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Abstract | Formic acid dimer as the prototypical doubly hydrogen-
bonded gas-phase species is discussed from the perspective of the
three translational and the three rotational degrees of freedom which are
lost when two formic acid molecules form a stable complex. The experi-
mental characterisation of these strongly hindered translations and
rotations is reviewed, as are attempts to describe the associated funda-
mental vibrations, their combinations, and their thermal shifts by different
electronic structure calculations and vibrational models. A remarkable
match is confirmed for the combination of a CCSD(T)-level harmonic
treatment and an MP2-level anharmonic VPT2 correction. Qualitatively
correct thermal shifts of the vibrational spectra can be obtained from
classical molecular dynamics in CCSD(T)-quality force fields. A detailed
analysis suggests that this agreement between experiment and com-
posite theoretical treatment is not strongly affected by fortuitous error
cancellation but fully converged variational treatments of the six pair
or intermolecular modes and their overtones and combinations in this
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1 Introduction

Stable molecules in the gas phase are usually
characterised by free and independent transla-
tional and rotational motion. It was realised long
ago that in some exceptional cases, two or more
molecules move in concert for extended periods
of time, thus behaving like a single molecule in
the gas phase under favourable conditions. This
has consequences for the gas density' and also
for the spectroscopic properties. One of the first
examples where such spectroscopic features of
molecular aggregation in the gas phase were stud-
ied is formic acid (FA).? It is a planar pentatomic
molecule including the two functional groups
which constitute any organic carboxylic acid—an
OH group and an adjacent C=0 group. The two
groups are geometrically arranged in such a way
that they can simultaneously form two almost
unstrained antiparallel OH:--‘O=C hydrogen
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bridges, giving rise to a planar (Cyy-symmetric)
dimer with inversion symmetry (FAD, Fig. 1).
Each monomer brings with it nine vibrational
modes, but the dimer generates six additional
vibrations which correspond to hindered relative
translations and rotations of the paired mono-
mers. All six pair vibrations and even all their
binary combinations are lower in frequency than
the lowest monomer vibration® (for the most
abundant HCOOH isotopologue) and this review
deals with their nature and exact frequency v or
wavenumber ¥ =v/c¢, from a computational
and experimental perspective. It describes the
constraining effect of double hydrogen bonding
on molecular motion, at room temperature and
at much lower temperatures where it is easier to
compare experiment with theoretical predictions.
The review also touches on the slow periodic
exchange of protons between the two formic acid
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Dimer: a pair of molecules
or monomers, not necessarily
but often identical, which
move together for some

time, although there is no
traditional chemical bond
between them.
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Raman-activity: The Raman
effect, discovered by the
former Director of the Indian
Institute of Science C. V. Ra-
man, builds on inelastic light
scattering from molecules.
Molecular vibrations which
change the polarisability can
be detected and are called
Raman-active, because they
modify the frequency of the
scattered light.

Representation: a group
theory concept and label
which describes how much
symmetry is lost during a
vibration.

Librations: a special category
of vibrations which corre-
spond to hindered rotations
or wobbling motions of
relatively high frequency.
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Figure 1: Formic acid dimer (FAD), linking two
formic acid molecules together via two rather
strong and linear hydrogen bonds (symbolised by
blue dashes), optimised at CCSD(T)/aVTZ level.

monomers, which is enabled by these hydrogen
bonds and by the symmetry of the complex. This
concerted jumping has historically been associ-
ated with hydrogen bonding.*

2 The Six Pair Modes of Formic Acid
Dimer

When two non-linear molecules couple their rela-
tive motion through intermolecular interactions,
there are six degrees of freedom which acquire a
restoring force. In the case of two identical planar
molecules which form a planar complex, these six
vibrational modes can be classified in the follow-
ing general way (with their formic acid dimer-
specific Cyj, point group representation  in
parentheses):

e A dimer stretch modulating the distance of
the two monomers (Ag)

e An in-plane shearing motion shifting the two
monomers within the common plane (Ag)

e An out-of-plane shearing motion shifting the
two molecular planes relative to each other
(By)

¢ An out-of-plane bending of the two molecules
(Au)

e An in-plane bending of the two molecules
(Bu)

e A twisting of the two molecular planes around
a connecting line of the monomers (Ay)

The first three modes may be viewed as hindered
translations, the last three are more similar to
hindered rotations of the connected monomers.
However, depending on the details of the interac-
tions, there will usually be mixed normal modes
involving both translational and rotational char-
acter, such that the verbal description above is not
universal. Therefore, it is more convenient to use
symmetry descriptions which are independent
on the limiting behaviour for vanishing interac-
tions, and to combine them with mode designa-
tions which encode the small amplitude motion

@ Springer ﬁ;gi‘;

around the minimum energy structure in some
pictorial way. In the formic acid dimer case of Cyj,
symmetry, two generating symmetry operations
are inversion at the centre and rotation around an
axis perpendicular to the dimer plane.

The first three motions listed above conserve
the centre of symmetry (subscript g), the last
three do not (u). Four of the pair modes conserve
the twofold rotational symmetry perpendicular
to the molecular plane (symmetry label A), and
the other two do not and are, therefore, labelled
B. The three u modes generate polarity in the
dimer and are thus IR-active. The three g modes
modulate the polarisability and are thus Raman-
active. Three modes generate non-planar distor-
tions (including either u or B in the label), the
other three keep the complex planar (combining
either B with u in the label or A with g).

The two in-plane Ay pair modes (denoted vg
and vg for formic acid dimer in a nomenclature
which sorts the modes according to decreasing
frequency within a symmetry block) are close in
frequency and may mix intensely, such that it is
not so clear which one has more stretching char-
acter and which one is more of a shearing or
bending nature. The two A, out-of-plane modes
v15 and vi may also mix, but twisting of the two
monomer planes is easier than bending them
and, therefore, the mode mixing is less pro-
nounced. The remaining two modes v12 (Bg) and
vo4 (By) are relatively stiff, because both act on
the two hydrogen bonds in opposing directions,
but these two modes do not mix due to their dif-
ferent symmetry, even if they are close in energy.
While they have hydrogen-bond bending and
shearing character, like vg and v;5, we qualitatively
encode their relative stiffness by calling them
somewhat arbitrarily librations (abusing for
mnemotechnical reasons the similarity to libera-
tion with respect to attempting to break at least
one hydrogen bond), whereas the softer modes vg
and vy5 are simply denoted bending modes. This
yields a twist (Ay), a stretch (Ag), two bends (Ag,
Ay), and two librations (Bg, By) in a simplified
short-hand notation, which we shall keep in the
following. It also has the mnemotechnical advan-
tage of locating one bend and one libration each
in the infrared and in the Raman spectrum. These
four modes can be grouped in two pairs of modes
with doubly complementary labels (Ag and By as
well as A, and By), the so-called Davydov pairs.
They combine in-phase (Raman-active) and out-
of-phase (IR-active) motion of a similar kind and
the stronger the monomers couple with each
other, the larger their wavenumber splitting is.
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Such Davydov pairs are more easily identified in
the monomer modes.”

3 Pair Modes and Their Coupling
from Experimental Spectra

The experimental characterisation of pair
modes of formic acid dimer in the gas phase dates
back to as early as 19407, because this dimer can
be easily prepared under equilibrium conditions
around room temperature®. However, most of the
spectroscopic data obtained under such condi-
tions are strongly distorted,” '°, because only
about 2% of the dimers are in their lowest vibra-
tional state when they are excited''. 98% of the
dimers thus already contain some degree of pair
mode excitation at room temperature. This
makes their spectral signature broad and shifted
due to so-called hot transitions. The associated
thermal shift of the peak maximum is typically
to lower frequency, because excitation weakens
the binding between the molecules (Fig. 2).
Therefore, the vibrations begin to approach their
free rotational and translational limit, which cor-
responds to much lower frequency than pair
vibrations. A good overview of the status about
40 years later is given by Bertie and Michaelian'%.
Due to the associated spectral broadening and
shifting, one particular mode (the dimer stretch
vg) could not be detected at all in these early gas-
phase measurements. For the other pair funda-
mentals, only unreliable, broad band maxima
could be obtained, which differ by up to 15% and
on average still by more than 6% from current
best values. This magnitude of the thermal shift is
too large to judge the predictive power of quan-
tum chemical treatments. It indirectly reflects the
anharmonicity of pair modes, but it does not
allow to analyse this anharmonicity in detail.

By cooling the dimers to much lower temper-
atures via supersonic jet expansion'>™° or by
spectrally resolving the individual hot vibrational
and rotational transitions'?, one can approach the
true fundamental vibrational frequencies and
also determine some anharmonic couplings. Both
are of interest for a rigorous comparison between
electronic structure theory and experiment. The
alternative cooling mechanism by rare gas matrix
isolation'®** introduces characteristic matrix
embedding shifts on the order of 1-4% for FAD
pair modes in Ar'’, which also complicate the
comparison to theory?> %%,

The inversion centre of FAD calls for a combi-
nation of infrared and Raman spectroscopy due
to the rule of mutual exclusion. The first high-
resolution infrared studies of formic acid dimer
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Figure 2: The highest frequency hydrogen-bond
vibration v,4 for formic acid dimer observed by
infrared absorption in a supersonic jet expan-
sion (bottom trace) and in the thermal gas phase

(upper trace), where it is downshifted in wave-
number due to thermal effects. Adapted from
Ref. with permission from the PCCP Owner Soci-
eties.

pair vibrations with resolved hot-band structure
were published by Georges et al."’, about 2 dec-
ades after, perhaps, the first such characterisation
of a pair mode for a gas-phase complex™. Jet-
cooled Raman spectra became available in 2007
and unraveled the missing vg mode.'* Improved
Raman spectra were reported in 2009 and also
included experimental anharmonicity informa-
tion from the observation of combination and
overtone bands.?® Since then, the experimental
information on Raman-active pair modes was
largely complete, whereas the last missing infra-
red-active fundamental band centre from super-
sonic jet infrared spectroscopy was reported in
2012 and enabled the calculation of vibrational
partition functions.!' These reliable experimental
fundamental transitions and selected experimen-
tal anharmonic coupling constants'” '* 2 form
the basis of the present analysis of capabilities
and limitations of electronic structure and vibra-
tional treatments for such hydrogen-bond modes.
Eight decades after the pioneering spectroscopy
work’ and four decades after the comprehensive
survey over thermally shifted and broadened
spectra'?, the present contribution describes this
important benchmarking step for the simplest
organic dimer with two equivalent hydrogen
bonds, building on a large number of now availa-
ble computational data.
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Thermal shift: In spectros-
copy, increasing temperature
causes increasing amounts of
spectral transitions to start
from thermally excited levels,
thus probing anharmonicity
and distorting the low-resolu-
tion spectral envelope.

Supersonic jet: an ex-
perimental tool to deeply cool
molecules translationally and
rotationally by adiabatic gas
expansion without leading to
macroscopic condensation.

Matrix embedding: an
experimental technique where
molecules and molecular
complexes are shock-frozen
together with an excess of in-
ert atoms or small molecules,
to be studied for extended
periods.

Rule of mutual exclusion:
vibrations in a molecule with
inversion centre cannot be
infrared- and Raman-active at
the same time.

Benchmarking: a popular
and important activity (also)
in science, where one picks a
prototypical reference system
and establishes a (hopefully
experimental) reference value
for some measurable quantity.
Others are then invited to
reproduce this benchmark

as well as possible. It is
important to have several
independent benchmarks to
avoid fortuitous success and it
is important that the reference
value is well secured to avoid
misdirection.



Potential energy hypersur-
face: a multidimensional
landscape describing the in-
stantaneous electronic energy
as a function of atom posi-
tions in a molecule, assuming
that nuclei move much slower
than electrons.

Normal modes: Those pat-
terns of nuclear motion in a
molecule which are sinusoidal
in time if the restoring force
is increasing linearly with the
displacement.

Depolarisation: When
polarised light is scattered
from atoms, it conserves
this polarisation, but if it is
scattered from molecules, at
the same time exciting their
vibrations, it may lose some
of this polarisation and thus
gets depolarised.
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4 Theoretical Models for the Description
of the Six Fundamentals

The theoretical description of the six pair modes
of formic acid dimer involves two dimensions—
the quality of the electronic structure approxima-
tion and the approximation employed for the
nuclear motion. Due to the comparatively small
number of electrons and their limited coupling in
FAD, it is nowadays possible to describe the
potential energy hypersurface (PES) quite well by
solving the Schrodinger equation for electronic
motion, at least close to the global minimum
structure. One can go far beyond the simplest
Hartree-Fock (HF) or mean-field approximation
in terms of electron correlation.”’~* There are
even some recent efforts to analytically parame-
terise the multidimensional potential as a func-
tion of all coordinates at such high levels.”” ! A
rigorous solution of the multidimensional quan-
tum nuclear motion problem is much more chal-
lenging, largely due to the highly coupled nature
of the vibrational degrees of freedom.

Therefore, we initially focus on the simplest
uncoupled harmonic picture, in which the restor-
ing force is assumed to be strictly proportional to
the displacement along each vibrational mode.
Then, we use vibrational perturbation theory to
include leading anharmonic effects in the pair
modes, and we discuss the power and limita-
tions of this and other anharmonic approaches,
emphasising the danger of error cancellation
between the two separate tasks.

4.1 Harmonic Approximation

The simplest approximation is to assume that the
restoring force increases linearly along the nor-
mal modes of the molecule, the so-called har-
monic approximation. For most pair modes, it is
plausible that this force increase will actually sof-
ten when the interaction between the monomers
weakens with increasing separation, such that one
expects the harmonic approximation to overesti-
mate rather than underestimate the frequency of
the pair vibrations. We calculated harmonic
wavenumbers using increasingly accurate HE
MP2, and CCSD(T) ab initio approximations to
the electron correlation together with Dunning’s
augmented correlation consistent basis sets aug-
cc-pVXZ** ¥, using increasingly accurate double-
(X = D), triple- (X = T), and quadruple-¢ (X =
Q) basis sets, in part repeating or slightly refining
previous work™ % %37 to obtain a consistent and
systematic set of data. The values are shown in
Table 1, together with appropriate experimental
and thus anharmonic reference values'"'> %

@ Springer i’?}}%&?&

Also listed are low-resolution gas-phase val-
ues'? which are distorted by thermal excitation
(see Fig. 2) and thus not useful for a direct com-
parison to the theoretical prediction without such
excitation. The very fact that they are not com-
parable shows that the harmonic approximation
cannot be perfect in FAD, because in that approx-
imation, spectral peak positions would not show
a thermal evolution at all.

It is rewarding that the highest computational
level still provides harmonic wavenumbers which
are higher than jet-cooled or high-resolution
experiment in all cases, by up to 8%. Thus, the
expectation that the harmonic approximation
overestimates the stiffness of the pair motion is
qualitatively met in each case. Regarding the basis
set size dependence, we notice that the harmonic
wavenumbers do not significantly change, with
absolute deviations below 10 cm 1. Changes with
the degree of electron correlation can be larger,
up to 64cm™L

Comparison of the shape of the normal modes
reveals only one pronounced effect. Ay, By, and Bg
modes are largely unaffected by the inclusion of
electron correlation, as can be seen in Fig. 4. This,
however, is not the case for the shape of the A,
symmetric stretching mode vg. At HF level, it
mixes with the bending mode of the same sym-
metry, thus acquiring significant bending charac-
ter, whereas MP2 and CCSD(T) normal mode
calculations predict a better separation between
stretching and bending character. This decoupling
is caused by an increase of the energetic separa-
tion of the two normal modes vg/vg which nearly
doubles when moving from HF to MP2 or
CCSD(T) (Table 1). From experimental Raman
depolarisation  measurements (Fig. 3),%° it is
known that the two modes are indeed rather
cleanly separated in character. The experimental
depolarisation ratio of the lower energy vg mode is
large, whereas the higher energy band vg is
strongly polarised (low depolarisation ratio), as
one would expect from a simple stretching motion
between two monomer units. This is reflected in
harmonically predicted depolarisation ratios for
vg which significantly decrease from HF to MP2
(aVDZ: 0.41 — 0.29, aVTZ: 0.40 — 0.26). The
larger the depolarisation value for vg is, the more
bending character the stretch acquires. Therefore,
the qualitative experimental depolarisation behav-
iour is captured by MP2 calculations, indicating
that harmonic normal mode definitions at MP2
and also CCSD(T) level have the right shape,
whereas mode mixing is overestimated by HF cal-
culations. Another, more subtle deficiency of the
HF calculations is the relative order of the two B
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Table 1: Experimental (Vexp) and calculated harmonic (wharm) values for the six intermolecular funda-

mental wavenumbers in cm™"for increasingly improved coverage of electron correlation (HF—=MP2—
CCSD(T)).

Wharm
HF MP2 CCSD(T)
aVDZ aVIZ avQZ aVvDZ aViZ avQZ avDZ aViZ avQze Vem  Tep
vg A 161 159 159 169 169 169 168 168 167 161% 13712
vg Ay 180 179 178 209 213 212 206 211 209 19426 -
vi; By 241 239 238 258 258 259 251 253 255 24226 230"
vie A, 75 75 75 69 69 71 68 69 72 69.2'3 8% 1012
vis A, 167 169 167 175 179 178 171 176 177 168.5"3 163'%12,164°
vy By 220 218 217 275 283 281 269 277 275 2641 2456, 2489 10.12

The harmonic values are relatively insensitive to the basis set size (D—T—Q). The splitting between the two Ag modes vg and vg increases

considerably from HF to MP2 or CCSD(T). Even the best harmonic calculation is up to 8% higher than experiment. It is essential to

compare to cold or high-resolution spectra (column ¥,

exp:
9Taken from Ref. °

ref ) as a reference to avoid distortion from thermal excitation

b hot” refers to gas-phase spectra at room temperature, where band maxima are shifted due to thermal effects (Figure 2). Further
spectra are reported in Refs. 3> 33_ In the present work, the compilation in Ref. ' is used as a reference, unless there is a more recent

value (in bold, v,4)

€268 cm~" from high-resolution measurements in gas phase'®. We have a slight preference for the jet-cooled low-sresolution value
(Fig. 2), because the high-resolution thermal spectra'® are only partially resolved

symmetry librations. Experiment and correlated
calculations agree in locating the u mode (v24)
above the g mode (v12), whereas the HF sequence
is inverted. This does not affect the mode pattern,
because there is no harmonic mixing for different
symmetry. However, it leads to coincidental agree-
ment with experiment for harmonic vip and to
deviations of more than 40 cm™! for the highest
frequency pair mode vy4. This further emphasises
that good agreement between experiment and
theory may not happen for a good reason when-
ever two or more factors contribute.

The key remaining question is whether the
deviation between the best, i.e., CCSD(T) large
basis set harmonic calculations, and experiment
of still up to 8% is due to residual deficiencies
of the electronic structure calculation or due to
anharmonic motion in this moderately floppy
dimer. If the latter is the case, one would like to
know whether the anharmonicity effects are
diagonal, along a normal mode, or off-diago-
nal, involving a coupling between two or more
modes. Even if the net anharmonicity effect is
small, it may still be the result of mutually cancel-
ling anharmonic contributions.”® The next chap-
ter tries to provide computational background
for this question.

4.2 Beyond the Harmonic Approximation
Assuming that the harmonic approximation
already gives a good zeroth-order description,
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anharmonicity for each fundamental can be cal-
culated as a small correction using second order
perturbation theory (VPT2). ** This is more likely
the case in FAD than, e.g., for the dimer of acetic
acid*!, because the methyl group torsion in the
latter is periodic with multiple equivalent min-
ima, rather than harmonic. This renders FAD a
particularly valuable reference system. Indeed,
VPT2 has been applied to FAD repeatedly in the
past, using MP2 and the B3LYP functional with
different basis set sizes and often combining the
anharmonic corrections with higher quality har-
monic wavenumbers. B3LYP VPT2 calculations
have been performed with 6-314+G(d)*,
6-311++G(2d,2p)*%, SNSD/T#, VTZ*, aVTZ?"*,
as well as aVTZ and def2-TZVP with dispersion-
corrected B3LYP-D3(BJ)°. MP2 VPT2 calcula-
tions have been performed with 6-31+G*
6-3114+G**, 6-311+G(d,p)**, and aVDZ? basis
sets.

In VPT2, fundamental transitions v; are calcu-
lated as:

- 1
Vi = Wharm,i + 2%, + 3 2#: Xijy (1)
JFL

where x;; is the diagonal anharmonicity constant
along normal mode i and x;; describes off-diago-
nal anharmonicity which introduces binary cou-
pling between two different normal modes i and

J-
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VPT2: vibrational energy
levels are calculated by con-
sidering perturbations from
all other modes, which should
not come too close to the
mode of interest.

Harmonic mixing: If two
normal modes with the same
symmetry label get close in
energy, they may acquire

a mixed character and the
degree of mixing depends

on fine details of the PES. If
they have different symmetry
labels, such mixing of the
vibrational character is not
possible.



Numerical errors: computer
programs have to truncate
numbers after a certain
number of digits and this
leads to errors in computa-
tional results which get larger
with every operation and in
particular numerical differ-
entiation, where one divides
through small numbers.
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Figure 3: Raman scattering spectrum of FAD in
He (~ 0.7%) with the polarisation of the incident
laser perpendicular with respect to the scattering
plane (L, top) and residual after subtracting 7/6 of

the spectrum obtained with the laser polarisation
parallel to the scattering plane (L —7/6 ||, bottom).
Bands that persist more in the residual spectrum
have smaller depolarisation ratios. Adapted from
Ref. , with the permission of AIP publishing.
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To be able to compare to experiment and to
non-perturbational, i.e., variational approaches,
we define the anharmonic correction for a funda-
mental i as the difference between its anharmonic
and harmonic wavenumber:

‘Sanh,i = 1~)i — Wharm,i- (2)

8anh,; cannot be obtained from experiment in an
easy and direct way, but our working hypothesis
for this section is to assume that the large basis
set harmonic CCSD(T) values obtained earlier®’
are close to the true harmonic values, such that
their comparison to vg’;{” yields an experimental
estimate:

Sont i A Tk - — Wharm,(CCSD(T)/aVQZ).  (3)

First of all, it must be emphasised that VPT2
calculations are more susceptible to numeri-
cal errors than harmonic calculations, because
they typically rely on numerical higher deriva-
tives of the potential. We estimate the size of
this numerical error by starting independent
structure optimisations from nine independ-
ent equilibrium structures (combination of HE,
MP2, and CCSD(T) optimised structures with
aVDZ, aVTZ, and aVQZ basis sets). After round-
ing, this statistical analysis gives rise to the error
bars provided in parentheses in Table 2 which are
estimated as half of the maximum absolute devia-
tion for each fundamental, respectively. One can
see that this numerical noise ranges from 1 to
6 cm~!, which can be larger than the individual
anharmonic correction in some cases. This aspect
of VPT2 calculations is often overlooked and
we recommend multiple independent calcula-
tions using tight optimisation criteria with and
without symmetry to unravel numerical noise.*®
The remaining noise must be kept in mind when
interpreting the VPT2 numbers. Nevertheless,
several trends are evident from Table 2. Within
error bars, all anharmonic corrections for the six
pair vibration fundamentals are negative, but the
lowest frequency twist mode is particularly sus-
ceptible to such numerical error. Basis set effects
are smaller than the statistical error, whereas the
anharmonic corrections at MP2 level are typically
less negative than those at HF level. They match
the discrepancy between the highest level har-
monic prediction and the experimental anhar-
monic fundamentals 8,0 significantly better, in
some cases even within numerical error bar. This
is visualised in Fig. 5, where the size of the col-
oured bars represents the deviation of the anhar-
monic corrections from the harmonic CCSD(T)
mismatch with respect to experiment. It provides
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quite compelling evidence that the harmonic
CCSD(T) results are very close to the true har-
monic wavenumbers if the VPT2 calculations can
be trusted in this case. Furthermore, it suggests
that MP2 anharmonic corrections are, in most
cases, more accurate than HF anharmonic cor-
rections. A composite method which combines
harmonic CCSD(T) fundamental wavenumbers
with MP2 anharmonicity corrections is suggested
to be essentially exact for the pair modes, within
the numerical accuracy of our VPT2 calculations.
This remarkable result has been obtained for the
first time in a study on the dissociation energy
of FAD with respect to two monomers by Mil-
iordos and Xantheas”, which also matches the
currently best experimental value'! exceptionally
well. A simultaneous match of spectroscopic and
thermodynamic data may be taken as indication
for the smallness of accidental error compensa-
tion, whereas a preceding, rather similar study’’
obtained a good match due to the cancellation of
two errors.

The success of MP2 VPT2 calculations for
FAD pair modes must be contrasted to recent
results using the fundamentally superior varia-
tional configuration interaction (VCI) method %,
which are also included in Fig. 5. They systemati-
cally overshoot the experimental fundamentals,
although they are based on a CCSD(T) quality
PES. Evidently, this should not be blamed on the
underlying full-dimensional semi-global PES’!,
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 basis set. We cannot go
into details, but the description of large-ampli-
tude low-frequency modes, even if they are

initially as closely harmonic as in the case of FAD,
apparently can give rise to problems for a normal
coordinate formulation of VCI. Other spectral
regions appear to be less susceptible to such limi-
tations*” and a curvilinear treatment might be
indicated*®*.

Clearly, VPT2 with an anharmonic MP2
PES offers an attractive way to describe the pair
modes of FAD in combination with a high-qual-
ity harmonic reference. This was already observed
before?® ?° and the present analysis confirms that
the discrepancy to the low temperature or rota-
tionally resolved experiments is essentially within
the numerical noise of the perturbation method.
This brings us to the next challenge: Is there also a
way to model the more easily accessible low-reso-
lution room temperature spectra of FAD?!2

4.3 Simulating Thermal Shifts

A popular way to obtain anharmonic funda-
mental frequencies for larger systems is classical
molecular dynamics in PES which are either gen-
erated on the fly or analytically’. This is usually
called ab initio molecular dynamics (AIMD),
although for reasons of computational effort, the
on-the-fly variant typically uses more or less
empirically refined density functionals. Due to
fundamental deficiencies of density functional
theory (DFT) in accurately describing hydrogen
bonds, such as overestimated downshifts of
hydrogen-bonded stretching modes, the neglect
of the quantum character of vibrations is usually
blurred in such DFT AIMD simulations. More
often than not, the overestimation of harmonic
downshifts in DFT is qualitatively compensated
by the inability of classical dynamics to sample

Table 2: Averaged anharmonic corrections (in cm™") from VPT2 calculations at HF and MP2 level

and subtly different optimised structures, computed according to Eq. ().

Sanh = V — @harm

HF MP2

aVvDz aVv1z avDze av1z Bt 6
Vg Aq —11(1) —12(1) —8(1) —-8(3) —6
vg Aq —14(1) —16(3) —15(1) —15(2) —15
P By —19(2) —20(2) —13(1) —-12(3) —13
Vig Ay —3(4) —3(4) —-2(2) 3(6) -3
V15 Ay —-8(3) —12(5) —6(2) —6(4) -8
Vos4 Ay —18(1) —20(1) —12(1) —10(2) =11
Errors in the last digit are given in parentheses (see main text for explanations)
2 Data presented by Miliordos and Xantheas?® are reproduced within the given error bars
b 55 is estimated from “best” available harmonic values 2°, according to Eq. (3)
J. Indian Inst. Sci. IVOL 100:115-19 January 2020ljournal.iisc.ernet.in @ Springer b

VCI: vibrational energy levels
are calculated by coupling

all states with different
excitations together, including
closely spaced neighbors.

Classical molecular dynam-
ics: an approximation to
molecular vibration in which
one pretends that the atoms
follow Newton’s classical
equations of motion and
thus ignores quantum effects
such as tunneling. This can
be acceptable for heavy atom
and molecule motion and for
harmonic systems (due to the
correspondence principle) or
high temperatures, but may
fail badly for light atoms in
anharmonic potentials at low
temperatures.
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Figure 5: Deviation between calculated (8,,,) and experimental (55F) anharmonic corrections, estimated

anh

according to Eq. ( ). VCI data by Qu and Bowman are taken from Table 1 of Ref. . A value of 0 means

perfect agreement between theory and experiment, assuming that the harmonic reference to estimate §

is correct.

the anharmonic region probed by the quantum
nature of the hydrogen atom. This frequently
provides right answers for the wrong reasons™” !,
whenever high-frequency XH stretching spectra
are simulated, because in this case, temperatures
of several 1000 K would be needed to sample the
relevant fundamental vibrational displacements.
For the low-frequency pair modes which are
discussed here, the situation is more comfortable,
because the thermal energy at room temperature
kT300x is much closer to the vibrational energy
quantisation hv. Therefore, a classical molecu-
lar dynamics simulation of these modes at room
temperature is qualitatively able to sample the
relevant anharmonic potential for fundamental
excitation. As there is a high-quality full-dimen-
sional PES of FAD 3" 3> % it is instructive to
analyse the thermally sampled fundamental wave-
numbers obtained by running classical molecular
dynamics simulations in it *°. In Fig. 6, the result
of such simulations at 300 K extracted from
Table 1 of Ref.* is compared not to the experi-
mental fundamental band centres themselves
(that would imply that kT is always close to /v),
but rather to the thermal shift of the experimen-
tal fundamental vibrations from the best band
centre reference, both listed in Table 1. The agree-
ment is qualitatively satisfactory, with the cor-
rect sign of the thermal shift being predicted by
AIMD(300 K)—AIMD(0 K), where AIMD(0 K) is
simply the harmonic normal mode wavenumber.
However, the predicted thermal shifts are always
smaller than the experimentally observed shifts.
One might have expected the opposite, because
AIMD(0 K) lacks anharmonicity, whereas pref

exp

@ Springer ﬁggfs

exp
anh

already contains some of that. However, given
the crudeness of the classical molecular dynam-
ics approach, the absence of appropriate sampling
of the high-frequency modes, and the complex-
ity of hot vibrational spectra, the agreement is
quite satisfactory. It would be interesting to com-
pute for each mode the required temperature to
match the experimental thermal shift of the band
maximum.

5 Beyond Fundamentals—Combined
and Overtone Excitations

After having shown that a combination of high-
quality electronic structure calculations and
vibrational perturbation theory provides a rather
satisfactory description of the fundamental exci-
tation of pair modes in formic acid dimer within
numerical accuracy and that even thermal shifts
can be modelled reasonably well, one has to ask
whether this is to some extent fortuitous. For
this purpose, it is worthwhile to dissect the total
anharmonic contributions further, to check
for potential coincidental error compensation.
Rewardingly, some combination and overtone
bands of pair fundamentals are available from
high-resolution or jet-cooled experiments'® 1% 2,
If one measures such a combined i + j (or double
i + i) excitation and subtracts the values for the
individual fundamental excitations, one arrives at
the off-diagonal (diagonal) terms x;; (x;;) con-
tained in Eq. (1). The resulting expressions

Xii = Vipi/2 — V; (4)

Xij = Vigj — Vi = V) (5)

J. Indian Inst. Sci.l VOL 100:115-19 January 2020ljournal.iisc.ernet.in
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Figure 6: Thermal shifts B33 — il observed

for the pair modes of FAD from Table in com-
parison to predictions from a classical molecular
dynamics simulation in a high-quality potential

energy hypersurface (AIMD(300 K)—AIMD(0O K)).
The simulation underestimates the experimental
shifts, in particular for the librations, but the quali-
tative trends are reasonable.

can be applied in all cases where reasonably reli-
able spectroscopic data are available (Fig. 7;
Table 3). Agreement between theory and experi-
ment is indeed very satisfactory at this individ-
ual coupling level within the experimental and
numerical error bars. Although there is always a
risk of misassignment in particular for the low-
resolution jet data, which involve very weak tran-
sitions, the close correlation between theory and
experiment suggests that error compensation
among the x;; is not a major issue. Two things are
noteworthy in this context. A pronounced ten-
dency for negative anharmonicity corrections is,
perhaps, not so surprising if one remembers that
these are pair modes which correlate with trans-
lations and rotations in the limit of high vibra-
tional excitation. However, it strongly indicates
that there can be little error compensation for the
anharmonicity in the fundamentals, because that
would require both negative and positive contri-
butions. Furthermore, the basis set dependence
and also the electron correlation effects are very
modest. This further validates popular composite
approaches” where the harmonic predictions are
carried to the highest affordable electronic struc-
ture level, whereas the anharmonic corrections
can be dealt with at a lower level of theory. It
also explains why the AIMD simulations give the
right sign of the spectral shift upon thermal exci-
tation, although not the correct size. There is so
far no experimental evidence for significant posi-
tive diagonal or off-diagonal contributions which
might cancel the negative ones, although it must
be emphasised that the experimental characteri-
sation is far from complete.

J. Indian Inst. Sci. IVOL 100:115-19 January 2020ljournal.iisc.ernet.in

6 A Much Slower Concerted Motion—

Proton Tunneling
While the fundamental intermolecular vibrations
of the formic acid dimer discussed so far happen
on a 0.1-0.5 ps time scale, there is one prominent
quantised motion in FAD which is four orders of
magnitude slower and thus proceeds on the low
ns time scale. This is the concerted exchange of
two protons between the two acid monomers
(Fig. 8), by tunneling through a barrier which is
greatly attenuated compared to bond breaking,
but still rather high.”® Understandably, this proto-
typical proton exchange has met a lot of interest
and numerous attempts to compute its time scale,
including early work by Meyer et al.’!, Chang
et al.”, Shida et al.’®, and more recent work by
Liedl et al.””*%, Luckhaus™ **, Nakamura et al.®* ¢!,
Dogli¢ et al.®>=*, Sibert IIT et al.’® *> °, Bowman
et al.’> %7, Siebrand et al.°®*!, Tvanov et al.”?, and
Richardson””.

There have been key experiments to deter-
mine this periodic motion from high-resolution
spectroscopy. Spectroscopy yields a splitting Av,
which in a two-level system is related to the full
tunneling period At by At = 1/Av, similar to
the relationship for fundamental frequencies. The
standard way of measuring this splitting, namely
rotational spectroscopy, was hampered until
recently by the lack of a dipole moment in the
formic acid dimer. Unsymmetric isotope substi-
tution helps to generate such a dipole moment,
and very recently, it has been used to experimen-
tally determine the ground-state exchange pro-
cess directly.”* The alternative in the absence of a
dipole moment was and is high-resolution vibra-
tional spectroscopy through combination differ-
ences. This was pioneered for formic acid dimer
by the Havenith group® 7> 7¢ and followed up by
the group of Duan’” 7%, Figure 8 shows the evolu-
tion of experimental assignments for tunneling
periods obtained from tunneling splittings in the
ground state of formic acid dimer over the last 2
decades. Values which involve one or two D atoms
instead of H at the carbon atoms are included,
because their effect on the tunneling process is
comparatively small compared to the evolution of
the best value with time. One can see how the
best full back-and-forth period At of the experi-
mental periodic proton tunneling process has
evolved over time and is now seen to amount to
3 ns, whereas it was long thought to be close to
2 ns. Because of the high sensitivity of this value
to the detailed experimental analysis of rotation—
tunneling coupling’” 7%, it will continue to chal-
lenge theory and experiment, if a &~ 1% level of
agreement like in the fundamental intermolecular

IISc
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Tunneling: a quantum
phenomenon, where light
particles, here the two acidic
protons, disappear in one
place and reappear in an
equivalent one, without much
likelihood to catch them in
between.

Tunneling period: The total
time which it takes for a light
particle to fully disappear
from one position and to
reappear in an equivalent one
which is separated by a bar-
rier, and then to move back
to the original position in the
same disappearing/appearing
fashion.
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modes is aimed at. The dependence of this tun-
neling process on vibrational excitation is of par-
ticular interest’® and will at some stage compete
with ring-opening isomerisation”.

7 Future Challenges

This review has strongly focused on the intermo-
lecular or pair modes of the main isotopologue
of cyclic FAD and has demonstrated a remark-
able match between theory and experiment. It
has not yet explored the power of isotope sub-
stitution®, which provides valuable independent
checks from the experimental side and sometimes
even surprising phenomena such as counterintui-
tive isotope effects' which have to be modelled
by quantum treatments of the nuclear dynam-
ics. Alternatives to the relatively insensitive lin-
ear FTIR and Raman spectroscopy for jet-cooled
species®! have to be further developed in different
spectral ranges, either as linear'> 3> or as action
spectroscopy®® * tools, also extending into differ-
ent environments® .

When moving up the energy ladder, the suc-
cess of VPT2 to model the anharmonicity is
expected to fade somewhat, as soon as monomer
modes become accessible. While the monomer
itself is vibrationally rather well understood”® ',
it contains several strong resonances. Further-
more, the two monomers need to be coupled
together and with the pair modes. It is important
to build on the good VPT2 performance for the
pair modes as test cases for alternative, presum-
ably mostly variational methods*® *%*, which

Table 3: Selection of binary combination, over-
tone, and hot bands of intermolecular fundamen-
tals in cm~"from jet-cooled and high-resolution

spectra, from which the anharmonicity constants
in Fig. are obtained, according to Egs. ()

and (), together with fundamental transition
wavenumbers from Table

. ﬁref . f}ref
Transition exp Transition exp
vo+vg  Ag 319%°  wo+up By 400%°
vg + Vg Aq 38626 Vg + Vo4 B, 419"
vio+vn Ag 482 vg + Vg B, 451
Vig +vis  Ag 139% V12 + Vi B, 311"

Vis + V15 Ag 33626 vis +vig — vig 7 Ay 167.26"

Vos + v Ag 518" 26

9The off-diagonal constant x;; is computed from the hot and
fundamental transition wavenumbers as x;; = Viyj_j — i

reach further up on the energy scale. It may be
too ambitious to aim at a quantitative descrip-
tion of the complex coupling pattern in the
OH stretching region®® *» *>=7| but the more
isolated couplings in the monomer fingerprint
up to the carbonyl stretching region®! are wait-
ing to be understood in detail for FAD. Between
these carbonyl stretching fundamentals and the
OH stretching region, the PES starts to open up
for other, metastable isomers*® 7> %8193 which
need to be characterised. The enormous sensitiv-
ity of matrix isolation spectroscopy'® can also
be exploited towards this goal once the subtle-
ties of spectral matrix shifts®> >+ % 19 are better

e

; 1S
o
~ -2
8
e}
E I
CE
= BN VPT2 HF/aVDZ
© ] . VPT2HE/aVTZ
N VPT2 MP2/aVDZ
N VPT2 MP2/aVTZ
=87 experiment
T T T T T T T T T T T
9,9 8,8 12,12 216,16 215,15 T24,24 Z9,12 T9,24 8,24 T12,16 215,16

Figure 7: Some diagonal- (x;;) and off-diagonal (x;;) anharmonicity matrix elements for the six intermolec-
ular modes, computed according to Egs. ( ) and ( ). The selection is based on reasonably reliable exper-

imental jet-cooled or high-resolution values

with roughly estimated error bars, see Table . xy424 iS

particularly tentative * and only included for convenience. Numerical VPT2 error bars are rounded up to
the first decimal place if < 0.5cm™!, else to the next full digit.
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Figure 8: Evolution of the experimental ground-
state tunneling period At as a function of pub-

lication year, including an ambiguity in the first
experiment . DD/HH/DH marks the isotope pat-
tern of the two other hydrogens in the CD/CH
bond. See text for further details.

understood. For spectral simulations with inten-
sity information, the development of dipole
moment'®® and polarisability hypersurfaces
would be helpful.

Once the vibrational treatment of FAD is well
established and converged, one can also turn back
to the electronic structure challenge and use the
available data for the benchmarking of conven-
tional and less conventional methods'"” appli-
cable to the quantitative description of double
hydrogen-bond potential energy hypersurfaces.

8 Conclusions

We have shown how experiment and theory can
be brought together in a systematic way for the
six pair or intermolecular modes of the cyclic
form of formic acid dimer. Fortuitous error can-
cellation between electronic structure theory
and vibrational treatment could be largely ruled
out. This represents a stepping stone from which
higher vibrational excitations, different isotopo-
logues, structural isomers, thermal excitation,
and increasingly interacting environments for
the dimer have to be addressed to complete the
challenging benchmarking task for the simplest
organic doubly hydrogen-bonded complex in the
next decade and beyond. This will require major
efforts on the experimental and on the theoreti-
cal side, but the reward will be a unique reference
point for the correct and quantitative description
of double hydrogen bonding and its intriguing

J. Indian Inst. Sci. IVOL 100:115-19 January 2020ljournal.iisc.ernet.in @ Springer Press

dynamics, always aiming at the right answers for
the best possible reasons.
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