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This work constitutes part Il of a series on vibrational spectroscopy of formic acid, focusing on the
molecular interactions of its carboxyl group during dimerization. Such interactions drive the earliest
steps of clustering in organic-mediated atmospheric new particle formation (NPF), and are difficult to
access with the mass spectrometric methods typically used to study NPF. While theoretical
thermochemistry provides binding free energies for various cluster conformers, these conformers have
not been experimentally probed to date, and it is unclear which conformers ultimately participate in
atmospheric organic clustering. Vibrational spectroscopy using matrix-isolation provides a route to
experimentally investigate the conformers of small clusters. To identify simple conformers in the
clustering of the carboxyl group, we use the model system of the formic acid monomer and dimer in
cryogenic matrices in combination with ab initio calculations. We find that: (1) efficient harmonic
frequency calculations, even at a low level of density functional theory, reproduce both the direction
and magnitude of the experimentally observed dimer-formation frequency shifts across different
conformers. (2) Matrix effects effectively cancel out when investigating such shifts. (3) The most reliable
region to study these shifts is the ¥C—0O and vC-0O regions, supported secondarily by the broader and
less intense vOH and 6,0,COH regions. (4) Under cryogenic matrix-isolation conditions, thermodynami-
cally less favorable conformers appear with relatively high abundance, suggesting that the matrix serves
as a kinetic trap. Altogether, we can capture structural information about short-lived conformers and
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thus demonstrate their experimental existence. This supports the common practice of including less
favorable conformers in ab initio computational nucleation models, as they are considered intermediates
DOI: 10.1039/d6cp01819j in atmospheric organic clustering. Our insights from this model system of formic acid pave the way for
future studies of organic clustering analyzed in cryogenic matrices to investigate the earliest steps of

rsc.li/pcecp sub-nanometer NPF.

gases form molecular clusters (¢f: Fig. 1) that subsequently grow
into larger liquid- or solid-phase aerosol particles," is a global
phenomenon®® that influences climate and air quality.> NPF
involves the chemical reactions that transform volatile gases

1 Introduction

In part I, we established a spectroscopic benchmark for formic
acid and its cyclic dimer using anharmonic vibrational treat-

ments. Here, in part II, we build on this foundation to inves-
tigate the role of conformational diversity in atmospheric new
particle formation (NPF). This process, in which low-volatility
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into less-volatile, and hence condensable, species; the initial
clustering of a few molecules, often called nucleation; and the
phase-transition dynamics of the growing particles. Depending
on the environment, different species contribute to the different
stages of NPF.* "

Molecules involved in NPF are commonly investigated using
mass spectrometry,'® often combined with soft chemical ioni-
zation at atmospheric pressure.'>'® However, while increasing
the mass resolution of atmospheric-pressure-interface mass
spectrometers has enabled the identification of the atomic
constituents of molecules participating in NPF,"”'® this

Phys. Chem. Chem. Phys.


https://orcid.org/0000-0001-8239-7854
https://orcid.org/0009-0004-4228-7609
https://orcid.org/0009-0002-7704-0003
https://orcid.org/0009-0004-5919-6201
https://orcid.org/0009-0002-8734-7519
https://orcid.org/0000-0002-0985-2299
https://orcid.org/0000-0003-0623-3254
https://orcid.org/0000-0001-6694-3843
https://orcid.org/0000-0002-2715-1429
https://orcid.org/0000-0001-7256-1219
https://orcid.org/0000-0003-1014-1360
http://crossmark.crossref.org/dialog/?doi=10.1039/d6cp01819j&domain=pdf&date_stamp=2026-07-24
https://rsc.li/pccp
https://creativecommons.org/licenses/by/4.0/

Paper

monomer Radius =1 nm

trans

™ trans

Fig. 1 Schematic depiction of how many formic acid molecules can be
accommodated within a hypothetical two-dimensional nanoparticle (blue)
with a radius of 1 nm. Formic acid is present as trans and cis monomers
(yellow), which can interact to generate different dimers (purple).

technique lacks structural information. Tandem mass spectro-
metry (MS-MS) techniques could, in principle, elucidate mole-
cular arrangements in newly formed atmospheric clusters;
however, they have not been widely applied to NPF studies.'*
Infrared (IR) spectroscopy, in contrast, provides insights into
molecular structure. It has been widely used for bulk aerosol
chemical characterization®'* but it can also be used to study
cluster arrangements and therefore it is well suited to also study
the initial steps of NPF.>

An instructive application was presented by Gadermann
et al. (2007), who used Fourier-transform infrared (FTIR)
spectroscopy to study acetic and formic acid aerosols generated
in a collisional cooling cell at 78 K.*® Their setup enabled
investigation of aerosol particles as small as 1 nm. This
information is valuable, particularly because formic acid con-
tributes significantly to the acidity of precipitation and cloud
water.>”*® In NPF, it was long thought that inorganic species
dominated the nucleation steps,' but in recent years it was
found that organics can also nucleate in the absence of sulfuric
acid.® However, understanding organic clustering is a signifi-
cant challenge to our understanding of NPF, given the myriad
organic compounds in the atmosphere.>® Only very specific
molecular properties could allow the formation of stable
clusters.® In organic-mediated NPF, highly oxygenated mole-
cules, so-called HOMs, often originating from the oxidation of
large volatile organic compounds, are thought to be key
components.’”*! While formic acid is not a key component
of atmospheric clustering by itself, it is speculated to contribute
to the stabilization of the initial clustering of other molecules,
such as sulfuric acid or HOMs.*>*? As carboxylic acids might
generally take a key role in organic-mediated NPF,**** studying
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one of the simplest atmospheric organic acids, formic acid,
could generally pave the way towards understanding the atmo-
spheric organic clustering of more complex molecules, as
already indicated by Gadermann et al. (2007).%¢

This understanding is not only crucial from a molecular-
structure perspective but also from a practical one. For exam-
ple, the computational atmospheric cluster database of sulfuric
acid, bases, organics, and water introduced by Elm in 2019
already contains more than 600 clusters. An issue is the
immense number of conformations that arise from molecular
clustering, which is itself a considerable computational chal-
lenge, as recently reviewed by Elm et al.>” To disentangle this
vast conformational space, Kubeéka et al.>® proposed a combi-
nation of computational tools, with density functional theory
calculations serving as the key method for obtaining thermo-
dynamically reasonable sets of conformers. From these spaces,
statistical thermochemistry and classical nucleation theory can
be used to predict nucleation rates.** However, the cluster
formation energies associated with initial monomer interac-
tions are practically inaccessible to typical experiments used in
atmospheric chemistry.?”

Considering two hydrogen-bonded formic acid molecules,
their size is significantly below 1 nm, as depicted in Fig. 1. Only
the addition of further formic acid molecules leads to the
growth of clusters approaching the 1 nm particle regime. IR
spectroscopy is well suited to study such molecular aggregation
because the associated conformational changes and hydrogen-
bonding interactions induce subtle dimer-formation frequency
shifts (c¢f. Fig. 2), an effect well known since the early work of
Badger and Bauer.”® These shifts can be linked to structural
changes, making IR spectroscopy a powerful tool for investigat-
ing molecular arrangements during clustering. A promising
technique for observing dimer-formation frequency shifts is to
“freeze’” molecular clusters in a cryogenic matrix and probe the
infrared absorption of the nanolayer. This approach, typically
denoted as matrix-isolation Fourier-transform infrared (MI-
FTIR) spectroscopy, quenches molecular rotation and enables
a straightforward comparison of vibrations between monomers

Dimer-formation frequency shift
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Fig. 2 Matrix-isolation Fourier-transform Infrared (MI-FTIR) spectrum of
formic acid isolated in argon, showing the ¥C=0O stretching vibration. The
vibration occurring in a cluster of two formic acid molecules, i.e., the dimer
(right insert), is shifted towards lower vibrational frequencies compared to
a single formic acid molecule, i.e. the monomer (left insert).
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and clusters. Also, in MI-FTIR, species that are less stable in the
gas phase can be observed. Pioneering work in this field was
done by Rozenberg et al. (2009, 2014),*"** who investigated the
frequency shifts associated with the formation of sulfuric acid-
water and sulfuric acid-base clusters. Ultimately, these shifts
can be translated into structural insights that complement
standard methodologies for studying NPF and advance
our understanding of atmospheric nucleation mechanisms.
However, after the pioneering work by Rosenberg and co-
workers, MI-FTIR has not been directly used to study clustering
involving organics, where intermolecular binding is likely
dominated by carboxyl groups. In that sense, formic acid, as
the simplest organic acid, can serve as a model system to
outline how organic clustering relevant to atmospheric NPF
can be best studied with this technique.

If we study how the vibration changes upon cluster for-
mation, we can define cluster-formation frequency shifts. If we
want to compare a vibration in a small molecular system (e.g.,
the monomer) to a vibration in a larger one (e.g., the dimer),
this leads to the dimer-formation frequency shift. From a
chemical perspective, one typically compares “similar” vibra-
tions, such as the ¥C—O0 vibration in the monomer (cf. Fig. 2
left) with its “counterpart” in the dimer (¢f. Fig. 2 right). While
this approach is intuitively appealing and informative, it should
be noted that it entails projections between different vibra-
tional manifolds. The difference between the spectrum of a
monomer and a dimer can be crudely separated into two
extremes: (A) the dimer has generally more vibrational states
of similar character. For example, while the ¥C=O0 vibration is
observed as one band in the spectrum of the monomer, it can
contribute to multiple bands in the spectrum of the dimer. (B)
The dimer has more degrees of freedom than the monomer;
hence, the conformational space is larger. For example, there is
only the “free” ©C—O vibration in the monomer, both in the
trans- and cis-conformer. For the dimer, there can be “bridged”
and “free” ¥C=0O0 vibrations, depending on whether the dimer
is in a cyclic or open conformer. Ultimately, a combination of
(A) and (B) results in distinct dimer-formation frequency shifts.

For NPF, the main challenge is to understand these shifts
without relying too heavily on expensive ab initio calculations.
As noted above, atmospheric cluster databases require immense
numbers of clusters and conformers for reliable thermochemistry
predictions. Calculating anharmonic spectra for all possible
clusters and conformers is not feasible. Harmonic frequency
calculations offer a practical alternative. Chang et al. have
shown that formic acid dimerization frequency shifts from
the harmonic approximation are comparable to experimental
observations already in 1987.* Today, the fortunate error
compensation of such harmonic calculations is well under-
stood and benchmarked, e.g. for the methanol dimer.**** This
was also prominently demonstrated for hydrogen-bonded OH
stretching fundamentals of water in various monohydrates,
during the 2021 HyDRA blind challenge.’® However, whether
this error compensation in the harmonic approximation is
reliable for analytical applications of FTIR in organic-mediated
NPF studies remains to be validated.

This journal is © the Owner Societies 2026
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The overall task here is to identify — with the model system
of formic acid - the vibrational modes which convey the most
robust information on organic clustering using MI-FTIR
spectroscopy, considering: (1) the resolving power of the
approach, ie., the magnitude of the band shifts, intensities of
the peaks, experimental uncertainties due to matrix-effects and
overlap of modes; (2) theoretical accuracy (DFT level of theory,
harmonic or anharmonic approaches) of predicting band shifts
such that different conformers can be identified. Here, we aim
to determine what can and cannot be achieved by combining
theoretical calculations with MI-FTIR experiments optimized
to observe cluster formation involving organic acids, thereby
enabling us to expand our investigations to more complex
organic molecules directly relevant to atmospheric NPF in
future studies.

2 Methodology
2.1 Matrix annealing experiments

We use the same experimental methodology as described in
part I of our study,”” where we primarily observed the cyclic
formic acid dimer via different guest-host mixing ratios. Here,
we perform annealing experiments to leverage the possibility of
different dimer conformer formation in the matrix. For these
experiments, approximately 3 ml of high-purity liquid HCOOH
(98%, Sigma-Aldrich, 1.00264) was transferred via sterile syr-
inge into a glass flask mounted to the mixing chamber and
subsequently degassed via freeze-pump-thaw cycles. Mixtures
with host gases were prepared in the mixing chamber (at 298 K
and 10~ ° mbar). We produced guest-to-host dilutions of 1:250
in both argon and neon. The matrix was deposited at 5.0 K
using a mass flow controller to achieve slow deposition and
create a thick layer, which is necessary for the subsequent
annealing experiment. Annealing was performed by stepwise
heating of the matrix sample using a PID controller. For argon,
the matrix began to evaporate at approximately 30 K; for
neon, at approximately 8 K. The spectra were measured in the
8000-500 cm ™' range using 32 scans; background spectra at
5.0 K were subtracted from the sample spectra.

2.2 Conformational sampling, thermochemistry, harmonic
calculations

We employ a computational methodology that includes con-
formational sampling, thermochemistry, and harmonic fre-
quency calculations for various conformers. First, we explored
the conformational space using an approach that was moti-
vated by the ‘“Jammy Key” framework by Kubecka et al’®
Conformational ensembles of the formic acid dimer were
generated using the conformer-rotamer ensemble sampling
tool (CREST)*® in its non-covalent interaction mode. As the
starting geometry, we chose the cyclic dimer of trans-formic
acid. With the default CREST settings, only a limited number of
conformers are found, as the cyclic formic acid dimer is
exceptionally stable. To obtain a more comprehensive con-
formational space, we therefore relaxed the selection criteria
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by increasing the metadynamics simulation time by a factor
of five (-mdlen x 5.0) and retaining conformers within an
energy window of 300 kcal mol " (-ewin 300). In addition, the
sampling employed a conformer-pair energy threshold of
0.005 kcal mol™" (-ethr 0.005). All computations were per-
formed with the GFN2-xTB method.*’

The CREST run yielded 127 structures. Although this
includes a broad range of conformers, most were unsuitable
because the two subunits in the dimer were too far apart.
We therefore retained only those conformers whose intermole-
cular distances permitted hydrogen bonding or weaker non-
covalent interactions, yielding a subset of 17 lowest-energy
structures. These were subsequently subjected to geometry
optimization by density functional theory using the wB97X-3c
method®® using ORCA version 6.0.”" The wB97X-3c method
employs a specially optimized polarized valence double-{ basis
set together with dispersion correction. Owing to its composite
design, basis set superposition errors (BSSE) are reduced and
residual effects are effectively absorbed by the dispersion
correction damping scheme, such that no explicit BSSE correc-
tion was applied.

Thermochemical properties at standard conditions (298 K,
1 atm) were evaluated from the harmonic frequencies of the
optimized geometries of these 17 conformers, employing the
quasi rigid-rotor/harmonic-oscillator model as implemented by
default in ORCA. No frequency scaling was applied. The
conformers were then ordered according to their Gibbs free
energy of formation, which is computed as the difference
AG¢ = G[dimer] — 2-G[monomer].

We calculate the harmonic vibrational frequencies using
different levels of theory for the lowest-energy conformer, as
shown in the SI. We compare these harmonic vibrational
frequency calculations to results from part I of our series,*’
where we focused on anharmonic calculations using vibra-
tional configuration interaction theory (VCI) and vibrational
perturbation theory (VPT2) based on a newly constructed
ab initio potential energy surface at CCSD(T)-F12 level of theory.
For the final study of all conformers, we rely on harmonic
vibrational frequencies based on the wB97X-3c level of theory.
Using the analytical Hessians, we applied the nomodeco toolkit
to perform normal-mode decomposition and to characterize
the vibrational modes in terms of internal coordinates.” For IC
set generation in hydrogen-bonded clusters, all hydrogen-bond
coordinates, together with donor-acceptor bonds and angles,
were included (-comb 2).>®

3 Results and discussion

In part I of this series,"” we focused on the accuracy of
computational approaches for the assignment of all observed
features in the MI-FTIR spectra of the trans-formic acid mono-
mer (hereafter denoted as M) and its cyclic dimer with C,y
symmetry (hereafter denoted as A¥°, ¢f. Fig. 3). We have shown
that anharmonic calculations can achieve spectroscopic accu-
racy in MI-FTIR experiments, whereas harmonic calculations
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Fig. 3 Conformers of dimers formed by trans-formic acid, as determined
from CREST calculations and refined using density functional theory with
the wB97X-3c method. The Gibbs free energy of dimer formation under
standard conditions is presented in kcal mol™* within brackets.

cannot. In the following, we complete this investigation with a
distinct focus on dimer-formation frequency shifts. We define
the dimer-formation frequency shift as:

AR = 75 (dimer) — Pgas (monomer).

Using the absolute wavenumbers # from a given data set,
such as obtained by gas phase IR spectroscopy, we obtain the
dimer-formation frequency shift Ag,s. This can result in a
negative shift towards lower wavenumbers (redshift), or a positive
shift towards higher wavenumbers (blueshift). In the given
example, we compare the vOH vibration in the monomer
7°"(monomer) with its “counterpart” in the dimer 7"°*(dimer).
Ultimately, we obtain the respective dimer-formation frequency
shift of the A¢at for a given vibration and dataset.

3.1 Computed dimer-formation frequency shifts of the cyclic
dimer

Comparing the absolute frequencies listed in Table 1, we
observe that anharmonic treatments (VCI and VPT2) yield
frequencies in close agreement with gas phase experiment
as shown in part I of this series already.”” The harmonic
treatments systematically overestimate the vibrational frequen-
cies, both using “high level” of wave function theory such as
CCSD(T)-F12/cc-PVTZ-F12 (abbreviated as CC) and “low level”
of density functional theory, here using the composite wB97X-
3c approach (abbreviated as DFT). As can be seen in the SI, the
harmonic calculations generally overestimate the absolute fre-
quency for any chosen functional or electronic structure theory.
However, this overestimation affects both the monomer and
the dimer, so the resulting errors cancel when considering

This journal is © the Owner Societies 2026
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Table 1 Vibrational frequencies of the trans-formic acid monomer (M) and its cyclic hydrogen-bonded dimer (A¥¢), together with the corresponding
frequency shifts upon dimer formation, as determined by IR spectroscopic measurements and theoretical calculations

Experiment” Anharmonic calculation” Harmonic calculation®
Label Argon A, Neon  Aye Gas AGas VCI Aycr VPT2 Avprs CcC Ace DFT  Appr
M vOH 3550 3570 3571 3572 3568 3761 3862
AV 3072 —478 3078 —492 3084 —487 3031 —541 3095 —473 3310 —451 3299 563
M vC-H 2955 2939 2942 2940 2943 3091 3165
AV 2939 -3 2955 15 2907 —36 3099 8§ 3171 6
M vC=0 1768 1774 1777 1778 1779 1814 1897
AY° 1729 -39 1738 —36 1746 —-31 1742 —36 1741 —38 1782 —32 1856 —42
M (31PCH 1381 1380 1379 1379 1378 1409 1428
AV 1407 28 1404 25 1404 26 1455 46 1465 38
M 6;,COH 1306 1305 1306 1311 1302 1318 1336
AV 1371 65 1373 67 1372 66 1370 60 1362 60 1406 89 1437 102
M C-0 1104 1103 1105 1106 1106 1138 1184
AY° 1227 123 1228 125 1230 125 1230 124 1229 123 1258 120 1314 130
M S0opCH 1038 1036 1034 1033 1033 1055 1076
AV 1070 32 1066 30 1069 36 1056 23 1058 25 1098 43 1118 42
M 000pCOH 636 638 641 642 636 672 681
AV 940 304 943 305 944 303 936 294 944 308 983 311 1018 338
M 4;,0CO 629 626 626 626 627 632 650
AV 712 83 707 80 708 82 708 82 705 78 714 82 740 90

¢ Matrix isolation FTIR spectra obtained in argon and neon matrices in the present study (with the exception of the vCH band in argon at 2947 cm™

1

adopted from Ito® and the §;,CH band in argon at 1445 cm™ ' taken from Gantenberg®”) are compared with gas phase reference data as compiled
by Nejad.*® » Anharmonic vibrational calculations in this work were carried out using vibrational configuration interaction (VCI) and, alternatively,
second-order vibrational perturbation theory (VPT2). © Harmonic frequency calculations were performed at the CCSD(T)-F12/cc-pVTZ-F12 level of theory

(“high-level”),””*® and at computationally economical harmonic calculations at the »B97X-3c level of theory (“low-level”).

%* No empirical scaling factors

were applied to the computed vibrational frequencies. Results from other functionals and electronic structure approaches are listed in the SI.

frequency shifts. As a consequence, the calculated harmonic
dimer-formation frequency shifts (4dcc for “high level” and
Appr for “low level”) are therefore often in reasonable agree-
ment with experimentally observed dimer-formation frequency
shifts in the gas phase (4g,5) and anharmonic dimer-formation
frequency shifts (4yc; and Aypr,). We observe some systematic
patterns in the accuracy of the predicted shifts and peculiarity
related to specific functional groups (OH, CH, OCO) of the
system, as discussed below.

3.1.1 OH related vibrations. The 4”°" shift is the largest

observed in the whole dataset (4 = —487 cm™'). The
harmonic calculation overestimates (43¢ = —563 cm ™ ') or

underestimates (452" = —451 ecm™') the shift, depending on

the chosen electronic structure theory. Anharmonic treatments
based on the same potential energy surface (c¢f part I of our
study®”’) also lead to both over- and underestimation (4%¢; =
—541 cm ! and 4Y3%, = —473 cm ™). This pronounced sensi-
tivity underscores the strongly anharmonic character of the
hydrogen-bonded »OH stretching mode, which depends criti-
cally on both the quality of the underlying potential energy
surface and the specific treatment of anharmonicity. Conse-
quently, computed 4“°" shifts are prone to various sources of
errors that may or may not compensate and, thus, must be
interpreted with particular caution.

For the A°*°°" shift, the gas phase reference (Ag‘;SOH =
66 cm™!) is only qualitatively predicted by harmonic calcu-
lations (Ag"FCTOH =102 cm*I,Ag‘JCCH
lations enable a more accurate prediction of the shift

5,COH 5., COH _ .
(AVPCI o = 60 cm '). The source of this

= 89). Anharmonic calcu-

=60 cm !, Ayhr,

This journal is © the Owner Societies 2026

discrepancy is a resonance phenomenon involving the trans-
formic acid monomer M. VCI anharmonic calculations show
that this resonance, which mixes the fundamental of ;,COH
with the first overtone of J6,,,0H, yields two energy levels

(1310.5 cm™* and 1230.6 cm ').*” As a result, two distinct

5, COH

frequency shifts can be defined <AVCI =60 cm™! and

Af}pCfOH =139 cm™!), depending on whether the lower- or

higher-frequency member of the resonant pair is used as
reference. Within the harmonic approximation, this resonance
is not reproduced, and the predicted shift corresponds almost
exactly to the midpoint between these two limiting values.
A simple and practical way to flag such problematic cases using
only harmonic frequencies is to search for possible resonance
pairs. In the present example, twice the harmonic frequency of
000pOH is 1332 em~ ', which is very close to the harmonic
frequency of §;,COH at 1336 cm . This suggests that this
specific combination of modes is likely to be problematic.
The A°*“°" shift is very pronounced in the gas phase

So0pCH

reference <AGaS =303 cmfl) and well reproduced by all

SoopCH

theoretical approaches (ADFT SoopCH

=338cm L ALE =31lem ™!,

A‘S\,‘E‘I’CH =294 cm*',Aﬁ;;,’;S“ =308cm™!). Due to this straightfor-

ward theoretical prediction, the 4°°®“°" shift may be the most
useful marker for studying the dimer formation, considering the
OH-related vibrations.

3.1.2 CH related vibrations. The 4“°" shift we obtained
from the available gas phase references (4¢ey = —3 cm ™) is
suspiciously inconsistent with any of the calculated shifts,
which vary in sign and magnitude, depending on the chosen
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-1 AVCH -1

method (4% =15 em ™, AY8h, = —36 cm ,and
AYFE = 8 em ™). In their gas phase experiments, Freytes et al.>’
and Georges et al.®® mention the difficulty in distinguishing the
monomer and dimer. In the latter work, a less used assignment
for the dimer »CH vibration at 2957 cm ™! is mentioned, which
would better fit (445 = 15 cm ') to our calculated shifts.
Although this comparison shows the potential of using
dimer-formation frequency shifts as an indicator of wrong
assignments, it should become clear that the 4" shift in

general is a poor choice to distinguish dimer and monomer.

For the 4°?“ shift, the gas phase reference (AOG‘;SH =28 cm”)

=8cm

. o . . . 5ipC
is qualitatively predicted by harmonic calculations (AD““FTH =

»CH . . .
38 cm™!, AO =46 cm™!), but it needs anharmonic calculations

for quantitative prediction <AVCI =25em~!, A0 =26 cm‘l).

doopCH

For the 4°*°™ shift, the gas phase reference (AGaS =36 cm‘1>

is reasonably well predicted by harmonic calculations

boop CH _ SoopCH . .
(A‘I))F"T =42 cm™! Al = 43) and anharmonic calculations

(A =23 em=, i
tions for the 4°*°™ and A°°*“" shifts are less reliable and likely
not as well suited to study dimer formation.

3.1.3 OCO related vibrations. The 4"°~© shift from the gas
phase experiment (445 © = —31 cm ') agrees well with the
predictions by either theoretical approach. The ‘“high level”
harmonic calculations agree better with experiment (Afpr © =
—42 em™, A4S © = —32 em™"). The anharmonic calculations

also slightly overestimate the magnitude of the shift (4y¢; © =

=25 cm”). Ultimately, the predic-

—36 cm ™', AY5r," = —38 cm ™). Overall, the changes in the
carbonyl bonding environment upon dimerization are

described adequately by both anharmonic and harmonic cal-
culations, making the 4"~ shift a good candidate for study-
ing the dimer formations. The 4““"° shift from the gas phase

experiment (445,° = 123 cm ™ ') agrees perfectly with the pre-

dictions by either theoretical approaches (4% = 130 cm™*,
ALEC =120 em ™, AYE° = 124 ecm Y, ASS = 123 em ™). This
makes the 4”“"© shift another good candidate for studying the

dimer formation. The same holds for the A°*°° ghift. It is

relatively large in the gas phase reference (Aé‘;?co =82 cm‘1>

and well reproduced by all theoretical approaches (A%‘”FOTCO =
90cm=!, AXP =82, 4% =g2em=!, AT =78 cm )

3.2 Matrix effects on dimer-formation frequency shifts of the
cyclic dimer

In contrast to gas-phase reference data, which are obtained
from a broad range of highly specialized experimental techni-
ques, MI-FTIR spectroscopy constitutes a practical methodo-
logy for acquiring comparable information on vibrational
structure with substantially reduced experimental effort (cf.
part I'7). However, interactions with the rare-gas host matrix
give rise to non-systematic, matrix-induced frequency shifts.
However, as shown in Table 1, the dimer-formation frequency
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shifts determined by MI-FTIR spectroscopy in argon and neon
matrices (4ar, Ane) reproduce the trends of the corresponding
gas phase reference values (4gas). Matrix effects therefore affect
the experimentally observed dimer-formation frequency shifts
only marginally, to an extent that is in fact smaller than the
theoretical uncertainties discussed in Section 3.1. Nonetheless,
the dimer-formation frequency shifts (4, 4ne) extracted from
MI-FTIR spectra are ‘“apparent” shifts. These values comprise
not only the intrinsic spectroscopic signature of dimer for-
mation but also additional contributions arising from matrix-
solute interactions and should, consequently, be interpreted
with appropriate caution when compared with gas phase
measurements or theoretical predictions. In the following, we
analyze how matrix effects modulate the observed dimer-
formation frequency shifts and demonstrate that these pertur-
bations do not compromise the identification of the structural
binding motifs related to specific functional groups (OH, CH,
OCO) of the system.

3.2.1 OH related vibrations. For the 4"°" shift obtained
from gas phase reference (Agas = —487 cm™ ) is slightly under-
estimated in argon (44" = —478 cm™ ') or overestimated in
neon (4" = —492 cm™") MI-FTIR spectra. For obtaining the
A%°COH shift, we have to consider the resonance phenomenon
(¢f Section 3.1) that occurs for the monomer both in argon
(1305/1216 cm™") and neon (1306/1218 em™ ') MI-FTIR spectra.
Considering the dimer, we observe, with very low intensity, one
band at 1371 em ™' in argon and one band at 1373 em ™" in neon
matrices. If we adopt the higher-frequency component as the

monomer reference (argon: 1306 cm '; neon: 1305 cm ),

8, COH

we obtain shifts in argon (A Ar =65 cm‘1> and in neon

(A{)“’COH =67 cm*') MI-FTIR spectra that compare well with

5, COH

the corresponding gas phase reference (AGaS = 66 cm‘l).

The A°°"°°H shift is slightly overestimated in both ( AP COH

ooopCOH

304 cm™!, A =305cm™!) MI-FTIR spectra when com-

pared to the gas phase reference (Aé’;gCOH =303 cm”).
In general, the discrepancies between the matrix and gas phase
dimer-formation frequency shifts remain below 2% for all the
OH-related vibrations.

3.2.2 CH related vibrations. As discussed in Section 3.1,
the 4"°H shift is difficult to assess because of the strong overlap
of monomer and dimer bands in the gas phase. Based on the
commonly accepted assignment, the corresponding shift is very
low (445 = —3 em ™). Due to the relatively low intensity of the
bands corresponding to the ©CH vibration, we were not able to
observe the dimer bands in our MI-FTIR spectra. We may refer
to the work by Ito,>* who observed the dimer band at 2947 cm ™"
in argon MI-FTIR spectra. This assignment would lead to a shift
(458" = —8 em ™) that agrees qualitatively with the gas phase.
Considering the 4°°° shift, we cannot derive a shift for our
MI-FTIR data, because we were not able to reliably observe the
dimer band. Apparently, this was also the case in Ito’s work,
where no corresponding band is reported for the dimer.

Gantenberg et al. report the 6;,CH of the dimer at 1445 em Y
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with a relative intensity of only 0.1% of the strongest band.>
Comparing the value reported by Gantenberg et al to the
monomer band in argon at 1381 cm ' yields a shift of

Ai‘r’CH =64 cm~!, which is considerably higher than the gas

o;pCH

phase reference (AG";S =28 cmfl). It is very likely that this is

not a matrix effect but a wrong assignment, suggesting that an
observable dimer band may lie at a lower frequency than the
one reported by Gantenberg et al. The 4°*" shift, however,
can be evaluated. Gantenberg et al. assigned the 6CH vibration
to 1069.3 cm™',>® and this assignment was later confirmed by
Ito.>* In our spectra, we detect extremely weak bands that agree

with this assignment. The shifts we obtain from our MI-FTIR

(5oop CH (30013 CH

experiments (AAr =32cm LA =30 cm”) are also in

good agreement with gas phase reference (Ag;‘;gCH =32 cm‘l),

suggesting a minor matrix effect. Nevertheless, it ultimately
remains challenging to draw definitive conclusions regarding
the influence of the matrix on the dimer-formation frequency
shifts for the CH-related vibrations, primarily because their IR
intensities are very low and the corresponding band assign-
ments therefore remain unreliable.

3.2.3 OCO related vibrations. The 4"“~© shift as obtained
from gas phase reference data (4¢g, © = —31 cm ') is vividly
overestimated in both (457 ©= -39 ecm ™, 4{% =36 cm ™)
MI-FTIR spectra. For the 4"“© shift, the matrix effect is again
negligible, where the shifts obtained from MI-FTIR spectra
(4559 =123 ecm ™, 452 ° =125 cm ') are in excellent agreement

with the gas phase reference (44, = 125 cm™'). Similarly,
for the A°°°C° ghift, the shifts obtained from both

(Ai,;oco = 83,112‘;0“) = 80) MI-FTIR spectra closely match

8,0CO

the gas phase reference (AGaS =482 cm”). With regard

to the OCO-related vibrations, it should be noted that, in
relative terms, the 45¢ © and 4% © shifts correspond to
deviations of 28% and 17%, respectively. This identifies the
spectral region exhibiting the most pronounced matrix effect
on the dimer-formation frequency shifts. The 4°“™° and 4°#°¢°
shifts from MI-FTIR spectra are again below 2% deviation from

gas phase, consistent with the other regions.

3.3 Distinguishing conformers of the trans,trans-formic acid
dimer via MI-FTIR spectroscopy

The various conformers that emerge from the clustering of
formic acid have been studied extensively by computational
approaches, including the dimer but also higher oligo-
mers.® "% In particular for the cyclic dimer, the double
hydrogen-bond has been investigated extensively with respect
to its influence on vibrational properties,> and binding
energies.®” Within MI-FTIR spectroscopy, primarily dimers
have been observed,>®*° although trimers have also been
reported.”’ In the present work, we focus on the dimer con-
formers observable by MI-FTIR spectroscopy.

Our conformational sampling reveals several conformers that
are worth considering, as illustrated in Fig. 3. Thermochemistry

This journal is © the Owner Societies 2026

Paper

suggests that only the A% conformer, ie., the doubly hydrogen-
bonded “cyclic” dimer in C,;, symmetry, is thermodynamically
favored. The B conformers, which correspond to singly hydrogen-
bonded dimers in Cs symmetry, exhibit significantly higher Gibbs
free energies of up to 4.4 kcal mol '. We denote the B°P"
conformer as the “open” dimer because the two OH groups do
not interact directly; instead, a single hydrogen bond forms
between the OH group of one molecule and the carbonyl group
of the other molecule. The B°"¢° conformer is referred to as the
“bridge” dimer because the OH group of one molecule forms a
bridge between the OH group and the carbonyl group of the other
molecule. Finally, the B*™™ conformer is termed the “chain”
dimer because the OH groups interact in a way that allows
additional formic acid molecules to attach in a daisy-chain-like
arrangement. One may also consider higher-energy conformers
that do not exhibit a conventional hydrogen bond (the C and D
conformers in Fig. 3). However, these structures lie far above
the energy range thermally accessible at room temperature
(~0.6 kecal mol "), so their populations are expected to be
negligible.

Despite the unfavorable formation energy, MI-FTIR spectro-
scopy has been shown to distinguish some of these higher-
energy conformers, as comprehensively demonstrated by Lopes
et al.”® using N, matrices (¢f Table 2). Based on their experi-
ments and earlier argon matrix studies by Gantenberg,’®
Ito,>*”* and Marushkevich et al.,**’* Lopes et al.”® identified
three hydrogen-bonded conformers of the trans-trans formic
acid dimer conformers:”® the lowest-energy cyclic dimer with
C,n symmetry (A¥¢ in Fig. 3), and two higher-energy dimers
with C, symmetry (B°"°™ and B"*™ in Fig. 3). Annealing at 32 K
was found to increase the populations of the lowest (A¥¢) and
second-lowest (B°P°") energy conformers, while reducing the
presence of higher-energy conformers.

Fig. 4 shows the MI-FTIR spectrum in the region where the
vOH vibration is expected, for different annealing tempera-
tures. Similar to Lopes et al.,”® we observe spectral changes
upon annealing to 24 K in an argon matrix. As shown, we have
assigned multiple bands to the formic acid dimer, corres-
ponding to the various conformers listed in Fig. 3. This
includes bands assigned to energetically less stable conformers
of the dimer. The existence of such higher-energy conformers
has previously been discussed by Madeja,”> who observed
“polar” structures of the formic acid dimer in helium nano-
droplets. Subsequent studies demonstrated that formic acid
preferentially forms singly hydrogen-bonded dimers in this
environment,”® while molecular dynamics simulations sug-
gested that these structures are stabilized by kinetic trapping
effects.”” A similar kinetic trapping mechanism may also
account for the observation of higher-energy conformers in
solid argon and neon matrices, as observed here.

Assigning the absolute band positions for conformers based
on anharmonic calculations is not practical, due to the cost of
such calculations. However, the various conformers can be
identified based on the dimer-formation frequency shifts pre-
dicted by harmonic calculations using a cost-efficient DFT
approach (4ppr), as discussed in Section 3.1 for the A9¢
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Table 2 Absolute frequencies and dimer-formation frequency shifts (in cm™) as observed in MI-FTIR spectra in nitrogen (4n,). argon (4a,), and neon
(4 compared to computational predictions from harmonic frequency calculations (4pe) for different formic acid dimer conformers (AY<, BoPen, BPridge,

and B"") in reference to the monomer (M)
Matrix-isolation (literature)” Matrix-isolation (this work) Calculation (this work)”

Label N, Ax, Ar Apr Ar Apr Ne Ane DFT Aprr Int.
M VOH 3528 3549 3550 3570 3862 104
Aelic 3072 —477 3073 —477 3078 —492 3299 —563 2573
BOoPeR “Free” 3509 -19 3540 -9 3537 —13 3564 -6 3854 -7 113
_ “Bond” 3154 —374 3184 —365 3169 —381 3207 —363 3468 —394 1071
pbridse “Free” 3425 —125 3461 —109 3751 —111 504
A “Bond” 3310 —260 3602 —260 400
pehain “Free” 3518 —11 3544 -5 3537 -13 3564 -6 3855 -7 110
“Bond” 3371 —158 3387 —162 3388 —162 3419 —151 3702 —160 602
M vC-H 2968 2955 2953 2939 3165 27
A%elic 2947* -8 3171 6 303
BoPen “Free” 2951 —16 3150 —-15 64
“Bond” 2997 29 3206 41 11
M C=0 1762 1768 1768 1774 1897 442
Avelic 1728 —34 1728 —40 1729 —40 1738 —-36 1856 —42 996
BOoPeR “Free” 1745 —17 1748 —20 1746 —22 1755 -19 1872 —25 792
. “Bond” 1693 —69 1713 —-55 1719 —55 1828 —69 150
pbridse “Free” 1775 7 1777 3 1902 5 364
' “Bond” 1734 —34 1736 —38 1860 —37 591
pehain “free” 1771 9 1774 6 1779 11 1779 5 1905 8 498
“Bond” 1750 —-18 1753 —-15 1752 —22 1875 —23 398
M 5;pCH 1342 1383 1381 1380 1428 5
Avelic 1445* 62 1465 38 1
M 5;,COH 1265 1306 1306 1305 1336 29
A%elic 1375 110 1372 66 1371 65 1373 67 1437 102 79
BOoPR “Free” 1293 28 1360 24 71
_ “Bond” 1360 95 1415 80 26
pbridse “Free” 1330 -6 19
} “Bond” 1390 54 15
pehain “Free” 1301 —34 0
“Bond” 1394 59 31
M C-0 1119 1104 1104 1103 1184 278
A%elic 1227 108 1225 121 1227 123 1226 123 1314 130 368
BOoPen “Free” 1150 31 1131 27 1131 27 1130 27 1208 24 288
A “Bond” 1181 62 1180 76 1180 76 1177 74 1269 86 236
pbridse “Free” 1114 11 1193 9 528
' “Bond” 1159 55 1171 68 1240 56 302
pehain “Free” 1151 —33 234
“Bond” 1180 60 1154 50 1154 50 1239 55 322
M SoopCH 1041 1038 1038 1036 1076 1
A%elic 1109 68 1069 31 1070 32 1066 30 1118 42 51
BOPen “Free” 1051 11 1092 16 4
“Bond” 1115 39 1
M S0opCOH 672 635 636 638 681 169
A%elic 938 266 939 304 940 304 943 305 1018 338 208
BOoPeR “Free” 695 22 658 23 658 22 661 23 702 22 164
' “Bond” 877 205 858 223 868 232 891 253 933 252 130
pPridee “Free” 696 60 699 61 741 60 39
A “Bond” 865 185 239
pehain “Free” 611 —25 611 —27 654 —26 150
“Bond” 808 127 155
M 5;,0CO 637 629 629 626 650 51
Aelic 722 85 712 83 712 83 707 81 740 90 51
BOP" “Free” 660 23 671 21 84
“Bond” 680 43 704 55 36

“ The reference MI-FTIR data obtained in N, matrices were taken from Lopes et al.”®”® The reference MI-FTIR data in Ar matrices were compiled
from the studies of Macoas et al.,”* Marushkevich et al.,**”* Ito,>*’" and Gantenberg et al.>® For monomer bands split by matrix trapping sites, the
corresponding frequencies were averaged when calculating dimerization-induced frequency shifts. Assignments marked with an asterisk (*) are
uncertain and are discussed in the text. For direct comparison with previous studies, the conformers designated here as A%, B°P°", and B°"®i
correspond to the previously reported TT1, TT2, and TT5 structures, respectively. > Harmonic calculations at @B97X-3c level of theory. No scaling
factors applied. Calculated absolute intensities (Int.) are given in km mol .

conformer. Table 2 summarizes these dimer-formation fre- calculations (4pgr) for the A and B conformers of the dimer.
quency shifts as determined experimentally from MI-FTIR In the following, we identify the vOH, »C=0, vC-0O, §;,COH,
spectroscopy (4ar, 4ne), and computationally from harmonic  and 6,,,COH vibration as the most reliable and characteristic
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infrared-active modes to study cluster formation with respect to
the carboxyl group. We limit the discussion to the argon
MI-FTIR spectra, but the corresponding neon data are given
in Table 2 for completeness. All relevant regions of the MI-FTIR
spectra and their assignment are shown in the SI.

3.3.1 OH-related vibrations. vOH: the 4"°" shifts span a
wide range, with the largest shift being A2 (AY¢) = —477 cm ™
for the “bond” vOH vibration of the A”° conformer. This is in
line with the strong hydrogen bond in the cyclic dimer. Note
that the prediction of A%y¢(AY°) = —563 cm™" is not good, most
likely due to the strong anharmonicity in this particular case of
the A¥° conformer (¢f: Section 3.1). The annealing experiments
show a slight increase in the intensity of the corresponding
band, indicating that the population of the A% conformer
increases (c¢f. Fig. 4). The dimer-formation frequency shifts of
the “bond” vOH vibrations of the B conformers successively
become smaller from the B*" over the B to the B*"™"
conformer, indicating decreasing trend of the hydrogen bond
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Fig. 4 Matrix-isolation FTIR difference spectra obtained during the
annealing procedure to visualize dimer formation in the »OH region
(3570-3000 cm™3). A 1:250 mixture of formic acid : argon was deposited
at 5 K and subsequently annealed stepwise up to 24 K. Difference spectra
were recorded with reference to the 5 K spectrum. M stands for monomer;
the other labels correspond to different dimer conformers (see Fig. 3).
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strength. The trend starts with the 4527 (B°P*") = —381 cm™*
shift, which is in good agreement with the prediction of A
(B°P°") = —394 cm™". This band shows increasing intensity in
the annealing experiments, suggesting that the population of
the B°P*™ conformer increases. The predicted AXpr(B°798¢) =
—260 cm ™', which should be in the middle of the trend, could
not be assigned in our argon spectra, also not after annealing.
We were able to find the A2M(B™™) = —162 cm ™! for the
weakest hydrogen bond, in good agreement with the prediction
of ARE (BN = _160 cm ™. A small decrease is visible for the
corresponding band in the annealing experiment, indicating
that the population of the B"*™ conformer increases.

The “free” vOH vibrations of the B conformers behave
differently than the above-mentioned ones. The ‘“free” »OH
vibration of the B°*™ and the B™™" conformer cannot be
distinguished and we find a common shift of A52"(B°P") =
ARHBAM) = 13 em™! in qualitative agreement with the
prediction of AXXF(B°P) = AL (B ™) = —7 em ™. In the B°P*"
conformer, one OH group is “free” because it does not parti-
cipate in a hydrogen bond. In the B"*" conformer, the OH
groups are connected as a “chain”, and the OH group at the
end of the chain behaves similarly to a “free” OH group.
Consequently, both conformers exhibit #OH vibrations similar
to the OH of the monomer, aligning with the assumption of a
weak or absent hydrogen-bond interaction. Here, the annealing
experiments lead to a substantial increase in intensity. This
behavior is most plausibly attributable to an increase in the
population of the B°P°" conformer alone. In contrast, the
population of the B"*™ conformer was observed to decrease
for the corresponding “bond” A4Y(B"*™) shift, and this is
most likely the case also here. The ‘“free” vOH vibration of
the BP98¢ conformer can be assigned to a band detected at
3425 cm ™! in argon, indicating a redshift of AXCH(BTIE°) =
—125 em ' in good agreement with the prediction of Ajpy
(BP8¢) = —_111 em ™. These values suggest an intermediate
hydrogen-bond strength, less robust than the A conformer,
but stronger than in the B°P*" or B**™ conformer type. The
B98¢ conformer has one OH group that takes part in two
hydrogen bonds, i.e., functioning as a “‘bridge” between the OH
group and the C=O group in one formic acid unit. Thus, the
vibration is somewhat between the “free” and “bond” vibra-
tions. The annealing experiments show a slight decrease in
intensity for this band, indicating a decrease in the population
of the BP"98¢ conformer.

0;,COH: we have discussed in Section 3.1 that the harmonic
calculations overestimate the A°°“°"(A%€) shifts due to the
intrinsic limitation of reproducing resonance phenomena.
It can be expected that this also holds for all B conformers.
From the predicted “bond” §;,COH vibrations, we expect a
decrease in the blueshift from the B°P°", over the B?"9%° to the
BP¥" conformer. This is consistent with partial hydrogen
bonding that becomes progressively weaker relative to the A¥*
conformer. For the “free” §;,COH vibrations, the calculations
predict a similar decreasing trend, reaching negative values,
reflecting the even weaker hydrogen-bonding interactions.
Although there are some bands in the argon and neon MI-FTIR
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spectra that may be assigned to these features, we refrain from
doing so. Not only because we expect the harmonic calculation to
be a poor prediction here, but also due to the very low intensities
of these vibrations. Considering the annealing experiments, both
the monomer (M) and the cyclic dimer (A%°) slightly decrease
upon annealing, while no other bands rise above the signal-to-
noise threshold.

00opCOH: similar to the “bond” vOH vibrations, we observe

large shifts for the “bond” d,,,COH vibrations, the largest being
A‘;A"r""COH (A%)=304cm~! followed by the AD"""COH(B"I’E“) =
232cm!. The corresponding shifts for the B™° and B"»
conformers should decrease progressively in magnitude, accord-
ing to the calculations. However, the bands were not detectable.

In contrast, the “free” J,,,COH vibrations were all detectable
yielding values of A% (Boren) =22 em~!, A% (BPridee) =
60cm!, and A% (Behain) — _25 cm
vOH vibrations, we observe that the B°**" and B"*™ are similar in
magnitude, albeit with different directions. The larger shift pre-
dicted for the B°"/8° conformer is consistent with the OH group
functioning as a “bridge”, being somewhat in between the “free”
and “bond” vibrations. Annealing experiments of these bands
show minor changes, which are difficult to quantify due to their
low intensities.

3.3.2 CH-related vibrations. As discussed in Section 3.2,
the expected 4" shift for the A¥° is very small, and the dimer
band intensity is so weak that it is nearly unobservable, and we

. Similar to the “free”

have to refer to literature data. While the 4°*" shift is larger, it
is practically not possible to obtain reliable data due to the low
intensity. For the 4°°*°" shift, we can obtain a value; however,
this is merely evidence that the MI-FTIR spectra are capable of
identifying very weak features, rather than a useful marker.

Lopes et al. have reported Ab‘pc (BoPen) = 4+29/—16 cm~! and

A}}")PCH(B"W“) = +11 cm™!, which agrees with computational

+41/—15cm™" and Ay (Boren) =

+16cm™~'. However, the intensities of these bands are too low to
assign them in our spectra. Ultimately, we regard all CH-related
vibrations as generally unsuitable for probing other conformers
as well. Annealing experiments do not change these conclu-
sions; the bands remain mostly undetectable.

3.3.3 OCO-related vibrations. 2C—=0: as shown in Fig. 5,
the ¥C=O vibrations exhibit a narrower range of dimer-
formation frequency shifts than the »OH vibrations, reflecting
a lesser sensitivity of the carbonyl stretching frequency to
hydrogen-bond formation. Nevertheless, the observed trends
mirror the hierarchy observed above for the »OH vibration.
Considering the “bond” vC=O0 vibrations, the largest shift is

K7O(BPe™) = —55 cm ™, followed by AETO(AY) = —40 cm Y,
ATOBPEY) = 34 em™!, and 45T OB = —15 em ™.
Interestingly, the A% conformer lies between the B conformers,
i.e., it does not show the largest shift of all, in contrast to all
other vibrations. In the annealing experiments, the bands
related to the A and B°P®" conformers increase significantly,
while we also detect a slight increase of the B™®™ “bond”
vibration (which was not detected for vOH). Considering the

predictions ADFT (BoPen) =
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“free” ¥C=O0 vibrations, the only redshift is 45 °(B°P") =
—22 cm™!, while the other two are small blueshifts of
AETOBP) = 7 em ™! and 4K O(BM™M) = 11 em . These
bands are of low intensity and very close to the broader, more
intense monomer band. Here, the annealing experiments help
to distinguish the dimer bands from the monomer bands.
Again, we observe that the bands related to the B°P", A%
increase in intensity during annealing, but for B"" no
changes are visible, more in line with the results from vOH
vibration. From a practical perspective, it may be highlighted
that changes in the population of dimer conformers during
annealing are most conveniently observed in the C=O stretch-
ing region, as all conformers are observed in a confined
spectral range, simplifying normalization between the spectra
recorded at different annealing steps.

vC-0O: Fig. 5 shows the region of the »C-O vibration. For

the “bond” ©C-O vibration we observe a pronounced shift of
AXEO(AY€) = 122 ecm . The second largest shift of this type is
ALSO(BP") = 76 cm™'. The remaining B conformers are
expected to have almost the same shift from the harmonic
calculation. Marushkevich et al.®® report from their argon
matrix-isolation experiments, a Shlft of A OB dEe)
56 cm ' and of A4 °(B™") = 51 cm™'. We observe similar
features with a shlft of AR O(Bbridge) = 55 cm ' and of
A5E7O(BPiM) = 50 em . The corresponding bands vanish with
annealing, suggesting that both the B""I¢° and the B**™ are
lost during annealing. This is consistent with observation in
other spectral regions.

For the “free” ©C-O vibration, the situation is a bit different.
Here, the shifts are of much smaller magnitude, and we can
only identify the shift of ALS °(B°P*") = 27 cm™". If we consider
again the observations by Marushkevich et al.,* they report a
shift of AxHB"%) = 7 em™' and of ASQ(BMM") =
—27 em™'. These observations are plausible when compared
to our corresponding calculated shifts of A%p (B"98¢) =9 cm™*
and 455 (B"* ™) = —27 em ', However, in our experiments, the
bands are barely visible, neither before nor after annealing.
Generally, the annealing experiments show an increase in both
bands related to the ¥C-O vibration of B°P¢".

0;,0CO: for the sake of completeness, we may mention here

5:,0C0 , ¢ .
that besides the 4,7~ (A®°) shift, we were not able to evaluate

shifts of the other conformers. Here, Lopes et al. have reported
2p0CO = +43/+23 cm™!

A ‘P (Bopen)
tlonal predictions A]))F(;CO(BOPE“) = +55/421 cm~!. However,

due to the low intensity of bands related to this vibration, they
are not detectable in our experiments.

, which agrees with computa-

3.4 The formic acid trimer

In the present study, we did not calculate trimer conformers.
However, we observe several bands that were previously assig-
ned to the formic acid trimer by Ito using matrix-isolation.”*”*
This trimer assignment was revised later by jet-expansion
experiments.’>”® We may mention the ©C=O0 region, where
Ito assigned three features at 1746, 1747, and 1748 cm ™" to the
trimer. In the present work, the band at 1746 cm™ " is assigned
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Fig. 5 Matrix-isolation FTIR spectrum of formic acid (HCOOH) in argon. The panel displays the vC=0 (top) and the vC-O (bottom) spectral regions
recorded at different annealing temperatures. Spectral features attributable to the monomer (M, gray), the cyclic double-hydrogen-bonded dimer
(A%<, green), as well as several singly hydrogen-bonded dimer conformers (B°P", blue; B®"99, orange; B"@", yellow) can be identified. For the latter
conformers, both “free” and hydrogen-"bonded” variants of the vC=O vibrational mode are observed. The trimer assignments are tentative.

to the B°P°" dimer (cf Fig. 5). Addition of a further formic acid
molecule to this structure would yield one of the trimer motifs
proposed by Ito for these bands. Similar motifs have been also
proposed by Roy and Thakkar.® It is therefore likely that this
pattern arises from a mixture of dimer and trimer species with
similar structural motifs. Further computational studies of the
trimer conformational space would be required to validate this
interpretation. In addition, the proximity of the bands is
comparable to the spectral resolution used in this study, so
further experiments may be necessary to resolve these features
more clearly. Such investigations are beyond the scope of
the present work. Nevertheless, the ease with which these
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supposedly trimer-related bands appear highlights the capabil-
ity of matrix-isolation to probe cluster formation.

4 Conclusion

MI-FTIR experiments can identify structural motifs among
different conformers of the formic acid dimer. These motifs
manifest in the magnitude and direction of dimer-formation
frequency shifts, which follow clear trends. We show that
harmonic frequency calculations based on DFT (e.g., using
the wB97X-3c functional) are sufficient to predict the direction
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and approximate magnitude of the frequency shifts associated
with dimerization. Higher level of theory in harmonic fre-
quency calculations at CCSD(T)-F12/cc-PVTZ-F12 provides
slight improvements on the prediction of the dimer frequency
shifts compared to DFT, but are computationally too demand-
ing for larger organic systems important for NPF. Anharmonic
calculations of vibrational frequencies improve absolute fre-
quency predictions but do not significantly improve predictions
of dimer-formation frequency shifts. However, subtleties such
as resonances, as in the case of the 6;,COH vibration, cannot be
resolved solely through harmonic frequency calculations,
underscoring the importance of the anharmonic analysis pre-
sented in our previous work. In general, the calculated values
follow the same qualitative trends as the experimental data.
However, the experimentally observed apparent dimer-
formation shifts include contributions from matrix-induced
shifts of the underlying monomer and dimer vibrations.
Although this effect is small enough not to interfere with the
analysis of cluster formation, dedicated theoretical studies to
compute matrix frequency shifts remain desirable to quantify
their contributions more rigorously.

Using the harmonic predictions of the dimer-formation
frequency shifts, we investigated the different vibrational
modes for their ability to identify the structural motifs in
cluster formation. In the »OH and vC=O regions, redshifts
are relatively large for doubly hydrogen-bonded groups, mode-
rate for singly hydrogen-bonded groups, and small for free OH
and C=O groups. The vC—O region is conveniently located
within a spectral window of about 100 ecm™", making it well
suited for an initial assessment of cluster formation. This is
particularly advantageous in annealing experiments, where
slight baseline variations occur between spectra. In such cases,
baseline correction is required, for example by normalizing to a
chosen anchor wavenumber. This approach works reliably
when applied over a relatively narrow spectral range. In contrast,
the vOH region of the monomer and dimer spans over 500 cm ™ *
and exhibits comparatively low intensities for the dimer bands,
making it a secondary choice for studying organic cluster for-
mation. However, in both regions, the harmonic approximations
of the dimer-formation frequency shifts and the matrix-induced
frequency shifts exhibit considerable deviations from gas-phase
reference values, which could be problematic when larger systems
are studied.

The vC-O and J,,,COH regions, in contrast, provide a
surprisingly rich source of information on different dimer
structures, as the theoretical predictions are highly accurate
and the matrix-induced frequency shifts are almost negligible.
In contrast to the stretching regions discussed above, the dimer
bands are blueshifted here. The »C-O region extends over
roughly 100 cm™" and allows for an equally reliable initial
assessment as the ¥C—O region. The J,,,COH region spans
approximately 300 cm ' and can serve as a secondary diagnos-
tic region, similar to the ¥OH region. However, both regions
have slightly lower band intensities compared to ¥C—O, mak-
ing the identification of all vibrational bands of all conformers
challenging.
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All vibrational modes involving the CH group (vCH, 6;,CH,
and J,0,,CH) exhibit very low intensities, such that even assign-
ment of the monomer bands becomes challenging. These
modes are therefore not recommended for studies of cluster
formation. While monomer and cyclic dimer bands can be
observed in the 6;,COH and 6;,0CO regions, their low inten-
sities make straightforward assignment of other dimer confor-
mers difficult. Although these regions are not particularly
useful for identifying cluster formation, they may still serve to
confirm the presence of the most stable conformer.

Thermochemistry suggests that conformers with more
hydrogen-bonded groups should be more populated than those
with fewer such interactions. This expectation is only partially
consistent with our matrix annealing experiments, which
should drive the kinetically trapped system closer to its equili-
brium state. While the population of the A¥ conformer
(double hydrogen bond) increases slightly as expected, the
population of the B°?“" conformer (single hydrogen bond) also
increases. This indicates the formation of less-stable dimeric
motifs in the matrix. The populations of the B*"98¢ and Bhain
conformers either remain constant or decrease. During anneal-
ing, the monomer concentration decreases due to evaporation
into the vacuum and dimer formation, while the corresponding
dimer bands increase. Combined with the observation that the
population of the lowest-energy conformer does not grow
substantially, whereas higher-energy conformers increase
markedly, we conclude that matrix-isolation slows the kinetics
of dimerization and enables direct visualization of the earliest
steps of new particle formation by trapping non-equilibrium
conformers, which could also be important in atmospheric
clustering processes.

Atmospheric cluster formation and growth are typically
modeled by calculating the free energy gain associated with
assembling a cluster from isolated monomers. A major chal-
lenge is linking such models to experimental observations. MI-
FTIR provides a qualitative lower bound on the accessible
conformer space because formation rates in the atmospheric
gas-phase at ambient temperature are expected to exceed those
achievable in a cryogenic matrix. Continued development of
computational approaches for predicting matrix-isolated con-
former populations will further strengthen this connection.
However, the simple normal-mode decomposition for manual
assignment of labels from the chemist notation becomes
increasingly tedious as the conformational space expands
beyond our simple formic acid model system with a manage-
able number of conformers, highlighting the need for further
automation.

Overall, the structural insights from MI-FTIR spectroscopy
provide molecular-level information on the earliest steps of
organic new particle formation that cannot be obtained by
conventional mass spectrometry. For formic acid, the cyclic
dimer with two hydrogen bonds is confirmed as the most stable
species and therefore the most relevant for thermodynamic
modeling of new particle formation. It can be expected that
similar motifs are also essential for larger organic acids.
We identified »C=0, vOH, vC-0O, and 6,,,COH as the major

This journal is © the Owner Societies 2026
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vibrational modes to study cluster organic formation. The
present study, therefore, establishes a foundational reference
for future investigations of mixtures of formic acid with sulfuric
acid and other atmospheric organic molecules.
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