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Hydrogen bonding interactions are essential in the structural stabilization and physicochemical properties of
complex molecular systems, and carboxylic acid functional groups are common participants in these motifs.
Consequently, the neutral formic acid (FA) dimer has been extensively investigated in the past, as it
represents a useful model system to investigate proton donor—acceptor interactions. The analogous depro-
tonated dimers, in which two carboxylate groups are bound by a single proton, have also served as informa-
tive model systems. In these complexes, the position of the shared proton is mainly determined by the
proton affinity of the carboxylate units. However, very little is known about the nature of the hydrogen
bonding interactions in systems containing more than two carboxylate units. Here we report a study on the
deprotonated (anionic) FA trimer. IR spectra are recorded in the 400-2000 cm™! spectral range by means
of vibrational action spectroscopy of FA trimer ions embedded in helium nanodroplets. Characterization of
the gas-phase conformer and assignment of the vibrational features is achieved by comparing the

Received 18th November 2022, experimental results with electronic structure calculations. To assist in the assignments, the 2H and O FA

Accepted 24th March 2023 trimer anion isotopologues are also measured under the same experimental conditions. Comparison
DOI: 10.1039/d2cp05409d between the experimental and computed spectra, especially the observed shifts in spectral line positions

upon isotopic substitution of the exchangeable protons, suggests that the prevalent conformer, under the
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1 Introduction

Hydrogen bonding interactions are essential in many areas of
physics, chemistry and biology,' and because of their unique
physicochemical properties, they are central in many important
processes such as, for example, single and double proton
transfer reactions in nucleobases,*” formation of low-barrier
hydrogen bonds in proteins,°® and proton-coupled electron
transfer reactions in electrocatalysis.”'* In addition, the strength
of the interactions within the hydrogen bonding network is vital
to maintain the structural and thermodynamic stability of the
system.” ' The challenges in understanding these interactions
are often related to the complexity of the systems studied. To
gain fundamental insight, it is useful to investigate small model
systems, as their small size and minimal complexity permits

“ Fritz-Haber-Institut der Max-Planck-Gesellschaft, Faradayweg 4-6, 14195 Berlin,
Germany. E-mail: helden@fhi-berlin.mpg.de

b Department of Chemistry, University of Rhode Island, 140 Flagg Rd., Kingston,
Rhode Island 02881, USA

i Electronic supplementary information (ESI) available: O-H and O-O bond

lengths, vibrational modes assignment and comparison of additional experi-

mental and theoretical spectra. See DOI: https://doi.org/10.1039/d2cp05409d

This journal is © the Owner Societies 2023

experimental conditions, exhibits a planar structure that resembles the crystalline structure of formic acid.

precision spectroscopy experiments as well as high-level quan-
tum chemical calculations that can yield a better understanding
of the hydrogen bond interactions.">°

Particularly interesting are carboxylic acid systems. Carboxylate
or carboxylic acid groups play an important role for hydrogen
bonding in biological systems and are decisive in determining, for
example, the structures and properties of peptides and proteins.
In those systems, O-H- - -O interactions are of special importance.
However, for formic and acetic acid, the much weaker C-H- --O
hydrogen bond plays an important role as well and for those acids
in their solid form, the balance between O-H:--O and C-H---O
hydrogen bonds is determining the structure.**>

In a bottom up approach, small neutral carboxylic acid
complexes, such as the formic acid (FA) dimer, have been
extensively investigated. For carboxylic acid dimers, the proton
affinity of the two units has a major influence on the proton
location, as well as the ground-state structural motif of the
complex. For small homo-dimers, in which the proton affinity
of both carboxylic acids is equal, a cyclic double hydrogen-
bonded complex is most likely to be formed.**** For carboxylic
acid hetero-dimers, instead, antisymmetric hydrogen bonding,
as well as other structural motifs, may be observed when the
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difference between the proton affinity of the two acids is high
enough.?¢~°

When a proton is removed from the carboxylic acid moiety of
a double hydrogen-bonded complex, a carboxylic dimer anion is
formed, and the competition between the proton affinities of the
units, possible additional hydrogen bonds, and electrostatic
interactions will ultimately determine the position of the proton
shared between the conjugate bases. Such shared-proton motifs
are found in many different chemical environments, ranging
from small complexes like water clusters to complex systems like
proteins.*®™*® Recently, the ground-state structure of the proton-
bound formate dimer anion was characterized by means of
cryogenic-ion IR action spectroscopy, showing that the lowest
energy conformer corresponds to a symmetrical motif in which
the proton is equally shared between the two carboxylates.*”

Although many experimental and theoretical studies have
examined carboxylic acid dimers, very little is known about the
structure and properties of larger carboxylic acid clusters, such
as trimers or tetramers. Although the energetic stability of the
neutral FA, and FA,-H,0, cluster series growth has been
investigated in the past,*®° there are only a very few spectro-
scopic studies of such systems.>*™?

Infrared (IR) action spectroscopy of isolated gas-phase ions
has proven to be a very effective experimental technique for the
characterization of small molecular complexes. Whereas spec-
tral broadening often limits room-temperature spectroscopic
approaches, cryogenic-ion IR spectroscopy methods, in which
the ion of interest is cooled down to temperatures ranging from
10-100 K prior to spectroscopic interrogation, can significantly
reduce the vibrational congestion and thus enable the acquisi-
tion of highly resolved IR spectra. Such experimental techni-
ques, together with high level theoretical calculations, were
successfully applied in the past to study the structure and
properties of systems ranging from small carboxylic acid clus-
ters to complex biomolecules. %7378

Here we report the first gas-phase IR spectrum of the deproto-
nated (anionic) FA trimer complex in the 400-2000 cm ™' range,
utilizing IR action spectroscopy of ions trapped in helium nano-
droplets. This system is expected to exhibit highly anharmonic
behavior, resulting in complex spectra that are challenging to
interpret. To gain additional information about the vibrational
character of the observed bands, the deprotonated *H-FA trimer
and "®O-FA trimer isotopologues were also measured. For compar-
ison to the experimental data, IR spectra were calculated within
the harmonic approximation for a set of candidate structures. Our
results indicate that among several conformers, the second-lowest
energy structure, which resembles the crystalline form of formic
acid, is the one observed under the experimental conditions.

2 Experimental and
computational methods
2.1 Experimental section

The experimental setup for ion infrared action spectroscopy in
helium droplets has been described in previous publications,*”**7*
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and only specific details are provided herein. The ions of interest
are generated from a nanoelectrospray ionization (nESI) source
using in-house-fabricated Pd/Pt-coated borosilicate capillaries.
Samples with 10% of either FA (99.9% - Sigma-Aldrich Merck -
Darmstadt, Germany) or d,-FA (99.9% - Sigma-Aldrich Merck -
Darmstadt, Germany) in a 1: 1 H,O : CH;OH mixture are utilized to
generate the ions in the gas phase. In the case of "*0-FA a 20% "*0-
sodium formate (95% — Cambridge Isotope Laboratories - Massa-
chusetts, United States) in a 1:1 H,O:CH;0H mixture is used
instead. Deuterium substitution of the acid protons is carried out
by bubbling N, through D,0 and flowing this gas trough the space
between the cone and the inlet of the nESI source.

After ions are transferred into vacuum, the species of inter-
est is isolated by a quadrupole mass filter, deflected 90° by a
quadrupole ion bender and finally injected and accumulated in
a hexapole ion trap. A 2.0 s duration pulse of He buffer gas is
introduced before the entry of the ions to the hexapole ion trap
to collisionally cool and effectively trap the ions. Moreover, in
order to reduce the water partial pressure and possible ion-
molecule reactions, the hexapole ion trap housing is cooled to
ca. 90 K. After an additional 1.5 s pump-down period, helium
droplets are allowed to traverse the trap.

Helium droplets are generated using an Even-Lavie pulsed
valve’? that operates at a temperature of 23 K and at a helium
backing pressure of ca. 70 bar. The He droplets pass through
the trap and can pick up an ion. As the kinetic energy of the
droplets is much larger than the longitudinal trap potential,
ion-doped droplets can exit the trap and travel further down-
stream in the instrument. Previous measurements indicate that
under the described experimental conditions, ion-doped droplets
containing ~ 20 000 He atoms are produced.” lon-doped droplets
reaching the subsequent interaction region are irradiated
with infrared photons generated by the Fritz-Haber-Institut Free-
Electron Laser (FHI-FEL).”* Photons that are resonant with vibra-
tional transitions of the ion can be absorbed, and the energy is
rapidly dissipated via evaporation of helium atoms and associated
re-cooling of the ion and the droplet. Several cycles of photon
absorption and energy dissipation results in bare ions, void of any
helium solvation shell, which are then monitored by a time-of-
flight (TOF) mass analyzer. Ion infrared action spectra are then
obtained by measuring the TOF ion signal as a function of IR
wavelength.

The FHI-FEL radiation consists of laser macropulses of
10 ps duration, with each macropulse composed of micropulses
of ca. 5 ps and energy of ca. 10 J at a repetition rate of 1 GHz. In the
experiment, at each IR wavelength position, the ion trap is first filled,
after which TOF signals from 25 laser pulses at a frequency of 10 Hz
are measured before the FHI-FEL is set to a new wavelength. The IR
spectrum obtained is then corrected by dividing the ion intensity by
the photon fluence. The final spectrum is the average of at least
three individual scans. As the output wavelength of the FHI-FEL is
tunable only over a limited range for a given electron energy,” the
spectra are collected in separate experiments in the 400-1100 and
850-2000 cm ™~ photon-energy ranges. The relative intensity of each
partial spectrum is scaled on the basis of the intensity of the spectral
lines found in the overlapping measurement regions.

This journal is © the Owner Societies 2023
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2.2 Theoretical section

Candidate structures are obtained by performing a conforma-
tional search using the Conformer-Rotamer Ensemble Sam-
pling Tool (CREST)”®> within the xTB molecular modeling
program.”® For a better sampling of the conformational space,
the sampling of noncovalent complexes and aggregates feature
(NCI) is used within the GFN2-XTB force field.”” The resulting
unique conformers are then optimized at the B3LYP-D3(BJ)/
aug-cc-pVTZ level of theory”®”® by using the Gaussian 16 software
package,® and the most stable conformers obtained are reopti-
mized with very tight convergence criteria, followed by the calcu-
lation of the harmonic IR spectrum. To evaluate the relative
energies of the conformers, harmonic zero-point energy (ZPE)
correction to the total energy was taken into account at the B3LYP-
D3(BJ)/aug-cc-pVIZ, DSDPBEP86/aug-cc-pVIZ and MP2/aug-cc-
PVTZ levels of theory. All conformers were reoptimized prior to
the harmonic frequency calculations at each level of theory.
CCSD(T) single-point calculations were performed using the
optimized structures at MP2/aug-cc-pVTZ, with zero-point energy
corrections at the same level of theory. In addition, relative
energies of the three lowest energy conformers were calculated
at MP2 level using a complete basis set (CBS) extrapolation
scheme®" with the aug-cc-pvnZ (n = 3, 4, 5) basis sets and a
correction for the difference in correlation energy between
CCSD(T) and MP2, with the aug-cc-pVTZ basis set.*” The experi-
mental spectra of the complexes are compared to theoretical
spectra calculated at B3LYP-D3(BJ)/aug-cc-pVTZ level of theory
that are convoluted with Gaussian functions having a Full-Width
at HalfMaximum (FWHM) of 0.4% of the wavenumber. The
frequencies of all spectra that are calculated within the harmonic
approximation are scaled by a factor of 0.98. Anharmonic correc-
tions to calculated infrared spectra are performed using generalized
second-order vibrational perturbation theory (GVPT2)*® at the
B3LYP-D3(BJ)/aug-cc-pVTZ level of theory.

3 Results and discussion
3.1 Experimental spectra of the deprotonated FA complex

Fig. 1 shows the experimental IR spectrum obtained for the deproto-
nated FA trimer complex embedded in helium droplets (black).
Of the five hydrogens in the complex, the three hydrogen atoms
connected to the carbon atoms are non-exchangeable, whereas
the two acidic protons can be exchanged with deuterium. Fig. 1 also
shows the spectrum of the complex containing two deuterons
(green). Both spectra were recorded in the 400-2000 cm™* spectral
range. The main vibrational features are marked as z, for discussion
purposes.

In the case of the unsubstituted deprotonated FA trimer
complex, two very narrow bands can be observed between
700 cm ' and 800 cm ™' (z4, 7,), which may stem from low-
frequency carboxyl (-COOH) motion, as was previously observed
for the FA monomer.'®®® Higher in energy, broad and weak
bands appear between 900 cm™ ' and 1100 cm™ " (z; and z,). The
position, intensity and width of these features suggests that they
are related to COH and OCH bending displacements.'® Between
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Fig. 1 Experimental IR action spectra of the deprotonated FA trimer
complex (black) and with the two exchangeable protons substituted by
deuterons (green). For discussion purposes, relevant features are marked
with numbered letters above the spectrum.

1200 cm ™' and 1400 cm ™', the sharp bands zs, z¢ and z, may

be associated with 1(C-OH) stretching vibrations of FAs and
symmetric {COO") stretching of the formate. Similar features were
observed previously in carboxylate and carboxylic acid
complexes.”****! Between 1400 cm ' and 1600 cm ', a set of
broad and intense bands is observed. In this spectral region, it is
expected to find 6(COH) and 6(OCH) bending modes, as well as
the antisymmetric {COO™) stretching mode of formate.>**>°%%?
The vibrational band at 1743 em™" (z;,) can be related to the
carbonyl {C—=0O0) stretching mode. Finally, the band z,, located at
1980 cm™ ' could be associated with either a combination or
overtone feature or a very red-shifted {OH) stretching vibration
in which the proton is most likely shared between the carboxylates.

In the case of the deprotonated FA trimer complex with two
deuterons, similar features are observed in the vibrational
spectrum (Fig. 1). Small red-shifts are observed for the majority
of the vibrational bands, ie. z;,, z; and z,1,1,, as expected.
Interestingly, the bands z; ¢ show a peculiar blue-shift, similar
to observations on related systems.'® The largest differences
upon isotopic substitution are observed for bands z; 4, and for
the set of bands in the 1400-1600 cm™ " range. In the case of
bands z; and z,, large red-shifts are expected as they may
correspond to J(COH) bending modes. The weak vibrational
features appearing in the 600-800 cm ™" region could be related
to J(COD) bending modes. In the case of the 6(OCH) bending
modes, even though little to no red-shift is expected when
exchanging the mobile protons, however, their weak intensity
may preclude these to be observed experimentally. For the
complex vibrational structure in the 1400-1600 cm™ " region,
the changes caused by the isotope exchange are drastic. Bands
zg and z,, vanish upon substitution, and only a shoulder to the
right of band zg appears. No other new features are observed at
lower photon energies, indicating that these bands are appar-
ently not directly associated with proton displacements. The
shifts and changes in intensity of these bands may be related
to changes in the vibrational coupling of the modes upon
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substitution and/or the presence of Fermi resonances involving
combination or overtone modes in the spectrum of the unsub-
stituted species. Finally, a new feature appears at ~1900 cm™ "
after isotopic exchange of the mobile protons that may corre-
spond to a combination or overtone band, as no fundamental
band is expected in this region.

3.2 Lowest energy conformers

Seven different candidate structures of the deprotonated FA
trimer complex were found with the methodology employed in
this work. All conformers, together with relevant O-H and O-O
bond lengths, are shown in Fig. S1 (ESIt). Of those seven
conformers, three are within ca. 3-5 k] mol™" (depending on
the level of theory) of the lowest energy structure (see Table 1).
The four remaining structures are >10 kJ mol™" higher in
energy than the lowest energy structure. Because of this large
energy gap, discussion and analysis are focused on only the
three lowest energy structures. Fig. 2 (bottom) shows the three
lowest energy conformers, and Table 1 shows their respective
relative energy calculated at different levels of theory. As a
reductionist approach for discussion purposes, all conformers
will be treated as two cis or ¢trans FA molecules interacting with
a deprotonated formate molecule via hydrogen bonds with
different O-H---O~ bond lengths.

The energy differences between the conformers may be
explained by a competition between stabilization from hydro-
gen bonding, cis or trans conformations in the FA molecules,
and the electrostatic interactions between the FA molecules
and the formate anion. Previous works have reported that the
dipole moment of the cis FA is larger (3.79 D)°* than the one
observed for trans FA (1.42 D).”® Fig. 2 (top) shows the dipole
moment vectors of both rotamers of the FA molecule, calcu-
lated at B3LYP-D3(BJ)/aug-cc-pVTZ level of theory, which are in
agreement with the values reported in literature.”® Dipole
moment values calculated at all levels of theory can be found
in Table S2 (ESIt). In competition to the electrostatic inter-
action is the energy difference between the FA rotamers, with
the cis rotamer being +16.72 k] mol ™" higher in energy than the
trans rotamer, calculated at the B3LYP-D3(BJ)/aug-cc-pVTZ level

Table1 Relative energies with zero-point energy correction (EE + ZPE) of
the lowest energy conformers of the deprotonated FA trimer calculated at
the CCSD(T)/aug-cc-pVTZ, MP2/aug-cc-pVTZ, DSDPBEP86/aug-cc-
pVTZ and B3LYP-D3(BJ)/aug-cc-pVTZ levels of theory. In addition, ener-
gies at the MP2 level were also computed using the complete basis set
extrapolation scheme (CBS) with MP2/aug-cc-pVnZ (n = 3,4 and 5) and a
correction for the difference in correlation energy between CCSD(T) and
MP2 with the aug-cc-pVTZ basis set. In the case of CCSD(T) and MP2/CBS,
the zero-point energy corrections at the MP2/aug-cc-pVTZ level were
used. All values are in kJ mol™

CCSD(T) + MP2/CBS(ACCSD(T)-
Conformer ZPEyp, MP2) + ZPEyp,

B3LYP-
MP2 DSDPBEP86 D3(BJ)

a 0.00 0.00 0.00 0.00 0.00
b 2.38 2.49 2.21 2.10 1.88
[¢ 5.16 4.01 4.10 4.04 3.07
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Fig. 2 Relative energy and dipole moment values and vectors of the cis
and trans formic acid monomers (top) and the lowest energy structures of
the deprotonated FA trimer complex (bottom), calculated at the B3LYP-
D3(BJ)/aug-cc-pVTZ level of theory.

&

of theory, very close to the experimental value of AE ;s trans =
+16.33 kJ mol " determined by rotational spectroscopy.”
Conformer (a) is predicted to be the lowest energy conformer
at all levels of theory considered in this work. Here, two FA
molecules in cis orientation interact with the formate anion,
mimicking the structural motifs of the two lowest energy
conformers previously found for the proton-bound formate
dimer under similar experimental conditions.?” For this con-
former, a large interaction energy is expected as a result of the
high dipole moment of the cis FA molecules interacting with
the formate anion. The second lowest energy conformer
(Fig. 2(b)) resembles the crystalline structure of formic
acid®**** and is predicted to be 2.38 k] mol * higher in energy
than conformer (a) at the CCSD(T) + ZPEyp,/aug-cc-pVIZ level
of theory. It has a planar structure (C; symmetry point group)
that differs from conformer (a) by one of the FA molecules
being in trans orientation. The energy difference between
conformers (a) and (b) may arise primarily from the lower
dipole moment of the trans FA in comparison with the cis FA,
which is apparently only partially compensated by the lower
energy of the trans FA moiety and the additional interaction
between the methyl hydrogen of the formate anion and the
carbonyl oxygen of one formic acid. A potential energy curve
along the dihedral coordinate for interconversion of conformer
(a) to conformer (b) (. (H1-C2-O5-H14), Fig. S2, ESIt) shows
that the height of the barrier for this process is ca. 35 kJ mol ™,
very close to the height of the barrier for the cis — trans
isomerisation of the FA monomer.>*°* Also, the acidic protons
in conformer (b) are slightly more shared between the carbox-
ylates, compared to conformer (a), meaning that an elongation
of the O-H bond is observed (Fig. S1, ESIT). Finally, conformer
(c) lies +5.16 k] mol " above the lowest energy conformer at the
CCSD(T) + ZPEyp,/aug-cc-pVTZ level of theory and exhibits a
motif, in which the two FA molecules are cis oriented and
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interacting symmetrically with the formate anion (C, symmetry
point group). The difference in energy between conformer (c)
and (a) may arise primarily from the additional in-plane
interaction between the formate anion and the methyl hydro-
gen of one of the FA units in (a).

3.3 Experimental and theoretical spectra comparison

Shown in Fig. 3 are the experimental IR spectra in comparison to
the theoretical spectra for conformer (a), (b) and (c). Traces in
black correspond to the spectra of the unsubstituted deprotonated
FA trimer (i.e. the complex with all hydrogens), and traces in green
correspond to the spectra of the deuterated deprotonated FA
trimer complex in which the two exchangeable protons were
substituted by deuterons. As in Fig. 1, the main features in the
theoretical spectra are marked with numbered letters for discus-
sion purposes. Spectral lines corresponding to exchangeable
proton displacement modes are also marked with an asterisk.
Table 2 also shows a tentative assignment of the experimental
features related to the carboxyl group displacement of the depro-
tonated FA trimer by using the computed harmonic frequencies at
B3LYP-D3(BJ)/aug-cc-pVTZ level of theory of conformers (a) to (c).
The assignment of the computed frequencies for all conformers
can be found in Table S4 in the ESL{

For the unsubstituted conformer (a) in the 600-800 cm™
region, two bands labeled a; and a, are predicted, which corre-
spond to carboxyl and carboxylate bending modes (Table 2).
Similar bands are also calculated for conformers (b) and (c). They
agree quite well in position and relative intensity with the
experimental bands z, and z,. Also for the unsubstituted complex,
theory predicts quite well the position of some vibrational bands
related to the carboxyl group displacements (1{(C-OH) - a5 and
Vgm(COO™) - a; stretching modes). However, the vibrational
structure between 1400-1600 cm ' and the band z;, are not
reproduced by this conformer. In particular, the intense feature
a;, (1604 cm™'), corresponding to the 1,(COO~) stretching
vibration, is not observed experimentally. Clear discrepancies
are also observed when comparing the theoretical spectrum for
the substituted complex of a) with the corresponding experi-
mental spectrum (green traces). In the 1400-1600 cm™ ' range,
only a red-shift of the a;, band is predicted, which clearly does not
match the experimental observation.

In the case of conformer (c), a smaller number of bands
is predicted, as expected for a structure of higher symmetry
(C, point group). In the case of the unsubstituted complex, the
relative intensities of bands z; and z, are not well reproduced
by bands c¢; and c,. Further, neither the vibrational structure
between 1400-1600 cm ™' nor the band z,, is reproduced. An
intense band is also predicted at 1600 cm " (cg), corresponding
to the 1,(COO™) stretching vibration, which is not observed
experimentally. Upon isotopic substitution, a similar behavior
as for conformer (a) is observed. Small red- and blue-shifts are
predicted for bands involving atomic motion in the carboxyl
group, and in general, a poor agreement with the experimental
spectra is observed.

For the unsubstituted conformer (b), the position and relative
intensities of the features b, and b, at 695 cm™* and 789 cm™*

1
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Fig. 3 Comparison between experimental and theoretical IR spectra of
the deprotonated FA trimer with deuterium isotopic exchange, in the
400-2000 cm™! spectral region. Black and green traces correspond to
the IR spectra of the deprotonated FA trimer with two protons and two
deuterons, respectively. The experimental spectra is shown in the upper
panel, while the theoretical spectra of conformers (a), (b) and (c) are shown
in the lower panels, respectively. The relative energy of each isotopologue
at the CCSD(T) + ZPEupo/aug-cc-pVTZ level of theory are shown on the
left side of the spectra. For discussion purposes, relevant features are
marked with numbered letters. Vibrational modes related to the
exchangeable proton displacement are also marked with an asterisk. All
theoretical spectra were computed at the B3LYP-D3(BJ)/aug-cc-pVTZ
level of theory and scaled by a factor of 0.98.

are in good agreement with the experimental bands z; and z,.
Some other bands related to motion in the carboxyl groups,
namely bs ; g, are predicted slightly shifted in comparison with
the experimental spectra, but are also in good agreement. Bands
by, result from 1(C=O0) stretching vibrations, and it is predicted
as a doublet due to coupling of one of two (C=O0) with the
V,s(COO™). Although this is not observed experimentally, the
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Table 2 Tentative assignment of the experimental features related to the carboxyl (-COOH) and carboxylate (-COO™) groups displacements for the
deprotonated FA trimer in comparison with the calculated harmonic frequencies at B3LYP-D3(BJ)/aug-cc-pVTZ level of theory, for conformers (a), (b)
and (c). All values are in cm™% Numbered letters shown parentheses refer to the numbered letters in Fig. 3

Structure

Vibrational mode Experiment (a)

(b) (c)

Y (C=0) 1745 (244) 1749/1745 (a,3) 1741/1690 (by,) 1750/1749 (co)
1,5(CO0™) — 1604 (ay,) 1536 (byy) 1600 (cg)
Veym(COO™) 1344 (z,) 1349 (ag) 1318 (bg) 1359 (c5)
C-OH) 1221/1202 (z56) 1217/1204 (2, 7) 1262/1207 (bs ;) 1218/1217 (c4)
5(CO0™) 781 (z,) 772 (a,) 789 (b,) 789 (cy)
5(COOH) 693 (z4) 694/694 (a,) 717/695 (by) 695/693 (c;)

broad feature z;; may include several spectral lines. Band b3,
corresponds to a very red-shifted (OH) stretching vibration and
is predicted at 1968 cm™ ', in very good agreement with the
experimentally observed band z,, at 1980 cm ™. However, as for
conformer (a) and (c), for the unsubstituted complex of con-
former (b), the 1400-1600 cm ™" region is not reproduced by the
calculated spectrum.

It is interesting to compare the calculated spectrum of the
deuterated complex of conformer (b) with its experimental
counterpart. Near 2000 cm ', an apparent blue-shift of the
band by; to 1975 ecm™! is calculated. The vibrational modes
involved show that band b;; in the unsubstituted complex
corresponds to a very red-shifted ©(OH) stretching vibration
of the proton at position Hy4 (/(O-Hy,4) (see structure in Fig. S2,
ESIt)). However, upon isotopic substitution, this vibrational
mode is shifted to 1222 ecm ' (black dot line in Fig. 3(b)).
Analyzing the band calculated at 1975 cm™ ' shows that it stems
from the 1{O-D,) stretching vibration, predicted at 2670 cm™" for
the unsubstituted complex (Table S4, ESIt), which is in good
agreement with the band observed experimentally at 1965 cm ™.
A clearer picture is obtained when analyzing the 1(O-H/O-D)
bands after single isotopic substitutions, shown in Fig. S10
(ESIt). In case the substitution occurs in the H, position, a
double peak is observed in this region, corresponding to the
coupled symmetric and anti-symmetric ©(OH/OD) stretching
vibrations. This is also observed experimentally for the singly
substituted species. Interestingly, in contrast to the calculated
spectra for conformer (a) and (c), the calculated spectrum of the
doubly deuterated conformer (b) matches the experimental
spectrum also very well in the 1400-1600 cm ™' region. The
intense band at 1424 cm ™" is very close to the broad experi-
mental feature at ~1400 cm . This band is predicted as a
strongly coupled 6(OCH) bending and 1(OH) stretching mode.

The differences in spectra of the unsubstituted and deuter-
ated species in the 1400-1600 cm ™' region are surprising. As
mentioned above, the unexpectedly large number of bands in
the case of the unsubstituted complex might be the result of
Fermi resonances. Also, anharmonic effects are expected to be
less pronounced in the substituted species due to an effective
lowering of the energy levels on the potential energy surface,
thereby reducing the anharmonic character of the fundamental
transitions, as was observed previously.®® In the unsubstituted
complex, fundamental transitions such as COH bending modes
and/or the v,4(COO™) stretching mode may couple to overtones

10912 | Phys. Chem. Chem. Phys., 2023, 25, 10907-10916

or combination bands, causing transfer of intensity to other-
wise dark modes as well as band shifting. Strong resonances
involving in-plane and out-of-plane COH bending modes
together with low frequency 5(COOH) bending modes have
been observed previously in carboxylic acid monomers.'%¢
Standard harmonic calculations intrinsically do not take such
couplings into account. Anharmonic calculations, such as
VPT2, do include Fermi resonances. However, the strength of
the coupling strongly depends on the frequency difference of the
bands that couple, and we therefore do not expect that affordable
and relatively low-level calculations are of sufficient accuracy (see
also Fig. S7, ESIt). Upon isotopic substitution, the fundamental
and/or dark modes undergo frequency shifts, and the Fermi
resonances disappear. Simple harmonic calculations can then
reproduce the experimental spectrum, yielding improved agree-
ment between experiment and theory, as observed for the com-
puted spectrum of the deuterated conformer (b).

The data presented here suggests that the observed structure
of the deprotonated FA trimer in He-droplets is conformer (b),
rather than conformers (a) or (c). If (a) or (c) would be present
as well, we would expect to observe for the deuterated species a
band predicted around 1550 cm ™', which is not the case. The
apparent exclusive observation of (b) is in contrast to the calcu-
lated energetics, which predicts conformer (a) to be the lowest
energy conformer at all levels of theory. The reason for this
discrepancy is unclear. Although the difference in relative energy
between conformers (a) and (b) (~200 cm™") may be on the order
of the net error of the harmonic ZPE, possible effects might also
include the kinetics and dynamics of the complex formation or its
interaction with the helium environment. When comparing the
two structures (a) and (b), as shown in Fig. 2, one can see that the
two molecular units to the left side in each structure are essen-
tially the same, with only the unit on the right side being different.
Besides its orientation, it is apparent that the formic acid mole-
cule on the right side is, in the case of (a), in cis configuration and,
in the case of (b), in trans configuration. For the free formic acid
molecule, the trans configuration is 16.7 k] mol * lower in energy
than the cis configuration, implying that at room temperature,
almost all monomer molecules are in ¢rans configuration. One
possibility is therefore that the formation of the trimer proceeds
via adding a neutral trans monomer to a pre-formed dimer and
due to kinetic constraints, rearrangement to structure (a) does
not take place and conformer (b) becomes kinetically trapped.
Another possibility is that, although in its free form conformer (a)

This journal is © the Owner Societies 2023


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2cp05409d

Open Access Article. Published on 28 March 2023. Downloaded on 3/20/2026 4:17:59 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

PCCP
H - Zg Zip
| :
HCOOH--»OCO---HOOCH} H H
H ; % Zn
H iz Z7
: z; % i H
24 H H
| I z3 % H

|I3 H Yo Y10
DCOOH---0CO---HOOCD

Yi Y2

H H y; i
H I l Y3 Ya A ! H

H
[Hc“‘o“‘OH--- 190150 ---HI%01OCH

N

Normalized intensity (a.u.)

T T T

800

\ i (—
1000 1200 1400
Wavenumber (cm™)

I
400 600 1600 1800 2000

Fig. 4 Experimental IR spectra of the deprotonated FA trimer (black) in
comparison with the experimental IR spectra of the deprotonated 2H-FA
trimer (red) and deprotonated 2O-FA trimer (green) in the 400-
2000 cm™ and 900-1800 cm™* spectral region, respectively. In the
upper-left corner of each spectrum the hydrogens or oxygen substituted
are shown in blue and red, respectively. For discussion purposes, relevant
features are marked with numbered letters in each graph.

is more stable, in the helium environment differences in solvation
energy cause (b) to become lower in energy. Although the solva-
tion energies are difficult to estimate, it is likely that they are quite
small. Further, the differences in solvation energy between such
very similar structures are expected to be negligible. In addition, if
(a) would be lower in energy in the gas phase and (b) lower in
energy in the droplet, a structural conversion at low droplet
temperatures would have to take place. In Fig. S2 (ESIT), a scan
of the respective reaction coordinate is shown and the corres-
ponding barrier is more than 30 k] mol ™", which clearly cannot be
passed at low temperatures. An alternative to this would be if the
conversion happens by a tunneling process, but even in the case
of the monomer, the tunneling rate constant for trans/cis conver-
sion is expected to be very small.**

3.4 Experimental IR spectra of deprotonated *H-FA and
deprotonated '®0-FA isotopologues

In order to strengthen the assignment of vibrational bands and
gain more information about the origin of the experimental
features, the IR spectra of the deprotonated (methyl deuterated)
*H-FA trimer and the deprotonated "O-FA trimer isotopologues
were also measured. Fig. 4 shows the comparison between
deprotonated *FA, *H-FA and '®0-FA trimer complexes. The
experimental spectra of the deprotonated '®O-FA trimer were
only measured between 900-1800 cm ' because the main
vibrational bands related to carboxyl displacements are found
within this range.

Small shifts are observed when exchanging the methyl
hydrogens by deuteriums, as observed in Fig. 4. Vibrational
features related to the carboxyl group displacements (1(C-OH) -
25,6 and Vg,,(COO™) z, stretching modes) experience almost no
shift upon substitution, which support their assignment. In con-
trast, the {C—=0) stretching vibration (band z,,) experiences a

This journal is © the Owner Societies 2023
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red-shift of ~25 cm™". Similar shifts were already observed for the
FA monomer in liquid-jet Raman spectroscopy experiments.'® Also
of interest are the spectral lines in the 1400-1600 cm " region,
where one can observe changes in shape and intensity of the band
labeled zo. These changes could be related to a Fermi resonance
involving 6(OCH) bending vibrations that is modulated by the
slight shift in band positions upon methyl hydrogen substitution.

In the case of the deprotonated *0-FA trimer spectrum, major
red-shifts are observed for bands associated with the carboxyl
group displacements. The v4,,(COO™) and the (C-OH) stretching
modes (bands z, and z, respectively), experience a strong red-
shift upon '°0/**0 exchange, which supports their assignment.
The same is observed for z;;, assigned to the carbonyl {C—0)
stretching mode, which experiences a red-shift of ca. 30 cm™*
upon substitution. In addition, as observed for the *H-FA trimer,
band z¢ changes in shape and relative intensity, suggesting that
oxygen atom movement contributes to the modes of the postu-
lated Fermi resonance as well.

Finally, deuterium substitution of the exchangeable protons
in the deprotonated *H-FA and '®0O-FA trimer complexes yields
vibrational spectra that exhibit the same behavior as for the
deprotonated *FA complex. Specifically, bands z, and z,, are
observed to shift to lower photon energies and change in
intensity (Fig. S12 and S13, ESIf). The comparison with the
theoretical spectra of the conformers again shows that an
agreement is only observed for conformer (b), supporting the
conclusion that this is the prevalent structure of the deproto-
nated FA trimer in the He-droplet (Fig. S14-S19, ESIY).

4 Conclusions

The infrared spectra of the deprotonated formic acid trimer complex
in helium nanodroplets was recorded in the 400-2000 cm ™" spectral
region, together with their H-FA and '®0-FA isotopologues
in the 400-2000 cm ' and 900-1800 cm ' spectral region,
respectively. In addition, the spectra of the complexes with
the exchangeable protons substituted by deuterons were also
recorded under the same experimental conditions.

Theoretical calculations at different levels of theory show
that the lowest energy conformer consists of two cis-formic acid
molecules in different planes interacting with the formate
anion by hydrogen bonds. The second lowest energy structure,
very close in energy, differs from conformer (a) in the rotation
of one formic acid moiety, resulting in a planar structure that
resembles the crystalline structure of formic acid.

Among the conformers considered, the behaviour upon
isotopic exchange of a set of vibrational features in the 1400-
1600 cm~ " and a very red-shifted OH stretching vibration, are
only predicted by the second lowest energy conformer (b).
These observations may be explained by the presence of Fermi
resonances and strongly coupled vibrational modes related to
COH/OCH bending and COO™ stretching motions that change
when exchangeable proton are substituted by deuterons.

Our results suggest that the prevalent structure of the
deprotonated ?FA trimer in He droplets, at experimental
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conditions, is a planar structure that resembles the crystalline
state of the formic acid. Given the highly anharmonic nature of
these systems, a more detailed theoretical study is necessary to
precisely reproduce and understand the origin of the features
related to the vibrational modes that are strongly coupled with
shared proton motion.
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