that one must
tread carefully when comparing experimental effective Hamiltonians to low-order perturbative
calculations [6]. Focussing instead on the perturbed 9D term values (J, K, L), it is noticeable
that the full-dimensional VPT4 eigenvalues of the above effective Hamiltonian are inferior com-
pared to VCI (Table 5.2). Whether this result is a genuine failure of VPT4 or due to errors in the
approximated!’! quintic and sextic force constants is worth investigating in the future.

In summary, the success of VPT?2 for the fundamentals of trans-formic acid is by no means
fortuitous. In view of the pronounced curvilinearity of the torsion, rather the question arises up
to how many torsional excitations VPT?2 is still able to provide accurate results. The benchmarks
in the following sections shed further light on this issue.

The cis conformer

Considering the above-discussed excellent performance of VPT?2 for trans-HCOOH fundament-
als, the VPT2 term values for the fundamentals of cis-HCOOH as published in Ref. [22] are in
need of clarification. Differently computed cis-HCOOH fundamentals on both analytic poten-
tials are compiled from the literature and listed in Table 5.3. The VPT2 wavenumbers from
Ref. [22] are contrasted to differently computed VPT2 wavenumbers from this work (A-C). In
A, the term values are calculated using sum-of-states VPT2. However, the Hamiltonian is not
the exact VPT2 Hamiltonian but missing Coriolis contributions. In B, these missing contri-
butions are included. Thus, the results in B represent exact sum-of-states VPT2. In C, the
correct Hamiltonian is used and near-degeneracies are treated the usual way by deperturbation
and subsequent diagonalisation of appropriate effective Hamiltonians (VPT2+4F). Informed by
the Martin test, a 2 X 2 effective Hamiltonian is set up with v, and 2v,.

Comparison of the four different VPT2 calculations across both potentials suggests that the
wavenumbers in Ref. [22] were computed following method A, i.e. without Coriolis contribu-
tions and no resonance treatment. Particularly for the XH stretching (v,-v,) and out-of-plane
bending vibrations (vg-vy), these Coriolis contributions are very important for accurate band po-
sitions. vg seems to exhibit a more pronounced numerical sensitivity on the RC-PES than on
the TM-PES. Numerical sensitivities of the VPT2 wavenumbers, however, are negligible. The
VPT2 values shown in Table 5.3 (A-C) were calculated with a numerical quartic force field that
was obtained from single-point energies as described in Appendix B.2. When instead analytic
second derivatives are used (only available for TM-PES), the maximum absolute deviations are

171" On the transformation of force constants between different coordinate systems, see for example the works by
Mills and Csaszar [3, 188, 254, 255].
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Table 5.3 Assessment of differently computed fundamentals of cis-HCOOH (in cm™!). CVPT6 values are from
Ref. [28] and variational GENIUSH-Smolyak and MCTDH results, which serve as a reference, from Refs. [22, 29].
VPT?2 results from Ref. [22] are contrasted to differently computed VPT2 values from this work (A-C). See text for
details.

TM-PES RC-PES
VPT2 CVPT6 GENIUSH VPT2 CVPT6 MCTDH
Descr. I' [22] A B C [22] A B C
v; v(OH) A’ 3633 3634 3640 3640 3653 n.r. 3623 3623 3629 3629 3636 3631

v, v(CH) A’ 2860 2860 2865 2873 2878 2873 2860 2857 2861 2880 2874 2871
v; v(C=0) A’ 1819 1819 1820 1820 1821 1821 1808 1809 1809 1809 1810 1810
vs 6(CH) A’ 1384 1385 1386 1386 1389 1389 1383 1383 1384 1384 1384 1383
vs 6(OH) A’ 1242 1242 1244 1244 1246 1247 1245 1245 1247 1247 1247 1246
ve V(C-0) A’ 1096 1096 1097 1097 1096 1096 1096 1098 1099 1099 1097 1097

v; 8(0CO) A" 657 657 658 658 657 657 651 651 652 652 652 652
vg ¥(CH) A” 1014 1015 1020 1020 1020 1021 1002 1003 1008 1008 1014 1011
vog y(OH) A" 482 482 489 489 491 490 483 483 491 491 491 491

well within 1 cm™! for the fundamentals. The larger deviations for v, between VPT2, CVPT6,
and the variational references are presumably due to strong resonances to highly excited states
n > 4, as indicated by the CVPT6 eigenvectors. This similarly affects v, which is unanimously
predicted to be in resonance with 2v, [21, 22, 28]. Otherwise, the newly computed VPT2 funda-
mentals of cis-HCOOH in columns C compare very favourably with CVPT6 and the respective
variational reference values.

5.3 A curvilinear perspective

5.3.1 The internal coordinate path ansatz

Across Refs. [22, 28, 29], evidence was produced that points to convergence errors in the pub-
lished ICPH-VCI eigenvalues of HCOOH [21], particularly with respect to highly excited tor-
sional states. In the following, these convergence issues are investigated in detail by repeating the
calculations presented in Ref. [21] with systematically increased coverage of vibrational basis
functions in the torsional coordinate.!”

The path coordinate is defined numerically by a fixed number of points along the internal
coordinate path. At each point along the path, 3N,;, — 7 adiabatic perpendicular bath coordin-
ates are defined, i.e. the vibrational coordinate system changes for each point along the path.
For implementation details, see Ref. [21]. There are three parameters in Dynamol that control
the size of the vibrational basis. N is the number of VSCF modals which in turn are expan-
ded in terms of trigonometric (path mode) and harmonic oscillator (perpendicular bath modes)
functions. This contraction of the VSCF modals is controlled by M which must be defined in
the preceding VSCF calculation and cannot be changed in the subsequent VCI calculation. The
configurations included in the VCI matrix are restricted by Q. Only configurations with a total
sum of vibrational quanta equal to or less than Q are included in the VCI basis. Note that O
and N are not completely independent since the highest possible excitation in each vibrational
coordinate i is controlled by N,. We shall adopt the nomenclature from Ref. [21] and use the
index “s” for the torsional path mode and “k” for the eight bath modes. In the final calculations
shown in Table 6 of Ref. [21], (M, M), (N,, N,), and Q were set to (11,31), (7,9), and 10, re-
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The calculations were executed with a copy of the Dynamol program which has kindly been provided by D. P.
Tew.
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Figure 5.3 All computed A’ symmetric vibrational states of cis- and trans-HCOOH between 2280 and 2420 cm™!
(relative to the trans ground state) on the TM-PES. The 5-body ICPH-VCI results underlaid in grey are taken from
the supplementary material of Ref. [21]; 4-body calculations are newly computed. ICPH-VCI results are contrasted
to CVPT6 (disks) and GENIUSH-Smolyak (triangles) reference values on that potential [28, 29]. Grey-coloured
ICPH-VClI states are converged with respect to the potential energy expansion (m) and vibrational basis size (N, Q)
and orange-coloured states exhibit the expected convergence behaviour whereas the behaviour of red states calls
for an explanation.

spectively. In all new VCI calculations, the results from the same underlying VSCF calculation
are used to allow for comparability but instead a 4-body'”* expansion of the potential is used. In
order to check the convergence of excited torsional states, N, and Q must be increased. How-
ever, increasing Q also leads to the inclusion of higher-excited states that are exclusively excited
along the bath modes which does not (significantly) improve the eigenvalues but unnecessar-
ily increases the computational cost. To circumvent this issue, (a development version of) the
Dynamol program has been slightly modified to separate Q into two independent parameters:
Q, controls the maximum allowed excitation of basis functions that are not excited in the path
mode and Q, controls the inclusion of basis functions where the path mode, i.e. the torsion, is
excited. ICPH-VCI eigenvalues obtained with a 4-body expansion of the potential and different
basis sizes are compared to the published 5-body results in Fig. 5.3. All other parameters are
fixed, i.e. (M, M,) = (11,31), N, = 7, and Q, = 10. These energy levels are contrasted to
CVPT6 and near-completely converged GENIUSH-Smolyak (b = 9) reference values on the
same potential.

As expected, all three torsional states (orange) systematically decrease in wavenumber and
the 4v, and v+2v, term values move towards the reference values. The lower-wavenumber
band of this resonance doublet even moves below v,+vg+v,, in agreement with experiment and
converged GENIUSH-Smolyak reference values. The first torsional overtone of cis-HCOOH
decreases by about 40 cm~! and also moves towards the reference values. Repeating the 5-body
calculations with increased N and Q; values is expected to minimise the deviations of ICPH-
V(I eigenvalues to other vibrational models but due to the joint treatment of both rotamers,
the calculations are very expensive. As an example, the 4-body calculations in Fig. 5.3 were
executed in parallel on an 18-core computer with an Intel Xeon Gold 6240 CPU. The calculations
took between 3 and 18 days of computing time. Thus, in order to converge 2\/;"3 with a 5-body
potential, several weeks (possibly a few months) of computing time are expected.

The convergence of the red states (v4+2v; and vs+v,), on the other hand, is unexpected and
calls for an explanation. From the data presented in Fig. 5.3, one might gain the impression that
for vs+2v,, additional 5-body!'’* potential coupling is essential which is doubtful in view of the

173 For VSCF and VMP2 calculations, Dynamol is currently limited to a 4-body expansion of the potential [21].
Thus, all 5-body VCI calculations already use VSCF modals that were optimised with a 4-body expansion of
the potential.

174 Note that in the ICPH formalism, as implemented in Dynamol, the path mode is included in every term of the m-
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convergence of v;+vg+v,. On the basis of its eigenvectors, vs+2v; is found to be an essentially
pure state. The 4-body error, i.e. the resultant vibrational wavenumber deviation between a
4-body and 5-body expansion of the potential, is within 6 cm~! for fundamental modes of trans-
HCOOH [21]. For other non-resonant multi-quantum states, it is found that the 4-body error
is approximately the sum of the 4-body error per vibrational mode times vibrational quanta of
excitation. Based on this, the 4-body error for vs+v, and v,+2v, are each expected to be about
10 cm™! — the observed 4-body errors amount to 25 and 37 cm™!, respectively. This clearly points
to error sources of a less physical nature, perhaps due to numerical instabilities.

It is striking that these problems are found for states that are energetically close to highly
excited path states but surprisingly, v;+v; and v;+vg+v, seem to be unaffected. In both prob-
lematic cases, however, the C—O stretch (v) is involved. Without more detailed investigations,
one can only speculate but inspection of the eigenvectors of the two problematic states indicates
that these deviations are most likely due to numerical instabilities which are not present in the 5-
body calculations where the numerical grids are generally larger. While v+2v; is not expected
to interact strongly with the states from the extended OH bend-torsion polyad N5, = 2, which is
the case with CVPT6 and GENIUSH-Smolyak, the 4-body calculation (with N, Q, = 14, 14)
yields a state that is only 60% pure and the two next larger contributions, each about 7-8%, are
from the v+2v, and 4v, basis functions. For vs+v, the situation is quite similar. The two eigen-
states that have the highest vs+v, character in the 4-body calculation are located at 2292 cm™!
and 2377 cm™'. These states each have only 19-30% vs+v, character and the leading basis func-
tion is v¢+2v, in each case with 29-38%. These couplings are not reflected by the CVPT6 and
GENIUSH-Smolyak eigenvectors. Richter and Carbonniere reported strong mixing between the
vs and v, eigenstates of cis-HCOOH which in their MCTDH calculation are mixtures of the cor-
responding zeroth-order states [22]. This coupling is also found with GENIUSH-Smolyak on
the TM-PES [29], indicating a genuine mixing of the OH in-plane bend (vs5) and C-O stretch
(vg) 1n cis-formic acid. Environment-free gas phase data is so far only available for v, [87].
Given that in the respective energy region two torsional states become close in energy that cor-
respond to different conformers (2\/;"‘Y and 4v,), it is possible that rapid changes in the definitions
of the v5 and v, (from trans to cis and vice versa) bath modes cause the observed discrepancies
in Fig. 5.3.

5.3.2 The OH torsion

The true torsional potential of formic acid is periodic with two asymmetric minima. Defining
the torsional coordinate 7 as the dihedral angle along H-O-C=0, the trans isomer corres-
ponds to 7 = 2nx and cis to 7 = (2n+1)x, Vn € N. To account for the periodicity, which
is a prerequisite to model wavefunction delocalisation effects, torsional potentials are usually
expressed as Fourier series expansions [210]. This periodicity is utilised in the internal coordin-
ate path Hamiltonian method and related methods or a full internal coordinate ansatz. Whereas
single-well methods in general and perturbational methods, such as VPT and CVPT, in particu-
lar cannot account for this periodicity, the CVPT implementation of Sibert III [68, 69] correctly
accounts for the curvilinear nature of the torsional coordinate by expanding the Hamiltonian in
curvilinear normal mode coordinates. Delocalisation effects between both wells do not play an
important role in low-lying vibrational states [21, 29]. To quantify the impact of the coordinate
system on the torsional term values, we shall examine the anharmonicity of successive torsional
eigenstates in the following.

mode decomposition of the potential energy. Thus, for a given m-body expansion, the vibrational Hamiltonian
mediates coupling between bath modes up to order m — 1. For example, the 4-body Hamiltonian only couples
up to three bath modes. For further details see Ref. [21] and references therein.
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Figure 5.4 (left) Intervals between neighbouring deperturbed torsional energy levels of trans-HCOOH computed
on the TM-PES and additional values reported by Hull ez al. [107]. Note that the deperturbed computational results
cannot directly be compared to the resonance-perturbed experimental band centres. (right) Energy scan along
the internal coordinate path on the TM-PES about the frans equilibrium at ¢ = 0. The Fourier fit (black line;
Eq. 5.3) accurately represents the ab initio single-point energies (disks). The truncated force field approximations
are calculated according to Eq. 5.4. The first seven eigenvalues are shown which correspond to eigenfunctions that
are localised in the trans well.

In the left panel of Fig. 5.4, the intervals for successive torsional energy levels are shown
using single- (diamonds) and double-well vibrational models (crosses) in conjunction with rec-
tilinear (blue shades) and curvilinear (red shades) coordinate systems that all employ the TM-
PES [21].!7> The values reported by Hull et al. (green) were obtained with a potential at the
CCSD(T) level which was extrapolated to the complete basis set limit [107]. All computational
models are deperturbed and do not account for the OH bend-torsion resonance which starts
with ny = 2. This facilitates a comparison between full-dimensional and reduced-dimensional
models. Since the torsion is perturbed by resonances, (deperturbed) rectilinear and curvilinear
perturbative representations yield different results. Resonance-perturbed experimental data are
shown as black squares but only serve as an orientation.

Starting with the deperturbed perturbative methods, it should be noted that the slope of the
curves equals 2xg , at second-order. Informed by the results from Section 5.2, the reduced-
dimensional models include coupling to the O—H stretch. The difference between the full-
dimensional deperturbed VPT2 and CVPT2 in Fig. 5.4 reflects the deviations between a rectilin-
ear (VPT2) and curvilinear (CVPT2) normal mode description at lowest-order of approximation.
As expected, the curvilinear model is steeper, i.e. accounting for more torsional anharmonicity.
Generally, it is difficult to separate diagonal anharmonicity from resonance effects in the exper-
imental data. However, CVPT2 seems to come closest to the general trend of the experimental
values up to ny = 4. The full-dimensional VPT2 model, on the other hand, is steeper than
the 2D VPT?2 treatment. This reflects vibrational coupling effects on the diagonal anharmon-
icity constant (cf. Eq. 2.9, p. 15). And lastly, in the 2D treatment, VPT4 accounts for more
torsional anharmonicity than VPT2. This nicely illustrates that the inadequateness of rectilinear
coordinates is somewhat remedied by going to higher orders of perturbation theory, thus also
accounting for effects that are associated with the non-linear transformation between curvilinear
and rectilinear coordinates.!”®

175 In Fig. 5.4 torsional states up to ng = 6 in the trans well are included. Based on recent calculations [29],
trans-cis delocalisation effects are expected to start with ng = 7.

176 See also Fig. 1 of Ref. [73], where Gong et al. compare VPT2 and VPT4 for bending intervals in the Si,C
molecule. The performance of both models is qualitatively similar to the 1D results for the torsion of trans-
HCOOH in Fig. 5.4.
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These results are not surprising and they show that the predictive power of perturbative
methods deteriorates much faster for inherently curvilinear motions when expanded in recti-
linear rather than curvilinear normal mode coordinates. For variational Watson models, this
means that higher energy regimes along the torsional coordinate must be sampled in order to
accurately describe excited torsional states. In perturbative Watson models, the potential expan-
sion is usually tied to the order of perturbation theory, thus necessitating going to higher orders.
Depending on the accuracy one is aiming for, however, low-order rectilinear normal mode per-
turbation theory may still be an option to study excited torsional states. This will be quantified
in the next section by comparing computed term values of excited torsional states to experiment
by including resonance effects (Section 5.4).

Before doing so, however, it is insightful to compare the perturbative results to reduced-
dimensional but fully variational models that take the torsional periodicity into account and
employ the exact torsional potential. The internal coordinate path in formic acid corresponds
to rotation about the C—O bond. When setting up the internal coordinate path for formic acid,
DYNAMOL ([21, 55] defines configurations in a predefined interval along v while the other
degrees of freedom are subject to a constrained optimisation. The Fourier expansion

7
V() = % Y ¥, [1 = cos (mr)], (5.3)
m=1

was recently used by Hull et al. for the formic acid torsion [107] and is also used here to obtain an
analytic representation of the potential energy scan along the internal coordinate path (4° steps;
disks in Fig. 5.4). With an analytic representation available, truncated force field expansions can
readily be obtained by expanding the cosine as a Taylor series [256]

4 6

(=D (mn)* 1 ¢ mt oy m
V() = ZV Z 0] 52 <—r - 2T ot +> (5.4)

The 1D eigenvalues in the exact!”’ potential are visualised Fig. 5.4, labelled “1D(ICP)”. They
were obtained with a recent computer implementation of the Chung-Phillips ansatz [257] that
was published by Medel et al. [258]. Note that there are deviations!”® to recently published
values by Hull ez al. [107]. Since the effective anharmonicity, i.e. the slope of the curves, is the
primary interest here, this does not impair the current discussion as the slopes of the green and
red curves are very similar in Fig. 5.4 (left).

As is well known [107, 259, 260], the pronounced diagonal anharmonicity of the OH tor-
sion complicates low-order perturbative treatments. Rewardingly, full-dimensional deperturbed
CVPT?2 is very close to the exact 1D anharmonicity, especially up to ny = 4. In Table 5.4,
the eigenvalues for the exact potential and several truncated'”® force field expansions are com-

177 The deviations between eigenvalues in the exact and fitted potential are below 0.1 cm™!

178 The Chung-Phillips method as implemented by Medel et al. [258] yields 617 and 1205cm™! relative to the
ground state for the first and second excited torsional states when using the Fourier series potential reported
by Hull et al. [107]. These values compare favourably with corresponding values on the TM-PES (Table 5.4).
Hull ef al. used another method to solve the 1D Schrodinger equation of the torsional potential and reported
623 and 1219 cm™! [107]. The deviations presumably arise from different treatments of the inertia tensor along
the curvilinear path. In absence of an equilibrium geometry for the published potential [107], the equilibrium
geometry on the TM-PES is used for both potentials. Deviations when instead the equilibrium geometries at
the CCSD(T)/aVTZ or CCSD(T)/aVQZ levels are used are negligible (1-2 cm™ ).

Since truncation of the cosine at 2k for even values of k leads to a negative leading coefficient (Eq. 5.4), the
potential energy is set to 10'0 Hartree for points beyond the maxima in order to converge the eigenvalues.
Note that for the truncated force field expansions where the leading coefficient is negative 2k = 4,8,12,...),
the gradient becomes small near the maxima just before the potential is artificially increased thus affecting
the convergence of eigenvalues near that threshold. At 2k = 4, for example, this leads to a seeming near-
convergence of the ng = 6 eigenvalue (Table 5.4).

179
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Table 5.4 Fourier fit coefficients for the torsional internal coordinate path on the TM-PES (Eq. 5.3). The potentials
are visualised in Fig. 5.4. The eigenvalues are computed with the Chung-Phillips algorithm [257] as implemented
by Medel et al. [258] and compared to truncated force field approximations (Eq. 5.4) for the first six excited torsional
states in the trans well. The exact results are referenced to the ground state at 315 cm™!. All reported values are in

units of cm™!.

Fourier fit Eigenvalues (for 2k = ...)

m Vi ny? 0 nges 14 12 10 8 6 4 2
1 1391.0734 1 618 1 0 0 0 0 0 -2 32
2 3652.2301 2 1209 2 0 0 0 0 1 -8 84
3 89.3554 3 1772 3 0 0 0 -1 5 =22 164
4 —48.0136 5 2304 4 0 0 2 -3 14 —42 274
5 7.6843 7 2803 5 1 3 6 1 32 -52 417
6 3.9156 9 3262 6 3 21 21 32 70 -8 599
7 0.0571

pared. The eigenvalues of the exact potential (“o0”) are labelled with quantum numbers in the
internal coordinate path ansatz where n;CP = 4,6, 8 correspond to states localised in the cis well.
The mapping between n19CP and ng®" is shown in Table 5.4. Eigenvalue differences to the exact
solution are shown for truncated force field expansions up to 2k = 14. The data show that in
order to fully converge the nth excited state, a force field expansion (= 2k) up to (2n+4)th order
is necessary. Negligible errors of a few cm~! are obtained when the potential is truncated at
(2n+2)th order and acceptable errors well within 10 cm™' for truncation at (2n)th order. These
results indicate that in order to fully converge states in the OH bend-torsion polyad for Ny = 3,
the CVPT treatment must be carried out to at least eighth-order. Fig. 1 of Ref. [21] indicates that
trans-cis delocalisation effects for trans eigenvalues are to be expected starting with ng** = 6.
The 1D wavefunctions computed according to Ref. [258] predict significant mixing to start with
ng®" =7 which is in agreement with more recent full-dimensional variational results by Martin

Santa Daria et al. [29].

5.4 Multi-quantum vibrational states of trrans-HCOOH

In the following, vibrational term value differences are compared, either against experiment or a
computational reference. All 42 experimentally available vibrational trans-H'>?COOH levels be-
low 4000 cm™! are selected which comprise 9, 25, 6, 1, and 1 one- through five-quantum states.
Note that almost all included n > 2 states are either highly-excited torsional states or in resonance
with such states (see Table 5.1). For convenience and comparability across experiment-theory
and theory-theory benchmarks, the experimental term values are used throughout as abscissa.
Potential experimental misassignments bear no impact on the theory-theory benchmarks, e.g. in
cases where computed levels are strongly perturbed by resonances and assignments are ambigu-
ous. For example, the assignments in the vg+2v,/4v, doublet vary across different calculations.
For consistency, in the experiment-theory and theory-theory benchmarks, the respective lower
levels are compared against each other and similarly the upper levels. In such cases, the nor-
mal mode labels, based on the experimental analysis presented in Chapter 4, are only shown for
convenience in Figs. 5.5-5.6.

All VPT?2 calculations have been done with GUINEA using effective Hamiltonians as defined
in Table 5.1. For comparability, the numerical quartic force field expansions of the TM-PES and
RC-PES are both computed using only single-point energies, as detailed in Appendix B.2, but
deviations are very small if instead the quartic force field on the TM-PES is computed from
analytic second derivatives. Mean and maximum absolute deviations for the investigated states
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are well below 1 and 2 cm™!, respectively. Other values are taken from the literature [21, 22, 28,
29].180 Note that for GENIUSH-Smolyak, values from the b = 9 calculation are used [29].

Experimental benchmark

Starting with the experiment-theory benchmark, Fig. 5.5 does not convey new insights but nicely
illustrates several well-known points.

The comparison of the two analytic potentials (blue and red) overall shows that the TM-PES
tends to overestimate experiment whereas the RC-PES tends to underestimate experiment. These
findings are in agreement with the observations in Section 4.1 and Ref. [28]. CVPT6, which is
expanded in curvilinear normal coordinates, overall performs very similarly to the variational
reference results on both potentials. Their error profiles are very similar and absolute errors to
experiment are within 10 cm™'. Some MCTDH data points are absent from Fig. 5.5 as v3+2v,
V,+v,, and v,+v, are not reported in Ref. [22]. Note the v;+v, MCTDH eigenvalue, which
deviates by —66 cm™!, was marked as not converged in Ref. [22].

Lastly, VPT2+K on the two analytic potentials overall compares well with experiment. The
error profiles of VPT2+K and CVPT6 are relatively similar and absolute deviations to experi-
ment are mostly within 10cm™'. The deviations for v,+vg, v,+v,, and 2v, appear to be partly
due to the underlying potentials. The larger deviations for v,+4v, and 4v,, however, highlight
the true shortcomings of a second-order perturbative treatment in rectilinear normal coordin-
ates. In view of the findings in Section 5.3.2, this is not surprising and it is remarkable that
the absolute deviations to experiment are still within 15cm™!, even for v,+4vy. When instead
of the CCSD(T)-F12-quality quartic force fields a semi-diagonal ab initio MP2/aV'TZ quartic
force field is used, the absolute errors drastically increase up to 30 cm™!, also for states that do
not belong to the bend-torsion polyad (crosses). The violet data points bridge the gap between
pure MP2 and CCSD(T)-F12 where the MP2 force field is enhanced by replacing the harmonic
part with corresponding values at the CCSD(T)-F12a/VDZ-F12 level. These hybrid force field
data points illustrate the importance of the harmonic and anharmonic force field for quantitative
success. Nearly all absolute errors reduce to well within 10 cm~!. For moderately excited states
with up to three vibrational quanta of excitation, the MP2-quality anharmonicities are found to
be fully sufficient.

Computational benchmark

To focus in more detail on the differences between vibrational models, energy levels computed
on the TM-PES are compared against the near-completely converged GENIUSH-Smolyak ref-
erence values. The results are visualised in Fig. 5.6.

Starting with ICPH-VCI, the pictorial representation of the data shows that the largest errors
are associated with torsionally-excited states. This is in line with findings from Section 5.3.1 and
Refs. [28, 29]. For v;+4v,, the deviation is even above 100 cm™'. The performance of CVPT6
further improves in comparison to Fig. 5.5. Based on the data shown in Fig. 5.6, an overall
excellent performance can be attested, especially for complicated states such as 4v, and v,+4v,.

The data in Fig. 5.6 allow for an unambiguous assessment of the performance of VPT2. On
the whole, the error profile of VPT2+K is mostly similar to that of CVPT6.

While it is unsurprising that the largest errors correspond to highly-excited torsional states,
vo+4v, and 4v,, the analysis of the errors for successive torsional states (nyvy) provides very
valuable insights. Since 4v, is a resonance doublet, the value for v4+2v, is included as the as-
signments switch. On the semi-diagonal hybrid force field, the error to GENIUSH-Smolyak
increases from 0.2, 4.7, 14.2, to 12.2/23.1 cm™!. These errors reflect the accumulated effect of

180 For CVPT®6, only selected values on the RC-PES are reported in Ref. [28].
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Figure 5.5 Comparison of frans-HCOOH vibrational term values against experiment (Sey, = Vegie — Vexp)- The ab
initio MP2/aVTZ quartic force field is further enhanced with CCSD(T)-F12a/VDZ-F12 harmonic wavenumbers
(hybrid force field). The variational GENIUSH-Smolyak (b = 9) and MCTDH values are from Refs. [22, 29] and
the CVPT6 data from Ref. [28]. Absolute deviations greater than 10 cm~! are labelled, except for pure MP2. The
sets are defined in Table 5.1.

electronic structure errors, rectilinear VPT2 errors, and possible errors that arise from the (com-
parably small) effective Hamiltonian treatment. Removing the electronic structure error source,
the error on the TM-PES increases from 0.4, 1.0, 5.2, to 5.9/13.7cm~!. Beyond nyg = 2, the
electronic structure errors thus already outweigh the inherent VPT?2 errors. Since the torsion
is heavily perturbed by resonances, these errors may further include possible shortcomings that
arise from the small effective Hamiltonian treatment. It would be desirable to quantify this im-
pact, as 4v, in particular is in an energetic region where several different N polyads overlap (see
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Figure 5.6 Comparison of trans-HCOOH vibrational term values against GENIUSH-Smolyak reference values
(6GeNTUSH = Veale — Vgentusy)- The GENIUSH-Smolyak values from the b = 9 calculation are used [29]. The
ICPH-VCI and CVPT®6 data are from Refs. [21, 28]. The TM-PES is used in all four calculations. Absolute devi-
ations greater than 10cm™! are labelled. The sets are defined in Table 5.1.

Section 4.3.2). The CPVTn effective Hamiltonians, which are expanded in curvilinear normal
coordinates, are compact but much larger in comparison. For example, the CVPT2 errors for
ny =1, ..., 4 relative to GENIUSH-Smolyak are 1.2, 0.8, 6.5,2.1/10.3 cm~!. To fully disentangle
the effective Hamiltonian error from the rectilinear coordinate representation, rectilinear normal
mode CVPT?2 is necessary. To conclude the discussion of VPT2+K, two comments are in order.
If a quartic force field is computed ab initio, four-mode quartic force constants with four distinct
are usually not available (see note 55, p. 22). The impact of four-mode quartic force constants
is limited to v;+v; and vs+v, which change by 3 cm™!. The resultant splitting is overestim-
ated without ¢; ; 5 4 because cubic and quartic contributions to the Darling-Dennison constant
K; ;.56 would otherwise mostly cancel. The mean (maximum) absolute deviations of VPT2+F
to VPT2+K with a full quartic force field in units of cm™! are 0.9 (3.1) and 2.3 (5.3) for states
in Sets II and III, respectively.

Lastly, the error profile of VCI+F is, unsurprisingly, rather similar to that of VPT2+K —
naturally, VCI+F inherits the weakness of VPT2 to describe highly excited torsional states. Due
to the currently rudimentary treatment of the bend-torsion resonance in VCI+F, VPT2+K is
quantitatively slightly better than VCI+F but the errors are acceptable given that the VCI+F
calculation is fully automated and can further be improved as outlined in Section 2.1.4.



110 Chapter 5. Theoretical description of formic acid vibrations

Table 5.5 Statistical analysis (in cm™!) of the vibrational benchmarks of trans-HCOOH shown in Figs. 5.5-5.6. The
benchmarks include 42 vibrational energy levels up to 4000 cm™ !, comprising 9, 25, 6, 1, and 1 one- through five-
quantum states (see Table 5.1). In the hybrid MP2/aVTZ quartic force field, the harmonic force field is replaced with
CCSD(T)-F12a/VDZ-F12 harmonic force constants. Note that “GENIUSH” is just an abbreviation for “GENIUSH-
Smolyak™.

Hybrid TM-PES RC-PES
VPT2+K VCI+F VPT2+K CVPT6 ICPH-VCI* GENIUSH VPT2+K CVPT6 MCTDH’
MAD(Exp.) 5.0 6.0 4.4 3.8 7.8 34 4.8 53 6.6
MAX(Exp.) 28.7 22.0 14.8 10.9 106.1 12.3 13.8 9.7 66.3
MAD(GENIUSH) 4.0 22 1.4 5.0
MAX(GENIUSH) 21.8 13.9 5.6 105.5

¢ When excluding v;+4vy, the MAD and MAX reduce to 5.4 and 24.4 cm™!, respectively, against experiment; 2.5
and 22.7 cm™!, respectively, against GENIUSH-Smolyak.

b Note that v3+2vg, vo+Vg, and v,+vg are not reported in Ref. [22] and therefore not included in the analysis.
When excluding v;+v,, the MAD and MAX reduce to 5.0 and 10.0 cm™", respectively.

5.5 An interim conclusion

The preceding benchmarks are condensed in Table 5.5 into mean and maximum absolute devi-
ations, both to experiment and near-completely converged GENIUSH-Smolyak reference values.

Overall, the wealth of experimental data and the OH bend-torsion polyad make formic acid
the ideal litmus test to examine approximate solutions of the electronic Schrodinger equation
and different nuclear vibrational structure methodologies.

The outliers for MCTDH (v;+v,) and ICPH-VCI (v;+4v,) are intentionally included to reflect
the importance of convergence with respect to the vibrational basis in the context of variational
calculations. Otherwise, higher-order curvilinear normal coordinate CVPT and the variational
models (ICPH-VCI, GENIUSH-Smolyak, MCTDH) yield very accurate results. The deviations
between GENIUSH-Smolyak and experiment are almost entirely due to the underlying potential,
allowing the quantification of amalgamated fitting errors and electronic structure deficiencies
(basis set incompleteness, higher-order correlation, core-valence correlation, scalar relativity,
non-Born Oppenheimer corrections, etc.).

Particularly the several VPT2 benchmarks illustrate that when using ab initio MP2 (semi-
diagonal) quartic force fields — while not shown, this similarly concerns DFT — the underly-
ing electronic structure is the main bottleneck with regard to accuracy. This underscores the
importance to test and validate VPT2 using high-level electronic structure potentials or force
fields. Hybrid force field VPT2, which combines cheap MP2 anharmonicities with CCSD(T)-
F12-quality harmonics, is particularly well suited as an efficient method to guide experimental
assignments.



Chapter 6

Formic acid dimer-optimised FTIR and
Raman jet spectra

In the preceding chapters, the vibrational spectrum of formic acid monomer was studied rely-
ing almost exclusively on Raman spectroscopy. The global minimum arrangement of two C,
symmetric formic acid molecules exhibits inversion symmetry and no longer permits a Raman-
exclusive (or IR-exclusive) approach but rather necessitates the combination of Raman and IR
spectroscopy. To study this cyclic dimer, FTIR and new, dimer-optimised Raman jet spectra of
formic acid and its three deuterated isotopologues have been measured. Details about the used
chemicals are listed in Table 6.1. Relative isotopic impurities'®! have been determined via the
C -0 stretch band of monomeric formic acid (see Table 6.2). The dimer-optimised FTIR spec-
tra cover a spectral range between 600 and 1950 cm™'; the dimer-optimised Raman spectra were
measured at three different monochromator settings, overall covering a spectral range from 180
up to 1960 cm=!. The spectra are shown up to 1500 cm™! in this chapter and described in the
following.'®? The spectra have been published in this wavenumber region in an online repository
and made publicly available [261, 262].!83 Details about the spectra such as spectral resolution,
scaling factors, etc. can be found in Appendix A. The vibrational band centres are reported in
the next chapter, alongside the discussion of vibrational mode assignments.

The focus of this work is the analysis of the (FF) spectral region above 600 cm™!, but since
the measured Raman spectra extend well into the lower-wavenumber intermolecular vibrational
manifold, the spectra are shown for sake of completeness in Fig. 6.5. The analysis of the
jet-cooled Raman spectrum of formic acid in the intermolecular region has largely been com-
pleted one decade ago for all four H/D isotopologues [140, 141]. This permits a straightforward
mode assignment of all observed bands below 600 cm™!, all of which correspond to (monomers,
marked “M”, and) fundamentals and overtone/combination bands of (FF). The mode labels are
directly used to mark (FF) bands in Fig. 6.5; the band centres are compared to literature values
in the next chapter.

181 For the new measurements, deuterated compounds were purchased from ABCR and used without further puri-

fication (see Table 6.1). As observed with other batches of DCOOH purchased from ABCR (see Chapter 3),
larger amounts of DCOOD impurities are found in the DCOOH spectra (see Table 6.2). The FTIR and Raman
spectra of DCOOH were measured before that of HCOOD or DCOOD, ruling out isotopic H/D exchange in the
apparatus (metal walls, tubing, etc.) as the main cause.

The spectral analysis is confined to the spectral region between 600 and 1500cm™! in this work. Above
1500 cm™!, the spectra become increasingly complicated. For their analysis, reliable anharmonic vibrational
modelling is necessary which at the moment is not available.

The Raman and FTIR spectra of the hydrogenated isotopologue, (HCOOH),, have been published and analysed
in advance in Ref. [109]. The method of assigning bands presented in this chapter naturally closely follows
the method already outlined in Ref. [109], thus there might be overlapping content in this chapter that is not
explicitly marked as a citation.

182

183
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Table 6.1 Details about chemicals used in the dimer-optimised FTIR and Raman measurements. The lot numbers
are included for deuterated compounds and their isotopic purities are analysed in Table 6.2 (new measurements).
Details about the chemicals in the higher-resolution FTIR measurements (mid panels in Figs. 6.1-6.2) are repro-
duced from Ref. [149].

FTIR & Raman (this work) FTIR from Ref. [149]
Chemical CAS number Manufacturer Purity Lot number Manufacturer  Purity
HCOOH 64-18-6 Acros Organics  98+% Sigma-Aldrich  >98%
DCOOH  917-71-5 ABCR 95%;98% D 1429695, 1443405 Sigma-Aldrich  95%; 98% D
HCOOD  925-94-0 ABCR 95%;98% D 1424534 Sigma-Aldrich  95%; 98% D
DCOOD  920-42-3 ABCR 95%;98% D 1414704 Sigma-Aldrich  95%; 98% D

Table 6.2 Quantification of isotopic formic acid impurities (see Table 6.1) based on their measured Raman spectra.
The relative concentrations are estimated based on the monomeric C—O stretching bands (Fig. 6.3) using computed
Raman scattering cross-sections at the MP2/aVTZ level and experimental band integrals. Whether or not the
Raman scattering cross-section is modified as described in Section 2.3.2 has a negligible impact on the determined
relative concentrations.

HCOOH spectrum DCOOH spectrum HCOOD spectrum DCOOD spectrum
Label  Isotopologue  conc. Isotopologue  conc. Isotopologue  conc. Isotopologue  conc.
M HCOOH DCOOH HCOOD DCOOD
M3 H'3COOH 1%  DCOOH 1%  H'cooD 1%  DBcooD 1%
M, HCOOH 1% HCOOH 3% DCOOH 1%
M, DCOOD 4% HCOOD 2%

¢ Relative concentrations ¢ /c, are calculated according to / I,(V)dV o-iclf ; f 1(V)dv is the experimental band
integral and ¢’ the computed (first differential) Raman scattering cross-section (see Eq. 2.69, p. 32).

The spectral analysis of the intramolecular fingerprint region, on the other hand, remains
incomplete. The FTIR and Raman spectra in the range from 600 to 1500 cm™' are shown in
Figs. 6.1-6.4. Formic acid monomer bands are marked “M”, bands that are ascribed to IR- and
Raman-active (FF) bands “I” and “R”, respectively, and all other cluster bands “X”. A detailed
legend is provided on pp. 114. When ascribing bands to the cyclic formic acid dimer (FF), pos-
sible contributions from isolated formic acid molecules or other formic acid clusters must be
carefully evaluated, i.e. monomeric formic acid F, the higher-energy polar dimer FF, asymmet-
rically substituted (FF") dimers where F’ is a carbon-13 and H/D variant, the trimer F(FF), and
larger clusters (n > 3). One central advantage in the assignment of (FF) bands is that due to
the inversion symmetry, they are either IR- or Raman-active, whereas all other clusters that are
explicitly considered — FF, F(FF), and asymmetrically substituted (FF’') — are C, symmetric and
their vibrations are in principle simultaneously IR- and Raman-active.

The assignments are guided by VPT2 predictions (only for fundamentals, bottom panels; de-
tails on pp. 114), symmetry information from depolarisation measurements (Raman, mid pan-
els) and band contours (IR and Raman, mid panels), and size information from the scaling with
reservoir pressure (IR, top panels) and nozzle temperature (Raman, top panels). The individual
points are explained in more detail below.

Pressure and temperature series: FTIR jet spectra in a reservoir pressure series are intensity-
scaled to a known cyclic dimer band for each H/D isotopologue. These spectra have newly been
measured as part of this work. By intensity-scaling spectra in a pressure series to a known (FF)
band, larger cluster contributions can be discriminated as they increase with pressure. Monomer
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bands decrease with pressure and the assignments are easily verified by comparing their band
centres to the experimental term values in Table 4.8.

In the Raman jet spectra, gentle heating of the nozzle and helium feed-line is employed to
control the formation of clusters. Spectra in a temperature series are intensity-scaled to a known
(FF) band for each H/D isotopologue and monochromator setting. Monomer bands increase
with temperature due to suppressed aggregation of clusters and can again easily be identified.
For the discrimination between dimers and trimers, on the other hand, the temperature series
is not as straightforward as the pressure series due to a more complex aggregation behaviour
of odd-numbered formic acid clusters, e.g. the formic acid trimer [125]. This is best seen by
comparing the scaling behaviour of two HCOOH bands X, and X,, in Figs. 6.1 and 6.3 — the
pressure series clearly shows that both correspond to n > 2 clusters, whereas in the temperature
series, they exhibit an intensity maximum at the intermediate temperature. IR and Raman scaling
factors can be found in Appendix A.

Depolarisation and band contour analysis: The newly measured FTIR spectra are at a res-
olution of 2 cm™!. At this resolution, it is difficult to distinguish between C-type and A+ B-type
(FF) bands. For this purpose, FTIR spectra at a higher resolution'® (0.5-1 cm™!) are shown in
the mid panels. As described in Section 2.4.3, this information facilitates the discrimination
between A, and B, symmetric (FF) transitions.

In the Raman spectra, further symmetry information comes from depolarisation measure-
ments which have been conducted at the intermediate temperature (see Section 2.3.1). Bands
that vanish in the weighted difference spectra (L' — ||' x7/6) are totally symmetric and corres-
pond to A’ (C,) or A, (Cyp) symmetric transitions.

VPT?2 calculations: Lastly, VPT2 predictions for fundamentals of several formic acid clusters
are shown as a guide. The next-higher energy dimer conformer is the polar dimer FF which is
therefore included in the formal analysis. However, it is noted that to this date — except for a very
questionable assignment in Ref. [127] (see Ref. [109]) —, FF has not been detected in jet expan-
sions or gas phase spectroscopic measurements. Much more relevant, on the other hand, is the
formic acid trimer F(FF) which has been detected by gas phase microwave spectroscopy [151]
and more recently using vibrational spectroscopy in supersonic jet expansions [125, 126]. In the
FTIR spectra (Figs. 6.1-6.2), only M and M,, bands are observed at the available signal-to-noise
ratio. This restriction does not apply to the Raman spectra where in addition to M,, also M,
bands are observed that correspond to carbon-13 isotopologues (Figs. 6.3-6.4). Indeed, Xue
and Suhm observed several Raman bands in the OCO bending range 600-750 cm~! which they
ascribed to partially deuterated (FF’) [141]. Based on the isotopic impurities listed in Table 6.2,
overall eight asymmetrically substituted (FF’) isotopologues are therefore included in the VPT2
analysis of the Raman jet spectra (Figs. 6.3-6.4).

The VPT2 predictions are shown in the bottom panels of Figs. 6.1-6.4. The symmetry of
the vibrations is colour-coded and the intensity is hue-coded. The edges of very pale symbols
are slightly darkened for better visibility. In the FTIR spectra, VPT2!% intensities (in km mol~')
are shown whereas harmonic scattering cross-sections (in 1073 m? sr=!) are used for the Raman

184 These higher-resolved spectra have been recorded with a previous version of the same FTIR jet setup (the filet-
jet) and published in Ref. [149]. The spectra have kindly been provided by F. Kollipost with permission for
reproduction.

185 Note that the very high VPT2 intensity of a trimeric DCOOH band at 860 cm™! should be treated with caution;
the harmonic value is similar to that of other trimeric isotopologues (17 kmmol~!) and the resultant VPT2
intensity might be numerically unstable or sensitive to the resonance treatment: Several A" symmetric funda-
mentals are close by which might necessitate a second-rank resonance treatment.
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spectra. These Raman scattering cross-sections are modified as described in Section 2.3.2 to
account for the polarisation-dependent scattering efficiency of the setup.

To profit from error compensation effects, the same electronic structure level was used for all
clusters. To obtain the highest-possible accuracy up to the trimer, an MP2/aVTZ semi-diagonal
quartic force field was combined with CCSD(T)-F12a/VDZ-F12-quality harmonic wavenum-
bers to yield a substituted hybrid force field. For convenience, the hybrid force field VPT2+F
calculations were performed with Gaussian, as described in Appendix B.3 with default deper-
turbation thresholds (see Section 2.1.2).

Legend

To unify the nomenclature for all four isotopologues, (FF), FF, and F(FF) refer to the cyclic
dimer, polar dimer, and trimer of the respective parent isotopologue — the “F” must be replaced
with HCOOH in the HCOOH spectrum, DCOOH in the DCOOH spectrum, etc.

Cluster nomenclature

(FF) Cyclic formic acid dimer of the parent isotopologue.

FF Polar formic acid dimer of the parent isotopologue.

F(FF) Formic acid trimer of the parent isotopologue.

(FF,3) Cyclic dimer between the parent isotopologue and its carbon-13 variant,

e.g. (H?COOD-HCOOD) in the HCOOD spectrum.
(FopFy)  Cyclic (HCOOD-DCOOD) dimer.
(FpFy,)  Cyclic (DCOOH-DCOOD) dimer.
(F,Fcp)  Cyclic (HCOOH-DCOOH) dimer.
(F,,Fop)  Cyclic (HCOOH-HCOOD) dimer.

Experimental band labels

M Formic acid monomer band which is overlaid in grey. The band centres are not
listed separately; they can all be found in Table 4.8. To avoid a back-and-forth,
subscripts are provided in Figs. 6.1-6.5 that further distinguish between different
types of transitions and isotopologues.

M  Cold band, i.e. a transition from the vibrational ground state (only trans), of
the parent isotopologue, e.g. a trans-HCOOD fundamental in the HCOOD
spectrum.

M, Cold band corresponding to an H/D variant of the parent isotopologue, e.g.
trans-DCOOH in the HCOQOD spectrum (see Table 6.2).

M,; Cold band corresponding to a carbon-13 variant of the parent isotopologue,
e.g. a trans-H">COOD fundamental in the HCOOD spectrum (see Table 6.2).

M, Isomeric (cis) or non-isomeric (trans) hot band of the parent isotopologue, i.e.
a transition that does not originate from the vibrational ground state (otherwise
M band).

w Band that seemingly scales like a monomer (W = inverted M) but very likely cor-
responds to a chemical impurity. The two W bands (1118 cm~! HCOOD spectrum,
1110cm™! DCOOD spectrum) are also present in the monomer-optimised Raman
spectra but cannot be seen in Fig. 3.6 (p. 56) where the formic acid concentration is
much smaller and the signal-to-noise ratio thus poorer than in Fig. 6.3.
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I Band that is ascribed to an IR-active (A, B,) vibration of the cyclic dimer (FF). The
band centres and mode assignments are listed in Table 7.2 (p. 124).

R Band that is ascribed to a Raman-active (A, B,) vibration of the cyclic dimer (FF).
The band centres and mode assignments are listed in Table 7.2 (p. 124).

X All other cluster bands which are listed separately in Table 7.3 (p. 125), comprising
four different types:

(a) Band that cannot be assigned to the cyclic dimer (FF) of the parent isotopo-
logue due to simultaneous IR and Raman activity.

(b) Band that s suspected to correspond to F(FF) or FF of the parent isotopologue.

(c¢) Band that is suspected to correspond to an asymmetrically substituted (FF’)
isotopologue where F is the parent isotopologue and F’ an H/D or carbon-13
variant of it, e.g. (HCOOH-H"COOH) in the HCOOH spectrum or
(DCOOH-DCOQOD) in the DCOOH spectrum.

(d) Band that is suspected to be overtone/combination bands of (FF) of the parent
isotopologue but cannot be assigned safely, yet.

The labels “I”, “R”, and “X” are provided with subscripts (A, B, ...) for bookkeeping purposes;
these are not correlated across spectra of different isotopologues.
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Ref. [149] (0.5-1cm™1)

FTIR PRes high (2cm™1) PRes medium (2cm™1) PRes low (2cm™1)
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Figure 6.1 FTIR jet spectra optimised for formic acid dimer signal between 1050 and 1500 cm™! using helium as
carrier gas. See text for details. The pressure series spectra are publicly available [262].
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FTIR PRes high (2cm™1) PRes medium (2cm™1) PRes low (2em™?) Ref. [149] (0.5-1cm™!)
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Figure 6.2 FTIR jet spectra optimised for formic acid dimer signal between 600 and 1050 cm™! using helium as

carrier gas. See text for details. The pressure series spectra are publicly available [262].
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Figure 6.3 Raman jet spectra optimised for formic acid dimer signal between 1050 and 1500 cm™! using helium as
carrier gas. See text for details. The spectra are publicly available [261].
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Figure 6.4 Raman jet spectra optimised for formic acid dimer signal between 600 and 1050 cm™! using helium as

carrier gas. See text for details. The spectra are publicly available [261].
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Raman — 293K (1) 313K (L)) = 333K (L)) == 313K (L}) = 313K (||| x7/6) == 313K (L' — ||i x7/6)
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Figure 6.5 Raman jet spectra optimised for formic acid dimer signal between 180 and 600 cm™~! using helium as
carrier gas. Mode labels are shown for (FF) bands. See text for details. The spectra are publicly available [261].



Chapter 7

Assignment of vibrational formic acid
cluster bands

In this chapter, the assignment of formic acid cluster bands is discussed. First, previous as-
signments [119, 140, 141] in the intermolecular Raman spectrum below 600 cm~! are reviewed
in light of the new jet-cooled spectra (Section 7.1), followed by a reanalysis [119, 149] of the
intramolecular fingerprint region between 600 and 1500 cm™! (Section 7.2).'%

7.1 Reanalysis of the intermolecular region below 600 cm~!

Previously reported [140, 141] jet-cooled band (FF) centres in this spectral region are compared
in Table 7.1 to values determined from Fig. 6.5 (p. 120).

All (HCOOH), band centres agree to within 1cm™! with previously reported values. The
three bands at 319, 400, and 435 cm™!, two of which were assigned rather tentatively in Ref. [141],
are not observed in Fig. 6.5. This similarly applies to the 518 cm~! Raman band which was as-
signed to 2v,, [148]. The HCOOH bands at 336, 385, and 482 cm™! have been suggested to be
(FF) overtone bands. In light of several trimer assignments in the fingerprint region (vide in-
fra), the possibility of alternative F(FF) assignments should be discussed. Harmonic and VPT2
predictions consistently locate all F(FF) intermolecular fundamentals below 300 cm™! and all
intramolecular fundamentals above 600 cm~! — similar to (FF). Thus, (FF) assignments for the
bands at 336, 385, and 482 cm™! are preferred.

For the three symmetrically deuterated isotopologues, all previously observed overtone bands
(2v,, and 2v,5) are reproduced with the addition of the rather weak dimer stretch overtone (2vg)
which was only available for (HCOOH), before [141].

The proposed [141] mode assignments for the three observed overtone bands can be con-
firmed across all four isotopologues (Table 7.1). With semi-experimental SOF+x estimates (not
shown) of binary through quaternary A, symmetric vibrational states — the band shapes rule out
B, — we can rule out alternative assignments based on the observed isotope pattern. Only for the
highest-wavenumber overtone band at 482 cm™! (previous assignment 2v,,), the isotope pattern
would fit an alternative assignment to 2v,s+2v,,. First, the binary assignment to 2v,, appears
much more plausible. Second, the absolute SOF+x band positions for 2v,, agree much better
with experiment.

In the spirit of reanalysing the intermolecular region, an assignment is proposed for pre-

186 The assignments in the fingerprint region of (HCOOH), have been previously published in Ref. [109]. The
assignments here are the same with the exception of X; which was left unassigned in Ref. [109] and is ascribed to
the C— O stretching fundamental of (HCOOH -H 13COOH) in this work. As such, the discussion for (HCOOH),
is kept brief in Section 7.2 and the interested reader is referred to Ref. [109], which is open access.
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Table 7.1 Comparison of jet-cooled Raman band centres of the cyclic formic acid dimer (in cm™') in the in-
termolecular vibrational range. Previously determined band centres are from Refs. [140, 141], as compiled in
Ref. [141]. Band centres from this work are determined from Fig. 6.5 (p. 120; the spectra only reach down to
180cm™!). Note that vibrational levels are labelled according to Table 2.2 (p. 35).

(HCOOH), (DCOOH), (HCOOD), (DCOOD),
Mode I' T.W. [141] [140] TW. [141] [140] T.W. [141] [140] T.W. [141] [140]
2vi6 A, na 139 n.a. 139 n.a. 139 n.a. 139
Vg A, na 161 165 na. 159 162  na. 157 160  na. 157 158
vg A, 194 194 194 192 193 192 194 194 194 192 192 192
Vo A, 242 242 242 212 212 212 238 238 237 210 210 209
2vy A, 319?
PAGE A, 336 336 288 289 321 321 278 278
2vg A, 385 386 382 384 380
V9+V1 2 P)g 400
vgt+viy B, 4357
2vy, A, 482 482 422 423 473 473 416 417

viously observed cluster bands in the far-infrared spectrum of formic acid. In search for the
highest-frequency intermolecular (FF) vibration, v,,, Kollipost et al. marked a band, which ap-
pears at 270 cm™! as a shoulder on the higher-frequency wing of the v,, band at 264 cm™, as
a cluster, i.e. trimer or larger [148]. In the far-infrared spectra of all three deuterated isotopo-
logues, v,, is similarly found to be accompanied by such a blue-shifted satellite [149, p. 123].
From the raw data of the spectra published in Ref. [149], band centres at 270, 264, 262, and
257 cm™! are determined in this work for the sequence (HCOOH),, (DCOOH),, (HCOOD);,, and
(DCOOD);. It can be shown that this band corresponds to the highest-frequency intermolecu-
lar vibration of the formic acid trimer (v,,). Shown below are the normal mode displacements
calculated for the main isotopologue at the CCSD(T)-F12a/VDZ-F12 level.

X
< "\r 1 ﬁ»/}r
(FF), V24, Bu17“ N

r
: Vot

F(FF), vag, A’

Indeed, the normal mode displacements of v,, are almost exclusively localised on the cyclic
formic acid dimer sub-unit and correspond to v,, of the cyclic dimer. Note that symmetric deu-
teration leaves the normal modes qualitatively unchanged. The experimental blue-shift to v,,
across all four isotopologues (6-7 cm~!) compares very well with the harmonic (8-9 cm~!) and
hybrid MP2/aVTZ VPT2 predictions (4-5 cm™!). Blue-shifted satellites accompanying (FF) fun-
damentals are frequently observed in the fingerprint region and the trimer assignment proposed
here is consistent with the analysis in the fingerprint region where these features are similarly
ascribed to trimer fundamentals (see Section 7.2 and Ref. [109]).

7.2 Reanalysis of the fingerprint region 600-1500 cm~!

Bands in the dimer-optimised jet spectra that are ascribed to (FF) are listed in Table 7.2; all
other cluster bands, including tentative (FF) assignments, are listed separately in Table 7.3. The
proposed band assignments to F(FF) or asymmetrically substituted cyclic dimers (FF’) are based
on calculated VPT2 band positions and intensities which are visualised together with the jet
spectra in Figs. 6.1-6.4. To guide the assignment of (FF) combination/overtone bands, semi-
experimental SOF+x band centres of binary states are consulted (Table D.9). I and R bands that
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correspond to (FF) fundamentals are in most cases easily identified based on VPT2 predictions
and previous investigations [119, 149]. Some assignments are self-evident whereas others are
in need of a few comments. In the following, the discussion is sorted thematically (a-j).

(a) Fundamentals of (FF)

The tentative assignment of I; to v,, of (HCOOH), has already been addressed previously [109,
149]. In essence, the VPT2 data shown in Fig. 6.1 (p. 116) indicate an alternative assignment
of I;, which is partially labelled X, to the trimer F(FF). In Ref. [109], it was argued that the
corresponding trimer vibration — v;; (A’) —, which is indeed observed in the Raman jet spec-
trum of HCOOH (X,), is qualitatively the same as v, of the cyclic dimer (cf. Fig. 2.1, p. 34).
As such, we can assume that profiting from error cancellation effects, the calculations should
correctly predict the energetic order of both fundamentals and their relative intensities. Given
that the trimer vibration in question only has a two times higher computed IR band strength, an
assignment of (FF) as the main contributor to I; is plausible in light of the roughly one order of
magnitude higher (FF) concentration [109].

Discounting low-resolution thermal gas phase spectroscopy, the CH/D out-of-plane mode
(v,3) of deuterated (FF) is the only missing fundamental in this spectral range. Indeed, its detec-
tion is expected to be difficult since already in the monomer, the CH/D out-of-plane bend has a
weak IR activity. In fact, the detection of v,; in the HCOOH spectrum is rather a coincidence
and v, gains IR intensity through substantial mixing with the nearby intramolecular OH torsion
(see Fig. 8.5, p. 138).1%7

Lastly, the VPT2 band centres in Fig. 6.4 (p. 119) indicate a possible overlap around 700 cm™
between the Raman-active OD torsion of the cyclic dimer and an OCO bending fundamental of
the trimer for HCOOD and DCOOQOD. The depolarised spectra in Fig. 6.4 show that the spec-
tral features are largely depolarised. The depolarised fraction is labelled Ry in both cases and
ascribed to the OD torsion of (FF), in agreement with earlier assignments [119, 141]. How-
ever, there are additional polarised contributions in the HCOOD and DCOOD spectra which are
partially labelled X and ascribed to the OCO bending fundamental of the F(FF).

1

(b) Assignments to F(FF)

The trimer assignments in the HCOOH spectra, which have been published in advance, are
mainly theory-driven in Ref. [109]. In light of additional deuteration data presented here, these
assignments are further confirmed and additional trimer bands can be assigned in the spectra of
deuterated isotopologues. As discussed in (a), the X bands in the HCOOD and DCOOD spectra
partially overlap with depolarised (FF) fundamentals and only the polarised fraction corresponds
to F(FF).

The shifts relative to (FF) fundamentals reveal important information about the Davydov
couplings. Many (FF) fundamentals are accompanied by blue-shifted satellites on the higher-
wavenumber wings of their ro-vibrational band contours. In such cases, we can infer that the

187 A quantitative comparison of trans-HCOOH and trans-DCOOH shows that this mixing can already be de-
scribed in the double (mechanical and electrical) harmonic approximation. As one would expect, the CH/D
out-of-plane vibration, y(CH/D), does not generate a significant transition dipole moment and is therefore only
weakly IR-active in both monomeric isotopologues (1-4 km mol~!). The OH torsion, y(OH), on the other hand,
is much more IR-active (131-134kmmol~'). In DCOOH, y(OH) overall gains intensity upon dimerisation
which is in line with expectations. In HCOOH, on the other hand, the IR activities significantly change upon
dimerisation where the IR-active component of y(CH), v3, gains in intensity whereas the IR-active component
of y(OH), v,4, loses IR intensity in comparison to the free monomer. Comparison to (DCOOH), indicates that
the dimerisation-induced intensity change in (HCOOH), is mainly the result of a redistribution of the zeroth-
order y(OH) intensity as the sum of both dimeric out-of-plane bending modes, v;5 and v, is about the same
in (HCOOH), (66 + 114 = 180 km mol~!) and (DCOOH), (9 + 165 = 174 km mol™!).
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Table 7.2 Band list (in cm™!) of observed IR- and Raman-active cyclic formic acid dimer bands between 600 and
1500 cm™! (see Chapter 6). Tentative mode assignments are set in brackets. Note that vibrational levels are labelled
according to Table 2.2 (p. 35). The I/R labels are provided with subscripts (A, B, ...) for bookkeeping purposes
which are not correlated across different isotopologues.

IR Raman
Vo  Band Descr. Mode r 2 Band Descr. Mode r

(HCOOH), I, 707.6 A+B 6(0CO) Va3 B, Ry, 681 A+B, 4(0CO) vy A,
Ig 9389 C y(OH) Vig A, Rg 911 B,+B, y(OH) Vi B,
I 9534 C vip+vas A, Re 1058 B,+B, y(CH) Vio B,
Ip 10693 C y(CH) Vi3 A, Rp 1224 A+B, v(C-0) Ve A,
I 1219.7 A+B vip+vis By Rg 1236 A+B, [viztvisl A
Ig 12253 A+B vot+vi+vis By, Rg 1375  A+B. 6(CH) Vs A,
Ig 12340 A+B v(C-0) Voo B, Rg 1412 A+B, [Ve+vsl A,
Iy 13717 A 6(CH) 123 B, Ry 1430 A+B, 6(0OH) V4 A,
I, 1407 6(OH) Voo B,

(DCOOH), I, 702 A+B 6(0CO) Va3 B, Ry 675 A+B, 6(0CO) vy A,
Ig 9585 C y(OH) Vig A, Rg 893 B,+B, y(CD) Vig B,
Ic 10040 A+B 4(CD) Vo B, R 920 B,+B, y(OH) Vi B,
Ip 12448 A+B v(C-0) Voo B, Rp 1000 A+B. 4&(CD) Vs A,
Ig 1381 A+B 6(OH) Voo B, Rg 1238 A+B., v(C-0) 12 A,

Rrp 1418 A+B, 6(0OH) Vy A,
Rg; 1429 A+B, Vetvg A,

(HCOOD), I, 661 A+B 6(0CO) Vo3 B, R, 627 A+B. 4&(0CO) 12 A,
Iz 7179 C y(OD) Vig A, Rg 672 B,+B, y(OD) Vi B,
I 10443 A+B 6(0D) Voo B, R 870 A+B, vigtvis A
Ip 12665 A+B v(C-0) Voo B, Rp 901 A+B, viitvio A
Ig 1391.0 A+B 4(CH) Vo B, Rg 1054 B,+B, y(CH) Vio B,

Rr 1074 A+B, 6(0OD) vy A,
Rg 1264 A+B, vytvg A,
Ry 1269 A+B. v(C-0) Ve A,
R; 1317 A+B, 2vy3 A,
R; 1330 A+B, 2vyy A,
R 1382 A+B, o(CH) Vs A,
R, 1418 A+B, 2vi4 A,
Ry 1469 A+B, Vo+2vy3 A
Ry 1480 A+B, Vo+2vip A

(DCOOD), I, 656 A+B 6(0CO) Vo3 B, Ry, 623 A+B, 6(0CO) \Z A,
Iz 7117 C y(OD) Vig A, Rg 669 B,+B, y(OD) Vi1 B,
Ic 987.1 A+B 6(CD) Vo1 B, Rc 843 A+B, vigtvis A
Ip 1072 A+B 46(0D) 120 B, Rp 873 A+B, vittvi A
Ig 1256.6 A+B v(C-0O) 2% B, Rg 893 B,+B, y(CD) Vio B,
I 13579 A+B vii+tvis By R 992 A+B, 6(CD) Vs A,

Rg 1092 A+B. 6(0OD) Vy A,
Ry 1104 A+B, Viotvia A,
Ry 1244 A+B, VgtV A,
Ry 1257 A+B. v(C-0) Ve A,
Rk 1260 A+B, Votviptvia A,
Ry 1307 A+B, 2vy3 A,
Ry 1319 A+B, Vaotvas A,
Ry 1326 A+B, 2vq A,
Ro 1405 A+B, 24 A,
Rp 1460 A+B, Vo+2vp3 A,
Ry 1470 A+B, Votvagtvay A,
Ry 1476 A+B, Vo+2vip A,
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Table 7.3 Observed non-monomeric formic acid band maxima (in cm™!) in the IR and Raman jet spectra of formic
acid (see Chapter 6) that a) cannot be assigned to the cyclic (FF) dimer due to simultaneous IR and Raman activity,
b-tc) are suspected to correspond to FF, F(FF), or asymmetrically substituted (FF’) fundamentals, or d) cannot be
assigned safely to (FF), yet. Bands that are very tentatively assigned to a species are marked with a question mark.
Note that vibrational levels are labelled as detailed in Section 2.4.1. The X labels are provided with subscripts (A,
B, ...) for bookkeeping purposes which are not correlated across different isotopologues.

I Assignment % Assignment

IR Ra Species Descr. Mode I’ IR Ra Species Descr. Mode r
HCOOH spectrum HCOOD spectrum
X, 672 671 F(FF) 54(0CO) vy, A XA 632 F(FF) 6(0CO) vy A
Xp 685 F(FF) 5(0CO) vy A Xg 640 (F,Fop) 6(0CO) A
Xc 717 716 F(FF) 5(0CO) v, A Xc 670 671 F(FF) 6(0CO) vy A
Xp 835 F(FF)? y(OH)? A" Xp 698 (FFop) 6(0OCO) A
Xg 892 F(FF)? y(OH)? A"?| Xg 1035 1034 F(FF) 64(0D) vy, A/
Xg 950 F(FF)? y(OH)? A"? | Xg 1215 1215 F(FF) vg(C-0) vy A
Xg 1137 Xg 1221 (F,,Fop) v(C-0) A
Xy 1140 Xu 1229 (FF)? Vatvg? A,?
Xy 1172 1172 F(FF) vg(C=0) vig A’ X 1254 (FF)? 2v;? A,?
X 1210 (FF;3) v(C-0) A X; 1261 1261 F(FF) v(C-0) vy A
Xk 1219 F(FF) v(C-0) vi; A Xk 1288 1289 F(FF) v(C-0) vy A
XL 1231 Xy 1292 (FF)? A,?
XM 1246 1246 F(FF) v(C-0) v A XM 1296 1296 F(FF) Vigt+Vyg A
Xy 1347 1346 F(FF) 84CH) vis A XN 1347
Xo 1397 F(FF) 6(CHY vy3 A Xo 1363 (FF)? Vii+vis B,?
Xp 1407 1406 F(FF) 5(OH) v, A Xp 1376 1376 F(FF) 64(CH)  vy5 A
Xq 1416 Xo 1397 F(FF) 6(CH) vy A
DCOOH spectrum DCOOD spectrum
Xa 636 (FcpF4p) 6(0CO) A Xa 627 F(FF) 6(0CO) vy A’
Xgp 665 F(FF) 54(0CO) vy, A Xg 636 (FcpFyp) 6(0CO) A’
Xc 679 F(FF) 5(0CO) vy A Xc 664 F(FF) 6(0CO) vy A
Xp 692 (FcpFgp) 6(0CO) A Xp 692 (FcpFgp) 6(0CO) A
Xg 710 F(FF) 5(0CO) v,y A Xg 975 F(FF) 64(CD)  v;5 A
Xr 1007 F(FF) 5(CD)  v;3 A Xr 988 987 F(FF) 6(CD) vy A’
Xg 1083 Xg 996 F(FF) 6(CD)  vy3 A
Xy 1091 Xy 1076 F(FF) 6(0D) v, A
X 1093 X 1149
X 1121 X; 1208 1208 F(FF) vg(C-0) vy A
Xk 1194 1193 F(FF) v4y(C-0) vig A’ Xk 1217
XL 1199 XL 1234
XM 1217 Xm 1240
XN 1224 (FF;3) v(C-0) A Xy 1252 1252 F(FF) v(C-0) vy, A
Xo 1237 F(FF) v(C-0) v;; A Xo 1284 1283 F(FF) v(C-0) g A
Xp 1258 Xp 1289 1288 F(FF) Vig+Vag A
Xq 1265 1265 F(FF) v(C-0) v A X0 1355
Xr 1271 Xr 1390 (FF)? Votva +vay? Ay?
Xg 1284
Xt 1355
Xy 1399

Davydov splitting of the (FF) sub-unit into a symmetric (in-phase) and antisymmetric (out-of-
phase) linear combination largely survives. The wavenumber pattern of the C—O stretching
fundamentals in (FF) and F(FF), on the other hand, clearly shows that the couplings between
the individual oscillators significantly change. Indeed, harmonic normal mode displacements
shown in Fig. 2.1 (p. 34) indicate three rather isolated, i.e. localised, C—O stretching vibrations
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in F(FF).

In the C—-O stretching spectra of HCOOD (X, X,,) and DCOOD (X, X;), the highest-
wavenumber C—O stretching fundamental of F(FF) appears as a doublet, both in the IR and
Raman. The similar band positions and intensity patterns across IR and Raman point at po-
tential wavefunction overlap between the bright fundamental and a nearby dark state. Indeed,
hybrid force field VPT2 results support this hypothesis. With default thresholds, Gaussian de-
tects a Fermi resonance to a combination level involving two OCO bending fundamentals in
(DCOOD),. The computed band centres (1283 cm™! and 1287 cm™') agree with the experi-
mental band centres within 2cm™'. For (HCOOD);, this resonance is not detected but the
computed band centres again agree excellently with experiment (1289 and 1297 cm™!). The
perturbing level exhibits an increased VPT2 IR intensity (6 km mol~!) which is consistent with
a weakening but persistence of the resonance as found experimentally (see Fig. 6.1, p. 116).

(c) Assignments to (FF’)

In the OCO bending range of each deuterated isotopologue, two X bands are ascribed to the
OCO bending fundamentals of asymmetrically deuterated (FF’). The assignments and band
centres agree (to within 1cm™!) with the previous analysis by Xue and Suhm [141]. It is
worth noting that for X,, (637 cm™! in Ref. [141]), which is an OCO bending fundamental of
(DCOOH-DCOOD), Xue and Suhm noted an unusually high intensity, suspecting additional
dimeric contributions underneath it. Also in the new Raman jet spectra (Fig. 6.4, p. 119) this
band exhibits an unusually high intensity, compared to the same band in the DCOOD spectrum.
The depolarised spectra reveal that the majority of the intensity in the DCOOH spectrum is de-
polarised, supporting the hypothesis of additional contributions that do not correspond to the
OCO bend of (DCOOH -DCOOD). The polarised fraction is ascribed to (DCOOH-DCOOD)
whereas the more dominant depolarised socket calls for a non-totally symmetric assignment.
Given that the OH torsion of trans-DCOOH, which is completely depolarised and expected to
exhibit a broad band contour, is nearby (631.54 cm™!, Ref. [236]), a monomeric assignment to
the OH torsion appears more plausible than a dimeric assignment.

Based on the explicit consideration of asymmetrically substituted (FF’) dimers between a
carbon-12 isotopologue and its carbon-13 variant in Fig. 6.3 (p. 118), it is possible to assign
weak scattering signals in the C—O stretching spectra of HCOOH (X;) and DCOOH (Xy). The
experimental carbon-13 red-shift (14 cm™!) is in excellent agreement with harmonic CCSD(T)-
F12a/VDZ-F12 (12-15cm™!) and hybrid MP2/aVTZ VPT2 predictions (13 cm™"). On similar
grounds, X; in the HCOOD spectrum is ascribed to the C—O stretch of (HCOOH-HCOOD).

(d) Possible assignments to FF

There are indications for small concentrations of the polar dimer FF. The possibility of a FF
assignment was discussed for weak signals in the Raman jet spectrum of HCOOH (X, X};) in
Ref. [109]. It is worth noting that also in the DCOOH Raman spectrum very weak scattering
signals are observed that might correspond to FF (X, ). Overall, from a jet-spectroscopic per-
spective, the C—O stretching region appears very promising for future spectroscopic searches
for the polar dimer, given the high Raman visibility of the C—O stretching vibrations and the
larger spectral separation from monomer and cyclic dimer bands [109].

(e) (FF) combination/overtone bands of O—H isotopologues — IR bands

As mentioned in the introduction and clearly seen in Fig. 6.1 (p. 116), v,, is split into a triplet
with perturbed band centres located between 1220 and 1234 cm™!. Despite several (experiment-
focussed) investigations [110, 145, 146, 149], there is no consensus regarding the assignment of
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both perturbers. Briefly, it is accepted that one perturber is v,+v,s whereas the other must be at
least a ternary B, state. Goroya et al. proposed to assign the second perturber to v,;+2v,, [110].
Employing a heuristic effective Hamiltonian MP2 VPT2 approach, vy+v,,+v,5 was put forward
as an alternative assignment in Ref. [28]. Two central assumptions were made in that work:
Only binary and ternary states were considered which, due to symmetry constraints, must be
B, symmetric. Furthermore, the harmonic force constants were empirically corrected in or-
der to reproduce the deperturbed experimental fundamentals of (HCOOH), with DVPT2. To
illustrate the robustness of the newly proposed assignment with respect to the underlying elec-
tronic structure level, the effective Hamiltonian calculations are repeated here without empirical
modification of the force constants using instead the CCSD(T)-F12-quality QB-PES [23]. The
experimental SOF and semi-experimental SOF+x term values for all binary and ternary vibra-
tional states of B, symmetry between 1200 and 1300 cm™! are reproduced from Ref. [109] and
listed in Table 7.4. Due to the strong Fermi resonance between v,, and v ,+v,; (see Ref. [109]),
Vip+Viet+Vas3+V,, 1s additionally included. Adopting the nomenclature from Ref. [109], the three
effective VPT2 Hamiltonians are labelled I-III and their eigenvalues are listed in Table 7.4 to-
gether with the squared eigenvector coefficient from the zeroth-order v,, fundamental. Iincludes
all eight states shown in Table 7.4 and allows for all possible resonance interactions between
them that can be mediated by a full quartic force field (VPT2+K). Similar to the results with the
empirically-corrected MP2/aVTZ force field [109], v,;+2v,, does not strongly interact with v,,
on the QB-PES. II only retains the essential couplings to v,,+v;s and vy+v,;+v,5 and has the
following lower-triangular form

(Vip+vis)” 1228.8

HII 1 *

e = 2_\/5¢10,9,11 (Vo+vi1+Vis) =| 55 12285 ; (7.1)
Zlﬁd’zz,m,ls iK22;9,11,15 (V)" —4.0 LT 12287

where the couplings to the removed five states are absorbed into the deperturbed VPT2 term val-
ues () on the diagonal. In III, the Darling-Dennison-like resonance between v,, and vy+v,,+Vv,5
is turned off (VPT2+F). The eigenvalues of the three effective Hamiltonians are compared to the
previously published empirically-corrected MP2/aVTZ force field values in Table 7.4. The res-
ults from Ref. [109] can qualitatively be confirmed. The fundamental and ternary level appear to
be coupled through their simultaneous Fermi resonance with v,;+v,s. Since deuteration experi-
ments confirm that the perturbers are dark states that gain intensity via resonance (see Refs. [145,
149] and Fig. 6.1, p. 116), the highest-wavenumber band in this triad can be identified as v,,.
For convenience, the assignment order of v,,+v,5 and v,+v,,+v,5 in Table 7.2 is adopted from
Ref. [109] but it is noted that the harmonic oscillator labels of the two lower-wavenumber bands
are not very meaningful in this context and an inverse assignment is equally conceivable.
Rasheeda et al. very recently reinvestigated this resonance triad also using VPT2 [25]. They
can qualitatively reproduce the above-discussed effective Hamiltonian results but note that the
prerequisite resonance perturbation of v, is not indicated by their most accurate ab initio VPT2
calculation. The resonance between v, and v,+v; in trans-HCOOH (see Section 4.2) is an ex-
cellent example where theory must be accurate to within 1 cm™! in order to correctly model the
remarkable mixing that is observed experimentally since the coupling matrix element is vanish-
ingly small and the coupling almost entirely driven by the near-degeneracy. The current situation
appears to be similar and it should be realised that from an experimental side, the low-resolution
Raman jet spectra neither allow to confirm nor entirely reject a resonance between v,, and vy+v, ;.
This is due to the complicated and broad band shape of v,,. The SOF+x prediction for vy+v/,
(1069 cm~!, Table D.9) indicates that it would partially overlap with the higher-wavenumber
wing of the v,, contour (Rg; Fig. 6.4, p. 119). The more cleanly separated v;; fundamental in
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Table 7.4 Term values (in cm™!) of B, symmetric binary, ternary, and selected quaternary vibrational states of
(HCOOH), between 1200 and 1300 cm~!. The squared eigenvector coefficient of the zeroth-order v,, fundamental
is shown in parentheses. The SOF and SOF+x values are taken from Ref. [109].

QB-PES Ref. [109]
State I'  SOF SOF+x I I I I
Voo B, 1229.6 (0.68) 1229.6 (0.65) 1228.6 (0.65) 1235.0 (0.51)
Vo3 +2vyy B, 1236 1217  1206.8 (0.00)
Vio+Vis B, 1226 1224 12349 (0.13) 12349 (0.14) 12354 (0.18) 1218.6 (0.17)
Vo+Vvi1+Vs B, 1240 1227 12212 (0.19) 12213 (0.21) 12219 (0.17) 1228.1 (0.32)
vg+v 1 +Vis B, 1273 1256 1258.2 (0.00)
Vigt+VigtVas B, 1272 1263 1250.7 (0.00)
Vip+vigtvas+va, B, 1287 1277 1272.0 (0.00)
Vo+Vi9+Vis B, 1288 1289 1285.9 (0.00)

Fig. 6.4 (p. 119, Ry) exhibits an almost symmetric band shape. v,,, on the other hand, overlaps
with the monomeric vg band which overall distorts the v, contour (cf. Figs. 2.5.1I1.D and 2.6,
pp. 44). As such, a weak resonance between vy+v;; and v,, should not be dismissed before
resolving the complicated v, contour.

(f) (FF) combination/overtone bands of O —H isotopologues — Raman bands

Two (HCOOH), mode assignments of R; and R; are marked as tentative in Table 7.2. The
assignment of R is still (slightly) tentative [109], given its only partially resolved band struc-
ture and proximity to a F(FF) fundamental. While v4+v; can unambiguously be assigned in
the DCOOH spectrum (R;), the similar assignment in the HCOOH spectrum (also R;) remains
tentative [109]. Based on SOF+x predictions, R of (HCOOH), could alternatively be assigned
to 2v,,. Ideally, only one of the bands would be present in the DCOOH Raman spectrum, fa-
cilitating the HCOOH assignment. However, there is the possibility that X;; in the DCOOH
spectrum corresponds to 2v,; of the cyclic dimer, see (i) below.

(g) (FF) combination/overtone bands of O -D isotopologues — IR bands

It is quite interesting to note that the combination of both torsional modes (v,,+v,,) has sub-
stantial IR intensity in (HCOOH),, (DCOOH),, and (DCOOD), (see Ref. [149]) but not in
(HCOOD),. In fact, this combination band is suspected to be present in the IR spectra of sev-
eral cyclic carboxylic acid dimers [42], even mixed carboxylic acid dimers [86], and it was
recently proposed that they carry intrinsic oscillator strength [42]. In light of this, its pres-
ence in the DCOOD spectrum (I;) and simultaneous absence in the HCOOD spectrum is un-
expected. A very weak absorption feature at 1363 cm™! (X)) could possibly correspond to this
combination band. An assignment to F(FF) appears less likely because no F(FF) fundamental
is expected nearby and no corresponding Raman band is observed. If X is ascribed to this
combination band, the C—H deuteration shift would amount to only —5cm™! (Ir, DCOOD)
whereas CCSD(T)-F12a/VDZ-F12 harmonic, MP2/aVTZ hybrid force field VPT2, and semi-
experimental SOF+x predictions indicate a two-digit shift (see Table D.9). Thus, the assignment
is marked as tentative in Table 7.3 and requires further investigations.

(h) (FF) combination/overtone bands of O—D isotopologues — Raman bands

Upon inspection of Tables 7.2 and 7.3 or the Raman spectra in Figs. 6.3-6.4 (pp. 118), one
notices a distinct similarity across O—X isotopologues. The plethora of observed combination
and overtone bands in the Raman jet spectra of O —H deuterated formic acid reflects the hydrogen



7.2. Reanalysis of the fingerprint region 600-1500 cm™' 129

bond-mediated resonance couplings between the C—O stretch (v,) and several vibrational states
involving the OD in-plane (v,, v,,) and out-of-plane bends (v,,, v,,). At higher wavenumbers,
one can even see certain spectral patterns repeating themselves. The shifts, e.g. between R -
Ry and Rp-Ry; (DCOOD), roughly correspond to the fundamental excitation wavenumber of the
dimer in-plane bend (v,). The experimental band centres agree to within a few cm™' with semi-
experimental SOF+x band centres for these ternary states (data now shown). Similarly, Xy,
X, X, (HCOOD) and Xy (DCOOD) are suspected to correspond to (FF) combination/overtone
bands but their assignments are rather tentative due to their proximity to observed or expected
F(FF) or (FF’) fundamentals.

The v¢ fundamental of (DCOOD), deserves a few comments as it is split into a near 1:1
doublet located at 1257 and 1260cm™! (R;, R). The small splitting of 3cm™" is indicat-
ive of a rather weak coupling and we have to assume that the significant intensity transfer to
Ry (1260 cm™) is largely driven by an accidental near-degeneracy with a nearby A, symmet-
ric state. The data in Table D.9 show that the perturber is not a binary state. Considering
only ternary states, semi-experimental SOF+x provides three possible assignments: vy+v,,+Vv,
(1259 cm™), vs+2v,5 (1264 cm™), and vy, +v,s+Vv,; (1266 cm™). The by far best agreement to
experiment is found for vy+v,y+v,,. The nearby band R; (1244 cm™") can either be assigned
to v,+v, or 2v, which are expected at 1246 and 1245 cm™!, respectively. Considering that the
Martin test predicts a resonance between v,j+v,, and v,, in agreement with the unusually high
intensity of Ry (Fig. 6.3, p. 118), an assignment of the v, perturber Ry to vy+v,,+v,, and R; to
V,+V, 1s preferred.

(i) Note on unassigned DCOOH X bands

In contrast to the HCOOD and DCOOD Raman jet spectra, the interpretation of the DCOOH
Raman spectrum is more complicated. Only one combination band can safely be ascribed to
(FF) and many X bands in Table 7.3 are left unassigned. It is striking that, similar to the Raman
spectrum of HCOOH, most X bands are located near (FF) fundamentals, especially near the
C-0 stretching band which is the most visible fingerprint fundamental of formic acid and its
clusters. In all these contexts, an interpretation of these X bands as other formic acid clusters
or asymmetrically substituted isotopologues (FF’) appears more plausible than the alternative
explanation of several (FF) combination/overtone bands. At least four of these X bands (X, X5,
X1, and Xy;) exhibit an unexpected scaling behaviour as they increase with temperature. Since
this behaviour is not observed in the Raman spectra of the other isotopologues, it is questionable
whether this seeming temperature effect is genuinely due to (non-monomeric) hot bands. In view
of the persistently large DCOOD impurity in the DCOOH spectra (see Table 6.2), an assignment
to (DCOOH-DCOQD) appears plausible. Indeed, many of the unassigned X bands of DCOOH
coincide with predicted fundamentals of (DCOOH-DCOOD) (see Figs. 6.3-6.4, pp. 118). The
seeming temperature dependence would thus reflect an increase of the (DCOOH-DCOOD)
concentration over the course of the measurement as dimer spectra in a temperature series were
measured over the course of a day (see Table A.3). This hypothesis could easily be verified in
the future by spectroscopically characterising the mixed jet expansion of DCOOH and DCOOD.

(j) Comparison to previous analyses

In light of the presented reanalysis, the analysis of the jet-cooled IR fingerprint spectra by Kolli-
post [149] can fully be confirmed. The only change to Ref. [149] is that several unassigned
bands that were suspected to correspond to larger (>dimeric) formic acid clusters are ascribed
to the formic acid trimer F(FF) and provided mode assignments (see Table 7.3). The IR band
centres of the fingerprint modes are newly determined from the spectra published in Ref. [149].
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Table 7.5 Fundamental wavenumbers (in cm™!) of the C,,, symmetric cyclic formic acid dimer from gas phase
or jet-cooled high-resolution and jet-cooled low-resolution spectroscopy up to 1500 cm~!. “(XY),” indicates the
isotope patterns of the C—X and O-Y groups. Experimentally deperturbed band centres are bolded.

Raman? IR?
Description Mode (HH), (DH), (HD), (DD), Mode (HH), (DH), (HD), (DD),
Ag B,
6(OH/D) Vy 1430 1418 1074 1092 Voo 1407 1381 1044.3 1072
6(CH/D) Vs 1375 1000 1382 992 Vo1 1371.78 1004.0 1391.08 987.1
v(C-0) Ve 1224 1238 1269 1258 Voo 1230 124485 1266.5 1256.6
6(0CO) \Z! 681 675 627 623 Vo3 707.6 702 661 656
v(OH/D---0) g 194 193 194 192
6(OH/D---0) vy 161 159 157 157 Vou 264 258 255 250
Bg A,
y(CH/D) Vio 1058 893 1054 893 Vi3 1069.3
y(OH/D) Vi1 911 920 672 669 Vig 944 958.5 717.9 711.7
y(OH/D---0) v, 242 212 238 210 Vis 168.47
TW]St V16 692

9 vg, Vg, and vy, are from Ref. [141]; other Raman band centres from this work; vg of (DCOOD), is a resonance

doublet at 1257 and 1260 cm™!, the latter peak being less intensive.

b v,5 and v, are from Ref. [129]; v,, is from Ref. [148]; v,, of (HCOOH), is from Ref. [110] with resonance-
perturbed averaged band centres at 1219.72, 1225.35, and 1233.96 cm™ !, the latter being most intensive; v,, of
(DCOOH), (averaged) is from Ref. [144]; v,; of (HCOOH), and (HCOOD), is from Ref. [150]; other IR band
centres are newly determined in this work from spectra published in Ref. [149]; v, is a resonance doublet at
938.9 and 953.4 cm™!, the latter peak being less intensive.

Deviating from the analysis in Ref. [149], the v,; band centre of (HCOOH)), is slightly relocated
to 707.6cm~!,188

The analysis of the jet-cooled Raman fingerprint spectra, on the other hand, significantly
deviates from Ref. [119]. Overall, the current jet measurements have been conducted at slightly
less concentrated conditions and the number of observed bands or rather peaks is less compared
to Ref. [119]. Many bands that are ascribed to trimers in Table 7.3 were either left unassigned in
Ref. [119] or (tentatively) ascribed to (FF) combination/overtone bands. For the fundamentals
of (FF), the new values agree to within 1-2cm~! with previously reported band centres [119,
140, 141].

7.3 Summary of cyclic formic acid dimer fundamentals

The available high-resolution jet-cooled or gas phase and low-resolution jet-cooled fundamental
wavenumbers of the cyclic formic acid dimer are summarised in Table 7.5, focussing on all
vibrational modes below 1500 cm™!.

Due to their strong resonances, deperturbed band centres are shown for v,, and v,,. Several
Raman-active fundamentals are involved in weaker resonances but the deperturbation shifts are
within the spectral resolution of +2 cm™! and therefore neglected. Despite a deperturbation shift
of only 1 cm™, the v, fundamental of (DCOOD),, which is resonance-split in two near-equally

intensive bands, is deperturbed and bolded in Table 7.5 for mnemotechnical reasons.

188 In Table 6.2 of Ref. [149], two maxima are listed for Vo3 at 707.6 and 708.8 cm~!. By closely comparing the
band shape of v,5 to that of better resolved A or A+B type bands (1810.6 and 1371.7 cm™"), the Q branch of
V,5 can be ascribed to the peak at 707.6 cm~! and the peak at 708.8 cm™! to the maximum of its R branch.



Chapter 8

Theoretical description of cyclic formic
acid dimer vibrations

Other than with the monomer (Chapter 5), where the availability of essentially exact nuclear
vibrational reference data allowed detachment from experiment and the underlying electronic
structure to focus entirely on the vibrational treatment, this is not the case with the dimer. Build-
ing on the experimental characterisation of the cyclic formic acid dimer fingerprint vibrations in
the previous chapter, we have to carefully and systematically evaluate electronic structure and
nuclear vibrational structure errors against experiment. The following analysis is divided into
three parts — the six intermolecular pair vibrations of the dimer (Section 8.1), the intramolecular
fingerprint vibrations below 1500 cm™! (Section 8.2), and the zero-point vibrational and disso-
ciation energy'®® of the cyclic dimer (Section 8.3). In light of the findings in Appendix C.2,
previously published anharmonic benchmarks of the pair [130] and fingerprint modes [109] of
the cyclic formic acid dimer are revisited.!”’

8.1 The six pair modes

The pair modes are all located below 300 cm™' and are energetically well separated from the
intra-monomer vibrations (see Fig. 1.3, p. 9).!°! The six normal mode displacements are visual-
ised in Fig. 8.1. The two B symmetric librations (v,, and v,,) are relatively stiff, because both act
on the two hydrogen bonds in opposing directions, but these two modes do not mix due to their
different symmetry even if they are close in energy. The two A, modes (v;s and v,;) may mix
but since the energy required for twisting the two monomer planes is much lower than bending
them, this is less pronounced. The two A, modes (vg and vy) are very close in energy and may
mix more intensely (vide infra).

The harmonic approximation

In the mechanical harmonic approximation, the restoring force is assumed to increase linearly
along each normal mode. For the pair modes, an overestimation rather than underestimation is
expected since the force should soften with increasing separation of the monomers and move
towards zero in the limit of two non-interacting molecules. We start with Hartree-Fock theory

189 Parts of Section 8.3 have been published in an abridged version in Ref. [109] and its supplementary material.

190 The previously published [109, 130] harmonic benchmarks are also included in Sections 8.1 and 8.2 for com-
pleteness. The analyses closely follow Refs. [109, 130] and there might be overlapping content that is not
explicitly marked as a citation.

191 See Ref. [130] for a detailed review of the van der Waals vibrations of (HCOOH),.
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Figure 8.1 Normal modes of all six pair vibrations of the cyclic formic acid dimer (HCOOH), calculated at the
CCSD(T)/aVTZ and HF/aVTZ level. Davydov pairs are connected by arrows. The experimental fundamental
wavenumbers are from Table 7.5 (p. 130). Note that normal mode arrows on hydrogen atoms in the background
appear smaller and out-of-plane arrows may appear non-orthogonal to the molecular plane due to perspective dis-
tortion. Adapted from Ref. [130] (published under a Creative Commons Attribution license, CC BY 4.0).

Table 8.1 Experimental anharmonic and calculated harmonic (w) values for the six intermolecular fundamentals of
(HCOOH), for increasingly improved coverage of electron correlation and basis set completeness (in cm™!). The
CCSD(T)/aVQZ values are taken from Ref. [102] and the experimental values are from Table 7.5 (p. 130).

w(HF) w(MP2) w(CCSD(T))
Descr. I' aVDZ aVTZ aVQZ aVDZ aVTZ aVQZ aVDZ aVTZ aVQZ Vg,
v  6(OH--O) A, 16l 159 159 169 169 169 168 168 167 161
vg  V(OH--O) A, 180 179 178 209 213 212 206 211 209 194
vi y(OH--O) B, 241 239 238 258 258 259 251 253 255 242
vig Twist Ay 75 75 75 69 69 71 68 69 72 69.2
vis v(OH---O) A, 167 169 167 175 179 178 171 176 177 168.47

vy o(OH---O) B, 220 218 217 275 283 281 269 277 275 264

and then systematically increase electron correlation effects from MP2 through to the CCSD(T)
level. The basis sets are systematically increased to converge the six pair modes.

In Table 8.1, the harmonic predictions are compared to (anharmonic) experiment for all six
pair modes. The best MP2 wavenumbers are larger than corresponding values at the CCSD(T)
level which is expected from the usually shorter MP2 bond lengths in comparison to CCSD(T),
and, therefore stiffer inter-monomer force constants [75, pp. 821]. The exception is the dimer
twist where deviations due to change in the one-electron basis are of the same magnitude as devi-
ations between N -electron models due to correlation effects. Rewardingly, the highest electron
correlation level yields harmonic wavenumbers which are higher than experiment in all cases,
by up to 8%. Overall, electron correlation effects are found to be much more important than
basis set incompleteness errors for the six pair modes.

The shapes of the normal modes are very similar at the MP2 and CCSD(T) levels and com-
parison to HF in Fig. 8.1 reveals that the A, B, and B, modes are qualitatively unaffected by
the inclusion of electron correlation. This is not the case for two Ag modes, the dimer stretch
(vg) and in-plane bend (v,). At the Hartree-Fock level, v; mixes with v, and acquires significant
bending character whereas MP2 and CCSD(T) predict a better separation between stretching
and bending character. This decoupling is caused by an increase in the energetic separation of
the two normal modes which nearly doubles when including post-Hartree-Fock electron correl-
ation (Table 8.1). It is known from depolarised Raman measurements that the two modes are
indeed rather cleanly separated in character [141]. Another, more subtle deficiency of the HF
calculations is the relative order of the two B symmetric librations. Experiment and correlated



8.1. The six pair modes 133

Table 8.2 Experimental and calculated anharmonic (v, VPT2) values for the six intermolecular fundamentals of
(HCOOH), for increasingly improved coverage of electron correlation and basis set completeness (in cm™!). The
anharmonic correction (V — @) is shown in parentheses. Experimental values are from Table 7.5 (p. 130).

V(HF) v(MP2) V(B3LYP-D3(BJ))
Descr. r avDZ aVTZ avDZ aVTZ avDZ aVTZ Vexp
vo 6(0OH:--0) A, 150 (-11) 148 (=11) 160 (=9) 16l (=7) 174 (=7) 169 (-9) 16l
vg  V(OH--0) A, 166 (-14) 164 (-14) 194 (=15 199 (-14) 211 (-12) 209 (-12) 194
vip v(OH--O0) B, 221 (-20) 220 (-19) 245 (-13) 246 (-12) 255 (-11) 247 (-14) 242
vig Twist A, 67 (=8 69 (=6) 65 (=4 T3 (+4) 15 (=) 56 (-19) 69.2
vis y(OH---0) A, 162 (=5) 163 (=6) 169 (=7) 169 (-10) 184 (=3) 182 (=3) 168.47

Vyy S(OH:--0) B,l: 202 (—18) 199 (=20) 263 (=12) 273 (=10) 292 (=5) 288 (=6) 264

calculations (already at the harmonic level) agree in locating the ungerade mode (v,,) above the
gerade mode (v,,) whereas the HF sequence is inverted. This does not affect the mode pattern
because there is no harmonic mixing due to symmetry. However, it leads to a coincidental agree-
ment with experiment for the harmonic v,, prediction and to deviations of more than 40 cm™!
for the highest-wavenumber intermolecular mode v,,.

The key remaining question is whether the deviation between the best harmonic calculation,
i.e. CCSD(T) with large basis, and experiment of still up to 8% is due to residual deficiencies of
the electronic structure calculation or due to anharmonic motion in the rather moderately floppy
formic acid dimer.

Beyond the harmonic approximation

Moving beyond the harmonic approximation, we first include anharmonic corrections using
second-order vibrational perturbation theory expanded in rectilinear normal mode coordinates.
By numerical differentiation of ab initio computed analytic Hessians, anharmonic corrections
can efficiently be computed for this deca-atomic system with Gaussian 16 at the HF and MP2
levels using double- or triple-zeta basis sets (details in Appendix B). DFT methods are very
popular in anharmonic frequency calculations because they are relatively cheap [263]. Thus
B3LYP-D3(BJ) is also included as an intermediary between HF and MP2 since it combines the
inexpensiveness of the former with the increased accuracy of the latter.

The anharmonic VPT2 fundamentals (V) and anharmonic corrections (6,,, = V — w) are
listed in Table 8.2. Other than in Ref. [130], no error bars are ascribed because nine slightly
different start geometries yield anharmonic corrections that agree within a few tenths of cm™!
(see Appendix C.2). Several trends are evident from the data in Table 8.2. Whereas the two
A, modes are more sensitive to the harmonic N -electron treatment but rather insensitive to the
one-electron basis set, the opposite is the case for the anharmonic corrections of the two A
modes, v;5 and v,,. At the MP2 level, the aVDZ and aVTZ predictions differ in the sign of the
anharmonic correction of v,;. At the B3ALYP-D3(BJ) level, the anharmonic correction of v,¢ is
negative but clearly too large with an aVTZ basis. Generally, 6, tends to be less negative at the
MP2 level than at the HF level and v is nearer experiment at the MP2 level than B3LYP-D3(BJ)
level.

A detailed comparison of the remaining deviation between anharmonic MP2 and experiment
(Table 8.2), on the one hand, and the missing N -electron correlation effects between harmonic
MP2 and CCSD(T) (Table 8.1), on the other hand, suggests a composite method which combines
harmonic CCSD(T) wavenumbers with MP2 anharmonicities to be essentially exact for the pair
modes. The substituted hybrid force field approach is used in the following but it is noted that
also the additive approach can be used for the pair modes as they are not perturbed by resonances.
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Figure 8.2 Deviations between calculated anharmonic (VPT2) and experimental fundamentals of the six
(HCOOH), pair modes (6¢xp, = V — Veypp). Composite force fields are used with coupled-cluster-quality harmonic
(CCSD(T)/avVQZ, CCSD(T)-F12a/VXZ-F12) and MP2-quality anharmonic force constants for systematically in-
creasing basis sets. A and B differ in the method of inserting the new harmonic force constants (see text).

As discussed earlier (Section 2.1.3), Gaussian 16 automatically scales the cubic and quartic force
constants by the ratio of the original and new harmonic wavenumbers. In the left panel of Fig. 8.2
the Gaussian-computed fundamental wavenumbers are shown (A) whereas in the right panel the
pure MP2 cubic and quartic force constants are used (B). For consistency, both hybrid force
field VPT2 calculations are performed with GUINEA. Overall, Fig. 8.2 shows that differently
combined MP2 anharmonicity and CCSD(T) harmonicity yield very accurate predictions for the
six pairs modes. The predictions for the Raman-active modes are mostly within the experimental
error bars of +2cm™' and method B yields essentially exact results for these modes with an
anharmonic MP2/aVTZ force field. The two A, symmetric modes, v,5 and v, on the other hand,
are outliers in opposite directions with approximately similar magnitudes. Without additional
data at hand (MP2 with a larger basis and/or coupled-cluster), it is difficult to assess to what
extent the deviations for v;5 and v 4 are correlated or just coincidental. We will return to this
discussion later (pp. 135).

The Qu and Bowman formic acid dimer potential

On the whole, Fig. 8.2 provides quite compelling evidence that CCSD(T) harmonic wavenum-
bers are very close to the true harmonic wavenumbers if the VPT?2 calculations can be trusted in
this case. The quantitative success of the composite hybrid force field ansatz for the pair modes
(Fig. 8.2) can further be confirmed by VPT2 on a quartic force field expansion of the QB-PES
(details in Appendix B.2) which reproduces the six experimental fundamental pair excitation
wavenumbers to within 3 cm~!. The success of VPT2 with high-level (hybrid) force fields must
be contrasted with recent full-dimensional rectilinear normal mode VCI results [32] on this ana-
lytic potential. The VCI predictions are shown together with VSCF results in Fig. 8.3A. While
inclusion of vibrational correlation (VSCF—VCI) significantly improves the worst results, ab-
solute errors are still between 17-41 cm™! or equivalently 8-39%. In view of the performance
of reduced-dimensional (pair modes and both intramolecular OH torsions) internal coordinate
variational results [33] and full-dimensional rectilinear normal mode VPT2 which are shown
alongside the VSCF and VClI results in Fig. 8.2A, this should not (entirely) be blamed on the un-
derlying potential but rather on the approximations required for a high-dimensional variational
calculation, such as a limited number of modes which are coupled together and a limited vibra-
tional basis set.

Martin Santa Daria et al. suggested [33] that theory-experiment discrepancies for the in-
termolecular modes are not entirely due to the choice of coordinates but also due to problems



8.1. The six pair modes 135

501 = Al 7B
1 = INT (8D) | 1
1 VPT2 (24D) = 6
60 S 1y
T ] 2 97
J ™ T
B 40 1 2 4
g j 7]
] ~ 3
< 20 R
| K 21
| Ay = ¥
0 - 1 I R 19 % /# S MP/2d/aVTZ
] ~ —— CCSD(T)/aVTZ
T T T T T T 0 T 1 T T T T T T T T T T T T T T
V9 Vg V12 V16 V15 V24 0 1 2 3 4 5 6 7

(Rcc — Roceq) | A

Figure 8.3 (A) Vibrational benchmark of the (HCOOH), pair vibrations (Bexp = V= Vexp) computed on the QB-PES
using various anharmonic nuclear vibrational models (from Refs. [32, 33]; VPT2 from this work). (B) Potential
energy scan of (HCOOH), along the CC distance with (crosses) and without relaxation of the other degrees of
freedom (lines). At each level of theory, the respective equilibrium structure is used.

arising from the QB-PES. They observed problems in their calculations for the two A, symmet-
ric pair modes vg and v, which are evident from Fig. 8.3A. If these deviations are truly due to
shortcomings in the analytic potential, they probably manifest at larger distances from the equi-
librium since they do not seem to impair force field-based approaches that expand the potential
in a Taylor series around the minimum.

Fig. 8.3B provides two important insights. The potential energy of the dimer is shown as
a function of the separation of the two monomers (AR..). Keeping in mind that vg corres-
ponds to the dissociation of the cyclic dimer into two monomers (see Fig. 8.1), an unrelaxed
scan (lines) reflects diagonal 1D anharmonicity, whereas a constrained optimisation with Rq
kept fixed (crosses) illustrates the impact of mode coupling to all other 23 vibrations. Focus-
sing first on the blue and red lines, we see that the CCSD(T)-F12-quality QB-PES and ab initio
CCSD(T)/aVTZ agree well up to 4000cm™! - hc. Above that energy, however, the curvature
significantly changes. The QB-PES is not able to correctly describe dissociation of the cyclic
dimer into two monomers and the energy monotonically increases with larger separation of the
two monomers, even beyond the shown range. Whether this unphysical behaviour is related to
the reported problems [33] with vg and v, cannot be ascertained but it should be addressed in
future improvements of the potential. To illuminate the importance of vibrational mode coup-
ling for the vy fundamental (194 cm™), it suffices to concentrate on the energy region below
4000cm™! - he. MP2/aVTZ is able to reproduce the coupled-cluster potential very well and
seems to recover most of the electron correlation that is absent at the HF/aVTZ level. Compar-
ison of the red line and crosses in Fig. 8.3B shows that the effects of relaxation are very large.
While not visible, even at small displacements, e.g. AR - = 0.125 A, the deviations have a
sizeable impact on the vy fundamental. At this point, the unrelaxed energy is 223 cm™ - hc but
reduces to 162cm™' - hc when the other degrees of freedom are subject to a constrained op-
timisation. In all these contexts, missing vibrational mode couplings as the cause for the vg/v,
discrepancies [33] appear very plausible, particularly in light of similar findings on a different
full-dimensional potential [25].

Beyond fundamental excitations

After the preceding analyses showed that the systematic increase of electron correlation and
introduction of small anharmonic corrections via second-order vibrational perturbation theory
provides a satisfactory description of the fundamental excitation of the pair modes, it must lastly



136 Chapter 8. Theoretical description of cyclic formic acid dimer vibrations

inter (diag) inter (off-diag) inter-intra

wavenumber / cm ™!

B HF/aVDZ

| = HF/avTZ

] = MP2/avDZ
B MP2/aVTZ
B QB TES

Xperiment

T T T T T T T T T T T T T T
(9,9) T88 T12,12 T16,16 T1515 (To4,24) (Tg,12) T9,24 Tg24 T12,16 T1516 T13,15 T6,8 L1223

Figure 8.4 Selected diagonal and off-diagonal second-order anharmonicity constants for the six intermolecular
modes of (HCOOH),. Experimental values are calculated according to expressions in Table 2.1 using experiment-
ally observed transition wavenumbers from Table 7.2 and Ref. [130]. The experimental values are provided with
error bars that have been estimated in Ref. [130].

be addressed whether this is to some extent fortuitous. For this purpose, it is worth to dissect
the total anharmonic contribution further via Eq. 2.16 (p. 17), in order to check for potential
coincidental error compensation. Even if the net anharmonicity is small, it may still be the
result of mutually cancelling anharmonic contributions [264]. Through measurement of binary
combination and overtone bands, we can extract individual x; ; and x; ; constants (see Table 2.1,
p. 17).

The computed anharmonicity constants are compared to experimental values in Fig. 8.2,
as compiled in Ref. [130]. For very tentative experimental reference values (see Section 7.1),
x;/x; ; are set in parentheses. Again, no error bars are ascribed to the ab initio computed an-
harmonicity constants as deviations are negligible if slightly different reference geometries are
used (see Appendix C.2). For the QB-PES, numerical sensitivities of the computed x constants
have not been explored.

Agreement between theory and experiment is very satisfactory within the experimental er-
ror bars. The close correlation between theory and experiment suggests that error compensation
amongst the x; ;/x; ; values is not a major issue. Two things are noteworthy in this context. A
pronounced tendency for negative anharmonic corrections is perhaps not so surprising if one
remembers that these are pair modes which correlate with translations and rotations in the limit
of high vibrational excitation. However, it strongly indicates that there can be little error com-
pensation for the anharmonicity in the fundamentals, because that would require both negative
and positive contributions. Furthermore, electron correlation effects are mostly accounted for
at the MP2 level except for the couplings between intra- and intermolecular modes. Here, the
CCSD(T)-F12-quality QB-PES performs noticeably better. The basis set dependence effects
are very modest except for the diagonal anharmonicity of the lowest-wavenumber dimer twist
(X16,16)-

Returning to the previous discussion regarding a potential deterioration from MP2/aVDZ to
MP2/aVTZ in an anharmonic treatment of the two A, modes v,5 and v 4 (see Fig. 8.2), the present
analysis sheds some further light on this matter. Comparison of each individual term in 6,5,
and 6 ,,;, (not shown) reveals that for both, the largest deviations between both basis sets cor-
respond to the respective diagonal anharmonicity constants, i.e. 2x,5 5 and 2x ¢ |4, respectively.
Rewardingly, both are experimentally available. While it should be taken into consideration that
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the QB-PES is affected by fitting errors and the experimental error bars for x,5 ;s encompass all
predicted values, Fig. 8.4 overall indicates that MP2/aVDZ seems to profit from error cancel-
lation effects for these two particular values (missing N -electron correlation and one-electron
basis incompleteness).

Lastly, remembering that the Hartree-Fock sequence of v,, and v,, is inverted (Tables 8.1-
8.2), it is an interesting coincidence that the HF anharmonicity constants in Fig. 8.2 match ex-
periment and correlated anharmonic theory much better if the v,, and v,, labels are switched.
Note that in Fig. 7 of Ref. [130], these labels are accidentally switched. The HF values for x, |,
and x,, ,4 must be interchanged [130, Fig. 7] which similarly applies to x, ;, and xg 5. Xg,4 and
X|,,1¢ are unaffected by this label switch as the correct values are within the previously reported
(large) error bars. The main conclusions from Section 5 of Ref. [130] remain unaffected and can
be confirmed in view of the new and numerically more stable anharmonicity constants.

On the whole, the analysis presented throughout this section validates popular composite
VPT2 approaches for fundamental excitations of the pair modes of formic acid dimer where the
harmonic predictions are carried to the highest affordable electronic structure level, whereas the
anharmonic corrections can be dealt with at a lower level of theory [11, 102].

8.2 The intramolecular fingerprint vibrations

In the same spirit as for the monomer (Section 5.4), we could proceed and directly compare abso-
lute transition wavenumbers (V) of the dimeric fingerprint vibrations to judge how well different
combinations of electronic structure and nuclear vibrational methods predict the observed band
centres. In this benchmark, little systematic error cancellation is expected. As a consequence,
harmonic approaches are bound to fail in most instances. When the shift from the monomer to
the dimer vibrations is analysed, there is chance for some anharmonic error cancellation. This
also allows focussing on hydrogen bonding effects and may introduce some tolerance towards
a poorer description of the monomer. Moreover, the smaller size of these dimerisation shifts
compared to absolute wavenumbers highlights imperfections in the hydrogen bond description
on a relative scale. Since much of the monomer anharmonicity survives in the cyclic dimer, it
cancels in the difference. Therefore, even harmonic models may succeed to some extent. Since
the separation of monomer modes is cleaner in the Raman-active fundamentals (Fig. 8.5), we
shall focus on the dimerisation shifts in the Raman spectra

A, = Vpy;,(Raman) — V., 8.1)
rather than the analogous IR shifts
Ay = Vi (IR) = Vo (8.2)

One way to judge harmonic and anharmonic predictions on a similar footing is to analyse the
Davydov splittings that arise from the complementarity of IR and Raman modes with respect to
the inversion symmetry of the cyclic dimer

A, = Vpi,IR) — ¥y, ,(Raman). (8.3)

The hydrogen bond-induced coupling of the modes into symmetric and antisymmetric counter-
parts can be very subtle such that theory or experiment may even fail to match these splittings
with respect to their sign.!®?> Building on the analysis of the six intermolecular vibrations, we

192 Despite the publication of jet-cooled Raman and FTIR band centres in the fingerprint regions several years

ago [119, 149], outdated thermal gas phase band centres are still regularly used in theoretical benchmarks. The
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Figure 8.5 Davydov pairs of (HCOOH), fundamental vibrations in the fingerprint region between 600 and
1500 cm™!. The normal mode displacements are computed at the CCSD(T)-F12a/VDZ-F12 level and shown with
experimental fundamental wavenumbers (Table 7.5; monomer from Table 4.8, p. 91). Note that normal mode ar-
rows on hydrogen atoms in the background appear smaller and out-of-plane arrows may appear non-orthogonal to
the molecular plane due to perspective distortion. Adapted from Ref. [109] (published under a Creative Commons
Attribution license, CC BY 4.0).

shall continue in the following with the analysis of the computational data in terms of these three
quantities v, A, A .

For trans-HCOOH, the band positions from Table 4.8 (p. 91) are used and for (HCOOH),
the band positions from Table 7.5; for resonance perturbed dimer modes, the experimentally-
deperturbed values are taken, i.e. V,, = 1230cm™" and V,, = 944 cm™'. In analogy to experi-
ment, deperturbed VPT2 is used for the dimer vibrations. For the monomer, however, VPT2+F
term values are used exclusively since the OH bend-torsion resonance is much more complex and
deperturbation of the experimental term values would introduce additional, unwanted sources
of error. The dimeric Raman band centres have an uncertainty of +2 cm~! but the six IR band
centres are in principle more accurate. To account for the deperturbation procedure of v,, and
Vv,, and the higher band centre uncertainty of v,,, however, we shall ascribe an uncertainty of
+2 cm™! to all six IR band centres. The experimental band centre uncertainties of the monomer
modes are negligible.

The harmonic approximation

The deficiencies of the Hartree-Fock method are too severe for the intramolecular modes that we
do not include them in the following analysis. The performance of harmonic B3LYP-D3(BJ),
MP2, and CCSD(T) for the three quantities ¥, A, A, is compactly summarised in Fig. 8.6.
Agreement with experiment is achieved when the disks fall within the green stripes and the
extent of filling in symbols represents increasing basis set completeness along the guiding lines.

Focussing on CCSD(T) with the largest basis set, one can immediately see that none of the
harmonic predictions for the absolute band positions match experiment. Only two predictions
match the experimental dimerisation shift but 4 out of 6 Davydov splittings fall in the experi-
mental error margin. This may be taken as first evidence for increasingly cancelling anharmon-
icities in these observables. Note that smaller basis sets yield partially better agreement with
experiment for any of the three observables. Especially for the absolute band positions, this is

importance of using appropriate experimental reference data was emphasised in Ref. [109, Section V.A]. Using
the example of the fingerprint modes of (HCOOH),, it was shown that in many cases the sign of the Davydov
splittings, i.e. the energetic order of complementary IR- and Raman-active modes, is inverse to high-resolution
or jet-cooled low-resolution values. Also, the thermal shift on the absolute band centres can be quite severe and
the possibility of misassignments in the low-resolution thermal gas phase spectra was pointed out.
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Figure 8.6 Davydov analysis of computed harmonic (disks) fundamentals of (HCOOH), compared to jet-cooled
values with increasing basis set completeness (aVDZ O; aVTZ ©; aVQZ @). The CCSD(T)/aVQZ values are
from Ref. [102]. Green areas represent the experimental error bars.

most likely a result of cancelling basis set incompleteness errors and missing vibrational anhar-
monicity. The two neighbouring out-of-plane modes y(CH) and y(OH) are outliers in opposite
directions, indicating electronic structure deficiencies or important anharmonic contributions to
the mixing between these normal modes (see normal modes in Fig. 8.5). 6(OCO) looks sur-
prisingly harmonic for both dimer modes and like for the free monomer, theory only overshoots
experiment by about 4cm™'. As §(OCO) modulates the hydrogen bond O—H---O angle, this
apparent harmonicity is likely a result of mutually cancelling anharmonic corrections. The two
modes with the largest dimerisation shift A involve in-plane and out-of-plane OH bending.
These motions are facilitated by the zero-point motion of the hydrogen bond modes which is of
course missing in the harmonic approximation where all modes are exactly separable and do not
couple. Therefore, the harmonic shifts overshoot, less so for y(OH) than for 6(OH). Part of that
is due to the missing Fermi resonance treatment at the harmonic level because the experimental
monomer values are not deperturbed. This effect is also responsible for most of the discrepancy
in 6(CH) which has a partial OH bending character (see Section 5.1).

For the lower-level electron correlation methods, it is noticeable that MP2 is generally very
similar to CCSD(T). B3LYP-D3(BJ) performs very differently — one striking difference is the
basis set insensitivity of B3LYP-D3(BJ) for v(C—0). Similar to CCSD(T), the harmonic MP2
and B3LYP-D3(BJ) predictions for the absolute wavenumbers do not match experiment with
the exception of occasional fortuitous success for 5(OCO) which indeed looks rather harmonic.
While this overall performance is to be expected at the harmonic level, the error profile of MP2
suggests a very balanced description of complementary modes as most points lie on the diag-
onal. Especially rewarding is that also the basis set progression is parallel to the main diagonal,
indicating a systematic improvement with increased coverage of the one-particle space. Over-
all, the predictions of MP2 for the relative quantities A, and A  are very similar to CCSD(T)
and overall superior to B3LYP-D3(BJ). With the exception of the two out-of-plane modes, all
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Davydov splittings are either near or fall within the experimental error margin at the MP2 level.
The performance of B3LYP-D3(BJ), on the other hand, is suspected to reflect the empirical
nature of the exchange-correlation functional. The description of complementary modes is less
balanced, resulting in a poorer description of the Davydov splittings and dimerisation shifts.
Overall, Fig. 8.6 suggests that the improvements of CCSD(T) over MP2 are not significant if
one stops at the harmonic approximation and harmonic MP2/aVDZ is a particularly attractive
cost-efficient approximation that yields reliable predictions for Davydov splittings and dimer-
isation shifts. For the particular example of the (HCOOH), fingerprint vibrations, MP2/aVDZ
seems to outperform B3LYP-D3(BJ) even in the harmonic approximation but it was shown in
previous benchmarks of carboxylic acid monomers and dimers that harmonic B3LYP-D3(BJ)
can yield quite accurate predictions due to fortuitous error cancellation [41, 89, 126].

Beyond the harmonic approximation

Moving beyond the harmonic approximation, anharmonic DVPT2 corrections are added to the
dimer vibrations and VPT2+F is used for the monomer vibrations. Since the energetic order
of the monomeric OH bend and torsion overtone is very sensitive to the underlying electronic
structure method, see for example Ref. [24], the higher-wavenumber band is used throughout.
Higher-level harmonic force constants at the CCSD(T)-F12a/VDZ-F12 level are used to enhance
the ab initio force fields. For the cyclic formic acid dimer, the double-zeta F12 basis set is a
satisfying trade-off in accuracy and cost.'®® In order to simulate standard black-box calculation
scenarios, the substituted hybrid force field method as employed by Gaussian 16 is used, which
scales the cubic and quartic force constants (see Section 2.1.3).

In Fig. 8.7, the performance of VPT2 with pure and CCSD(T)-edited MP2 and B3LYP-
D3(BJ) quartic force fields is compared to experiment with increasing basis set completeness.
Focussing first on the pure force fields, we see that the trends from the harmonic benchmark
continue. It is particularly insightful to take a closer look at the absolute anharmonic predic-
tions for 6(OCO) and y(OH). At the MP2 level, an improvement for §(OCO) and simultaneous
deterioration for y(OH) is observed from aVDZ to aVTZ. The former systematically improves
for the right reason while the latter initially profits from fortuitous success due to the system-
atic cancellation of higher-order electron correlation and basis set incompleteness errors (see
Section 5.4). This systematic improvement — or the systematic cancellation — is not provided
at the B3LYP-D3(BJ) level. In line with previous findings [41], B3BLYP-D3(BJ) does not signi-
ficantly improve upon inclusion of vibrational anharmonicity and the difficulties in describing
the rather harmonic OCO bending modes are particularly striking. The differences between
MP2 and B3LYP-D3(BJ) are even more pronounced for the Davydov splittings and dimerisa-
tion shifts. Already with an aVDZ basis, MP2 reproduces experiment for most modes and the
theory-experiment agreement systematically improves with the larger aVTZ basis set in most
cases. For these quantities, the B3LYP-D3(BJ) prediction even deteriorates upon inclusion of
anharmonicity, for example for v(C-0), and only the Davydov splitting of y(OH) is in agree-
ment with experiment.

The central question that remains is to what extent the observed deficiencies, particularly for
B3LYP-D3(BJ), can be remedied by replacing the harmonic force constants with higher-level
values. Indeed, the hybrid force field results in Fig. 8.7 show that most deficiencies of B3LYP-
D3(BJ) and MP2 are remedied but still MP2 is found to outperform B3LYP-D3(BJ). Combined
with CCSD(T)-F12a/VDZ-F12 harmonic wavenumbers, MP2/aVTZ yields predictions for all
three target parameters that are either within or near the experimental error bars. The only not-
able deviation is found for vV and A of y(CH). A closer inspection of ¥ locates the source of

193 The maximum absolute deviation of fundamental wavenumbers is below 3.8 cm™! relative to VTZ-F12 and for
the fingerprint modes between 600 and 1500 cm™! even below 2.3 cm™!.
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Figure 8.7 Davydov analysis of computed anharmonic (VPT2, squares) fundamentals of (HCOOH), compared to
jet-cooled values with increasing basis set completeness (aVDZ []; aVTZ ). Green areas represent the experi-
mental error bars. In the hybrid force field calculations, the harmonic force field is replaced with corresponding
values at the CCSD(T)-F12a/VDZ-F12 level.

this discrepancy in the IR-active component v,; — the mode which exhibits significant y(OH)
character (see Fig. 8.5). For this particular mode, the pure MP2 or B3LYP-D3(BJ) predictions
are better than the respective hybrid force field predictions and the larger error of v; can be
ascribed to a failure of the substituted hybrid force field approach, necessitating the more ex-
pensive “transformed approach”.!** By inspecting the lower- and higher-level normal modes,
one can readily identify possible pitfalls of a hybrid ansatz for particular modes. Otherwise,
the hybrid force field approach significantly improves the predictive power of VPT2 with lower-
level force fields and the gain in accuracy in Fig. 8.7 shows that an MP2/aVDZ quartic force
field combined with high-level harmonic wavenumbers is a particularly attractive trade-off in
accuracy and computational cost.

The Qu and Bowman formic acid dimer potential

Finally, let us compare variational and perturbative predictions on the QB-PES for the fingerprint
modes of (HCOOH),. In contrast to the (comparably rather stiff but) more floppy pair modes
(see Section 8.1), one might expect a better agreement between VCI and experiment for the
intramolecular modes.

Predictions on the QB-PES with various nuclear vibrational models (harmonic, VSCF, VCI,
VPT2) are compactly summarised in Table 8.3. Since resonance effects on v,, and V,, are not
captured by the VSCF (by design) or VCI calculations (due to convergence errors), VPT2 and ex-
periment are deperturbed. As previously seen for the pair modes, VCI improves upon the worst
VSCEF results but absolute errors remain very large. VPT2 on a quartic force field expansion of

194 Similar problems of changing normal mode definitions were encountered by Franke ef al. for the ethylperoxy

radical [265] which they circumvented by applying the transformed hybrid force field (see Section 2.1.3).
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Table 8.3 Differently computed fundamental excitations (in cm™!) of (HCOOH), fingerprint vibrations compared
to deperturbed experiment (Table 7.5, p. 130). Experiment and VPT?2 are deperturbed and VCI effectively as well,
as vy4 and vy, are essentially pure states. VSCF and VCI data are taken from Ref. [32].

Hybrid force field QB-PES

Descr. I'  Harm.® PyVCI+VPT2%* VCI+F¢ Harm. DVPT2 VSCF VCI  Exp. (dep.)
vz 8(0CO) A, 684 682 687 693 680 688 700 681
vi1  y(OH) B, 953 930 914 956 909 981 945 911
vip 7(CH) B, 1080 1058 1059 1084 1058 1095 1079 1058
ve W(C-0) A, 1248 1229 1228 1255 1228 1246 1252 1224
vs  6(CH) A, 1410 1381 1379 1408 1374 1384 1391 1375
v,  6(OH) A, 1478 1436 1426 1481 1430 1458 1457 1430
vo3  6(0CO) B, 711 709 707 716 705 713 726 707.6
via  7(OH) A, 977 959 934 970 937 1007 975 944
vi3  7(CH) A, 1099 1073 1068 1100 1065 1112 1091 1069.3
vy v(C-0) B, 1253 1233 1232 1258 1229 1248 1252 1230
vo;  6(CH) B, 1405 1378 1377 1406 1369 1381 1388 1371.78
Voo 6(OH) B, 1453 1415 1404 1448 1400 1421 1424 1407
MAD(Exp.) 4 3 27 23
MAX(Exp.) 10 7 70 34

¢ From an unpublished master thesis (see note 195). The hybrid force field is a rectilinear normal mode SFF at
the MP2/aVDZ level (no frozen core), obtained as described in Ref. [189] from an 18D intra-monomer 3MR
curvilinear normal mode QFF, where the harmonic wavenumbers are replaced post hoc by corresponding values
at the LCCSD(T)-F12a/VDZ-F12 level. The six intermolecular degrees of freedom are frozen as described in
Ref. [108].

b 18D PyVCI+VPT?2 calculation as described in Ref. [189] with n,,,, = 6 and MR = 6.

¢ The 18D PyVCI+VPT2 eigenvalues are corrected by replacing the LCCSD(T)-F12a harmonic wavenumbers
with corresponding values on the QB-PES (see note 196). Coupling to the missing six intermolecular vibra-
tions is reintroduced using x constants on the QB-PES as outlined in Section 2.1.4. Note that v, and v,, are
deperturbed (see text).

the QB-PES, on the other hand, yet again provides very accurate fundamentals. The perform-
ance for the rather well-behaved OCO bend (v;, v,;) 1s very telling. Already at the harmonic
level, the absolute band positions are near experiment. The deviations correspond to a moderate
anharmonicity of only 1-2 %, as one would expect of this heavy-atom motion. The fundamental
wavenumbers systematically decrease in the order harmonic—VSCF—VPT2 towards experi-
ment. The VPT?2 errors are within +2cm~!. With VCI, however, the absolute wavenumbers
increase relative to VSCF and absolute errors to experiment are ~20 cm™.

In light of all presented analyses throughout this and Chapter 5, there is little doubt that the
overall success of VPT2 in Table 8.3 is genuine, indicating that the VCI eigenvalues [32] are not
converged. It would be desirable to interface the QB-PES with PyPES in the future, facilitating
complementary force field VCI calculations with PyVCI, to bridge the gap between VPT2 and
grid-based VCI. In the meantime, initial results with a hybrid force field from an unpublished
master thesis'® help to (partly) bridge this gap. In that work, a composite LCCSD(T)-F12a/MP2
hybrid sextic force field was employed. The ab initio sextic force field was obtained as described
in Ref. [186] and the harmonic wavenumbers were replaced post hoc. The six intermolecular
degrees of freedom were frozen following the method outlined in Ref. [108]. To reduce the size
of the VCI matrix, VPT2 screening was employed as described in Ref. [189].

The resultant 24D harmonic and 18D PyVCI4VPT2 fundamentals are included in Table 8.3.
A direct comparison to results on the QB-PES or experiment is not very meaningful. To ‘level

195 Nejad, A., “Anharmonic vibrational analysis of formic acid and its complexes”, Gottingen, 2018.
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the playing-field’, the LCCSD(T)-F12a harmonic wavenumbers are replaced with corresponding
values on the QB-PES.!'?® Second, most of the missing couplings to the six intermolecular modes
are reintroduced following the method outlined in Section 2.1.4, using x constants on the QB-
PES. Since v,, and v,, are perturbed by Fermi resonances that involve intermolecular vibrations,
the resultant predictions are effectively deperturbed. The resultant 24D VCI+F fundamental
wavenumbers not only compare very well with experiment but also 24D DVPT2 on the QB-
PES, providing final confirmation that the success of VPT2 on the QB-PES is genuine and not
largely affected by error compensation.

8.3 Dissociation energy of the cyclic dimer

The energy required to dissociate one cyclic formic acid dimer into two monomers was determ-
ined experimentally in 2012 by Kollipost ez al. [148]. In the usual Born-Oppenheimer separation
of electronic and vibrational degrees of freedom, the dissociation energy (defined here as a pos-
itive quantity) can formally be separated into the sum of a purely electronic

De == 2 X EMOII - ED1m (8.4)
and a zero-point vibrational energy contribution
AZPVE =2 X ZPVE,,,, — ZPVE,,,. 8.5)

In 2015, Miliordos and Xantheas discussed errors in the approach of Kalescky et al. [266] and
were able to compute the dissociation energy to within the experimental uncertainty, using a
composite approach. The electronic component was computed at the CCSD(T) level, extrapol-
ated to the basis set limit and augmented by the zero-point correction at the MP2/aVDZ VPT2
level. In 2016, Qu and Bowman published the dimeric ZPVE on their analytical potential using
DMC and very recently Késer and Meuwly reported VPT2 and DMC values for trans-HCOOH
and its cyclic dimer on their transfer-learned potential [24]. There are several points worth point-
ing out.

Differently computed zero-point vibrational energies of trans-HCOOH and its cyclic dimer
are compiled in Table 8.4. Reminding ourselves that the VPT2 ZPVE is resonance-free (pp. 16),
the sole error source in VPT?2 is the numerical sensitivity of the cubic and quartic force constants.
First, the variational (ICPH-VCI, GENIUSH-Smolyak, MCTDH) values for the monomer attest
VPT2 a remarkably high accuracy. The VPT2 prediction on the TM-PES even slightly outper-
forms ICPH-VCI and the deviation to GENIUSH-Smolyak and MCTDH is just 1 cm='.17 As
the ZPVE is an extensive property, the absolute VPT2 error will necessarily increase for larger
systems. Still, the deviation to DMC on the QB-PES is just 6 cm™! outside the DMC simula-
tion uncertainty — equivalently 0.07 kJ mol~! or 0.02 kcal mol~! —, which is quite remarkable.
Second, the comparison of ab initio MP2 and CCSD(T)-F12-quality VPT2 predictions shows

196 A5 with hybrid force field VPT2 (see Section 2.1.3), one could replace the harmonic wavenumbers before (sub-
stituted) or after (additive) the PyVCI+VPT?2 calculation. Here, the inexpensive additive approach is employed
by simply adding the difference of the two harmonic force fields to the PyVCI+VPT2 eigenvalues, shown in
Table 8.3

197 The VPT2 value on the TM-PES shown in Table 8.4 is actually 7351.5 cm™~! and has been obtained on a quartic
force field computed from single-point energies, as described in Appendix B.2. If instead analytic Hessians
are used (see Appendix B.2), the VPT2 ZPVE changes only by —0.2cm™!, indicating that numerical errors
are negligible. The GENIUSH-Smolyak ZPVE, as reported in the supplementary material of Ref. [29], is
7350.8 cm™! (rounded to one digit) and is converged well within 0.1 cm™!. For comparison, the ICPH-VCI
value, as reported in the supplementary material of Ref. [21], is 7354.49...cm™! and thus rounded off to 7354
in Table 8.4.
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Table 8.4 Comparison of computed zero-point vibrational energies (¥, in cm™!) of frans-HCOOH and its cyclic
dimer. Reported DMC simulation uncertainties are indicated in parentheses. The VPT2 values are further decom-
posed into harmonic (@) and anharmonic (6,y,;,) contributions. The harmonic zero-point vibrational energies on the
transfer-learned potential are calculated from values reported in the supplementary material of Ref. [24].

trans-HCOOH (HCOOH),
Electronic structure  Nuclear vib. structure Ref. w v Oanh 0] v Oanh
MP2/aVDZ VPT2 This work 7390 7286 —104 15490 15238 —252
MP2/aVTZ VPT2 This work 7431 7331 —100 15556 15307 —249
QB-PES VPT2 This work 15584 15324 —260
QB-PES DMC Ref. [23] 15337(7)
TM-PES VPT2 This work 7456 7352 —-104
TM-PES GENIUSH-Smolyak  Ref. [29] 7351
TM-PES ICPH-VCI Ref. [21] 7354
RC-PES VPT2 This work 7427 7326 —101
RC-PES MCTDH Ref. [22] 7327
Transfer-learned VPT2 Ref. [24] 7411 7311 —100 15545 15349 —-196
Transfer-learned DMC Ref. [24] 7321(12) 15299(5)

that the main errors stem from the harmonic MP2 force field. Hybrid CCSD(T)-F12/MP2 VPT2
is thus optimally equipped to provide highly accurate zero-point energies with comparably little
computational cost. Third, a comparison to the transfer-learned VPT2 and DMC values clearly
indicates ‘problems’ with the VPT?2 values as published in Ref. [24]. For the monomer, VPT2
and DMC on the transfer-learned potential agree within the comparably large DMC simulation
error. Moreover, the VPT2 anharmonicity 6, compares very well with values on the TM-PES,
RC-PES, and MP2. For the dimer, however, VPT2 deviates much more from DMC than anticip-
ated based on corresponding values on the QB-PES. Dissecting the transfer-learned VPT2 value
into harmonic and anharmonic contributions clearly shows that the anharmonic correction is er-
roneous. By comparison to VPT2 on the QB-PES or at the MP2 level, the absolute anharmonic
VPT2 component is estimated to be 50-60 cm~! too small which perfectly matches in size and
direction the VPT2-DMC deviation on the transfer-learned dimer potential.!*®

Turning to the zero-point-corrected dissociation energy, we can take the experimental value
of D, = 59.5(5)kJ mol~! [148] and add the ‘best’ available — hybrid CCSD(T)-F12a/VDZ-
F12//MP2/aVTZ — ab initio VPT2 zero-point energy difference to derive D, = 67.4(5) kJ mol~!.
Miliordos and Xantheas showed that such an experimentally-derived well depth is matched by
CCSD(T) at the complete basis set limit with 67.4(5) kI mol~! [102]. Explicitly correlated meth-
ods provide an alternative route to such extrapolation techniques. Rewardingly, CCSD(T)-F12a
yields 67.8 with a VDZ-F12 basis set, reproducing the basis set limit CCSD(T) value within the
extrapolation uncertainty.

198 Tt is unclear why the size of the anharmonic contribution to the transfer-learned VPT2 ZPVE is roughly 20%

too small. For comparison, the contributions to the VPT2 ZPVE that arise from anharmonic components of the
kinetic energy operator (Coriolis and Watson U) are both well below 5cm™!.
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Summary and outlook

Taking a multi-spectroscopic approach of a different kind — experimental'®® (IR and Raman)
and computational (perturbative and variational) vibrational spectroscopy —, the spectroscopic
record of formic acid and its cyclic dimer was reviewed, corrected, and extended. As a side
product of the dimer-focussed analysis, the number of assigned formic acid trimer fundamentals
could be drastically increased. The vibrational database of the monomer (Table 4.8, pp. 91)
has been digitised (https://qmbench.net) with the dimer and trimer databases to follow soon
(Tables 7.2-7.3, pp. 124). In contrast to the formic acid trimer, the higher-energy polar dimer
still eludes detection in jet expansions. Since it is a fragment of the trimer (Fig. 1.4, p. 11), the
validated theoretical description of the trimer promises to provide reliable spectral predictions
for future searches of the metastable pairing of two formic acid molecules.

The result of the analysis of the formic acid spectra in Chapter 4 is a revised, significantly
extended, and thoroughly validated vibrational database of the monomer below 4000 cm=! with
overall 186 environment-free band centres, including both rotational conformers, several hy-
drogen and carbon isotopologues, and a plethora of highly-excited vibrational states up to five-
quantum vibrational levels. Essentially, the experimental and computational vibrational spec-
troscopic characterisation of trans-formic acid up to 3500 cm~! can now be regarded completed
with a few minor exceptions.’® It was found that the impact of the OH bend-torsion reson-
ance polyad (Ns = ns+ny/2) on the entire vibrational dynamics of frans-HCOOH is more
far-reaching than previously believed. A new key insight is that starting with N5 = 2, the C-O
stretch (v,) becomes heavily involved in this polyad (N5, = ns+ng+ny/2), which is strongly sus-
pected to perturb the OH stretching fundamental (N5, = 3). Starting with Ny, = 3.5, trans-cis
delocalisation effects are expected to manifest [29]. Considering that high-level computational
studies unanimously predict v5 and v, to be strongly coupled in the cis conformer [22, 29],
particularly fruitful future research directions include revisiting the postponed analysis of the
rotationally-resolved, environment-free OH stretch [114] and spectroscopically characterising
states in the N4 > 3 polyad towards increasing trans-cis delocalisation.

Building on pioneering jet-cooled studies [119, 149], the reanalysis of the formic acid di-
mer fingerprint region 600-1500 cm~! closes previous gaps between the intermolecular man-
ifold [129, 130, 141, 148] and the intramolecular carbonyl stretching region [89], producing
a large number of benchmark-quality combination and overtone bands. O—H deuteration was
found to have a profound impact on the vibrational spectrum of the cyclic dimer with an increased
number of Raman-active dimer combination and overtone bands beyond 1200 cm™~!. Other than
the rather isolated resonances of IR-active fingerprint modes in (HCOOH),, e.g. v, and v,,, the

199 The experimental IR and Raman spectra have been made publicly available [222, 261, 262].
200 A few trans- (Table 4.3, p. 71; Table 4.4, pp. 80; Table 4.7, p. 87) and cis-formic acid bands (see supplementary
material of Ref. [90]) remain unassigned.
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Figure 9.1 Raman jet spectra of formic acid in the C=0 stretching region at high acid concentration. The formic
acid trimer (T) has been assigned by Meyer and Suhm for the main isotopologue [125].

assignment of the Raman-active perturbers in (HCOOD), and (DCOOD), demonstrates a sys-
tematic and strong hydrogen bond-mediated vibrational coupling between the C—O stretching
fundamental and other carboxylic acid group vibrations. This includes the OCO bending (2v,;)
and OD torsion overtones (2v,,, 2v,,) and several weaker binary and ternary bands that involve
excitations of the intermolecular in- (vy, v,,) or out-of-plane (v,,, v,5) bending/libration modes.
Despite the measured jet spectra extending up to 1950 cm™!, an analysis beyond 1500 cm~! was
not attempted as the increasing complexity of the spectra makes high-level computational guid-
ance indispensable. This is illustrated in Fig. 9.1 using the example of the Raman-active C=0
stretch for which resonance perturbations consistently increase from left to right. The following
should be considered: There are no monomer bands and, based on the analysis of the finger-
print region, overall negligible n > 4 cluster contributions, leaving the cyclic dimer and trimer
as main contributors with an estimated [109] concentration ratio of 10:1. Both have only one
Raman-active fundamental in this spectral region. These two are predicted to have similar in-
tensities. The expected binary A, band positions are shown in red, indicating that the main
perturbers correspond to n > 3 multi-quantum vibrational states. Moreover, Fig. 9.1 indicates
that the resonance perturbations in the dimer may survive in the trimer. In all these contexts, the
complexity of the dimeric OH/D stretching spectra appears to be the logical consequence of a
built-in mechanical coupling of the carboxylic group vibrations [132, 267, 268].

Lastly, the rigorous nuclear structure benchmarks revealed two important insights. In the
formic acid monomer,?°! the OH torsion is well-known to be the Achilles’ heel of rectilinear
normal coordinate VPT2. Its further involvement in the OH bend-torsion polyad makes vibra-
tional benchmarks of the torsion the ideal litmus test. In Section 5.4, torsional term values
up to ny = 4 computed with VPT2 on the TM-PES [21] and a high-level hybrid CCSD(T)-
F12a/VDZ-F12//MP2/aVTZ force field were compared against fully converged variational ref-
erence values [29] on the TM-PES. The benchmark clearly showed that the inherent VPT?2 error
is outweighed by the underlying electronic structure errors, conclusively demonstrating that in
order to assess the quality and performance of VPT2, large basis set coupled-cluster potentials of
high quality are necessary. Second, hybrid CCSD(T)-F12-edited MP2/aVDZ hybrid force field
VPT2 was found to be a compelling trade-off between accuracy and cost**? that provides reli-
able and surprisingly accurate predictions for fundamentals and medium vibrational excitations

of the formic acid dimer and trimer in the examined energy regions up to 1500 cm™!.

201 The performance of several nuclear vibrational models is summarised in Table 5.5 (p. 110) for the monomer.

202 As an example, with an Intel Xeon Gold 6240 CPU, the total CPU time necessary to compute a quartic force
field of the formic acid dimer with Gaussian 16 increases from 26 h (B3LYP-D3/aVDZ), 29 h (MP2/aVDZ),
155h (B3LYP-D3/aVTZ), up to 1034 h (for MP2/aVTZ). The total CPU time on the same machine required to
compute the Hessian at the CCSD(T)-F12a/VDZ-F12 level with Molpro 2018.1 amounts to only 26 h.
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Appendix A

Details on measured spectra

This appendix contains details on all measured formic acid spectra that are shown throughout
this work. The spectra have been published in an online repository and made publicly avail-

able [222, 261, 262].

Formic acid monomer-optimised spectra:

Table A.1

Table A.2

Details on Raman spectra (temperature series) shown in Figs. 3.1-3.7. The
data can be downloaded from Ref. [222] (mind “_des_avg_cal.dat” file-
name extension).

Details on depolarised Raman spectra shown in Figs. 3.1-3.7.

Formic acid dimer-optimised spectra:

Table A.3

Table A.4

Table A.5

Table A.6

Details on Raman spectra (temperature series, top) shown in Figs. 6.3-6.5.
The data can be downloaded from Ref. [261] (mind “_des_avg_cal.dat”
filename extension).

Details on depolarised Raman spectra (middle) shown in Figs. 6.3-6.5. The
data can be downloaded from Ref. [261] (mind “_des_avg_cal.dat” file-
name extension).

Details on FTIR spectra (pressure series, top) shown in Figs. 6.1-6.2. The
data can be downloaded from Ref. [262].

Details on FTIR spectra (higher resolution, middle) shown in Figs. 6.1-6.2.
These spectra have been published in Ref. [149].



150 Appendix A. Details on measured spectra

A.1 Legend
FTIR spectra

Spectra that are listed under the same colour have been averaged, each weighted by the number of
scans (Ng,,,)- The deviations in the experimental conditions (cf. pg.) illustrate the experimental
uncertainty of the employed formic acid concentration.

Trace Colour of the spectrum, as shown in the figures.

T, Saturator temperature.

DRes Reservoir pressure.

AV Spectral resolution.

Apt Aperture.

MCT detector  Name of the detector (internal reference).

Filter Spectral bandpass filter. The “F15” filter (internal reference) is transparent
between 600 and 2000 cm™!.

Ngean Number of averaged sampled scans (gas pulses).

Scal Intensity scaling factor.

Raman spectra

The measured Raman intensity (counts) is converted into a count rate (s~') via

M — Scal - > . (counts — BL). (A.1)
s~ t,
Trace Colour of the spectrum, as shown in the figures.
AMon Central wavelength setting of the monochromator, roughly covering a spectral
range from Ay, —10nm to Ay, ,+10nm.
T, Saturator temperature.
T, Temperature of the helium feed-line and nozzle.
F in He:He Ratio of additional helium dilution to the formic acid-in-helium mixture (F in

He). This number is an internal reference for the flow meters and does not
apply to spectra measured with a previous version of the setup.

DRes Reservoir pressure.

P Incident laser polarisation with respect to the scattering plane.
P Incident laser power.

t. Exposure time for a single scan.

Ngean Number of averaged scans.

BL Intensity baseline correction.

Scal Intensity scaling factor.



A.2 Formic acid monomer-optimised jet spectra

Table A.1 Measurement details on formic acid monomer-optimised Raman spectra (temperature series) shown in Figs. 3.1-3.7. See legend in Appendix A.1 for further explanations.

The data can be downloaded from Ref. [222] (mind “_des_avg_cal.dat” filename extension).

Iso Trace  Range/cm™ Ay, T T, FinHe:He ppes P Pt  Nggn BL  Scal Date Filename

min max nm °C K °C K mbar W s DD.MM
HCOOH black 910 1460 569.0 10 283 100 373 15:100 500 L1 25 300 7 662 0.3859 08.01.2020 200108_f_F_[...]_7x300s
HCOOH black 1460 1935 5845 10 283 100 373 15:100 500 L1 25 300 6 650 0.5198 08.01.2020 200108_e_F_[...]_6x300s
HCOOH black 2670 3085 629.0 10 283 100 373 15:100 500 L1 25 300 6 654 0.6175 09.01.2020 200109_a_F_[...]_6x300s
HCOOH black 3350 3750 657.0 10 283 100 373 15:100 500 L1 25 300 6 638 0.5349 09.01.2020 200109_b_F_][...]_6x300s
HCOOH blue 390 910  550.0 —10 263 130 403 - 1000 Li 25 300 6 691 0.1752 15.11.2018 181115_e_F_[...]_6x300s
HCOOH blue 910 1460 569.0 10 283 130 403 15:100 500 L1 25 300 6 662 0.4367 08.01.2020 200108_i_F_][...]_6x300s
HCOOH blue 1460 1935 584.6 10 283 130 403 15:100 500 L1 25 300 6 650 0.5951 08.01.2020 200108_h_F_[...]_6x300s
HCOOH blue 2670 3085 629.0 10 283 130 403 15:100 500 L' 25 300 6 654 0.7254 09.01.2020 200109_c_F_[...]_6x300s
HCOOH blue 3350 3750 657.0 10 283 130 403 15:100 500 L1 25 300 6 638 0.6416 09.01.2020 200109_d_F_[...]_6x300s
HCOOH orange 910 1460 569.0 10 283 160 433 15:100 500 L' 25 300 7 662 0.6167 08.01.2020 200108_k_F_[...]_7x300s
HCOOH orange 1460 1935 5845 10 283 160 433 15:100 500 L1 25 300 6 650 0.8995 08.01.2020 200108_j_F_[...]_6x300s
HCOOH orange 1925 2190 593.0 10 283 160 433 30:100 500 L1i 20 240 5 649 1.0000 28.09.2020 200928_c_F_[...]_5x240
HCOOH orange 2190 2450 606.0 10 283 160 433 30:100 500 L1 20 240 5 649 1.0000 28.09.2020 200928_d_F_[...]_5x240
HCOOH orange 2450 2680 616.0 10 283 160 433 30:100 500 L1i 20 240 5 649 1.0000 28.09.2020 200928_e_F_[...] _5x240
HCOOH orange 2670 3085 629.0 10 283 160 433 15:100 500 L1 25 300 6 654 0.7255 09.01.2020 200109_e_F_[...]_6x300s
HCOOH orange 3075 3200 632.0 10 283 160 433 30:100 500 L1i 20 240 5 649 1.0000 28.09.2020 200928_f_F_[...]_5x240
HCOOH orange 3200 3350 648.0 10 283 160 433 30:100 500 L' 20 240 5 649 1.0000 28.09.2020 200928_g_F_[...]_5x240
HCOOH orange 3350 3750 657.0 10 283 160 433 15:100 500 L' 25 300 6 638 0.7176 09.01.2020 200109_f_F_[...]_6x300s
HCOOH red 910 1460 569.0 10 283 190 463 15:100 500 L' 25 300 12 662 1.0000 08.01.2020 200108_m_F_[...]_12x300s
HCOOH red 1460 1935 5845 10 283 190 463 15:100 500 L' 25 300 6 650 1.0000 08.01.2020 200108_l_F_][...]_6x300s
HCOOH red 1925 2190 5930 10 283 190 463 30:100 500 L1 20 240 5 649 0.8459 28.09.2020 200928_i_F_[...]_5x240
HCOOH red 2190 2450 606.0 10 283 190 463 30:100 500 11 20 240 5 649 0.8459 28.09.2020 200928_j_F_[...]_5x240
HCOOH red 2450 2680 6160 10 283 190 463 30:100 500 L1 20 240 5 649 0.8459 28.09.2020 200928_k_F_[...] _5x240
HCOOH red 2670 3085  629.0 10 283 190 463 15:100 500 1i 25 300 6 654 1.0000 09.01.2020 200109_g_F_[...]_6x300s
HCOOH red 3075 3200 6320 10 283 190 463 30:100 500 L1 20 240 5 649 0.6129 28.09.2020 200928_I_F_[...]_5x240

continued
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Table A.1 (continued)

Iso Trace  Range/cm™' Ay, T, FinHe:He pge, P P t. Nggu BL  Scal Date  Filename

min max nm °C K °C K mbar w S DD.MM
HCOOH red 3350 3750 657.0 10 283 190 463 15:100 500 1f 25 300 6 638 1.0000 09.01.2020 200109_h_F _[...]_6x300s
DCOOH black 590 820 5590 10 283 100 373 20:100 500 J_? 25 300 12 680 19193 22.01.2020 200122_d_FCD_][...]_12x300s
DCOOH black 820 1410 565.0 10 283 100 373 40:100 500 L' 25 300 6 660 0.5171 17.01.2020 200117_i_FCD_]...]_6x300s
DCOOH black 1410 1970 5845 10 283 100 373 40:100 500 1" 25 300 6 654 04271 17.01.2020 200117_j_FCD_][...]_6x300s
DCOOH black 1970 2435 6025 10 283 100 373 40:100 500 L? 25 300 6 649 0.4677 18.01.2020 200118_h_FCD_]...]_6x300s
DCOOH black 3349 3750 657.0 10 283 100 373 40:100 500 1" 25 300 6 645 0.7036 18.01.2020 200118_g_FCD_][...]_6x300s
DCOOH blue 820 1410 565.0 10 283 130 403 40:100 500 L? 25 300 6 660 0.6118 17.01.2020 200117_g_FCD_]...]_6x300s
DCOOH blue 1410 1970 5845 10 283 130 403 40:100 500 1" 25 300 6 654 0.5268 17.01.2020 200117_h_FCD_]...]_6x300s
DCOOH blue 1970 2435 6025 10 283 130 403 40:100 500 1f 25 300 6 649 0.3622 18.01.2020 200118_f FCD_]...]_6x300s
DCOOH blue 3349 3750 657.0 10 283 130 403 40:100 500 1f 25 300 6 645 0.7470 18.01.2020 200118_e_FCD_][...]_6x300s
DCOOH orange 820 1410 565.0 10 283 160 433 40:100 500 J_% 25 300 6 660 0.8179 17.01.2020 200117_e_FCD_][...]_6x300s
DCOOH orange 1410 1970 5845 10 283 160 433 40:100 500 J_f 25 300 6 654 0.7267 17.01.2020 200117_f FCD_]...]_6x300s
DCOOH orange 1970 2435 6025 10 283 160 433 40:100 500 L' 25 300 6 649 04750 18.01.2020 200118_d_FCD_][...]_6x300s
DCOOH orange 2425 2905 6205 10 283 160 433 30:100 500 J_f 20 240 4 640 1.0000 27.10.2020 201027_g_FCD_][...]_4x240s
DCOOH orange 2905 3355 639.0 10 283 160 433 30:100 500 L' 20 240 4 640 1.0000 27.10.2020 201027_f FCD_]...]_4x240s
DCOOH orange 3349 3750 657.0 10 283 160 433 40:100 500 1" 25 300 6 645 0.9243 18.01.2020 200118_c_FCD_][...]_6x300s
DCOOH red 820 1410 565.0 10 283 190 463 40:100 500 J_? 25 300 6 660 1.0000 17.01.2020 200117_c_FCD_][...]_6x300s
DCOOH red 1410 1970 5845 10 283 190 463 40:100 500 J_f 25 300 6 654 1.0000 17.01.2020 200117_d_FCD_]...]_6x300s
DCOOH red 1970 2435 6025 10 283 190 463 40:100 500 L' 25 300 6 649 1.0000 18.01.2020 200118_b_FCD_]...]_6x300s
DCOOH red 2425 2905 6205 10 283 190 463 30:100 500 J_? 20 240 4 650 0.7137 27.10.2020 201027_i_FCD_]...]_4x240s
DCOOH red 3349 3750 657.0 10 283 190 463 40:100 500 1' 25 300 6 645 1.0000 18.01.2020 200118_a_ FCD_][...]_6x300s
HCOOD black 400 810 5540 15 288 100 373 50:100 500 J_? 25 300 6 665 0.3523 17.06.2020 200617_d_FOD_]...]_6x300s
HCOOD black 810 1420 566.0 10 283 100 373 40:100 500 1' 24 300 6 645 0.3009 20.06.2020 200620_i_FOD_]...]_6x300s
HCOOD black 1420 1960 584.6 10 283 100 373 40:100 500 J_? 25 200 9 652 0.3797 18.06.2020 200618_h_FOD_]...]_9x200s
HCOOD black 2325 2745 6174 10 283 100 373 40:100 500 J_% 25 200 9 645 0.2622 18.06.2020 200618_i_FOD_]...]_9x200s
HCOOD black 2735 3115 629.1 10 283 100 373 40:100 500 1' 24 200 8 646 0.3839 20.06.2020 200620_j_FOD_]...]_8x200s
HCOOD blue 810 1420 566.0 10 283 130 403 40:100 500 J_f 25 300 6 659 0.3289 20.06.2020 200620_h_FOD_][...]_6x300s
HCOOD blue 1420 1960 584.6 10 283 130 403 40:100 500 L' 25 300 6 652 04273 18.06.2020 200618_f FOD_]...]_6x300s
HCOOD blue 2325 2745 6174 10 283 130 403 40:100 500 1' 25 200 9 645 0.2768 18.06.2020 200618_g FOD_][...]_9x200s

continued
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Table A.1 (continued)

; FinHe:He pg., P! d
min max nm °C K °C K mbar \%% S DD.MM
HCOOD blue 2735 3115 629.0 10 283 130 403 40:100 500 1f 25 200 646 0.3250 20.06.2020 200620_g_FOD_][...]_7x200s

HCOOD orange 810 1420 566.1 10 283 160 433 40:100 500 LI 25 300 659 0.3377 20.06.2020 200620_f_FOD_][...]_6x300s
HCOOD orange 1420 1960 584.6 10 283 160 433 40:100 500 L' 25 300 665 0.4539 18.06.2020 200618_d_FOD_]...]_6x300s
HCOOD orange 1950 2150 593.0 10 283 160 433 30:100 500 L1i 20 240 649 0.8068 29.09.2020 200929_a_FOD_][...]_4x240

HCOOD orange 2150 2325 611.0 10 283 160 433 30:100 500 11 20 240 649  0.5945 29.09.2020 200929_b_FOD_][...]_4x240

HCOOD orange 2325 2745 6174 10 283 160 433 40:100 500 L' 25 300 653 0.2492 18.06.2020 200618_e_FOD_]...]_6x300s
HCOOD orange 2735 3115 6290 10 283 160 433 40:100 500 L' 25 300 662 0.3710 20.06.2020 200620_e_FOD_]...]_5x300s
HCOOD orange 3115 3580 648.0 10 283 160 433 30:100 500 1' 20 240 640 0.8849 27.10.2020 201027_c_FOD_][...]_4x240s
HCOOD orange 3580 3750 663.0 10 283 160 433 30:100 500 11 20 240 640 1.0000 27.10.2020 201027_d_FOD_][...]_4x240s

HCOOD red 810 1420 566.0 10 283 190 463 40:100 500 L' 24 300 689 1.0000 22.06.2020 200622_b_FOD_][...]_20x300
HCOOD red 1420 1960 584.6 10 283 190 463 40:100 500 L' 25 300 745 1.0000 20.06.2020 200620_b_FOD_]...]_7x300s
HCOOD red 1950 2058 588.0 10 283 190 463 30:100 500 L' 20 240 649 1.0000 29.09.2020 200929_g FOD_]...]_4x240
HCOOD red 2325 2745 6174 10 283 190 463 40:100 500 L1i 25 300 701 1.0000 18.06.2020 200618_c_FOD_]...]_6x300s
HCOOD red 2735 3115 6290 10 283 190 463 40:100 500 L' 25 300 685 1.0000 20.06.2020 200620_c2_FOD_]...]_6x300s
HCOOD red 3115 3580 648.0 10 283 190 463 30:100 500 1i 20 240 652 1.0000 27.10.2020 201027_h_FOD_][...]_4x240s

DCOOD black 830 1420 566.0 10 283 100 373 25:100 500 L' 25 300 673 0.4216 16.01.2020 200116_a_Fd2 [...]_6x300s
DCOOD black 1420 1950 5845 10 283 100 373 15:100 500 L1i 25 300 655 0.3038 14.01.2020 200114_j_Fd2_[...]_6x300s
DCOOD black 1950 2450 6025 10 283 100 373 15:100 500 L' 25 300 652 0.4810 15.01.2020 200115_1_Fd2_[...]_6x300s
DCOOD black 2450 2800 6174 10 283 100 373 15:100 500 L1i 25 300 651 0.6234 15.01.2020 200115_k_Fd2_[...]_6x300s

DCOOD blue 830 1420 566.0 10 283 130 403 25:100 500 L' 25 300 673 0.5030 16.01.2020 200116_c_Fd2 [...]_5x300s
DCOOD blue 1420 1950 5845 10 283 130 403 15:100 500 L1i 25 300 655 0.3545 14.01.2020 200114_g_Fd2_[...]_6x300s
DCOOD blue 1950 2450 6025 10 283 130 403 15:100 500 L' 25 300 652 0.5205 15.01.2020 200115_i_Fd2_[...]_6x300s
DCOOD blue 2450 2800 6174 10 283 130 403 15:100 500 L1i 25 300 651 0.6824 15.01.2020 200115_h_Fd2_ 6x300s

[..]
DCOOD orange 830 1420 566.0 10 283 160 433 25:100 500 J_? 25 300 673  0.4955 16.01.2020 200116_e_Fd2 [...]_6x300s
DCOOD orange 1420 1950 5845 10 283 160 433 15:100 500 L' 25 300 655 0.3932 14.01.2020 200114_d_Fd2_[...]
DCOOD orange 1950 2450 6025 10 283 160 433 15:100 500 1" 25 300

Iso Trace  Range/cm™' Ay, T,

%]
Q
8
=

BL Scal Date Filename

_6x300s
652 0.5392 15.01.2020 200115_f Fd2_[...]_6x300s

LY, i Nie) Ne Nie N ie) We) Wie NNV, i B e)We)Nie )N e) N IF e JEe ) E SN B B IS =T 4NN ) I S e )W e N BN |

DCOOD orange 2450 2800 6174 10 283 160 433 15:100 500 J_% 25 300 651 0.7766 15.01.2020 200115_e_Fd2 [...]_6x300s
DCOOD orange 2790 3050 627.0 10 283 160 433 30:100 500 1' 20 240 639 0.7003 28.10.2020 201028_a_Fd2 [...]_5x240s
DCOOD orange 3050 3350 639.0 10 283 160 433 30:100 500 1' 20 240 639 0.7003 28.10.2020 201028_b_Fd2_[...]_4x240s

continued
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Table A.1 (continued)

Iso Trace  Range/cm™' Ay, T, T, FinHe:He pge, P P t. Nggu BL  Scal Date  Filename
min max nm °C K °C K mbar W s DD.MM

DCOOD orange 3350 3750 657.0 10 283 160 433 30:100 500 1f 20 240 5 639 0.7003 28.10.2020 201028_c_Fd2_[...]_5x240s

DCOOD red 490 830 5560 10 283 190 463 25:100 500 J_? 25 300 10 675 2.2746 16.01.2020 200116_i_Fd2_[...]_10x300s
DCOOD red 830 1420 566.0 10 283 190 463 25:100 500 L' 25 300 6 673 1.0000 16.01.2020 200116_g_Fd2_[...]_6x300s
DCOOD red 1420 1950 5845 10 283 190 463 15:100 500 J_? 25 300 7 655 1.0000 14.01.2020 200114_a_Fd2_[...]_7x300s

DCOOD red 1950 2450 6025 10 283 190 463 15:100 500 L' 25 300 6 652 1.0000 15.01.2020 200115_c_Fd2_[...]_6x300s

DCOOD red 2450 2800 6174 10 283 190 463 15:100 500 1" 25 300 6 651 1.0000 15.01.2020 200115_a_Fd2_[...]_6x300s

DCOOD red 2790 3050 627.0 10 283 190 463 30:100 500 l? 20 240 4 639 1.0000 28.10.2020 201028_f Fd2_[...] _4x240s

DCOOD red 3050 3350 6450 10 283 190 463 30:100 500 1" 20 240 4 639 1.0000 28.10.2020 201028_g_Fd2_[...]_5x240s

Table A.2 Measurement details on formic acid monomer-optimised Raman spectra (depolarised) that are partly shown in Figs. 3.1-3.7. See legend in Appendix A.1 for further

explanations.
Iso Trace Range/cm™ Ay, T, T, FinHe:He pge, P' P t. Ngun BL  Scal Date  Filename

min max nm °C K °C K mbar W S DD.MM
HCOOH black 390 900 550.0 —10 263 130 403 - 1000 J__i 25 300 6 685 1.0000 15.11.2018 181115_e_F_[...]_6x300s
HCOOH cyan 390 900 550.0 —10 263 130 403 - 1000 |' 25 300 6 671 1.0000 15.11.2018 181115_d_F_[...]_6x300s
HCOOH black 900 1480 567.0 —10 263 130 403 - 1000 J__i 25 300 7 685 1.0000 12.11.2018 181112_a_F_[...] _7x300s
HCOOH cyan 900 1480 567.0 —10 263 130 403 - 1000 |' 25 300 7 671 1.0000 12.11.2018 181112_b_F_[...]_7x300s
HCOOH black 1480 1980 584.6 —10 263 130 403 - 1000 J__i 25 180 10 660 1.0000 15.11.2018 181115_b_F_[...]_10x180s
HCOOH cyan 1480 1980 584.6 —10 263 130 403 - 1000 ' 25 180 10 651 1.0000 15.11.2018 181115_c_F_[...]_10x180s
HCOOH black 1980 2507 6045 10 283 190 463 30:100 500 J__i 20 240 4 649 1.0000 29.09.2020 200929_o_F_[...]_4x240
HCOOH cyan 1980 2507 6045 10 283 190 463 30:100 500 |I' 20 240 4 649 1.0000 29.09.2020 200929_n_F_[...]_4x240
HCOOH black 2665 3150 629.0 —20 253 190 463 - 500 L' 25 300 7 666 1.0000 09.11.2018 181109_g F_[...]_7x300
HCOOH cyan 2665 3150 629.0 —20 253 190 463 - 500 |I' 25 300 8 661 1.0000 09.11.2018 181109_h_F_[...]_8x300
HCOOH black 3525 3750 6650 10 283 190 463 30:100 500 L' 20 240 4 649 1.0000 29.09.2020 200929 _m_F_[...]_4x240
HCOOH cyan 3525 3750 665.0 10 283 190 463 30:100 500 | 20 240 4 649 1.0000 29.09.2020 200929_I_F_[...]_4x240
DCOOH black 1910 2450 6025 10 283 190 463 40:100 500 J_'i 20 300 6 645 1.0000 03.09.2020 20200903_a_FCD_]...]_6x300s
DCOOH cyan 1910 2450 6025 10 283 190 463 40:100 500 | 20 300 7 634 1.0000 03.09.2020 20200903_b_FCD_][...]_7x300s

continued
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Table A.2 (continued)
Iso Trace Range/cm™ Ay, T, FinHe:He pge, P P t. Ngyu,a BL  Scal Date  Filename

min max nm °C K °C K mbar \%% S DD.MM
DCOOH black 3220 3670 6520 10 283 190 463 30:100 500 J__i 20 240 4 640 1.0000 27.10.2020 201027_k_FCD_[...]_4x240s
DCOOH cyan 3220 3670 652.0 10 283 190 463 30:100 500 ||' 20 240 4 640 1.0000 27.10.2020 201027_j_FCD_][...]_4x240s
HCOOD black 2510 3005 6240 10 283 160 433 30:100 500 J__i 25 240 6 641 1.0000 10.05.2021 20210510_f FOD_J[...]_6x240s
HCOOD cyan 2510 3005 6240 10 283 160 433 30:100 500 ||' 25 240 6 641 1.0000 10.05.2021 20210510_g_FOD_][...]_6x240s
HCOOD black 830 1450 567.0 10 283 190 463 30:100 500 J__i 20 240 5 651 1.0000 29.09.2020 200929 _e_FOD_[...]_5x240
HCOOD cyan 830 1450 567.0 10 283 190 463 30:100 500 ||* 20 240 5 651 1.0000 29.09.2020 200929 _d_FOD_]...]_5x240
HCOOD black 1490 2058 588.0 10 283 190 463 30:100 500 J__i 20 240 4 642 1.0000 29.09.2020 200929_g_FOD_]...]_4x240
HCOOD cyan 1490 2058 588.0 10 283 190 463 30:100 500 ||* 20 240 4 642 1.0000 29.09.2020 200929 f FOD_][...]_4x240
DCOOD black 800 1400 566.0 10 283 160 433 40:100 500 J__i 20 300 5 636 1.0000 02.09.2020 20200902_f FD2_J...]_5x300s
DCOOD cyan 800 1400 566.0 10 283 160 433 40:100 500 ||f 20 300 5 634 1.0000 02.09.2020 20200902_e_FD2_[...]_5x300s
DCOOD black 1400 1950 5845 10 283 160 433 40:100 500 J__1 20 120 3 632 1.0000 02.09.2020 20200902_j_FD2_J...]_6x120s
DCOOD cyan 1400 1950 584.5 10 283 160 433 40:100 500 ||f 20 120 3 632 1.0000 02.09.2020 20200902_i_FD2_[...]_3x120s
DCOOD black 1950 2400 6025 10 283 160 433 40:100 500 J_f 20 180 4 630 1.0000 02.09.2020 20200902_h_FD2_J...]_4x180s
DCOOD cyan 1950 2400 602.5 10 283 160 433 40:100 500 ||f 20 180 4 630 1.0000 02.09.2020 20200902_g_FD2_J...]_4x180s
DCOOD black 2400 2677 611.0 10 283 160 433 30:100 500 J_f 25 240 6 644 1.0000 10.05.2021 20210510_d_Fd2_[...]_6x240s
DCOOD cyan 2400 2677 611.0 10 283 160 433 30:100 500 ||* 25 240 6 644 1.0000 10.05.2021 20210510_e_Fd2_[...]_6x240s
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A.3 Formic acid dimer-optimised jet spectra

Table A.3 Measurement details on formic acid dimer-optimised Raman spectra (temperature series) shown in Figs. 6.3-6.5. See legend in Appendix A.1 for further explanations.

The data can be downloaded from Ref. [261] (mind “_des_avg_cal.dat” filename extension).

Iso Trace  Range/cm™'  Ayon T, FinHe:He ppes P' P t,  Ngun BL  Scal Date Filename

min max nm °C K °C K mbar W s DD.MM
HCOOH blue 180 830 5475 18 291 22 295 40:100 700 J_% 25 300 5 674 0.3582 23.02.2021 20210223_c_F_[...]_5x300s
HCOOH blue 830 1450 567.0 18 291 20 293 40:100 700 L' 25 300 5 686 0.3736 23.02.2021 20210223_b_F_[...]_5x300s
HCOOH blue 1450 1500 584.6 18 291 20 293 40:100 700 1' 25 240 5 660 0.3880 23.02.2021 20210223_a_F_[...]_5x240s
HCOOH orange 180 830 5475 18 291 40 313 40:100 700 J_% 25 300 4 674 0.6626 23.02.2021 20210223_f_F_J...]_4x300s
HCOOH orange 830 1450 567.0 18 291 40 313 40:100 700 L' 25 300 4 673 0.6764 23.02.2021 20210223_e2_F_][...]_4x300s
HCOOH orange 1450 1500 5846 18 291 40 313 40:100 700 1' 25 240 5 660 0.5633 23.02.2021 20210223_d_F_[...]_5x240s
HCOOH red 180 830 5475 18 291 60 333 40:100 700 J_? 25 300 4 674 1.0000 23.02.2021 20210223_i_F_[...]_4x300s
HCOOH red 830 1450 567.0 18 291 60 333 40:100 700 L' 25 300 4 673 1.0000 23.02.2021 20210223_h_F_[...]_4x300s
HCOOH red 1450 1500 5846 18 291 60 333 40:100 700 1' 25 240 5 660 1.0000 23.02.2021 20210223_g_F_[...]_5x240s
DCOOH blue 180 830 5475 18 291 23 296 40:100 700 L1 25 300 4 680 03752 25.02.2021 20210225_c_FCD_]...]_4x300s
DCOOH blue 830 1450 567.0 18 291 22 295 40:100 700 11 25 300 4 691 0.2702 25.02.2021 20210225_b_FCD_]...]_4x300s
DCOOH blue 1450 1500 584.6 18 291 21 294 40:100 700 L1 25 140 & 654 0.3158 25.02.2021 20210225_a_FCD_]...]_8x140s
DCOOH orange 180 830 5475 18 291 40 313 40:100 700 11 25 300 4 675 0.7059 25.02.2021 20210225_f_FCD_]...]_4x300s
DCOOH orange 830 1450 567.0 18 291 40 313 40:100 700 J_? 25 300 4 655 0.5214 25.02.2021 20210225_e2_FCD_]...]_4x300s
DCOOH orange 1450 1500 5846 18 291 40 313 40:100 700 1' 25 140 8 652 0.4877 25.02.2021 20210225_d_FCD_[...]_8x140s
DCOOH red 180 830 5475 18 291 60 333 40:100 700 J_? 25 300 4 678 1.0000 25.02.2021 20210225_g_FCD_]...]_4x300s
DCOOH red 830 1450 567.0 18 291 60 333 40:100 700 L' 25 300 5 668 1.0000 25.02.2021 20210225_i_FCD_]...]_5x300s
DCOOH red 1450 1500 584.6 18 291 60 333 40:100 700 L' 25 300 4 672 1.0000 25.02.2021 20210225_h_FCD_[...]_4x300s
HCOOD blue 180 830 5475 18 291 23 296 40:100 700 11 25 300 4 669 0.3948 01.03.2021 20210301_c_FOD_]...]_4x300s
HCOOD blue 830 1450 567.0 18 291 22 295 40:100 700 J_? 25 300 4 672 03503 01.03.2021 20210301_b_FOD_][...]_4x300s
HCOOD blue 1450 1500 5846 18 291 21 294 40:100 700 1' 25 240 5 667 0.3813 01.03.2021 20210301_a_FOD_]...]_5x240s
HCOOD orange 180 830 5475 18 291 40 313 40:100 700 J_% 25 300 4 669 0.6198 01.03.2021 20210301_f_FOD_][...]_4x300s
HCOOD orange 830 1450 567.0 18 291 40 313 40:100 700 L' 25 300 4 672 0.5673 01.03.2021 20210301_e2_FOD_]...]_4x300s
HCOOD orange 1450 1500 584.6 18 291 40 313 40:100 700 1' 25 240 6 660 0.5168 01.03.2021 20210301_d_FOD_][...]_6x240s
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Table A.3 (continued)
Iso Trace  Range/cm™' Ay, T, T, FinHe:He pg, P' P t. Ng,, BL  Scal Date  Filename

min max nm °C K °C K mbar W S DD.MM
HCOOD red 180 830 5475 18 291 60 333 40:100 700 J_? 25 300 7 669 1.0000 02.03.2021 20210302_b_FOD_]...]_7x300s
HCOOD red 830 1450 567.0 18 291 60 333 40:100 700 L' 25 300 4 672 1.0000 01.03.2021 20210301_h_FOD_][...]_4x300s
HCOOD red 1450 1500 584.6 18 291 60 333 40:100 700 L' 25 240 5 655 1.0000 01.03.2021 20210301_g_FOD_[...]_5x240s
DCOOD blue 180 830 5475 18 291 23 296 40:100 700 1! 25 300 4 670 0.3250 03.03.2021 20210303_c_FD2_]...]_4x300s
DCOOD blue 830 1450 567.0 18 291 22 295 40:100 700 J_? 25 300 4 688 0.3475 03.03.2021 20210303_b_FD2_[...]_4x300s
DCOOD blue 1450 1500 584.6 18 291 21 294 40:100 700 L' 25 240 5 664 04101 03.03.2021 20210303_a_FD2_][...]_5x240s
DCOOD orange 180 830 5475 18 291 40 313 40:100 700 J_? 25 300 4 670 0.5284 03.03.2021 20210303_f FD2_][...]_4x300s
DCOOD orange 830 1450 567.0 18 291 40 313 40:100 700 L' 25 300 4 688 0.5662 03.03.2021 20210303_e2_FD2_[...]_4x300s
DCOOD orange 1450 1500 584.6 18 291 40 313 40:100 700 11 25 240 5 664 0.5462 03.03.2021 20210303_d_FD2_[...]_5x240s
DCOOD red 180 830 5475 18 291 60 333 40:100 700 J_? 25 300 9 670 1.0000 03.03.2021 20210303_i_FD2_][...]_9x300s
DCOOD red 830 1450 567.0 18 291 60 333 40:100 700 L' 25 300 5 688 1.0000 03.03.2021 20210303_h_FD2_[...]_5x300s
DCOOD red 1450 1500 584.6 18 291 60 333 40:100 700 L' 25 240 6 664 1.0000 03.03.2021 20210303_g_FD2_[...]_6x240s

Table A.4 Measurement details on formic acid dimer-optimised Raman spectra (depolarised) shown in Figs. 6.3-6.5. See legend in Appendix A.1 for further explanations. The data
can be downloaded from Ref. [261] (mind “_des_avg_cal.dat” filename extension).

Iso Trace Range/cm™! Ay, T T, FinHe:He ppes P P t,  Ngun BL  Scal Date Filename

min max nm °C K °C K mbar W s DD.MM
HCOOH black 180 830 5475 18 291 40 313 40:100 700 J_f 25 300 4 674 0.6626 23.02.2021 20210223_f F_[...]_4x300s
HCOOH cyan 180 830 5475 18 291 40 313 40:100 700 |I' 25 300 5 650 0.6626 23.02.2021 20210223_f2_F_[...] _5x300s
HCOOH black 830 1450 567.0 18 291 40 313 40:100 700 L' 25 300 4 673 0.6764 23.02.2021 20210223_e2_F_[...] _4x300s
HCOOH cyan 830 1450 567.0 18 291 40 313 40:100 700 |I' 25 300 5 656 0.6764 23.02.2021 20210223_e_F_[...]_5x300s
HCOOH black 1450 1500 584.6 18 291 40 313 40:100 700 L' 25 240 5 660 0.5633 23.02.2021 20210223_d_F_[...]_5x240s
HCOOH cyan 1450 1500 584.6 18 291 40 313 40:100 700 |I' 25 240 6 640 0.5633 23.02.2021 20210223_d2_F_[...]_6x240s
DCOOH black 180 830 5475 18 291 40 313 40:100 700 J_'i 25 300 4 675 0.7059 25.02.2021 20210225_f FCD_]...]_4x300s
DCOOH cyan 180 830 5475 18 291 40 313 40:100 700 ' 25 300 5 650 0.7059 25.02.2021 20210225_f2_FCD_][...]_5x300s
DCOOH black 830 1450 567.0 18 291 40 313 40:100 700 1' 25 300 4 655 0.5214 25.02.2021 20210225_e2_FCD_]...]_4x300s
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Table A.4 (continued)
Iso Trace Range/cm™! Ay, T, T, FinHe:He pg,s P' P t. Ngun BL  Scal Date  Filename

min max nm °C K °C K mbar \%% S DD.MM
DCOOH cyan 830 1450 567.0 18 291 40 313 40:100 700 ||i‘ 25 300 5 655 0.5214 25.02.2021 20210225_e_FCD_[...]_5x300s
DCOOH black 1450 1500 584.6 18 291 40 313 40:100 700 1' 25 140 8 652 04877 25.02.2021 20210225_d_FCD_][...]_8x140s
DCOOH cyan 1450 1500 584.6 18 291 40 313 40:100 700 ||F 25 140 10 641 04877 25.02.2021 20210225_d2_FCD_][...]_10x140s
HCOOD black 180 830 5475 18 291 40 313 40:100 700 1i 25 300 4 669 0.6198 01.03.2021 20210301_f_FOD_]...]_4x300s
HCOOD cyan 180 830 5475 18 291 40 313 40:100 700 ||i‘ 25 300 5 650 0.6198 01.03.2021 20210301_f2_FOD_]...]_5x300s
HCOOD black 830 1450 567.0 18 291 40 313 40:100 700 1' 25 300 4 672 0.5673 01.03.2021 20210301_e2_FOD_][...]_4x300s
HCOOD cyan 830 1450 567.0 18 291 40 313 40:100 700 ||i‘ 25 300 5 654 0.5673 01.03.2021 20210301_e_FOD_]...]_5x300s
HCOOD black 1450 1500 584.6 18 291 40 313 40:100 700 1' 25 240 6 660 0.5168 01.03.2021 20210301_d_FOD_]...]_6x240s
HCOOD cyan 1450 1500 584.6 18 291 40 313 40:100 700 ||IF 25 240 6 644 0.5168 01.03.2021 20210301_d2_FOD_][...]_6x240s
DCOOD black 180 830 5475 18 291 40 313 40:100 700 J_f 25 300 4 670 0.5284 03.03.2021 20210303_f FD2_][...]_4x300s
DCOOD cyan 180 830 5475 18 291 40 313 40:100 700 ||f 25 300 5 650 0.5284 03.03.2021 20210303_f2_FD2_[...]_5x300s
DCOOD black 830 1450 567.0 18 291 40 313 40:100 700 J_f 25 300 4 688 0.5662 03.03.2021 20210303_e2_FD2_[...]_4x300s
DCOOD cyan 830 1450 567.0 18 291 40 313 40:100 700 ||f 25 300 5 665 0.5662 03.03.2021 20210303_e_FD2_[...]_5x300s
DCOOD black 1450 1500 584.6 18 291 40 313 40:100 700 J_f 25 240 5 664 0.5462 03.03.2021 20210303_d_FD2_[...]_5x240s
DCOOD cyan 1450 1500 584.6 18 291 40 313 40:100 700 |I' 25 240 6 645 0.5462 03.03.2021 20210303_d2_FD2_][...]_6x240s

Table A.5 Measurement details on formic acid dimer-optimised FTIR spectra (pressure series) shown in Figs. 6.1-6.2. See legend in Appendix A.1 for further explanations. The
data can be downloaded from Ref. [262].

Iso Range / cm™! Trace T, PRes AV Apt  MCT detector ~ Filter  Ng,, Scal Date Filename
min max °C K mbar cm™! mm DD.MM

HCOOH 600 1500 blue 0 273 500 2.0 3 sandwich_neu  F15 50 0.3792  20.01.2021  20210120_F_[...]_fpm.50
HCOOH 600 1500 blue 0 273 500 2.0 3 sandwich_neu  F15 100 0.3792  20.01.2021  20210120_F_[...]_gpm.100
HCOOH 600 1500 blue 0 273 600 2.0 3 sandwich_neu  F15 50 0.3792  20.01.2021  20210120_F_[...]_ppm.50
HCOOH 600 1500 blue 0 273 600 2.0 3 sandwich_neu  F15 50 0.3792  20.01.2021  20210120_F_[...]_qpm.50
HCOOH 600 1500 blue 0 273 700 2.0 3 sandwich_neu  F15 50 0.3792  20.01.2021  20210120_F_[...]_ipm.50
HCOOH 600 1500 blue 0 273 700 2.0 3 sandwich_neu  F15 50 0.3792  20.01.2021  20210120_F_[...]_jpm.50
HCOOH 600 1500 orange 0 273 400 2.0 3 sandwich_neu  F15 50 0.8251  20.01.2021  20210120_F_[...]_lpm.50
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Table A.5 (continued)

Iso Range / cm™! Trace DRes AV Apt  MCT detector ~ Filter ~ Ng,, Scal Date Filename

min max °C K mbar  cm™!  mm DD.MM
HCOOH 600 1500 orange 0 273 400 2.0 3 sandwich_neu  F15 100 0.8251  20.01.2021  20210120_F_[...]_mpm.100
HCOOH 600 1500 orange 0 273 400 2.0 3 sandwich_neu  F15 50 0.8251  20.01.2021  20210120_F_[...]_npm.50
HCOOH 600 1500 red 0 273 300 2.0 3 sandwich_neu  F15 20 1.0000  19.01.2021  20210119_F_[...]_ppm.20
HCOOH 600 1500 red 0 273 300 2.0 3 sandwich_neu  F15 30 1.0000  19.01.2021  20210119_F_[...]_qpm.30
HCOOH 600 1500 red 0 273 300 2.0 3 sandwich_neu  F15 50 1.0000  20.01.2021  20210120_F_[...]_bpm.50
HCOOH 600 1500 red 0 273 300 2.0 3 sandwich_neu  F15 100 1.0000  20.01.2021  20210120_F_[...]_cpm.100
HCOOH 600 1500 red 0 273 300 2.0 3 sandwich_neu  F15 50 1.0000  20.01.2021  20210120_F_[...]_dpm.50
DCOOH 600 1500 blue 5 278 700 2.0 3 sandwich_neu  F15 50 0.3622  29.01.2021  20210129_DCOOH_]...]_cpm.50
DCOOH 600 1500 blue 5 278 700 2.0 3 sandwich_neu  F15 50 0.3622  29.01.2021  20210129_DCOOH_]...]_dpm.50
DCOOH 600 1500 blue 5 278 500 2.0 3 sandwich_neu  F15 50 0.3622  29.01.2021  20210129_DCOOH_][...]_hpm.50
DCOOH 600 1500 orange 0 273 500 2.0 3 sandwich_neu  F15 50 0.5724  28.01.2021  20210128_DCOOH_]...]_fpm.50
DCOOH 600 1500 orange 0 273 600 2.0 3 sandwich_neu  F15 50 0.5724  28.01.2021  20210128_DCOOH._]...]_ipm.50
DCOOH 600 1500 orange 0 273 600 2.0 3 sandwich_neu  F15 50 0.5724  28.01.2021  20210128_DCOOH_]...]_jpm.50
DCOOH 600 1500 orange 5 278 500 2.0 3 sandwich_neu  F15 50 0.5724  29.01.2021  20210129_DCOOH_]...]_bpm.50
DCOOH 600 1500 red 0 273 500 2.0 3 sandwich_neu  F15 50 1.0000  28.01.2021  20210128_DCOOH._][...]_dpm.50
DCOOH 600 1500 red 0 273 450 2.0 3 sandwich_neu  F15 50 1.0000  28.01.2021  20210128_DCOOH._][...]_mpm.50
DCOOH 600 1500 red 0 273 450 2.0 3 sandwich_neu  F15 50 1.0000  28.01.2021  20210128_DCOOH_]...]_npm.50
HCOOD 600 1500 blue 0 273 600 2.0 3 sandwich_neu  F15 50 0.3913  01.02.2021  20210201_HCOOD_]...]_kpm.50
HCOOD 600 1500 blue 0 273 600 2.0 3 sandwich_neu  F15 50 0.3913  01.02.2021  20210201_HCOOD_]...]_lpm.50
HCOOD 600 1500 orange 0 273 500 2.0 3 sandwich_neu  F15 50 0.5431 01.02.2021  20210201_HCOOD_]...] _dpm.50
HCOOD 600 1500 orange 0 273 500 2.0 3 sandwich_neu  F15 50 0.5431  01.02.2021  20210201_HCOOD_]...]_epm.50
HCOOD 600 1500 orange 0 273 500 2.0 3 sandwich_neu  F15 50 0.5431 01.02.2021  20210201_HCOOD_]...]_fpm.50
HCOOD 600 1500 orange 0 273 500 2.0 3 sandwich_neu  F15 50 0.5431  01.02.2021  20210201_HCOOD_]...] _opm.50
HCOOD 600 1500 orange 0 273 500 2.0 3 sandwich_neu  F15 50 0.5431 01.02.2021  20210201_HCOOD_]...]_ppm.50
HCOOD 600 1500 red 0 273 400 2.0 3 sandwich_neu  F15 50 1.0000  01.02.2021  20210201_HCOOD_]...]_ipm.50
HCOOD 600 1500 red 0 273 400 2.0 3 sandwich_neu  F15 100 1.0000  01.02.2021  20210201_HCOOD_]...]_jpm.100
HCOOD 600 1500 red 0 273 400 2.0 3 sandwich_neu  F15 50 1.0000  01.02.2021  20210201_HCOOD_]...]_mpm.50
HCOOD 600 1500 red 0 273 400 2.0 3 sandwich_neu  F15 50 1.0000  01.02.2021  20210201_HCOOD_]...]_npm.50
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Table A.5 (continued)
Iso Range / cm™! Trace T, DRes AV MCT detector ~ Filter  Ng.up, Scal Date Filename
min max °C K mbar  cm™! DD.MM

DCOOD 600 1500 blue 0 273 700 2.0 3 sandwich_neu  F15 50 0.3975  03.02.2021  20210203_DCOOD_]...]_jpm.50
DCOOD 600 1500 blue 0 273 700 2.0 3 sandwich_neu  F15 50 0.3975  03.02.2021  20210203_DCOOD_]...]_kpm.50
DCOOD 600 1500 blue 0 273 700 2.0 3 sandwich_neu  F15 50 0.3975  03.02.2021  20210203_DCOOD_]...]_lpm.50
DCOOD 600 1500 orange 0 273 600 2.0 3 sandwich_neu  F15 50 0.5941  02.02.2021  20210202_DCOOD_]...]_gpm.50
DCOOD 600 1500 orange 0 273 600 2.0 3 sandwich_neu  F15 50 0.5941 03.02.2021  20210203_DCOOD_]...]_npm.50
DCOOD 600 1500 orange 0 273 600 2.0 3 sandwich_neu  F15 50 0.5941  03.02.2021  20210203_DCOOD_]...]_opm.50
DCOOD 600 1500 orange 0 273 600 2.0 3 sandwich_neu  F15 50 0.5941  03.02.2021  20210203_DCOOD_]...]_ppm.50
DCOOD 600 1500 red 0 273 500 2.0 3 sandwich_neu  F15 50 1.0000  04.02.2021  20210204_DCOOD_]...]_bpm.50
DCOOD 600 1500 red 0 273 450 2.0 3 sandwich_neu  F15 50 1.0000  04.02.2021  20210204_DCOOD_]...]_dpm.50
DCOOD 600 1500 red 0 273 450 2.0 3 sandwich_neu  F15 50 1.0000  04.02.2021  20210204_DCOOD_]...]_epm.50
DCOOD 600 1500 red 0 273 450 2.0 3 sandwich_neu  F15 50 1.0000  04.02.2021  20210204_DCOOD_]...]_fpm.50

Table A.6 Measurement details on formic acid dimer-optimised FTIR spectra (higher resolution) shown in Figs. 6.1-6.2. See legend in Appendix A.1 for further explanations.

Iso Range / cm™! Trace DRes AV MCT detector ~ Filter  Ngg,, Scal Date Filename
min max °C K mbar cm™! DD.MM

HCOOH 600 1500 black 10 283 400 0.5 5 sandwich_alt - 50 1.0000  19.10.2011 04_FA_10C_10p_05cm_apm.50
HCOOH 600 1500 black 10 283 400 0.5 5 sandwich_alt - 50 1.0000  19.10.2011  04_FA_10C_10p_05cm_bpm.50
HCOOH 600 1500 black 10 283 400 0.5 5 sandwich_alt - 50 1.0000  19.10.2011 04_FA_10C_10p_05cm_cpm.50
HCOOH 600 1500 black 10 283 400 0.5 5 sandwich_alt - 50 1.0000 24.10.2011  04_FA_10C_10p_05cm_dpm.50
DCOOH 600 1500 black 10 283 300 1.0 5 sandwich_alt - 50 1.0000 28.11.2011  03_FA_Cd_10C_10p_lcm_apm.50
HCOOD 600 1500 black 10 283 300 1.0 5 sandwich_alt - 50 1.0000  28.11.2011 03_FA_0Od_10C_10p_lcm_apm.50
DCOOD 600 1500 black 10 283 300 1.0 5 sandwich_alt - 50 1.0000  30.11.2011 03_FA_d2_10C_10p_lcm_apm.50
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Appendix B

Details on quantum chemical calculations

B.1 Electronic structure calculations

Three quantum chemistry programs are used in this work to obtain approximate solutions of
the electronic Schrodinger equation. Gaussian 16 Rev. A.03 [168] is used for HF, MP2 [269],
and B3LYP-D3(BJ) [270-273], CFOUR version 2.1 [170, 171] for canonical CCSD(T) [274],
and Molpro version 2018.1 [54, 275, 276] for explicitly correlated CCSD(T)-F12a [277]. In
all calculations, symmetry is enabled and the frozen core approximation is used. Dunning’s
augmented correlation consistent aug-cc-pVXZ (aVXZ) basis sets are used to expand the one-
particle atomic orbitals [278]. In the explicitly correlated F12 calculations, the corresponding
cc-pVXZ-F12 (VXZ-F12) basis sets by Peterson et al. are used [279]. Details of the calculations
and specified keywords are summarised in Table B.1.

B.2 Force field expansions

Ab initio quartic force fields

Semi-diagonal ab initio quartic force fields at the HF, MP2, or B3LYP level are computed with
Gaussian 16 Rev. A.03. By default, two displaced (in opposing direction) Hessians are com-
puted per normal mode. The input keywords are listed in Table B.1. Note that the geometry
optimisation and quartic force field calculation are executed separately as this would otherwise
lead to increased numerical errors in the computed cubic and quartic force constants (see Ap-
pendix C.2).

Quartic force fields of analytic potentials

Three published Fortran-based potential energy functions of the formic acid monomer and dimer
are extensively used in this work. The RC-PES [22] and QB-PES [23] only evaluate the energy
for a given geometry whereas the TM-PES [21] additionally computes analytic first and second
derivatives. The utilised equilibrium geometries are reported in Table B.2.

Full quartic force field expansions in rectilinear normal coordinates are computed on all three
analytic potentials using a Fortran program that utilises symmetry and only requires single-point
energies.’” Its uses fourth-order central differences to compute first and second derivatives of
the energy; for the third and fourth derivatives, second-order central difference formulae are
used.

The TM-PES was additionally interfaced with the PyPES program [186, 187] which requires
analytic second derivatives in order to compute full quartic force field expansions. PyPES does

203 The program has been written by B. Schroder who kindly provided a copy.
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Appendix B. Details on quantum chemical calculations

Table B.1 Details of ab initio calculations. The conversion from ab initio Raman activities into cross-sections is
described in Section 2.3.2.

Program Calculation Geometry Calculation-specific keywords

Gaussian B3LYP Empiricaldispersion=GD3BJ DenFit
Integral (Grid=SuperFineGrid)

Gaussian Opt XYZ Opt=VeryTight

Gaussian Hessian Freq

Gaussian Raman Freg=Raman

Gaussian QFF via %01dChk Freg=Anharm

Molpro Opt Z-matrix/XYZ {GOPT, GAUSSIAN, GRMS=1.d-5, SRMS=1.d-5}
{GTHRESH, OPTSTEP=6.d-5, OPTGRAD=1.d4-6,
ENERGY=1.d-10, ZERO=1.d-16}

Molpro Hessian {MASS, IS0} {FREQUENCIES} {GTHRESH,
ENERGY=1.4-10, ZERO=1.d-16}

CFOUR CCSD(T) SCF_CONV=9, CC_CONV=9, CC_PROGRAM=ECC,
ABCDTYPE=AOBASIS, LINEQ_CONV=9, FROZEN_CORE=0N

CFOUR Opt Z-matrix GEO_CONV=9, OPT_MAXCYC=100, GEO_METHOD=NR

CFOUR Hessian VIB=EXACT

Table B.2 Cartesian equilibrium geometries (in A) of F, cF, and (FF). The geometries on the respective potentials
were optimised using the Python function “scipy.optimize.minimize” (SciPy version 1.2.1).

trans monomer RC-PES

C -0.0989970197
0 1.1330284674
0 -1.1209384000
H -0.0321707233
H 1.0190331330

-0.

4140062948

.1218768993
.2153780019
.5059225401
.0829445454

rans monomer TM-PES

t

C 0.0989714491
H 0.0330960279
0 1.1197017093
0 -1.1318640659
H -1.0185066928

0.
1.
-0.
-0.
-1.

Cyclic dimer QB-PES

-2.98566234050
2.9856234050
-0.5128796068
0.5128796068
-1.1718824645
1.1718824645
-1.5047716183
1.5047716183
-1.8960260665
1.8960260665

QOQoOoOO0co0o0 @ =T m

-0.
0.
1

-1.

-1.
1.
1.

-1

-0.
0.

4134816626
5051907751
2152170387
1216631983
0819122665

2613706684
2613706684

.11637756056

1163775605
1552335280
15652335280
0752800226

.0752800226

1765662375
1765662375

O O O O O

O O O O O

O OO OO OO OoOoOOo

cis monomer RC-PES

|
0 | C -0.1011305054 -0.4005213503 0.0
0 | 0O 1.0967234627 0.2219906283 0.0
0 | 0 -1.1323214974 0.2004916486 0.0
0 | H -0.0287608757 -1.4987952366 0.0
0 | H 1.7978711226 -0.4373659837 0.0
| cis monomer TM-PES
0] C 0.1014798017 0.4002201075 0.0
0O | H 0.0304190855 1.4979861613 0.0
o1l 0 1.1312167170 -0.2005097515 0.0
0 | 0 -1.0961139700 -0.2217464964 0.0
0 | H -1.7958277670 0.4381746606 0.0
0
0
0
0
0
0
0
0
0
0

not exploit symmetry and default settings are used. By comparing VPT2 wavenumbers on the
differently obtained quartic force fields, it could be verified that cumulative deviations in the
cubic and (diagonal and semi-diagonal) quartic force constants are relatively small — deviations
are within 1 cm™! for resultant VPT2 fundamentals.
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Sextic force fields of analytic potentials

Sextic force field expansions on the TM-PES are computed with PyPES as detailed in Ref. [187].
The computation of the SFF involves an intermediate step via curvilinear normal modes. When
defining the connectivity in formic acid as

OF
/
Hy— C\l
04— H;

then PyPES by default sets up four bond (75, 5, 714, 45), four bend (8,5, 05,4, 05,4, 0,45), and
two dihedral angle (7,45, 75,45) €xtension coordinates. Explicit definitions of these coordinates
with respect to Cartesian coordinates are given in the supplementary material of Ref. [186]. The
curvilinear normal modes are expanded as linear combinations of these internal coordinates,
where the bond extension coordinates are replaced by Simons-Parr-Finlan coordinates [280]
to improve the convergence properties. In Section 5.4, a reduced-dimensional SFF of trans-
HCOOH is used where the OH torsional coordinate is removed before defining the curvilin-
ear normal modes. This method has been described in [108]. Similar to the procedure for
CH,NH [108], the two dihedral angles (7,45, 73,45) are replaced by the sine of an appropriate
out-of-plane bending coordinate (@y,3).

B.3 VPTn (Gaussian and GUINEA)

Gaussian

In Gaussian 16 Rev. A.03 [70, 159, 168, 169], the force field data can be loaded from a previous
VPT2 calculation and new harmonic wavenumbers are optionally provided via “DataAdd=Freq”***
using the following template:

%#01ldChk=<checkpoint file with force field data>
# <el. struct. method> CheckBasis Geom=AllCheck
# Freq=(ReadFC, Anharmonic,ReadAnharm)

DataAdd=Freq
Resonances=(NoDarDen)

<new wavenumbers in cm-1>

GUINEA

GUINEA version 3.0 is a stand-alone module of CFOUR version 2.1 [170, 171] which reads all
necessary parameters from text files. As such, it is not limited to force fields that are generated
by CFOUR. In the supplementary material of Ref. [109], it has been described in detail how
the information from a Gaussian-generated output file can be parsed and converted into the
GUINEA data structure. Effective Hamiltonian calculations with GUINEA have been described
in Ref. [171].

B.4 Reduced-dimensional VCI (QVib)

QVib is a Fortran-based program which facilitates the computation of anharmonic wavenumbers
and wavefunctions in reduced-dimensionality using rectilinear normal coordinates utilising the

204 This procedure yields the same results as the procedure described in the manual, see https://gaussian.com/freq/
(last accessed on November 18, 2021) under “Read Anharm Input”, where the force field data is written to a text
file and later retrieved via “DataSrc=(InQMWX,NMOrder=Desc)”.
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variational principle. An analytic representation of the potential must first be obtained with QFit
which fits polynomials of the desired order to potential energy scans in dimensionless normal
coordinates.??> The form of the fit polynomials is tailored to be as physical as possible:

e The geometries are rigorously optimised and the gradient, i.e. the first derivative of the
potential, along each normal coordinate is thus assumed to be zero.

e If the respective normal coordinate is not totally symmetric, all polynomial coefficients of
uneven order (1,3,5,7,...) are set to zero (see note 51, p. 20) and energies for the same
absolute displacements are averaged in order to minimise numerical noise.

The general form of the fit polynomials is given by

m;

(n;) _n; ©) 2 2 (m;) m;
Viila) = Zai 9 =a +ta ¢ +..+a"q", (B.1)
n;
m; M
(n;,n;) n; n; 0,0 2,00 2 0,2) 2 2,1
I/fit(qi’ q/) = Z Zai,j ! qi qjl = al(',j )+ al(',j )qi + aij )qj- + ai,j )qi qj' + ... (B2)
n;  n;

The standard deviation of the fitted potentials is between 10~ and 10~*cm~! for 1D fits and
between 10~ and 1072 cm™' for 2D fits. The fitted polynomial coefficients can be related*’ to
the higher-order derivatives of the potential with respect to dimensionless normal coordinates
(Eq. 2.7, p. 15). A comparison of the coefficients yields

n;

IV~ pxd™, (B.3)

04;" |oq
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eq

The vibrational eigenvalues are obtained numerically via Hermite-Gauss quadrature by diagon-
alisation of the matrix representation of the vibrational Hamiltonian

A hc R
Hgyin = Vi + 5 Z a)il’,-z (B.5)

in a harmonic oscillator basis. In this work, the basis is increased until the ground and first
excited state are converged to within 107! cm™!. QVib utilises an approximate form of the
J = 0 Watsonian where anharmonic contributions to the kinetic energy operator are neglected
(cf. Eq. 2.2).

205 The QVib and QFit programs were written by P. Botschwina and further developed by B. Schroder. Copies of
the programs have kindly been provided by B. Schroder. For applications, see Refs. [281, 282].

206 See also Ref. [79], where Ramakrishnan and Rauhut discuss a method for obtaining approximate semi-quartic
force field expansions from n-mode representations of the potential energy hypersurface.
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Numerical sensitivities and errors in
Gaussian-VPT2

C.1 Erroneous Coriolis coupling constants in Gaussian 09

In the course of the numerical sensitivity benchmark discussed below, it was found that the VPT2
results, if computed instead with Gaussian 09 Rev. E.01 [283], depend on the orientation of the
reference geometry due to an erroneous evaluation of the Coriolis constants (C7)» see Ref. [66,

Eq. 4.1.7]) which has been fixed as of version 16 Rev. A.03 [168].2"

There are established conventions for the six possible mappings between laboratory (XY Z)
and molecule-fixed Eckart axes (abc), e.g. 1" where X = a,Y = b, and Z = c. In Gaussian 09
Rev. E.O1, the Coriolis coupling constants are not evaluated in the Eckart frame (as should be)
but in the laboratory frame that is specified in the input file. These findings are consistent with
observations by Heger et al. [162, 163] who reported numerical deviations if the same geometry
is either specified by the user in the input file or read automatically from a checkpoint file.
Presumably, Gaussian uses a default representation for the Cartesian geometry when writing the
checkpoint file.

To confirm this result, the total anharmonic energies of vibrational states and individual con-
tributions to the second-order anharmonicity constants were computed with different programs
and compared: Gaussian 09 Rev. E.O1, Gaussian 16 Rev. A.03, GUINEA version 3.0, and a self-
written Python program based on Eqgs. 2.8-2.11 (pp. 15). The same quartic force field was used
to separate out numerical sensitivities due to deviations in the cubic and quartic force constants.

C.2 Numerical sensitivities of cubic and quartic force con-
stants in Gaussian 16

In numerical quartic force field calculations, Gaussian generates two displaced geometries in
opposing directions along each normal coordinate in order to compute analytic second derivat-
ives of the molecular energy. The VPT?2 routine was first implemented in Gaussian 03 [70] and
since Gaussian 16 [168], the “FourPoint” option has been available. As the name implies, four
instead of two displacements per normal coordinate are included in the numerical differentiation
step. The default option is “TwoPoint”.

In the following, four different calculations are repeated with Gaussian 16 Rev. A.03 for
nine differently obtained, independent reference geometries of the cyclic formic acid dimer

207 In VPT?2, the Coriolis coupling constants contribute to the off-diagonal second-order anharmonicity constants

and the zero-point vibrational correction (see Egs. 2.10-2.11, p. 15).
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(HCOOH), to quantify the numerical sensitivities of the different numerical approaches.

A. Geometry optimisation and VPT?2 calculation (“TwoPoint”) are requested in the same cal-
culation. For reproducibility, nine independent equilibrium structures (combination of
HF, MP2, and CCSD(T) with aVDZ, aVTZ, and aVQZ basis sets) that were previously
employed in Ref. [130], are used here as initial start structures. The following template is
employed:

%hchk=<filename >

# <Method> <basis set>

# Opt=VeryTight

# Freq=(Anharm,ReadAnharm, TwoPoint)

Comment

01
<xyz; 10 decimal places>

B. For each optimised geometry from A, a new VPT2 and force field calculation is requested.
As reference geometry, the optimised geometry from step A is loaded from the checkpoint
file and a “FourPoint” VPT?2 calculation is requested without re-optimisation. The follow-
ing template is used:

%01dChk=<chk file from A>
%Chk=<filename>
# <Method> <basis set>

# Geom=AllCheck
# Freq=(Anharm,ReadAnharm, FourPoint)

C. As B, but a “TwoPoint” VPT2 calculation is requested and the pre-optimised geometry
from D is used.

D. As A, but a “FourPoint” VPT2 calculation is requested.

The resultant anharmonicity constants and total anharmonic corrections®®® are analysed at the

MP2/aVDZ level in terms of the mean (MAD) and maximum (MAX) absolute deviation. Gener-
ally, one would expect similar error profiles for the pairs A+C and B+D, the common denomin-
ator being the order of the finite difference equations. Surprisingly, however, the error profiles of
the pairs A+D and B+C are very similar (Figs. C.1-C.2). These results clearly demonstrate that
the common denominator is whether the geometry optimisation and numerical quartic force field
computation are separated into two separate calculations or not. It is noted that these findings
are independent of differently combining “nPoint” (which in any case should not have an effect
on the geometry optimisation) and similar results are obtained if method B is combined with
geometries from method D and similarly method C with A. Moreover, it suffices if the Cartesian
geometry is supplied manually via the input file in methods B and C. This was tested by using
the geometry in the Eckart frame which is written to the Gaussian-produced output file with 13
decimal places. The numerical deviations in computed anharmonicity constants are negligible
if 10 decimal places are specified for the Cartesian reference geometry. The sensitivity of the
results with respect to less than 10 decimal places was not tested.

[lustrative results for other methods and basis sets are shown in Table C.1. Especially im-
pressive are the improvements with the larger aVTZ basis set, where the numerical noise dra-
matically increases from C to D. By separating the optimisation and numerical differentiation

1
fortuitously cancel. As such, §; ,, is first computed for each set of independently computed second-order

anharmonicity matrices and then analysed in terms of mean or maximum absolute deviation.

208 5. ann Might profit from some error compensation if numerical errors in individual anharmonicity constants
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Figure C.1 Mean and maximum absolute deviation of second-order anharmonicity constants (Egs. 2.9-2.10, p. 15)
for the cyclic formic acid dimer (HCOOH), computed at the MP2/aVDZ level. Different symmetry blocks are
separated by black lines (1-9 Ag, 10-12 Bg, 13-16 A, 17-24 B).
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Figure C.2 Mean and maximum absolute deviation of second-order anharmonic corrections (Eq. 2.16, p. 17) to
the fundamentals of the cyclic formic acid dimer (HCOOH),, computed at the MP2/aVDZ level.

calculations, numerical errors in the anharmonicity constants can in all cases be minimised be-
low 0.3 cm~!. Similarly, errors in anharmonic fundamental wavenumbers are minimised below
0.3cm™!.

The presented benchmarks do not indicate a significant improvement of “FourPoint” over
“TwoPoint”. On the contrary, the data in Fig. C.2 even show that the numerical noise increases
when “FourPoint” is used together with a geometry optimisation (A versus D). Future investig-
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Table C.1 Numerical errors (in cm™!) of computed second-order anharmonicity constants and anharmonic correc-
tions for fundamentals of (HCOOH),. For the B3LYP calculations, additionally “# Empiricaldispersion=GD3BJ
DenFit Integral(Grid=SuperFineGrid)” was specified in the input.

B3LYP-D3(BJ) MP2
aVDZ aVTZ avDZ aVTZ
C D C D C D C D
MAD(x; ) 0.0004  0.0531  0.0005 03590  0.0012  0.0441  0.0026 0.1497
MAX(x; ) 0.0780  3.7049  0.0634  32.8929 02660 19646  0.2774 7.3261
MAD(;4n)  0.0008 04732 0.0010 39564  0.0028 04892  0.0210 1.1741

MAX(5; ann) 0.0276 8.7955 0.0264 75.7921 0.0984 5.4036 0.2119 15.0333

ations have to show whether this is due to implementational errors.?”® These benchmarks show
how VPT?2 results obtained with Gaussian can be reproduced to within spectroscopic accuracy.
This internal consistency must be contrasted in the future with external validations by compar-
ing numerical quartic force fields from different quantum chemistry programs and numerical
differentiation routines where the electronic energies (or derivatives) are obtained externally.

C.3 Erroneous VPT2 resonance Hamiltonians in Gaussian

The strong Fermi resonance between vs and 2v, in trans-HCOOH leads to effective VPT2
Hamiltonians where fundamentals and ternary states are strongly coupled not directly through
a Darling-Dennison-like resonance but through a binary state that undergoes a Fermi resonance
with the fundamental and the ternary state. In such instances, it was found that the black-box
“GVPT2” [263] implementation in Gaussian 16 (A.03 and C.01) does not set up correct VPT2
resonance Hamiltonians,?!” leading to substantial errors in the energy levels of fundamentals and
binary states. In the following, this is illustrated using the example of the C—H stretching fun-
damental v, of trans-HCOOH. The form of the effective Hamiltonian is based on considerations
outlined in Section 5.1 (Set II, Table 5.1).

Term values of v, and its resonance partners are computed with VPT2%!! in five different
ways using the same force field:

A. Gaussian with default settings:

%#01ldChk=<checkpoint file with force field data>
# MP2 CheckBasis Geom=AllCheck
# Freq=(ReadFC,Anharmonic,ReadAnharm)

PT2Model=GVPT2
Spectro=(MaxQuanta=2)
DataAdd=Freq

<new wavenumbers in cm-1>

209 A non-exhaustive google scholar search of the recent literature indicates that the (expected) numerical improve-
ments of “FourPoint” have not systematically been addressed so far.

210 This limitation in the resonance treatment seems to be known amongst experts and workers in the field [11,
284].

211 The calculations were performed with Gaussian 16 Rev. A.03 and GUINEA version 3.0. For reproducibility,
the utilised Gaussian input lines are shown. GUINEA prints the effective Hamiltonian upon request and is thus
fully transparent. Instead, the general form of the effective Hamiltonians is reported.



C.3. Erroneous VPT?2 resonance Hamiltonians in Gaussian 169

The following resonances are detected: w, & w; + w5, w, & 2wy, and w; = 2w, (NO
second-rank or fourth-rank resonances).

. As A, but with additional ternary states:

%01dChk=<checkpoint file with force field data>
# MP2 CheckBasis Geom=AllCheck
# Freq=(ReadFC,Anharmonic,ReadAnharm)

PT2Model=GVPT2
Spectro=(MaxQuanta=3)
DataAdd=Freq

<new wavenumbers in cm-1>

The following new resonances are detected (in addition to item A): @, & 2w5 + @y, @, &
W5 + W5 + 07, W, X W5 + Vg + Wy, W, X W4 + W + W7, and ®, X w5 + 2w,.
. As B, but with manual inclusion of the Fermi resonance o, = 2w,:

%01ldChk=<checkpoint file with force field data>
# MP2 CheckBasis Geom=AllCheck
# Freq=(ReadFC, Anharmontic ,ReadAnharm)

PT2Model=GVPT2
Spectro=(MaxQuanta=3)
DataAdd=Freq
Resonances=Add

<new wavenumbers in cm-1>

1-2 2 4 4

. GUINEA using a 4x4 effective VPT2+F Hamiltonian that is constructed from v,, v34+2v,,
v3+vs, and v3+v,:

(Vz)*
D 0 (V3+2vy)*
;1_ = | 1 * . (C.1)
¢ md’zg,s P50 (V3tVs)
ﬁd’z,m i¢4,9,9 0 (v3+v,)*
E. As D, but the effective VPT2+F Hamiltonian additionally includes 2v;:
2v,y)*
i¢2,4,4 (v)*
H£
- 0 0 (V3+2vg)* (C2)
1 1 *
0 md’z,&s 1Ps00  (V3tvs)
1 1 *
0 ﬁ¢2,3,4 79100 0 (v3+vy)

The results from A-E are summarised in Table C.2 and compared to theoretical reference calcu-
lations on the TM-PES [21] and experiment.
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Table C.2 Assessment of differently calculated GVPT2 (Gaussian implementation) and VPT2+F term values of the
v, polyad in trans-HCOOH (A-E, see text). These predictions are compared to high-level computational reference
values from Refs. [28, 29] and experiment (compiled from Table 4.8, p. 91). Note that “GENIUSH” is an abbrevi-
ation for “GENIUSH-Smolyak”. The ab initio MP2/aVTZ force field is enhanced with CCSD(T)-F12a/VDZ-F12

harmonic force constants. All values are in units of cm™!.

hybrid ab initio force field TM-PES
GVPT2 VPT2+F VPT2+F CVPT6  GENIUSH
A B C D E D E Exp.

2vy 2735 2735 2729 2747 2745 2747 2746 2745
Vy 2936 2932 2942 2938 2946 2938 2944 2940 2938 2942.06
v3+2vg 3038 3038 3003 3003 3003 3003 3002 3001 2995
V3+Vs 3054 3054 3054 3083 3083 3085 3085 3087 3086 3081
V3t 3157 3157 3157 3159 3159 3162 3162 3160 3160 31523

To bridge the differences in the electronic structure calculations and PES parametrisation,
the effective Hamiltonian calculations (D, E) are repeated with a quartic force field expansion
of the TM-PES. The numerical quartic force field is computed using analytic second derivatives
of the energy (see Appendix B.2). Comparison of eigenvalues of HE across different force fields
shows that the electronic structure deviations are within 3cm™! and thus negligible. Further-
more, VPT2+F calculations on the TM-PES (D, E) compare very favourably with the theoretical
references and it is noted that deviations to VPT2+K are within 1 cm™!. The deviations between
GENIUSH-Smolyak and experiment illustrate errors that arise from the underlying potential (fit
error and electronic structure deficiencies). It can be seen that the v, term value is very sensitive
to the inclusion of 2v, in the effective Hamiltonian treatment with deviations of 6-8 cm™! for D
and E. Rewardingly, these values are lower- and upper-limits that enclose the reference values
(CVPT6, GENIUSH-Smolyak), indicating the indeficiencies are not primarily due to the low-
order perturbative rectilinear normal coordinate treatment but rather due to the small effective
Hamiltonian (see also Section 5.1).

Focussing now on the VPT?2 term values as computed by Gaussian (A-C), it is not surprising
that the deviations are very large for A since Gaussian by default does not include ternary states.
Due to the strong OH bend-torsion resonance, however, the inclusion of v;+2v; is crucial. Thus,
one would expect that the deviations between B and D (or B and E) on the ab initio force field are
significantly reduced since ternary states are included. This is not the case and the v, term value
even moves in the ‘wrong’ direction towards lower wavenumbers. On the basis of the matrix
elements that are written to the output file by Gaussian,

(Vs+vg+vy)*
iK2;5,8,9 (V)"
H’ 0 LK 2v)*
e 2 2399 (v3+2vy) (C.3)
0 ﬁqus 0 (V34vs)*
0 K67 0 0 (VyAve+v)*
2934.8
-3.0 29399
= 0 -9.8 3037.5 , (C4)
0 =222 0 3049.7
0 —-4.6 0 0 3093.9
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can be reverse-engineered. Diagonalisation of the above matrix yields eigenvalues that are
identical to the values computed by Gaussian (partly shown in Table C.2, column B). This
Hamilton matrix only includes direct resonance couplings to the fundamental, whereas coup-
lings between n > 1 states are completely missing. Interestingly, the theory-experiment devi-
ation for v, is smallest upon inclusion of the Fermi resonance interaction between v, and 2v,
(Table C.2, column C). The fortuitous success of this — highly erroneous — calculation is only
unveiled upon further inspection of the other combination states.

In summary, Gaussian does not account for Fermi couplings between n > 1 states, such as
v3+vs and v3+2v, or similarly (but less important here) v;+v, and v;+2v,, but only treats direct
Fermi or Darling-Dennison-like resonances to fundamental states. As such, only the Darling-
Dennison-like resonance between v, and v;+2v, is additionally treated. Evidently, the direct 1-3
resonance is insignificant whereas the Fermi resonances between n = 2 and n = 3 states in the
OH bend-torsion polyad have a sizeable impact on the v, fundamental.






Appendix D

Auxiliary data supporting vibrational
assignments

This appendix contains information supporting the assignment of vibrational formic acid
monomer (Chapter 4) and dimer bands (Chapter 7).

Formic acid monomer?'%:

Table D.1

Table D.2

Table D.3

Table D.4

Table D.5

Table D.6

Table D.7

Formic acid dimer:

Table D.8

Table D.9

CVPT6 fundamental wavenumbers of cis-formic acid computed on the TM-
PES and RC-PES.

CVPT6 fundamental wavenumbers of trans-formic acid-'>C computed on
the TM-PES.

Deperturbed CVPT2 anharmonicity constants of cis-HCOOH and all four
H/D isotopologues of trans-formic acid computed on the TM-PES and RC-
PES.

Vibrational trans-HCOOH term values below 4000 cm~! computed on the
TM-PES.

Vibrational trans-DCOOH term values below 3700 cm~! computed on the
TM-PES.

Vibrational trans-HCOOD term values below 3600 cm™! computed on the
TM-PES.

Vibrational trans-DCOOD term values below 3300 cm~' computed on the
TM-PES.

Estimation of the vibrational band centres (V) of the missing A, modes of
symmetrically deuterated isotopologues of (FF).

Binary combination/overtone band centres of (FF) and its symmetrically
deuterated isotopologues, estimated using semi-experimental SOF+x.

212 The CVPTn data of the formic acid monomer have been computed by E. L. Sibert III, see Ref. [28] for details.
Most of the data have been published in the supplementary material of Ref. [28] and are reproduced in the
following for the convenience of the reader. The second-order anharmonicity constants of deuterated trans-
formic acid in Table D.3 were not previously published.
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CVPT6 fundamentals of cis-formic acid

Table D.1 Fundamentals of cis-formic acid computed with CVPT6 on the TM-PES [21] and RC-PES [22]. For
details of the calculations see Ref. [28] and references therein.

cis-HCOOH cis-DCOOH cis-HCOOD cis-DCOOD
Mode Descr. r TM-PES RC-PES TM-PES RC-PES TM-PES RC-PES TM-PES RC-PES

v v(OH) A 3653 3636 3652 3637 2691 2685 2693 2685
vy v(CH) A 2878 2874 2170 2167 2876 2872 2143 2143
V3 v(C=0) A’ 1821 1810 1792 1782 1822 1815 1791 1783

Vy 6(CH) A 1389 1384 989 986 1388 1383 1037 1030
Vs 6(OH) A’ 1246 1247 1238 1235 900 905 880 884
Ve v(C-0) A’ 1096 1097 1131 1130 1164 1162 1161 1159
Vs 5(0CO) A/ 657 652 651 646 630 623 622 615
vg y(CH) A 1020 1014 868 862 1022 1015 867 861
Vo y(OH) A" 491 491 486 486 375 375 369 370

CVPT6 fundamentals of trans-formic acid-">C

Table D.2 Fundamentals of trans-formic acid-'3C computed with CVPT6 on the TM-PES [21]. For details of the
calculations see Ref. [28] and references therein.

trans-H3COOH  trans-D'3COOH  trans-H'>COOD  trans-D'3COOD

Mode  Descr. r TM-PES TM-PES TM-PES TM-PES
v v(OH) A 3581 3577 2638 2645
vy v(CH) A 2928 2200 2937 2211
V38 wC=0) A 1743 1730 1740 1728
vy 5(CH) A 1380 971 1364 1039
vs 5(OH) A 1293 1293 971 946
Ve wWC-0) A 1099 1131 1154 1149
vy §(0CO) A/ 622 617 556 552
vg 7(CH) A 1021 857 1018 857
vo 7(OH) A 639 630 506 491

¢ vy is involved in a strong Fermi resonance with 2vg. In the table, the higher-wavenumber levels are shown. The lower-wavenumber levels
are at 1699 (D'*COOH) and 1698 cm™! (D'*COOD).



175

CVPT2 anharmonicity constants

Table D.3 Second-order anharmonicity constants, expanded in curvilinear normal mode coordinates, and harmonic
wavenumbers (all in cm™!) computed with CVPT2 on the TM-PES [21] and RC-PES [22]. For details of the
calculations and deperturbation criteria, see Ref. [28] and references therein.

x; ; (TM-PES) x; ; (RC-PES)
i ; 1 2 3 4 5 6 7 8 9 ; 1 2 3 4 5 6 7 8 9
cis-HCOOH
1 3829 -83 3824 88
2 3007 -3 -63 3011 1 -69
3 1861 -6 5 =10 1846 -4 4 -9
4 1428 -3 -30 -13 -7 1416 -2 -29 -7 -4
5 1299 -16 -3 -7 -9 -12 1289 -15 2 =5 -1 -11
6 1124 -4 -4 -7 -7 -12 =5 1125 -8 0O -6 -5 -12 -5
7 664 -1 -1 =5 0o -3 -5 0 656 -1 -1 -6 1 2 =2
8 1038 1 -19 =5 6 -1 -4 1 -4 1036 0o -18 -9 3 1 -6 -1 -6
9 522 -12 o -3 -2 -4 =3 2 0 -10 521 -11 0o -3 -3 -7 0 0 -9
trans-HCOOH
1 3766 -84 3755 -86
2 3092 -3 -59 3090 -3 -62
3 1818 -1 0 -9 1807 -1 1 -9
4 1412 -5 28 -7 =5 1405 -5 -30 -8 -4
5 1323 -23 -1 -5 -9 -8 1311 -17 -1 -3 -4 -6
6 1140 -4 -2 -5 -7 -14 -6 1137 -4 -2 -5 -6 -13 -6
7 632 -4 2 -6 0o -5 =2 1 630 -4 -1 -5 1 -4 =3 0
8 1056 -3 -24 -5 3 -2 -4 0o -3 1051 -1 -18 =5 3 -2 -3 0o =2
9 673 -3 -3 -1 -1 -1 -4 3 0 -14 670 -3 -2 -1 -1 -1 -1 1 0 -14

trans-DCOOH

1 3766 -84 3755 -86

2 2300 -2 =30 2298 -2 -32

3 1786 -1 -7 -9 1776 -1 -5 -8

4 992 -2 -18 -2 -3 992 -3 -18 -2 -3

5 1317 -28 -2 -4 -2 -9 1306 -21 o -3 =2 -7

6 1177 -2 -4 -7 -6 -13 -5 1168 -1 -3 -7 -6 -12 -4

7 626 -3 1 =5 1 -4 -4 1 624 -4 -1 =5 1 -3 =5 0

8 888 -1 -12 -4 0o -1 =2 0o =2 883 -1 -9 -4 0o -1 =2 0 -1

9 663 -4 -3 0 0 1 -6 3 1 -14 660 -3 -2 -1 0 0o -4 1 0 -14
trans-HCOOD

1 2738 -45 2730 —46

2 3092 -2 -59 3090 -2 -62

3 1811 -1 1 -9 1800 -1 1 -9

4 1402 -1 -33 -8 -7 1395 -2 -32 -8 -5

5 1013 -7 0o -5 -3 =5 1004 -4 0o -4 -2 =5

6 1209 -4 -4 -4 -3 -8 -7 1207 -3 -2 -3 -4 -7 -7

7 565 -5 2 =5 0o -3 -5 1 563 -5 -1 =5 1 -3 =5 0

8 1053 -2 -24 -5 4 -3 -3 0o -3 1048 -1 -18 =5 3 -2 -3 0o =2

9 529 -1 -3 -1 -1 =2 -6 2 0o -8 526 -1 -2 -1 -1 =2 =5 0 0 -8

trans-DCOOD

1 2739 -45 2730 —46

22299 -2 =30 2297 =2 =32

3 1782 -1 -6 -9 1771 -1 -5 -9

4 1061 -7 -9 -3 -3 1053 -5 -9 -3 =2

5 9%9 -2 -11 -3 -8 =2 %6 -2 -9 -3 -8 =2

6 1202 -2 -4 -7 -6 -7 -6 197 -1 -3 -5 -4 -6 -6

7 561 =5 1 -4 -2 -1 =5 1 5% -5 -1 -4 -1 -1 =5 0

8 888 0o -12 -4 0o -2 -1 0o -2 883 o -9 -4 1 -1 =2 0 -1

9 512 -2 3 0 =2 0 -5 2 0 -8 510 -1 -2 -1 =3 0o -4 1 0 -8
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CVPT6 eigenvalues of trans-HCOOH

Table D.4 Zero-point corrected vibrational term values (in cm™!) of trans-HCOOH up to 4000 cm™!. The vibra-
tional states are computed with CVPTn on the TM-PES [21]. For details of the calculations, see Ref. [28]. The
two leading squared coefficients (P, sixth-order) are shown together with deviations to lower orders of perturbation
theory (A(n) = E(n) — E(6); n = 2,4). Squared coefficients printed as “0.00” are below 0.5%.

state 1 state 2 state 1 state 2

No. I’ E®6) A@4) AQ2) P Label P Label No. T E®6) A@4) AQ2) P Label P Label

2 A 6270 -01 06 1.00 7, 56 A’ 27728 -06 -47 093 6,89, 006 8,9,
3 A" 6403 00 03 1.00 9, 57 A" 28105 -03 -07 098 3,8, 00l 8,
4 A" 10347 -04 -13 100 8 000 7,9, 58 A” 28176 -42 -32 055 95 018 6,9,
5 A 11077 -02 -09 099 6, 00l 9, 59 A’ 28264 -10 -02 098 6,7, 001 6,7,9,
6 A 12212 -04 -04 067 9, 030 5, 60 A’ 28303 -10 -12 070  89; 020 58,9,
7 A 12555 -04 13 1.00 7, 0.0 9, 61 A" 28355 -08 25 070 6,9, 020 95
8 A" 12693 00 17 100 7,9, 0.0 8 62 A’ 28843 00 04 097 3,6, 001 5,67,
9 A’ 13053 04 -08 0.69 5, 028 9, 63 A" 28846 -13 -20 062 7,89, 034 57,8
10 A’ 13795 01 04 0095 4, 004 9, 64 A" 28940 12 151 062  6,9; 020 56,9,
11 A" 16614 —-05 —04 100 7,8, 000 7,9, 65 A" 29194 —11 19 099 7,8, 000 7,8,9,
12 A" 16754 -03 -17 100 89, 0.00 3, 66 A 29335 —02 26 085 7,89, 005 6,7,9,
13 A" 17325 -04 00 099 67, 001 7,9, 67 A’ 29343 -31 -30 031 6,7,9, 026 7,9,
14 A" 17408 -03 -25 091 6,9, 008 9, 68 A’ 29403 -0. 0.5 0.90 2, 003 3,5
15 A’ 17826 00 05 098 3, 001 57, 69 A’ 29643 08 115 045 7,9, 023 6,7,9,
16 A” 17932 -03 36 070 9, 019 59, 70 A" 29649 02 -13 064 57,8, 032 7,89,
17 A’ 18499 -06 0.1 064 7,9, 032 57, 71 A’ 29832 21 06 076 589, 018 89,
18 A’ 18856 —09 22 099 7, 000 7,9, 72 A’ 29861 -16 34 098 6,7, 000 739,

19 A” 18996 -0. 33 100 7,9, 000 7,8, 73 A” 29962 -09 17 094 6,7,9, 005 7,9
20 A’ 19322 00 -10 066 57, 030 7,9, 74 A’ 30023 -01 02 064 3,9, 028 3,5

21 A" 19502 1.6 13 077 5,9, 0.6 9, 75 A’ 30251 -02 -03 084 3,7, 007 5,67,
2 A’ 20061 00 16 094 47, 005 7,9, 76 A’ 30296 03 0.1 054 56,7, 029 67,9,
23 A" 20238 02 34 091 4,9, 006 9, 77 A" 30381 17 -19 050 5,69, 0.14 6,9,
24 A’ 20657 -16 -3.1 1.00 8, 0.00 3, 78 A" 30404 1.0 21 044 3,7,9, 0.9 4,7,8,
25 A7 21388 —05 -23 099 6,8, 00l 89, 79 A’ 30443 —01 20 075 4,7,8, 013 3,7,9,
26 A’ 22042 05 -19 098 6, 002 69, 80 A” 30573 02 90 054 7,9 028 3,7,9,

27 A" 22566 -11 -32 065 89, 032 58 8 A’ 30611 —05 18 092 4,89, 006 89
28 A" 22807 -0.7 0.6 100 7,8 000 89, 8 A” 30795 62 111 033 59; 031 5,9,

29 A’ 23038 -02 03 092 7,89, 003 9, 83 A’ 30867 04 01 065 3,5 029 3,9,
30 A’ 23048 -25 -45 034 9, 032 69, 84 A" 30936 —44 —63 099 8; 001 3,8
31 A’ 23379 00 80 041 9, 028 69, 85 A’ 31032 00 16 093 4,67, 004 67,9,

32 A" 23384 05 -14 067 58 030 89, 8 A 31117 -22 -25 062 739, 033 57,
33 A’ 23586 -09 14 099 6,7, 001 7,9, 8 A” 31167 02 09 071 4,69, 011 49,
34 A" 23680 -05 -06 093 6,7,9, 006 7,9, 8 A’ 31351 —10 —-49 051 57, 030 57,9,
35 A’ 24024 0.1 -21 065 3,7, 020 5,6, 8 A’ 31494 -24 58 098 75 001 5,7
36 A’ 24050 04 02 043 56, 032 3,7, 90 A’ 31604 05 10 091 3,4, 004 3,9,
37 A" 24156 -02 00 052 4,8 026 3,9, 91 A’ 31637 -08 79 099 7,9, 001 57,9,
38 A" 24184 00 21 043 4,8, 023 3,9, 92 A’ 31662 -16 —42 098 6,8, 001 3,4,
39 A" 24275 01 50 050 3,9, 038 7,9, 93 A” 31706 —15 67 060 49, 018 4,59,
40 A’ 24788 05 00 092 46, 003 69, 94 A’ 31921 -14 -13 062 57, 031 739,
41 A" 24801 -14 —01 062 7,9, 032 57, 95 A” 32086 12 10 075 57,9, 017 7,9
42 A" 25069 03 -20 052 5, 031 59, 96 A’ 32257 -05 -06 056 4,7,9, 034 4,57,
43 A" 25169 -16 36 099 7, 001 57, 97 A" 32318 -08 -35 098 6,8, 002 6,89,
44 A" 25312 -04 53 100 79, 000 57,9, 98 A’ 32353 1.6 -28 041 57,9, 041 5,7,
45 A" 25612 -05 —13 064 57, 031 7,9, 99 A” 32546 33 -19 057 5,9, 024 59,
46 A" 25785 15 12 076 57,9, 0.17 7,95 100 A’ 32641 —11 44 093 47, 005 739,
47 A" 25978 -05 —14 060 4,9, 030 4,5 101 A” 32829 -0.1 73 090 4,7,9, 007 7,9

48 A’ 26075 24 —06 042 5, 041 59, 102 A’ 32885 -32 -67 058 89, 031 58
49 A 26344 —04 29 094 47, 005 7,9, 103 A’ 32805 -23 -29 087 6; 004 8,9,
50 A" 26527 02 52 091 4,7,9, 007 7,9, 104 A’ 32951 -52 107 075 9 014 59,

51 A’ 26776 08 52 057 45 022 49, 105 A’ 33047 01 56 054 4,57, 023 4,7,9,
52 A’ 26920 -17 -18 100 7,8, 000 3,7, 106 A’ 33197 -20 —03 099 7,8, 000 8,9,
53 A" 27068 —16 —43 099 89, 000 3,8 107 A’ 33219 24 104 063 4,59, 011 4,9,
54 A’ 27466 06 -23 084 4, 011 49, 108 A" 33345 —17 —12 098 7,89, 000 3,7,8,
55 A" 27632 -0.7 -10 099 6,7,8, 001 7,89, 109 A” 33400 -28 -99 040 6,89, 026 89,

continued
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Table D.4 (continued)
state 1 state 2 state 1 state 2

No. I E®6) Al AQR) P Label P Label No. T’ E®6) Al AQR) P Label P Label
110 A’ 3367.6 -03 -2.6 0.65 5,8, 0.31 8,9, 164 A" 37127 1.3 6.2 0.5 4,5,8; 0.24 4,8,9,
111 A’ 3373.0 0.7 —-04 0.83 4,7, 0.12 4,7,9, 165 A" 37194 -44 —-44 0.99 7,83 0.01 3,7,8,
112 A” 33738 -1.1 29 049 8,9, 0.19 6,8,9, 166 A’ 3729.1 -0.5 33 091 4,6,7, 0.04 6,7,9,
113 A’ 33862 -19 25 0.36 6,9, 0.31 6,9, 167 A" 37321 23 43 0.74 3:5;9; 0.15 3,9,
114 A” 33800 -1.1 0.8 0.98 6,7,8, 0.01 7,8,9, 168 A" 37330 -74 293 0.82 9, 0.13 5,95
115 A” 33962 09 29 0.76 4,9, 0.14 4,9; 169 A’ 37351 -45 -8.1 098 839, 0.01 3819
116 A’ 33992 -07 -20 094 6,7,8,9, 0.05 7,8,9; 170 A’ 37438 0.0 33 071 4,6,7,9, 0.10 4,7,9;
117 A” 34306 —02 -20 084 3,7,8; 007 56,8 171 A’ 37444 -32 —64 0.6l 7,9, 031 5,7,
118 A’ 34333 0.7 149 0.39 6,9, 0.26 6,9, 172 A’ 37659 -30 -94 047 5,7, 0.28 5,7,9,
119 A” 34338 08 -13 054 56,8 029 6,89, 173 A’ 3769.6 —04 -2.0 047 4,56, 025  4,6,9,
120 A’ 34467 -0.8 —1.7 0.63 3;8;9; 021 4,8, 174 A’ 3780.7 0.5 2.8 0.87 3:47, 0.04 3,719,
121 A" 34477 -44 -13 043 7,95 0.31 6,7,9, 175 A’ 37827 -35 8.8 0.96 7¢ 0.03 5,7,
122 A’ 34497 -17 3.0 097 6,7, 0.01 6,7,9, 176 A"’ 37847 00 -3.0 0.82 4,8, 0.09 4,8,9,
123 A’ 34522 -15 -19 0.74 4,8, 0.16 3,8/9;, 177 A’ 37854 -1.1 -8.6 0.62 5; 0.14 519,
124 A’ 34609 -0.6 28 059 7:819; 0.18 38,9, 178 A’ 37900 -1.8 -24 098 6,7,8, 0.01 7,8,9,
125 A” 3461.1 -09 9.1 0.58 6,7,9; 031 7,95 179 A" 37965 -0.3 6.6 041 4,7,9; 0.1 3,49,
126 A’ 34913 12 -33 056 5,6, 0.35 6,9, 180 A" 3797.1 -13 112 097 759, 0.02 5,739,
127 A’ 35029 -02 1.5 094 3,67, 0.02 5,6,7, 181 A" 38009 -16 -74 092 68,9, 0.04 8,95
128 A" 35113 03 -04 0.54 4,6,8, 023 3,6/9, 182 A” 38069 04 7.1 0.67 3,49, 0.18 417,95
129 A" 35138 12 23 023 4,6,8; 023 7,8,9, 183 A’ 38246 -25 -09 0.60 5,7, 0.30 749,
130 A” 35141 -2.0 -19 0.38 7,8:9, 0.21 57,8, 184 A’ 38347 -16 -28 0.84 3,8, 0.10 4,6,
131 A” 35226 15 184 039 3,619, 0.39 6,7,9; 185 A’ 38348 2.0 1.3 0.72 4,6; 0.12 3,8,
132 A” 35385 0.1 =25 0.4 5,8, 0.29 5,89, 186 A’ 38405 0.7 0.9 0.73 5,739, 0.16 7395
133 A’ 35449 0.1 27 094 3, 0.02 3,5,7, 187 A" 38535 -12 -13 098 6,7,8, 0.0l 6,7,8,9,
134 A" 35503 -1.8 3.8 0098 7,8; 0.01 5,7,8, 188 A’ 38543 -34 -105 0.1 6,8,9; 024 8,95
135 A’ 35640 -3.8 -2.6 0.31 6,7,9, 0.18 7,9, 189 A’ 3855.1 -1.1 -0.8 0.1 4,7,9, 0.37 4,57,
136 A’ 35645 -0.7 52 0.85 75819, 0.05 6,7,9, 190 A” 38640 -3.1 -6.8 0.70 8,9; 0.21 518,9;
137 A’ 35652 1.6 1.6 0.66 4,6, 0.09 5,6; 191 A’ 38660 0.1 —59 040 5,7, 0.40 5,7,9,
138 A’ 3567.8 0.0 1.6 0.83 2,7, 0.03 3,5,7, 192 A’ 38680 -1.7 -1.5 0.3l 8,95 0.27 6,819,
139 A” 35702 0.0 25 0.2 3,9; 0.20 3,59, 193 A’ 38728 0.7 -1.6 036 4,5, 0.16 8,95
140 A’ 35762 -0.5 -2.8 054 1, 0.13 4,6, 194 A" 38839 25 —49 0.56 5,7,9; 0.23 51719,
141 A” 35814 0.1 1.2 0.74 2,9, 0.16 3,9; 195 A” 38902 -3.6 3.1 0.49 6,95 0.18 639,
142 A’ 3581.8 1.2 1.3 043 1, 0.14 5,94 196 A’ 38952 -2.1 6.4 091 4,7, 0.06 749,
143 A’ 35917 1.7 142 047 7,9, 0.20 6,7,9, 197 A’ 39087 -02 -1.1 0.96 3,618, 0.01 5,6,7,8;
144 A” 35934 -03 —1.0 0.62 5,7,8; 0.33 7,8,9, 198 A’ 39088 -19 -0.1 0.50 637, 0.19 5,9,
145 A’ 36109 20 1.0 075 5,7,8,9;, 0.18 7,8,9; 199 A’ 39089 24 -84 046 657, 0.21 5,9,
146 A’ 36145 -2.6 58 0.88 6,7, 0.03 5,6; 200 A" 39144 -0.7 9.6 0.89 4,739, 0.07 7395
147 A’ 36150 6.1 102 030 5,6; 0.20 5,94 201 A’ 39155 =35 —4.7 0.60 78,9, 0.35 5178,
148 A” 36252 -1.5 45 094 6,759, 0.03 7595 202 A’ 3918.8 -0.8 9.5 0.67 639, 0.21 6,95
149 A’ 36260 -03 3.7 059 3,7,9, 0.29 3,5,7, 203 A’ 39247 -48 219 0.50 719¢ 0.24 6:819;
150 A" 36355 -12 —-42 0.58 4,89, 033 4,58, 204 A’ 39285 -0.7 9.6 0.37 6,893 0.27 7,9
151 A" 36379 42 13 043 5:8;9, 041 5,8, 205 A’ 39341 -1.0 5.7 0.50 4,5,7, 0.23 4,7,9,
152 A’ 36493 -0.5 1.7 0.89 3,7; 0.03 56,7, 206 A’ 39488 -2.5 1.7 0.98 758, 0.01 7,8,9,
153 A’ 36560 -0.2 0.8 0.57 5,6,7, 031 6,7,9, 207 A’ 39507 1.6 9.2 0.61 4,5,7,9; 0.12 4,79
154 A” 36643 0.7 —-1.8 0.54 3,7,9; 020 5,6,7,9; 208 A” 39543 -0.7 -1.7 0.92 2:8; 0.03 4,8,
155 A" 3666.6 1.8 35 041 5,6;7,9; 0.19 3,7,9; 209 A” 39634 -1.9 1.8 0.97 7,8,9; 0.01 758,9,
156 A’ 3670.1 22 3.0 033 4,619, 0.32 4,9, 210 A’ 39653 30 -3.0 0.3 4,5, 0.16 4,9,
157 A" 36720 -04 2.7 0.86 4,7,8; 0.06 37,9, 211 A” 39678 -34 —6.1 042 6,7,8,9, 024 5,6,7,8,
158 A” 36884 03 122 0.61 7395 0.19 3,7,9, 212 A’ 39745 -02 0.6 0.94 3,6, 0.02 5,6,7,
159 A’ 3689.5 —0.5 39 091 4,7,8,9; 0.06 7,8,9; 213 A’ 39773 -0.8 6.5 0.31 4,9, 0.24 4,5,
160 A’ 36980 3.2 -58 040 5,619, 032 5,6; 214 A" 39836 19 250 0.57 6,9; 0.21 5,6,9;
161 A” 37067 5.6 10.1 0.32 5;719; 0.31 5,7,9; 215 A’ 39935 -0.6 -19 0.63 5,7,8, 033 7,8,9,
162 A’ 37077 02 -03 0.59 3,57, 0.30 3,719, 216 A” 39995 -04 6.4 0.50 7,894 0.15 6,7,8,9,
163 A’ 37120 -26 82 036 49, 024 45,6,
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CVPT6 eigenvalues of trans-DCOOH

Table D.5 Zero-point corrected vibrational term values (in cm™!) of trans-DCOOH up to 3700 cm™!. The vibra-
tional states are computed with CVPTn on the TM-PES [21]. For details of the calculations, see Ref. [28]. The
two leading squared coefficients (P, sixth-order) are shown together with deviations to lower orders of perturbation
theory (A(n) = E(n) — E(6); n = 2,4). Squared coefficients printed as “0.00” are below 0.5%.

state 1 state 2 state 1 state 2

No. I’ E®6) A@4) AQ2) P Label P Label No. T E®6) A@4) AQ2) P Label P Label

2 A 6211 -01 04 1.00 7, 57 A" 25606 08 25 074 57,9, 022 7,9
3 A" 6307 01 02 1.00 9, 58 A" 2567.1 03 —09 099 4,9, 000 4,9
4 A” 8748 —01 -07 100 8, 59 A" 25883 —13 -37 057 8, 042 3,8,
5 A 9714 00 -05 1.00 4, 0.00 9, 60 A’ 25935 0.7 -08 048 5, 036 5,9,
6 A 11447 00 -05 099 6, 001 9, 61 A" 26346 -04 00 099 6,7,8 000 7,89,
7 A 12063 -0.1 -03 071 9, 028 5, 62 A 26408 -02 -03 067 6,89, 020 89,
8 A 12438 —04 08 1.00 7, 0.0 9, 63 A" 26471 -09 04 057 3,8, 043 8,
9 A” 12542 00 13 100 7,9, 64 A’ 26619 0.6 -0.5 044  89; 031 6,89,
10 A" 12993 -0.1 -06 071 5, 028 9, 65 A’ 27008 -05 -13 056 4,8, 043 3,4
11 A” 14957 -02 00 100 7,8 000 4,9, 66 A" 27095 -03 -07 060 7,89, 035 57,8,
12 A" 15094 —0.1 -07 099 89, 001 5, 67 A 27235 -02 -05 095 4,67, 003 2,7,
13 A" 15929 00 03 100 4,7, 000 89, 68 A” 27242 06 -08 054 46,9, 034 4,9,
14 A” 16021 0.1 -04 100 4,9, 0.00 9, 69 A’ 27358 —0. 00 056 3,4, 043 43,
15 A" 17313 —04 -14 059 8, 041 3, 70 A" 27408 -05 1.6 042 4,69, 039 4,9,
16 A” 17574 05 11 048 9, 040 6,9, 71 A” 27418 -08 20 099 7,8, 000 7,89,
17 A" 17617 -03 0.1 097 6,7, 002 8, 72 A’ 27567 -02 27 098 7,89, 001 57,
18 A’ 17663 —-02 03 058 3, 040 8, 73 A” 27905 24 95 0.72 95 0.16 5,9,
19 A” 17794 -04 -03 060 69, 030 9, 74 A" 27947 -0 -10 061 57,8, 035 7,89,

20 A’ 18297 -03 05 069 7,9, 030 57, 75 A’ 27988 —02 05 065 47,9, 030 4,57,
21 A" 18457 -0 -10 100 4,8, 000 89, 76 A” 28104 02 —17 100 4,8, 000 28,

2 A 18679 -09 14 1.00 7, 000 7,9, 77 A’ 28115 03 25 066 589 022 89,
23 A" 18790 —-0.1 26 100 7,9, 0.0 9, 78 A’ 28390 -02 15 066 2,7, 024 4,7,
24 A 19213 -05 -15 068 57, 030 7,9, 79 A’ 28407 -06 25 075 47, 021 2,7,
25 A’ 19364 02 -11 100 4, 0.0 2, 80 A" 28457 03 04 087 29, 006 69,
26 A" 19365 08 32 075 5,9, 021 9, 81 A" 28510 0.1 31 099 4,7,9, 001 2,9

27 A" 20177 -02 -09 099 6,8 001 89, 8 A’ 28701 -05 -10 053 6,8, 045 3,6,
28 A" 20869 0.0 -17 062 89, 033 58 8 A” 28850 —0.1 14 049 6,9, 032 6,9,
29 A’ 21064 00 -21 096 4,6, 003 2, 84 A 28912 -05 —17 061 4,57, 026 4,7,9,
30 A” 21181 -04 09 100 7,8, 000 89, 8 A’ 28953 04 —-18 097 45 001 4,57,
31 A’ 21325 -01 08 099 7,89, 001 57, 8 A’ 28966 -04 -01 082 6,7, 006 2,7,
32 A" 21727 -03 -09 064 58 033 89, 8 A 29058 -03 -08 051 3,6, 044 68,
33 A’ 21750 -0.1 -05 067 4,9, 029 4,5 8 A” 29078 07 13 072 4,59, 021 4,9,
34 A 22158 -03 11 096 4,7, 003 2, 89 A 29171 07 67 064 7,9, 017 57,9,
35 A’ 22184 02 1.0 084 2, 004 6, 90 A" 29174 -17 -34 061 69, 025 69,
36 A" 22259 02 12 100 4,7,9, 000 7,9, 91 A’ 20424 -02 —03 037 3,9, 022 8,9,
37 A 22692 -02 -10 068 4,5 025 49, 92 A’ 29625 -11 09 059 67,9, 028 56,7,
38 A’ 22822 04 -05 076 6, 0.10 9, 93 A’ 29694 -08 0.6 051 3,7, 043 7,8,
39 A’ 22926 05 26 058 9, 0.16 6, 94 A 29773 -03 -16 029 3,9, 029 8,9,
40 A" 23445 -11 -15 060 69, 027 56, 95 A” 29778 -0 —18 095 46,8 004 28,
41 A" 23499 -06 -05 050 7,8, 045 3,7, 96 A" 29851 -03 L1 057 3,7,9, 036 7,8,9,
42 A" 23653 -02 -05 051 3,9, 042 8,9, 97 A’ 29999 —15 19 097 6,7, 002 7,8,
43 A’ 23801 -07 09 096 67, 003 7,8, 98 A’ 30035 -04 19 053 7,8, 045 3,7,
44 A" 23815 02 15 051 67,9, 034 7,93 99 A” 30055 -02 21 067 67,9, 021 7,9
45 A’ 23840 -03 1.0 051 3,7, 046 7,8, 100 A” 30181 00 25 034 7,89, 020 3,7,9,
46 A" 23978 -0.1 09 034 6,7,9, 021 89, 101 A” 30263 00 65 037 7,9 021 3,7,9,
47 A" 24032 -02 24 030 3,9, 028 89, 102 A’ 30278 -03 -1L1 030 3,5 030 58,
48 A’ 24311 01 -12 067 56, 028 69, 103 A” 30306 38 139 036 59; 023 5,9
49 A’ 24547 -08 04 067 7,9, 031 57, 104 A’ 30494 —04 -20 064 56,7, 030 6,7,9,
50 A" 2467.1 -0 00 100 4,7,8, 000 89, 105 A” 30540 0.1 -12 055 48,9, 033 4,58,

51 A’ 24800 —0.1 —10 094 4,89, 0.02 5, 106 A’ 30628 —0.1 —48 092 4,6, 007 2,4
52 A’ 24851 00 —04 046 5, 029 59, 107 A’ 30632 -03 -06 038 3,5 024 58,
53 A’ 24933 —15 22 099 7, 000 57, 108 A” 30719 07 -02 061 56,9, 018 69,

54 A" 25050 -03 42 100 7,9, 000 57,9, 109 A’ 30811 —1.6 —-07 066 739, 031 57,
55 A’ 25456 -—12 -26 067 57, 032 7,9, 110 A” 30828 00 0.1 084 28 006 4,89,
56 A’ 25585 02 0.1 099 4,7, 000 2,7, 111 A” 30900 -03 13 099 47,8, 000 2,8

continued
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Table D.5 (continued)

state 1 state 2 state 1 state 2

No. I' E®6) AW AR P Label P Label No. I' E6) A4 AQR) P Label P Label

112 A’ 31035 —0.1 05 094 4,7,8,9, 0.2 5,7, 166 A" 34624 03 —0.6 042 5,8, 031 5,89,
113 A’ 31087 —1.0 -3.1 046 5,7, 028 57,9, 167 A’ 34662 —18 38 095 4,7, 002 2,7,
114 A’ 31199 -25 36 099 75 0.00 57, 168 A" 34690 04 17 085 2,79, 008  6,7,9,
115 A” 31321 —-0.7 63 1.00 7,9, 000 57,9, 169 A” 34773 —03 53 098 4,79, 001  2,7,9,
116 A’ 31378 02 —09 0.64 4,9, 029 4,5, 170 A’ 3479.1 -27 -55 045 6,9, 0.26 5,6,
117 A7 31421 -03 -12 062 4,58, 032 4,89, 171 A’ 34841 —13 —0.7 073 3, 025 8,
118 A” 31541 -02 —-16 091 6,8, 0.04 2,8, 172 A’ 34850 —09 —0.1 046 3,6,7, 044  6,7,8,
119 A’ 31719 -22 -36 0.65 5,7, 032 7,9, 173 A" 34921 00 15 040 3,69, 022  6,8,9,
120 A’ 31772 06 19 0.79 2,4, 007 4,6, 174 A" 35054 —02 27 039 6,7,9; 034 67,9,
121 A’ 31819 -0.1 15 097 4,7, 001 2,4, 175 A’ 35106 —-15 —02 083 6,7, 0.05 2,7,
122 A" 31822 09 22 059 89, 012 589, 176 A” 35140 00 14 038 3,9, 026  6,8,9,
123 A7 31867 05 18 071 57,9, 021 7,9, 177 A’ 35160 —07 —08 053 4,57, 023  4,7,9,
124 A” 31914 05 12 098 4,7,9, 001 57,9, 178 A’ 35193 00 07 0.63 457, 012 6,7,8,
125 A7 32063 -15 -23 053 7,8, 045  3,7,8, 179 A’ 35203 00 0.1 036 67,8, 033 3,67,
126 A’ 32179 -02 -32 046 57, 036 57,9, 180 A” 35270 0.6 —0.7 0.90 459, 0.03 4,5,7,9,
127 A” 32238 -13 -33 051 689, 032 56,8 181 A” 3526 -06 —07 022 6,7,9, 021  3,6,9,
128 A’ 32266 —10 -27 047 3,89, 047 8,9, 182 A’ 35310 -16 19 053 3,8, 031 8,
129 A’ 32316 —0.1 -23 052 4,5, 0.16 4,9, 183 A” 35323 1.1 14 062 4,579, 019  4,7,9
130 A’ 32354 04 -0.7 071 4,6, 0.08 9 184 A” 35336 —13 16 031 6,79, 021  6,7,9
131 A” 32360 41 63 048 5,9, 034 59; 185 A’ 35411 68 378 028 59, 0.14 5,9,
132 A’ 32422 14 155 035 9 0.17 4,5, 186 A’ 35426 06 84 059 7,9, 0.17  5,7,9,
133 A” 32528 -08 1.1 098 67,8, 000 3,7,8 187 A” 35536 02 —18 031 8,9, 0.15 58,9,
134 A’ 32622 -05 06 078 6,7,89, 012 7,89, 188 A” 35571 —15 -32 055 4,8, 043 34,8,
135 A" 32644 —10 17 052  3,7,8, 046 7,8; 189 A’ 35579 02 —63 042 56, 0.20 6,9,
136 A’ 32770 36 54 039 4,9, 028 9 190 A’ 35630 —04 20 034 3,7,9, 0.18 3,57,
137 A’ 32808 0.1 09 030 7,89; 0.8 8,9, 191 A’ 35664 24 -7.7 024 4,5, 023 4,59,
138 A’ 32882 —02 19 033 3,89, 029 8,9, 192 A’ 35699 0. -20 086 1, 0.05 4,5,
139 A” 33036 -0.7 —18 061 568, 033 6,89, 193 A’ 35821 —-16 27 058 6,7,9, 028 56,7,
140 A’ 33043 -09 -08 058 4,69, 025 4,56, 194 A’ 35809 —12 19 056 3,7, 037 7,8,

141 A’ 33196 —-06 —-02 049 3,47, 049 47,8, 195 A’ 35978 —0.6 —0.1 030 7,8,9, 027 57,8,
142 A" 33336 —09 -07 057 7,89, 036 57,8, 196 A” 35989 00 08 099 4,6,7,8, 0.00 4,7,8,9,
143 A7 33345 —02 -06 051 3,49, 040 4,8,9, 197 A” 36059 —05 28 061 3,7,9, 031  7,8,9,

144 A’ 33418 —07 12 095 4,67, 003 2,7, 198 A’ 3607.1 00 -13 076 4,6,8,9, 0.3  4,8,9,
145 A” 33473 03 02 070 4,6,7,9, 0.17 47,9, 199 A’ 36151 —15 -37 045 5,6, 022 5,6,9,
146 A’ 33523 06 14 0.64 2,6, 0.14 6; 200 A” 36163 —10 00 056 3,4,8, 044 4,8,
147 A’ 33544 0.1 1.1 044 3,47, 044 47,8, 201 A’ 36209 -2.6 32 097 6,7, 0.02 78,
148 A7 33603 02 —20 049 5,8, 0.9 5,89, 202 A’ 36246 —06 3.6 0.60 7,8, 038 3,7,
149 A7 33620 00 43 045 4,7,9; 022 4,6,7,9, 203 A’ 36277 15 18 048  4,8,9; 022 4,6,8,9,
150 A” 33668 —13 3.7 0.99 7,8, 000 57,8, 204 A” 36293 —08 35 082 6,7;9, 0.10 759,
151 A” 33716 —-0.1 15 045 4,89, 042 3,49, 205 A” 36400 0.1 45 047 7,89, 020  3,7,9
152 A’ 33820 —-03 50 098 7,89, 00l 57; 206 A’ 3647.1 —07 —09 033 3,57, 024 57,8,
153 A 33924 —0.1 -25 064 4,56, 019 4,69, 207 A" 36510 04 102 044 739, 015 3,7,9,
154 A’ 3407.6 03 42 048 6,9, 0.13 6, 208 A” 36552 34 105 027 57,9; 019 57,9,
155 A” 34171 22 157 0.0 7,95 016 57,9, 209 A’ 36647 —04 —13 054 4,8, 045 3,4,
156 A7 34187 -13 -12 059 57,8, 036 7,8,9, 210 A” 36683 07 48 031 3,59, 029 58,9
157 A’ 34237 -15 =55 061 6; 0.14 6,9, 211 A’ 36698 —13 —28 063 567, 031 67,9,
158 A’ 34241 —07 0.7 061 47,9, 029 4,57, 212 A” 3679.1 00 00 058 4,7,89, 036 4,578,
159 A” 34330 03 0.1 099 4,7,8, 000 48,9, 213 A" 3680.6 44 524 055 9, 0.14 4,9,
160 A’ 34349 05 28 062 57,89, 022 7,89, 214 A" 36820 -05 -08 031 3,57, 027 57,8,
161 A’ 34373 —30 -7.0 044 3,8, 042 8, 215 A’ 3687.6 02 —04 099 4,6,7, 0.00 4,8,
162 A’ 34451 0.1 -12 073 4,89, 020 2,9, 216 A” 36908 42 —48 054 4,69, 0.19 9,
163 A’ 34453 0.1 21 057 2,9, 021 4,89, 217 A” 36913 1.0 11 058 56,7,9, 017 6,7,9
164 A’ 34535 00 —-14 047 45, 027 4,59, 218 A’ 36962 36 117 0.62 8,95 0.0  5,8,9,

165 A’ 34614 —-02 26 083 2,7, 0.07 6,7, 219 A’ 3699.6 04 —03 053 3,4, 046 4,8,
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CVPT6 eigenvalues of trans-HCOOD

Table D.6 Zero-point corrected vibrational term values (in cm™!) of trans-HCOOD up to 3600 cm™!. The vibra-
tional states are computed with CVPTn on the TM-PES [21]. For details of the calculations, see Ref. [28]. The
two leading squared coefficients (P, sixth-order) are shown together with deviations to lower orders of perturbation
theory (A(n) = E(n) — E(6); n = 2,4). Squared coefficients printed as “0.00” are below 0.5%.

state 1 state 2 state 1 state 2

No. I’ E®6) A@4) AQ2) P Label P Label No. T E®6) A@4) AQ2) P Label P Label

2 A" 5077 00 -01 1.00 9, 54 A’ 24850 —01 -26 047 8,9, 028 58,9,
3 A" 55901 -0 05 1.00 7, 55 A’ 25095 02 19 074 5,7, 016 7,9,
4 A 9731 —01 -09 064 5, 036 9, 56 A" 25105 14 57 047 5,9, 045 59,
5 A’ 1011 02 09 063 9, 036 5, 57 A’ 25420 02 -08 096 4,6, 00l 58,9
6 A” 10322 -04 -10 097 8 003 7,9, 58 A’ 25430 00 14 056 589, 032 89
7 A” 10600 00 12 097 7,9, 003 8 59 A” 25517 -02 28 032 57,8 026 7,89,
8 A 11197 -03 08 1.00 7, 0.0 6, 60 A" 25694 —12 -20 071 8,9, 0.16 7,9
9 A 11798 -02 -10 099 6, 001 9, 61 A’ 25725 21 74 062 57,9, 015 5,7,
10 A’ 13660 03 —04 1.00 4, 000 57, 62 A" 25746 -0. 34 051 57,8, 028 7,9
11 A" 14481 0.1 -0.7 067 9, 032 59, 63 A" 26044 -01 12 063 7,89, 0.4 57,8,
12 A” 15133 04 25 067 59, 032 9, 64 A" 26141 0.1 —11 067 69; 029 5,69

13 A’ 15291 -02 06 053 57, 033 7,9, 65 A’ 26183 —16 -09 091 7,8, 008 7,89,
14 A" 15417 -04 -16 082 89, 018 57, 66 A” 26361 19 73 055 57,9, 033 7,9
15 A’ 15721 05 27 066 7,9, 029 57, 67 A’ 26378 —0.1 -05 0.99 1, 001 3,5
16 A” 15907 -04 -0.1 096 7,8, 004 7,9, 68 A’ 26485 —13 L1 051 573 030 7,9,
17 A” 16316 00 22 095 7,9, 004 7,8, 69 A’ 26655 —10 -0.1 065 7,89, 029 57,

18 A’ 16819 —-10 05 099 7, 001 67, 70 A" 26806 01 18 069 56,9, 027 6,9,
19 A” 16833 —-0.1 -08 098 6,9, 001 9, 71 A’ 2697.1 -05 -10 053 56,7, 035 6,7,9,
20 A’ 17341 -03 -04 096 6,7, 002 3, 72 A 26990 09 62 066 79, 018 5,7
21 A’ 17793 00 0.1 097 3, 002 67, 73 A 27116 1.0 -40 095 4, 003 2,
22 A" 18732 02 -06 099 4,9, 000 89, 74 A’ 27121 -11 08 092 738, 006 7,9,
23 A’ 18986 0.0 0.1 0.9 9, 025 59, 75 A’ 27134 -06 -22 083 6,89, 0.14 56,7,
24 A’ 19244 02 03 099 4,7, 000 57, 76 A 27386 03 26 059 6,7,9, 029 56,7,
25 A’ 19547 00 03 076 5, 0.15 9, 77 A’ 27489 -02 -02 064 3,5, 032 3,9,
26 A" 19980 -02 04 034 58 028 7,9, 78 A’ 27498 09 51 077 9 0.8 5,9,
27 A" 20126 01 12 038 58 037 7,95 79 A’ 27614 —13 22 071 7,9, 025 6,7,8,
28 A’ 20128 08 40 065 59, 0.19 5, 80 A" 27623 -0.7 -09 066 6,7,8, 021 7,9
29 A" 20424 -02 -04 067 89, 026 58 81 A’ 2783 02 08 065 3,9, 032 3,5
30 A’ 20607 —1.6 -2.6 095 8 005 7,89, 8 A” 27982 -03 20 087 67,9, 005 6,78,
31 A" 20739 1.1 48 061 57,9, 033 7,9, 8 A’ 28043 —04 —09 094 38, 003 67,8,
32 A’ 20877 —05 14 052 57, 031 7,9, 84 A’ 28120 —44 -35 097 75 002 6,7,

33 A’ 21032 -06 -08 072 7,89, 025 57, 8 A’ 28123 00 -23 065 4,9; 033 4,59,
34 A’ 21347 08 45 067 7,9, 023 57, 8 A’ 28425 —07 —19 066 3,7,9, 029 659,
35 A’ 21450 -04 -25 060 5,6, 038 6,9, 8 A’ 28484 —12 —03 088 6,7, 007 3,7,
36 A" 21506 -06 0.6 094 7,8, 006 7,9, 8 A’ 28491 -02 —09 067 6,9, 027 3,7,9,
37 A’ 21823 00 04 058 69, 039 56, 8 A’ 28730 04 66 038 59, 032 59,
38 A" 21957 -05 26 093 7,9, 006 7,8, 90 A” 28750 05 28 066 4,59, 031 4,9,
39 A" 22085 -05 -1.8 096 6,8 003 6,79, 91 A” 28852 19 139 070 7,95 020 57,9
40 A" 22400 -02 07 092 67,9, 003 68 92 A’ 28898 —13 -20 067 3,7, 027 6,7,
41 A’ 22459 -23 -08 098 7, 002 67, 93 A’ 28929 00 -07 060 4,57, 029 4,7,9,
42 A" 22864 00 00 097 3,9, 002 67,9, 94 A’ 28998 -0.6 -09 064 6,7, 024 3,7,
43 A" 22903 -06 -0.1 092 67, 005 3,7, 95 A’ 29095 -03 -15 086 4,89, 0.2 4,57,

44 A" 23331 03 20 075 9 021 593 96 A’ 29280 0.6 24 072 5, 020 5,9,
45 A 23343 —04 -04 088 3,7, 006 6, 97 A 29349 05 22 059 4,7,9, 021 4,57,
46 A’ 23369 0.1 -19 065 4,5 032 49, 98 A” 29352 03 -17 061 89, 026 58,9,
47 A" 23483 0.7 -36 0091 6, 006 3,7, 99 A’ 29407 -0.1 04 065 2, 017 3,6,
48 A’ 23745 03 1.0 066 49, 033 45 100 A” 29595 -0.1 -02 094 47,8 005 47,9
49 A" 24015 -0. -09 097 4,8, 003 4,7,9, 101 A’ 29611 -02 —12 076 3,6, 0.19 2,

50 A" 24302 04 37 045 5,9, 028 5,9, 102 A’ 29769 0.1 18 044 5,8, 020 5,7,9,
51 A" 24344 02 10 087 47,9, 005 59 103 A” 29906 12 59 032 58 026 5,7,9
52 A’ 24522 07 71 061 7,9, 023 57,9, 104 A’ 29964 02 22 086 47,9, 005 4,78,
53 A’ 24839 -0 11 084 4,7, 009 89, 105 A’ 30057 24 77 053 59, 023 509,

continued
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Table D.6 (continued)

state 1 state 2 state 1 state 2
No. I' E®6) AW AR P Label P Label No. I' E6) A4 AQR) P Label P Label
106 A’ 30066 1.4 11.5 047 7,9, 0.17 57,9, 158 A’ 33474 07 24 0.53 3,7,9, 0.20 3,57,
107 A’ 30277 -12 0.0 0.52 5:8, 0.23 8,9, 159 A” 33583 -08 29 0.1 6,739, 0.07 3,7,8,
108 A” 30405 0.5 3.4 061 5:8;9, 0.15 8,9, 160 A” 33589 -0.6 -0.9 0.78 3,7,8;, 0.06 6,7,8;
109 A’ 3045.1 -0.7 1.0 0.94 4,7; 0.02 5,7, 161 A” 33636 0.1 —-02 0.34 4,7,9; 0.28 4,5:8,
110 A” 3045.1 0.1 -0.7 0.97 4,69, 0.02 4,9; 162 A’ 3370.1 1.1 0.2 0.69 8,95 0.20 5,893
111 A" 30494 -04 -0.1 0.40 7,893 0.27 5,8, 163 A’ 33726 1.0 48 0.63 4,59, 0.18 4,5,
112 A’ 30586 0.6 04 0.69 6,9, 0.22 56,9, 164 A” 33733 -1.0 -39 0.86 6,8, 0.05 3,7,8,
113 A’ 30664 02 3.6 0.64 5,7, 0.17 7,9, 165 A” 33775 0.1 -0.6 0.46 4,5,8, 0.28 4,719
114 A" 3069.1 34 10.1 043 5,793 041 5,7,9; 166 A’ 33805 -7.8 -8.6 0.96 7¢ 0.02 6,7,
115 A’ 30712 -15 =26 065 8,9, 0.15 5,8, 167 A” 33969 -16 -22 0.67 6,7,9; 0.24 3,7,9;
116 A” 30863 -43 -53 091 8; 0.07 7,8,9; 168 A" 3404.1 1.5 87 0.58 5;9; 025 5195
117 A’ 309.1 0.1 00 096 4,6,7, 0.01 3,4, 169 A” 34062 0.0 2.1 0.65 3,7,9; 020 6,7,9;
118 A’ 31038 0.7 37 042 57,89, 0.32 7,8,9; 170 A’ 3408.6 -23 -13 0.84 6,7, 0.10 3,75
119 A” 31086 -0.1 49 031 5,7,8, 0.26 7,8,9, 171 A” 34090 -02 0.0 0.65 4,89, 0.22 4,5,8;
120 A’ 31194 -06 -24 0.74 5,6, 0.12 6,9, 172 A’ 34237 2.1 13.1 035 5,719, 0.30 51719,
121 A” 31309 -1.6 -12 066 7,8,9; 0.10 7595 173 A’ 34337 -2.1 -24 093 4,8, 0.06 4,7,8,9,
122 A’ 31339 36 108 0.57 5,7,9, 0.14 7,9, 174 A" 34345 12 48 052 4,5/7,9; 0.26 4,719
123 A” 31360 -0.1 6.1 0.52 5,7,8, 034 7593 175 A” 34380 4.1 25.0 0.60 7,95 0.17 517,9;
124 A’ 31445 04 07 094 3,4, 0.03 2, 176 A’ 34450 -25 -3.8 0.58 6,7, 036 3,73
125 A” 31450 -0.1 —-09 0.98 1,9; 0.01 3,59, 177 A” 34457 -0.1 -0.1 0.64 2:9; 023 3,619,
126 A" 3148.6 1.8 10.0 0.80 9, 0.16 5,95 178 A’ 34508 -04 0.1 0.60 4,5/7, 0.26 4,7,9,
127 A" 31627 00 13 043 6,7,9; 0.19 5,6,7,9, 179 A’ 34557 -09 0.8 0.52 3,7, 0.27 6,7,
128 A” 31681 -02 23 057 7,89, 0.19 5,739, 180 A’ 34614 03 1.9 047 5,8,9; 0.25 518,9;
129 A’ 31759 05 33 0.62 5,69, 0.21 5,6, 181 A” 34649 0.0 -1.0 0.71 3,6,9, 0.24 2,9,
130 A’ 31772 -17 0.6 0.87 7,8, 0.10 7,89, 182 A’ 34703 -04 -0.5 0.72 4,7,8,9; 0.16 4,57,
131 A” 3178.0 -0.3 -09 051 5,6,8, 022 6,79 183 A’ 3480.7 1.7 6.2 0.68 537, 021 5,719,
132 A’ 3191.1 -02 0.8 0.98 1,7, 0.01 3,5,7, 184 A" 34854 14 7.6 045 6,95 0.16 71819,
133 A” 31999 25 94 050 5,739, 032 7;9; 185 A" 34879 0.7 1.9 0.28 6,95 0.26 7,8,94
134 A" 3209.8 -0.3 -04 0.61 68,9, 028 5,6,8, 186 A’ 34944 -0.7 —-4.8 0.32 2,7, 025 3,6:7,
135 A’ 32113 -2.8 -0.7 049 5,7, 0.30 749, 187 A’ 34986 02 49 046 4,7,9, 0.15 4,57,
136 A" 32179 07 -3.8 0.93 4,9, 0.03 2,9, 188 A” 3499.1 35 95 0.50 5,9; 034 539,
137 A” 32243 02 01 061 3,9; 032 3,59, 189 A’ 35042 -1.1 -52 035 6; 0.30 4,5,64
138 A’ 32292 -1.8 -0.1 058 7589, 0.33 5,7, 190 A’ 35059 -03 -35 0.33 4,5,6, 0.30 65
139 A’ 32339 -1.8 -33 091 6,8, 006 6,7,8,9, 191 A’ 35152 -0.1 —-04 044 3,67, 031 2,7,
140 A" 32367 08 47 061 5,6,7,9, 026 6,793 192 A" 35178 -0.7 -39 0.38 4,7,8, 0.24 8,9;
141 A’ 3251.8 -09 -03 0.50 5,6,7, 0.32 6,7,9, 193 A” 35194 -05 0.0 0.52 4,7,8; 0.18 8,95
142 A’ 32620 -0.1 -2.1 0.66 4,9, 025 4,59, 194 A” 35300 06 4.6 0.35 5,7,8; 0.19 5,7,9;
143 A’ 3265.1 0.6 6.8 0.64 749, 0.15 5,7, 195 A’ 35316 34 1381 0.82 9¢ 0.15 519
144 A’ 3269.8 1.2 =34 0.73 4,7, 0.16 6,7,8,9, 196 A’ 35362 13 56 044 5,893 0.38 5,819,
145 A’ 32704 -1.0 -12 051 6,7,8,9, 022 4,7, 197 A’ 35397 -0.2 1.0 0.86 3, 0.10 3,6,7;
146 A” 32754 -23 0.0 091 748, 0.07 759, 198 A’ 35419 0.2 1.1 0.59 4,6,9, 0.35 4,5,6,
147 A” 32892 05 21 0.63 3,59, 033 3193 199 A" 35494 20 9.8 031 5,7,8; 0.27 5,7,9;
148 A’ 32969 06 50 0.58 6,7,9, 0.1 56,7, 200 A” 35597 -03 2.7 0.87 4,739, 0.06 4,7,8,
149 A’ 32989 36 23.0 0.74 7,9¢ 0.17 5,7,9, 201 A" 35615 23 135 040 759, 0.18 7,8,93
150 A’ 33003 -1.1 -4.0 040 3;5{7; 025 3,7,9, 202 A’ 3563.1 5.1 13.1 0.50 5,7,9, 023 51719,
151 A” 3303.8 0.8 125 043 5,95 0.34 5,95 203 A” 3569.1 -12 0.0 048 5:8,9; 0.34 8,95
152 A’ 33065 -0.7 -2.1 043 5,6, 0.31 6,9, 204 A” 35726 0.1 03 094 4,6,8, 0.04 4,6,7,9,
153 A’ 33132 -04 -13 0.69 3,89, 0.18 3,57, 205 A’ 35812 -12 6.0 0.33 57,8, 0.22 7,8,9,
154 A’ 33152 03 -12 0.69 4,5, 0.13 4,9, 206 A” 35892 02 2.8 046 5,6,9; 0.35 5,6,9;
155 A” 33174 -06 02 0.85 6,7,8, 0.06 6,739, 207 A’ 35972 -38 -49 0.69 89, 0.24 5,78,
156 A” 33297 -34 -03 0.89 759, 0.07 7,8, 208 A" 3600.7 1.8 6.6 047 5,7,8,9, 0.14 7,8,94
157 A’ 33409 -12 -3.0 042 6,9, 0.35 5,6,
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CVPT6 eigenvalues of trans-DCOOD

Table D.7 Zero-point corrected vibrational term values (in cm™!) of t7ans-DCOOD up to 3300 cm™!. The vibra-
tional states are computed with CVPTn on the TM-PES [21]. For details of the calculations, see Ref. [28]. The
two leading squared coefficients (P, sixth-order) are shown together with deviations to lower orders of perturbation
theory (A(n) = E(n) — E(6); n = 2,4). Squared coefficients printed as “0.00” are below 0.5%.

state 1 state 2 state 1 state 2

No. I’ E®6) A@4) AQ2) P Label P Label No. T E®6) A@4) AQ2) P Label P Label

2 A" 4916 00 00 1.00 9, 53 A’ 22747 -05 -05 091 6,7, 006 3,7,
3 A" 5550 -0 04 1.00 7, 54 A’ 22832 —06 -09 050 7,8, 041 3,7,
4 A" 8744 —02 -06 100 8 000 7,9, 55 A’ 22909 00 16 073 8,9, 017 58,9,
5 A 9458 -0 0.0 0.90 5, 0.09 9, 56 A’ 23164 -02 -08 051 589, 0.8 3,7,
6 A 9641 01 00 084 9, 0.10 5, 57 A" 23178 -03 00 031 3,7, 031 58,9,
7 A" 10401 00 —04 094 4, 006 9, 58 A’ 23383 -04 -39 097 6, 001 3,7,
8 A" 10486 01 10 100 7,9, 0.0 8 59 A” 23578 04 23 067 59 022 5,9
9 A 11116 -03 05 1.00 7, 0.00 6, 60 A" 23724 -03 09 093 57,8 006 7,89,
10 A’ 11735 -0.1 —1.0 1.00 6, 0.00 9, 61 A" 23891 03 —11 076 5,9, 0.8 59,
11 A" 13676 -02 —0.7 099 89, 0.00 4, 62 A” 23981 03 20 081 7,89, 007 4,7,8,
12 A" 14135 01 14 081 9, 012 59, 63 A’ 24065 0.1 -05 075 48,9, 017 7,9,
13 A” 14292 -02 00 099 7,8, 0.0 9, 64 A’ 24093 14 101 066 7,9, 0.14 48,9,
14 A" 14423 02 -05 088 59, 0.10 9, 65 A’ 24426 00 04 090 5,7, 007 57,9,

15 A’ 15003 -02 06 092 57, 008 7,9, 66 A" 24442 —05 37 066 4,9, 012 4,9
16 A’ 15217 04 22 084 7,9, 008 57, 67 A" 24669 -01 -12 090 4,7,8, 007 7,89,
17 A” 15322 01 03 091 4,9, 008 9, 68 A’ 24708 09 19 076 57,9, 009 5,7,
18 A’ 15937 —01 -03 093 4,7, 007 7,9, 69 A" 24755 09 -06 077 4,59, 009 509,
19 A” 16069 00 19 099 7,9, 000 7,8, 70 A’ 24820 00 22 095 7,89, 001 739,

20 A" 16609 -0.1 —11 099 6,9, 001 9, 71 A" 25291 08 97 074 7,9, 0.6 5,7,9,
21 A’ 16697 —0.8 0.1 0.99 7, 000 67, 72 A’ 25309 -0.6 00 083 4,57, 008 57,9,
2 A 17231 -02 -05 094 6,7, 004 3, 73 A 25346 -03 -10 098 6,89, 001 6,7,9,
23 A’ 17300 -05 -15 055 8, 040 3, 74 A" 25434 -08 09 098  7:8, 001 7,9
24 A 17649 -03 00 056 3, 043 8, 75 A’ 25557 13 29 068 47,9, 013 4,7,

25 A” 18182 —02 -0.1 093 58 007 89, 76 A” 25576 08 18 083 57,9, 013 7,9
26 A" 18411 -0 -08 085 89, 007 58 77 A’ 2563 07 -02 082 4,9, 013 4,9,

27 A’ 18518 04 29 085 9, 008 4,9, 78 A" 25734 02 10 081  6,9; 0.1 56,9,
28 A’ 18887 0.1 —02 0.89 5, 009 59, 79 A” 25859 —12 -34 054 8, 044 3,8
29 A" 19135 -0.1 -16 092 4,8 006 89, 80 A’ 2555 —04 -05 097 6,7,8 00l 8,
30 A’ 19137 03 -02 077 5,9, 0.10 5, 81 A" 26024 -0 -23 086 5,69, 009 69

31 A’ 19241 -0.1 08 097 7,89, 001 7,9, 8 A’ 26142 —17 01 093 57, 006 739,
32 A" 19707 05 59 077 7,9, 014 57,9, 83 A’ 26263 04 —14 083 4,7, 013 47,9,
33 A’ 19779 -05 -03 084 4,5 008 4,9, 8 A’ 26384 -02 —09 095 1, 003 3,5
34 A" 19855 —04 06 098 7,8, 001 7,9, 8 A’ 26409 08 57 083 739, 008 4,7,
35 A" 19992 05 06 086 57,9, 012 7,9, 8 A” 26452 0.6 1.6 084 47,9, 008 7,9
36 A’ 19998 06 09 070 4,9, O0.11 4, 87 A” 26455 —-1.1 00 052 3,8, 04l 8,
37 A" 20457 -03 -10 099 6,8 000 89, 8 A 26601 -06 —-10 088 56,7, 007 67,9
38 A’ 20564 -0 07 093 57, 007 7,9, 89 A’ 26726 -07 —07 054 58, 034 3,5
39 A’ 20741 02 —14 085 4, 011 49, 9 A 26778 19 91 086 9 009 4,9,
40 A’ 20806 0.7 42 084 7,9, 007 47, 91 A’ 26809 03 14 082 6,7,9, 007 56,7,
41 A” 20879 04 11 090 4,7,9, 008 7,9, 92 A" 26841 -02 -06 057 4,6,9, 033 2,9,
42 A" 21105 -02 -14 089 56, 009 69, 93 A’ 26961 -03 -08 045 3,9, 039 8,9,
43 A’ 21285 01 -—11 084 69, 008 56, 94 A 27066 -09 -18 082 4,7, 008 7,9,
44 A" 21492 -03 -08 091 47, 008 7,9, 95 A’ 27072 -04 10 050 3,5, 034 58,
45 A" 21669 -03 23 099 79, 001 7,8, 96 A" 27214 01 -09 063 2,9, 032 4,6,9,
46 A 21958 -03 —14 058 4,6, 034 2, 97 A" 27286 -11 18 098 7,9, 001 7,8
47 A" 22126 -0.1 01 096 67,9, 002 3,9, 98 A” 27306 03 37 078 89, 008 48,9,
48 A7 22230 —04 —11 051 8,9, 046 3,9, 99 A’ 27314 —03 -08 043 8,9, 041 3,9,

49 A’ 22297 -19 -10 098 7, 001 67, 100 A’ 27466 -05 —14 063 4,67, 027 2,7,
50 A’ 22325 00 -04 062 2, 035 4,6, 101 A” 27588 01 03 091 5,8 006 58,9,
51 A" 22580 —04 —04 052 3,9, 047 89, 102 A” 27661 —03 1.1 094 67,9, 004 3,7,9,
52 A" 22732 10 54 086 95 009 4,95 103 A’ 27676 —04 -23 050 4,8, 041 3,4,

continued
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Table D.7 (continued)

state 1 state 2 state 1 state 2

No. I' E®6) AW AR P Label P Label No. I' E6) A4 AQR) P Label P Label

104 A" 27777 —-04 04 047  3,7,9, 046 7,8,9, 155 A’ 31021 09 -29 0.77 45, 0.16 4,9,
105 A’ 27857 00 02 0.69 2,7, 027 4,67, 156 A” 31029 —-17 13 096 7,8, 0.01 759,
106 A” 27889 —0.1 —-09 076 5,809, 008 4,58, 157 A’ 31132 19 44 066 4,7,9, 0.5 47,
107 A’ 27918 —37 -34 098 75 0.01 6,7; 158 A” 31174 08 28 078 5,759, 0.14 759,
108 A’ 27953 08 49 075 59, 0.11 5,9, 159 A" 31206 15 05 077  4,7,9, 013  4,7,9,
109 A’ 28027 -03 —-1.0 051 3,4, 041 48, 160 A" 31250 03 67 065 6,7,9; 0.13 1,9,
110 A” 28119 —04 0.1 048 7,8,9, 043  3,7,9, 161 A’ 31286 —09 —19 059 4,56, 023 2,5,
111 A" 28221 —04 -34 091 6,9, 004 3,79, 162 A” 31291 00 —-23 079 1,9, 012 67,9
112 A’ 28279 04 —0.6 0.88 5, 0.06 5,9, 163 A" 31383 —13 —1.9 049 7,8, 045 37,8,
113 A’ 28284 —1.1 —-09 088 6,7, 0.09 3,7, 164 A’ 31402 —-1.1 —-06 052 3,89, 045 8,9,
114 A" 28294 3.1 167 083 7,95 008  4,7,9; 165 A” 31460 —02 25 036 3,9, 0.29 8,95
115 A’ 28377 —10 —-05 045 7,8, 042 3,7, 166 A” 31473 —07 -03 087  6,7,8, 0.04 7,85
116 A’ 28466 08 7. 0.66 7,89; 0.8 57,89, 167 A’ 31485 02 03 048 4,69, 021 2,9,
117 A” 28491 —-06 -08 085 4,58 007 58,9, 168 A’ 31526 09 73 077 8,95 008  4,8,9,
118 A’ 28589 05 —-0.7 0.71 5,9, 0.09 4,5, 169 A" 31544 0.1 —09 082 5,67,9; 0.10  6,7,9
119 A’ 28707 -05 04 043 7,8, 0.36 3,7, 170 A’ 31683 02 —14 0.64 2,5, 026 4,56,
120 A’ 28733 04 08 064 57,809, 008 7,89, 171 A” 31709 -0.5 —16 048 58,9, 029 3,59,
121 A” 28757 03 -06 067 4,89, 0.12 4,8, 172 A’ 31739 —34 —1.6 092 57, 005 7,9,
122 A’ 28782 —10 59 057 4,9, 0.12 4,9, 173 A’ 31806 03 —22 0.80 4,7, 014  4,7,9,
123 A’ 2883.6 —0.6 —24 085 6,7, 0.06 3,7, 174 A” 31807 —02 20 04l 8,9, 0.27 3,9,
124 A’ 28979 —-07 —-15 054 6,8, 042 3,6, 175 A’ 31877 -03 03 094 1,7, 003 3,57,
125 A’ 29122 00 —-03 0.79 4,5, 0.08 5,9, 176 A’ 31897 03 —04 0.64 2,9, 022 4,69,
126 A” 29136 12 69 062 57,95 025 57,9, 177 A” 31971 —11 04 047 3,7,8, 043 7,85
127 A" 29280 —06 16 092 57,8, 005 7,89, 178 A’ 32029 03 6.1 081 7,9, 0.09 47,
128 A’ 29341 -05 —16 054 3,6, 044 6,8, 179 A” 32044 05 14 088 4,759, 0.09 759,
129 A’ 29417 13 02 059 4,59, 0.14 4,5, 180 A" 32064 —04 —13 041 3,59, 036 58,9,
130 A” 29457 09 03 071 5,7,9, 019 57,9; 181 A" 3208.1 —04 —-2.1 0.90 6,8, 0.04  3,7,8,
131 A” 29467 02 -34 083 4,8, 011 4,89, 182 A’ 32118 —12 —11 087 567, 006 6,7,9,
132 A7 29563 0.7 46 077 7,89, 008 47,8 183 A” 32156 14 86 078 595 0.09 4,59,
133 A’ 29618 04 08 080 4,7,89, 0.10 7,9, 184 A’ 32212 -05 -2.1 053 4,6, 032 2,4,
134 A 29675 26 173 0.70 7,9, 0.09  4,7,9, 185 A’ 32248 —08 04 049 57,8, 035 3,57
135 A” 29800 —-04 —-04 091 568, 006 6,89, 18 A’ 32312 11 42 037 58,9, 035 7,9%
136 A’ 29982 —05 0.6 0.90 5,7, 006 5,7,9, 187 A’ 32336 47 238 046 7,9 019 58,9,

137 A” 29998 04 81 062 4,7,9; 0.12 4,57,9, 188 A’ 32350 05 38 080 67,9, 007 4,6,7,
138 A” 30032 —-0.1 -1.1 083 6,809, 007 4,68 189 A” 32369 —02 02 062 4,6,7,9, 026  2,7,9,

139 A’ 30041 —12 —13 075 4,5, 012 4,59, 190 A’ 32509 —-02 20 045 3,7,9, 034 7,8,9,
140 A’ 30066 0.7 27 084 6,9, 008 4,69, 191 A’ 32585 —04 08 048 3,57, 038 57,8,
141 A7 30221 -03 —-12 088 47,8, 007 7,8,9, 192 A” 32610 —-03 —13 044 48,9, 043 3,49,
142 A’ 30286 15 12 044 4,9, 0.17 57,9, 193 A’ 32626 —02 —18 0.68 5,89, 023 58,9,
143 A’ 30293 17 37 056 57,9, 0.3 4,9, 194 A’ 32661 -2.1 —40 0.88 47, 0.09 7,9,
144 A” 30312 1.6 05 074 4,57,9, 009 57,9; 195 A’ 32693 —07 -29 0.77 56, 0.10 6,9,
145 A’ 30413 —02 33 094 7,89, 0.02 7,9, 196 A’ 32730 05 —-13 055 2,4, 031 4,6,
146 A’ 30447 —0.1 —24 086 5,6, 0.09 5,69, 197 A” 32767 02 05 069 2,7,9, 025 4,6,7,9,
147 A” 30632 —0.6 —1.1 047  4,6,8, 045 2,8, 198 A” 32823 36 151 050 7,89, 0.19 4,95
148 A7 30655 33 146 0386 9, 0.09 495 199 A’ 32840 —04 -2.5 040 6,9, 025  7,8,9,
149 A’ 30694 —02 -23 075 5,69, 0.09 5,6, 200 A’ 32893 0.1 03 04l 6,9, 020  3,7,9,
150 A’ 30803 —12 —2.8 049 89, 046  3,8/9, 201 A” 32923 -26 -0. 097 759, 0.01 7,8,
151 A’ 30859 —12 —03 072 4,57, 012 6,7,8,9, 202 A" 32949 —13 53 030 4,95 0.13 5,9,
152 A’ 30863 —-04 03 082 6,7,89, 010 4,57, 203 A” 32967 —02 —14 036 3,49, 034 4,859,
153 A” 3089.0 07 117 071 7,9, 0.18  5,7,9, 204 A’ 32991 —1.0 —18 0.66 4,67, 022 2,7,

154 A” 30988 00 —17 051 2,8, 045  4,6,8, 205 A” 32992 00 62 036 5,9, 022 559,
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Estimation of missing A, modes of symmetrically deuterated (FF)

Table D.8 The three A, symmetric fundamentals (v;3, V{5, V¢; for nomenclature see Table 2.2, p. 35) of the cyclic
formic acid dimer (FF) are currently only available from low-resolution thermal gas phase spectroscopy [93, 118,
138]. The vibrational band centres are estimated by applying the deperturbed VPT2 deuteration shifts, computed
on the QB-PES [23], to the available experimental band centres of the main isotopologue (from Table 7.5).

V13 Vis V16
Isotopologue = DVPT2 Exp. Estimate = DVPT2 Exp. Estimate DVPT2 Exp. Estimate
(HCOOH), 1065.3  1069.3 171.2 168.47 69.3 69.2
(DCOOH), 892.2 896 145.0 142 69.7 70
(HCOOD), 1057.6 1062 163.7 161 70.3 70
(DCOOD), 895.3 899 139.5 137 69.4 69

Semi-experimental SOF+x band centres of excited vibrational states in (FF)

Table D.9 Semi-experimental SOF and SOF+x (Eq. 2.17, p. 17) band centres of binary (FF) states between 600
and 1500cm~!. The experimental fundamentals are from Tables 7.5 and D.8. The second-order anharmonicity
constants are computed at the MP2/aVTZ level using default thresholds for deperturbation (see Chapter 2.1.2).

(HCOOH), (DCOOH), (HCOOD), (DCOOD),
Label SOF SOF+x Label SOF SOF+x Label SOF SOF+x Label SOF SOF+x

vibvy 842 842 vitvy 834 834 v4vy T84 T84 vitvy 780 779
vibvg 875 874 vi+vg 867 866  viutvie 188 788 v+v 781 781
Vprtlay 972 968 vystvy, 960 956 vo4vg 821 820 v,+vg 815 814
Vigtve 1008 1009 vty 966 966 vigtvis 879 871 v+vys 849 841
vigtvs 1107 1101 vyu+vye 1028 1028 v 4vy, 910 900 v +v;, 879 869
vistvie 1139 1138 vis4vys 1039 1037 vps+vyy 916 911 vpstvp, 906 901
viHvs 1153 1139 vigdvgs 1101 1091 vis4vge 1132 1132 vis4ve 969 969
vistvs 1238 1232 vigtvp, 1105 1103 vis+vys 1223 1220 vis+vis 1036 1035
VigFvia 1300 1297 w4y, 11320 1119 vyt 1231 1228 vig4vy, 1103 1102
2v, 1362 1362 vs+vy 1159 1159  2v, 1254 1253 vs+vy 1149 1149
Vetvy 1385 1384 vstvg 1192 1191  v4vg 1268 1264 vstvg 1184 1183
2vps 1415 1413 vy vy, 1262 1261 vy, 1292 1291 vy vy, 1237 1236
vetvg 1418 1415 2y, 1350 1350  vygtvy, 1299 1296 2v, 1246 1245
Vyrtvay 1498 1493 vetv 1397 1396 2vy; 1322 1318 vy4vy 1249 1246
2vy; 1404 1401  2v,, 1344 1326  v,4vg 1284 1281

vetvg 1430 1427  2v, 1436 1418 2vy; 1312 1308

Vpptvay 1503 1499 vetvy 1426 1424 vygtvy, 1322 1320

vetvg 1463 1460  2v;, 1338 1321

2v, 1423 1403

vetve 1414 1412

vetvg 1449 1447

> > > > > > > > > > > > > > >
03 03 03 03 O3 03 03 O3 03 03 O3 03 03 O3 09 O3 O3 03 O3 03 09

B, vigtvas 777 776 vigtvyy 772 771 vig+vey 731 731 vigtvyy 725 726
B, vistvs 876 875  vistvy; 844 843  vistvy; 822 820  wvistvys 793 791
B, vptvy, 923 922 v;+vy, 887 887  vytvyy 829 826  vy+vyy 826 822
B, wvotvyp 1072 1069 wotvyy 1052 1052 wg+vy; 866 860  v;+vi, 833 832
B, wgtvyp 1105 1097 vigtvy 1074 1074 vi+vy, 865 865  vgtvqy 861 856
B, vigtvyy 1203 1193 wetvyp 1079 1075 viutvy 973 964  viutvy, 962 952
B, wotvyg 1219 1218 wgtvy 1085 1085  wvigtvy 1115 1114 wg+vyy 1050 1050

continued
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Table D.9 (continued)
(HCOOH), (DCOOH), (HCOOD), (DCOOD),
Label SOF SOF+x Label SOF SOF+x Label SOF SOF+x Label SOF SOF+x

B, wgtvg 1252 1250 wg+vyp 1112 1103 vis4vyy 1205 1204 vigt+vy; 1056 1056
B, vigtvyy 1303 1303 vis+vy 1146 1146 votvyy 1211 1211 wg+vyy 1085 1083
B, viztvy 1333 1328 wvis+vy, 1154 1153 w+tvyy 1248 1248 vis+vwy 1124 1123
B, vistvyy 1402 1401 wiutvy, 1217 1202 vptvyp 1299 1297 vigtvy 1141 1141
B, vigtvy 1441 1440 wvs+vyp, 12120 1211 wu+vyp 13120 1309 viz+vy, 1149 1149
B, vgtvip 1466 1463 vigtvy, 1314 1313 viz4vy 1317 1316 vs+vy, 1202 1201
By vigtvyy 1476 1475 vist+vy, 1387 1386 vigtvy, 1337 1336 vistvyy 1209 1208
B, Vigtvao 1451 1448  vu+vys 1379 1373 vp4vyp 1292 1290
B, Ve+vi, 1450 1449 vis+vy, 1428 1427 w4y, 13020 1300
B, Vig+va 1461 1461  vig+vy, 1326 1325
B, Vigtvey 1368 1362
B, Vist+vy 1393 1393
B, ve+vi, 1467 1466
A, vi+vie 750 750 viHvig 745 745 vitvyg 697 698  vi;tve 692 693
A, vi+vis 849 849  vi+vis 817 817  vy+vis 788 787  v;4vis 760 759
A, viptvs 950 948  viptvyy 914 913 vy+vyy 875 872  vip+vys 866 864
A, wtvyy, 1100 1098  vy+viz 1055 1055  vip+vys 899 897  wytvyy 869 865
A, wgtvyy 1133 1128 vs+vyg 1070 1070 vg+vyy, 912 906  vgt+vyy, 904 898
A, vty 11750 1162 vg+vyz 1088 1088  vyj+vyy 927 918 vy +vyy 919 910
A, wtviz 1230 1228 wy+vyy 1118 1113 vy4vyg 1144 1143 vo+vy3 1056 1056
A, vgtviz 1263 1259 wg+vyy 1151 1142 vy+vyzs 1219 1218 wvs+vy 1061 1061
A, Vetvie 1293 1293 ws+vis 1142 1142 yy4vys 12350 1233 w4y 1091 1091
Ay viptvys 1322 1320 vigtvy, 1151 1150 wg+vyz 1256 1255 vs+vys 1129 1128
A, vetvis 1392 1391 vy +vy 1178 1164 vip+vyy 1282 1281 vigt+vyy 1143 1142
A, vstvie 1444 1444 vip+vy 12160 1215 vigtvyy 1309 1308 vu4vye 1161 1161
A, viptvy, 1476 1474 vetvyg 1308 1307 vip4vys 13330 1327 vip4vy 1197 1196
A, vty 1499 1499 ve+vis 1380 1379 vgtvyg 1339 1339 yu4vis 12290 1228
A, Vip+vyy 1457 1456 vi+vy, 1345 1343 vip+vy 1282 1280
A, Vytvig 1488 1487  vgtvis 1430 1429 v 4vyy 1325 1319
A, vs+vie 1452 1452 vgtve 13260 1325
A, vi+vy, 1335 1332
A, ve+vis 1394 1392
A, Vipt+vy, 1467 1466
B, vot+vys 869 867  wy+vy; 861 859 vy tvyg 742 741 vy+vig 738 737
B, wtvy; 902 899  wtvy; 894 892  vy+vy; 818 816  v;;+vis 806 798
B, vi+vy 945 943 viHvy, 933 931  vy;+vis 833 825  wytvyy 813 811
B, viitvie 980 980  vigtvig 963 963  vg+vys 855 851  wg+vyy 848 845
B, vii+vis 1079 1070  vi4+vig 990 990  v;Hvy, 882 879  vi+vy, 873 870
B, vjptvie 1127 1128  vig+vis 1035 1034 vip+vyy 956 945  viptvyy 922 912
B, vpptvyy 1181 1172 vy+vys 1062 1053 vip+vyg 1124 1125 vip+vig 962 963
B, vjotvis 1226 1224  vj,+vi3 1108 1106 vy+vyy 1201 1199 vig+vys 1030 1029
B, vpp+viz 1311 1304 vip+vyy 1171 1158 vig+vys 1215 1212 vip4vyz 1109 1109
B, w+vy; 1389 1388  wy+vy 1163 1163 vg+vyy 1238 1236 vg+v, 1144 1144
B, votvy 1395 1393 wg+vy 1196 1195 vy+vyy 1288 1286 wg+v, 1179 1178
B, wgtvy, 1428 1426  vs+vyy 1258 1258 vip+viz 1300 1298 vgtv,, 1229 1227
B, vgtvyy, 1488 1483 vi+vyy 1377 1376 vytvy, 13290 1324 vstv,, 12420 1241
B, Vo+vy, 1404 1402 vi4vyy 1390 1369 wgtvy, 1264 1262
B, Vg+vy, 1437 1435 wytvy, 1424 1422 vitvyy 12790 1277
B, Vetvoy 1496 1492 wvg+vy, 1461 1459 vy4vy, 1342 1338
B, vitvis 1381 1355
B, Vo+vy, 1414 1413
B vg+vy, 1449 1447

(=1
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