Open Access Article. Published on 10 November 2020. Downloaded on 2/7/2026 8:12:07 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

PCCP

W) Check for updates ‘

Cite this: Phys. Chem. Chem. Phys.,
2020, 22, 25492

Received 22nd August 2020,
Accepted 2nd November 2020

DOI: 10.1039/d0cp04451b

¥ ROYAL SOCIETY
PP OF CHEMISTRY

Increasing the weights in the molecular work-out
of cis- and trans-formic acid: extension of the
vibrational database via deuteration¥

Arman Nejad, 2 Martin A. Suhm®2 and Katharina A. E. Meyer (2 *

The higher-energy cis- as well as the global minimum trans-rotamers of the four H/D isotopologues of
the formic acid monomer have been examined with Raman jet spectroscopy extending the vibrational
gas phase reference database by eleven new cis-band positions for HCOOD, DCOOH, and DCOOD.
With these new additions, all O-H/D, C-H/D, and C—=0O stretching as well as the O-D in-plane bending
vibrations of these higher-energy rotamers are known in addition to the previously determined C-O
stretch and OH torsion of cis-HCOOH. Further, a comparison of the vibrational spectra of all four H/D
isotopologues of the globally stable trans-rotamer of formic acid is shown to be very helpful in revealing
similarities and differences in these systems, particularly with regard to Fermi resonances. Amongst the
most prominent ones is the vs/2vg resonance doublet of trans-HCOOH, for which we provide more
insight into a recently suggested label switch of the resonance partners via the comparison of infrared

rsc.li/pccp and Raman jet spectra.

1 Introduction

As an important contributor to atmospheric chemistry,"?
the formic acid monomer, particularly its global minimum
trans-conformation, has received much attention over the years
both from the experimental®* ' as well as the theoretical* ™
side. Despite the low abundance of merely 0.1% at room
temperature, the first gas phase detection of the higher-
energy cis-conformer was achieved with microwave spectro-
scopy in 1976 by Hocking,"* enabled by the threefold larger
dipole moment of cis- (3.79 D) compared to trans-HCOOH
(1.42 D)." The first vibrational characterisation of cis-formic
acid was accomplished in 1997 for HCOOH in an argon matrix
via OH overtone excitation from the global minimum trans-
rotamer'® and was subsequently extended to DCOOH'” and
HCOOD."®" For a direct comparison to theory,”® however,
these values are not so practical, as the host-guest interaction
needs to be captured on the theoretical side which can be
challenging, as recently shown by Ito for the formic acid
dimer.”* The first and until 2018 only cis-formic acid funda-
mental measured in the gas phase was the OH torsion con-
necting both minima®* - the vibrational mode with the largest
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(predicted) spectral separation between both conformers. Four
new band positions of cis-HCOOH have been determined in
2018 and 2019 with Raman jet spectroscopy, utilising thermal
excitation to increase the cis-formic acid abundance by an order
of magnitude®*** prior to the expansion. Here, we present the first
perturbation-free band positions of partially and fully deuterated
cis-formic acid, extending the available cis-database by more than
200% from five to sixteen fundamentals. In 2019, cis-formic acid
has also been detected as a distinct species in solution,> where it
has a much higher abundance than in the gas phase. The O-D
and C—O stretches were shown to be higher in frequency than
those in the trans-form, as observed here under vacuum isolation,
but only in weakly hydrogen-bonded solvents. In water, the
sequence inverts for the O-D stretch, underscoring the impor-
tance of reliable reference values in the gas phase for theory.

Despite the completion of the vibrational gas phase database
for the trans-rotamers of the H/D isotopologues of formic acid
(with the exception of v5 of HCOOD), there is still ambiguity in the
assignment of Fermi resonance pairs. One prominent example is
the vs/2vy Fermi resonance of trans-HCOOH. This resonance is
part of a larger resonance polyad involving half a dozen of states™®
and problems with the v5 assignment were noted early on. In
2019, Hull et al. presented convincing experimental evidence that
the overtone 2v, is — contrary to previous beliefs — lower in energy
than the fundamental v5,%” in agreement with recent high-level
calculations.'™"

As we will highlight in this contribution, one of the most
crucial and insightful aspects that improves our understanding
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of near-degeneracies in these systems is the comparison of
vibrational spectra of all four H/D isotopologues. The work of
Redington, who has analysed 24 isotopologues of the formic
acid monomer in a neon matrix,® is an impressive example of
such rigorous comparison. Further, we showcase the indispen-
sability of Raman spectroscopy for a thorough vibrational
characterisation of the formic acid monomer, which is so far
underrepresented®>***#29731 in comparison to a wealth of
infrared studies (see for example ref. 3, 6-10, 32-41 and
references therein). We extend and update the significant
Raman gas phase work on hydrogenated and deuterated formic
acid by Bertie et al.,” which was focussed on the characterisa-
tion of the dimer.

From a computational point of view, the small size of only
five atoms and two conformational isomers (energy difference
of 16.3(4) kJ mol ™' (ref. 14)) makes the formic acid monomer
particularly suitable for benchmarking quantum chemical
models. The availability of benchmarking data in higher-energy
regimes of the potential energy hypersurface (PES), e.g., local
minima, is especially important, as it enables the assessment of
the globality of the PES description. The need for higher-energy
reference data is illustrated by two recent high-level variational
anharmonic calculations, namely vibrational configuration inter-
action (VCI)"' and multi-configuration time-dependent Hartree
(MCTDH),"” where the mean absolute deviation (MAD) between
both models is 4 cm ™" for the global minimum trans-, but nearly
three times as large (12 cm™") for the cis-conformer. For trans-
HCOOH, all nine fundamentals were considered for this analysis,
but for the higher-energy cis-rotamer only eight, as v; was not
reported in ref. 11. Another excellent test to reveal weaknesses in
theoretical models are near-degeneracies, as recently showcased
for the glycolic acid monomer,*? and extended in this work to the
trans-rotamer of the formic acid monomer. A full characterisation
of the rotational and vibrational states of cis- and trans-formic
acid, which contribute to their partition function, together with an
independent experimental value of the equilibrium constant
between the two species could provide a more accurate experi-
mental value for the energy difference between the two species,*®
which so far relies on a single microwave analysis.™*

2 Experimental and
computational methods

The Raman jet set-up used to record all spectra has been
described in detail before.>***** Briefly, formic acid was seeded
into helium and expanded at different temperatures through a
vertical slit nozzle at 0.5 bar into an evacuated jet chamber
(background pressures of 1-2 mbar during the expansion).
Before the expansion, the acid-in-helium mixture was further
diluted with helium yielding acid concentrations of <0.2-0.4%
(Table S1 in the ESIt). Both the nozzle and its feed-line
are heatable, which can be exploited to enhance the relative
population of higher-energy conformers before the expansion,”*
while cluster formation is suppressed. To ensure stable conditions
during the long exposures needed for the low spontaneous Raman
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scattering photon flux, the gas expansion is continuous (see
ref. 45 for further details). A 25 W continuous-wave Spectra
Physics Millennia eV 532 nm laser was used to probe the
expansion. For the HCOOD measurements, a slightly lower
laser power of 24 W was employed. The distance between the
slit nozzle and the laser beam was set to 1 mm. The scattered
light was collected perpendicular to the laser and to the nozzle
flow via a camera lens and focussed onto a 1 m monochromator
(McPherson) which disperses the photons onto 1340 pixel
columns of a 1340 x 400 liquid nitrogen-cooled CCD-camera
(Princeton Instruments, PyLoN 400B), that was operated in
vertical binning mode (400 pixels). The combination of
laser and monochromator results in a resolution of about
1.5-2.0 em ™', depending on the spectral range. Therefore, we
generously assign band centre errors of +2 cm™'. Exposure
times of 200-300 s were used per scan and typically 5-9 scans
were co-added for each spectral window. To calibrate the raw
spectra in the wavenumber domain, neon lines were measured
and compared to the known vacuum transitions in the NIST
database. Spikes due to cosmic rays were eliminated by com-
paring multiple exposures for the same pixel column.

The FTIR jet spectra were recorded with a Bruker IFS 66v
spectrometer equipped with a globar, a potassium bromide
beam splitter, and potassium bromide optics. The modulated
IR beam is gently focussed on the pulsed jet expansion from a
600 x 0.2 mm? slit nozzle. Behind it, the beam is focussed onto
a mercury cadmium telluride (MCT) detector. A comparison of
the expansion conditions of the FTIR and Raman set-up can be
found in ref. 46 and further details on the FTIR set-up in ref. 47.

Geometry optimisations and the calculation of harmonic
vibrational frequencies, IR intensities, and Raman activities
have been performed with Gaussian 09 Rev. E.01.*® Keyword
specifications for all calculations are summarised in the ESIf
(Table S2). From the computed Raman activity 4;, the Raman
scattering cross-section ¢; was calculated as

2n2h DL1ser(7~/Laser - wi)3
= e - giA;, 1
45cw; | —exof — hew; g (1)
P\ s Ty

g

where Dpager = (532 nm) ™' is the laser wavenumber, T, the
vibrational temperature, »; the harmonic wavenumber, g; the
degeneracy of the vibration, and c¢ the speed of light in vacuum.
To roughly match the vibrational temperature in our jet, a
temperature of 100 K was assumed in all our calculations.

For spectral assignments, the B3LYP functional®®*°
employed using two-body dispersion corrections (D3),>!

was

Becke-Johnson damping,®® and the aug-cc-pVTZ basis set,>®
hereafter denoted as avVIZ. All harmonic vibrational frequen-
cies were scaled to the respective trans-formic acid band in
each spectral window and in case of Fermi resonances, to
the resonance centre ascertained from the overall scattering
intensity. A list of the calculated harmonic vibrational frequen-
cies, IR intensities, and Raman scattering cross-sections can be
found in Table S3 in the ESL¥
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In order to analyse harmonic mode mixing (see Section 3.3),
additional harmonic vibrational frequency calculations were
carried out at the PBEO-D3(B]),>* B2PLYP-D3(BJ),>> HF, MP2°* (all
Gaussian 09 Rev. E.01"%), and CCSD(T)*” levels (Crour version 1°%°9),

3 Results and discussion

3.1 cis-Formic acid fundamentals

To detect the cis-conformers of DCOOH, HCOOD, and DCOOD,
Raman jet spectroscopy has been exploited in combination
with thermal excitation between 100 and 190 °C utilising a
heatable nozzle and feed-line, followed by a supersonic expan-
sion to rapidly freeze out the enhanced cis-population®* of up to
1-2%. This technique is a variant of earlier trapping methods®’
with the advantage that the trapped species are generated in a
state which is easily accessible to quantum chemical modelling.
By intensity-scaling the spectra of a temperature series to the
respective ¢trans-fundamental in each spectral region, cis-formic
acid bands and non-isomeric hot bands, i.e., transitions from
thermally populated states localised in trans-formic acid, can
be easily distinguished from cold monomer and cluster bands,
as they increase in intensity with temperature, whereas the
cluster bands decrease. An illustrative example of this can be
seen in the v, spectra of HCOOH in Fig. S3 in the ESL¥

There are two measures to identify the molecular origin of a
hot band - the band position difference to the trans-fundamental
and the intensity. In the perturbational picture,”* the spectral shift
between a fundamental v; and the hot band v; + 1 — vy amounts to
the anharmonic matrix element x; (2x; for 2v; — 1;), which
mediates binary coupling between two vibrational modes i and j
(diagonal anharmonicity along mode 7). The intensity of a non-
isomeric hot band can be estimated from the expected Boltzmann
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population of that low-lying energy level j assuming similar
Raman scattering cross-sections (see ref. 24 for further details).
In case of an isomeric hot band, the expected population can be
estimated from the energy difference between both conformers
(1-2% at 190 °C**) and the difference in band position corre-
sponds to the cis-trans-shift.

Fig. 1 shows the normalised relative Raman scattering cross-
sections for all four H/D isotopologues and both rotamers of
formic acid, indicating which vibrations are accessible with
our experimental approach. For reasons of simplification and
unification, we employ the Herzberg nomenclature of HCOOH
for all isotopologues and rotamers (see Table S4 in the ESI+ for
comparison).

As for HCOOH,?** the most Raman active modes of the
deuterated isotopologues are the O-H/D, C-H/D, and C—0O
stretches (v4-v3), for which all missing cis-fundamentals were
determined in this work. We note that the assignment of v, of
cis-DCOOH is somewhat tentative due to the prominent rovi-
brational and hot band structure of the respective trans-band
(¢f Fig. S3 in the ESIT). The same applies to v of cissHCOOH.®
Due to the abundance disadvantage of cis-formic acid, most of
the remaining cis-fundamentals are more difficult to access
with our experimental approach. The notable exception is
the O-D in-plane bending vibration v; of HCOOD and DCOOD.
For other cis-fundamentals with seemingly high intensity such
as v, and v of DCOOH (¢f. Fig. 1), spectral congestion due to an
excessive hot band structure currently limits further conclu-
sions. Guidance from theory would be particularly helpful
for these spectral regions. vg and vy are close to the detection
limit for the trans-rotamer, and below it for the cis-rotamer
impurity.

A list of all available hydrogenated and newly determined
deuterated (perturbation-free) cis-fundamentals of the formic
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r 9

1 t 4
e I TR TS

v v ’ v >4 10

Hooos m
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Fig. 1 Harmonic (B3LYP-D3(BJ)/aVTZ) Raman scattering cross-sections of the formic acid monomer for both rotamers of all four H/D isotopologues,
normalised to v, of HCOOD (scaling factor 175.9 x 107¢ m? sr™1). A darker grey tone for the cis-rotamer indicates higher visibility than for the trans-
rotamer, but the lower cis-abundance in the experiment must be kept in mind. The normal modes of cis-formic acid are visualised by arrows and labelled
according to the Herzberg nomenclature for HCOOH, which is adopted for the deuterated isotopologues. For v4 and vs of DCOOD, harmonic mode
mixing into a symmetric and antisymmetric combination is predicted. See text for further details.
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Table1 Raman jet (Ra. jet) band positions (in cm™?) of cis- and trans-formic acid and their deuterated isotopologues in comparison to literature values.
Fermi resonance doublets are indicated by braces. Assignments which are somewhat tentative due to overlapping hot band and/or rovibrational structure

are italicised (see text for discussion and ref. 62)

HCOOH DCOOH HCOOD DCOOD
Ra. jet Lit. Ra. jet Lit. Ra. jet Lit. Ra. jet Lit.

cis

” 36377 3635 2685 2685

vy 28734 2167 2871 2145

vy 1818% 1790 1819 1789

s 904 883

Ve 1093°

Vo 493.42 b

trans )

v 3570 3570.5 ¢ 3569 3566 i 2631 2631.64 ° 2632 2631.87 ‘

{ 3567
vy 2942 2942.06 ¢ 2219 2219.69 7 2954 2938.2 i 2231 2231.8 u
{ 2938 { 2194 2195.1 u

Vs 1776 1776.83 a 1762 1762.9 K 1772 1772.12 P 1761 1760.0 u
{ 1725 1725.87 K { 1725 1725.12 v

Vs 1379 1379.05 e 971 970.89 ! 1365 1366.48 e 1039 1042 u

vs 1306 1306.2 ¢ 1299 1297 ! 972 972.85 g 945 945.0 u

2u9} {1220 1220.83 ! {1206 {1010 1011.68 a

Ve 1104 1104.85 g 1142 1142.31 m 1176 1177.09 r 1170 1170.80 w

vy 626 626.17 h 620 620.57 n 558 558.27 s 554 554.44 s

vg 1033.47 g 873.39 ! 873.2 x

Vo 640.73 h 631.54 " 508.13 § 492.23 s

“ Ref. 23 and 24. ? Ref. 22. ° Ref. 6; the band listed for v5 was originally assigned to 2vo. ¢ Ref. 40 and 63. ¢ Ref. 10.” Ref. 9; the band was originally
assigned to the fundamental vs. £ Ref. 64. " Ref. 8 and 39. ’ Ref. 5; the second band of the v, resonance doublet is reported at 2941.8 cm ™", but
corresponds to an impurity of HCOOH in the spectra and is therefore not listed here.” Ref. 37. * Ref. 65. ! Ref. 66. ™ Ref. 67. " Ref. 68. ° Ref. 69.
P Ref. 70, see also ref. 71 and 72. 7 Ref. 73. " Ref. 74. ° Ref. 36.  Ref. 75. “ Ref. 4. ” Ref. 7. ™ Ref. 76. * Ref. 33.

acid monomer can be found in Table 1 alongside the corres-
ponding trans-bands and high resolution literature values
wherever available. A detailed view of the cis-formic acid spectra
can be found in the ESIt (Fig. S2-S5). The agreement between
the newly determined Raman jet and literature band positions
for trans-formic acid is generally within the experimental
uncertainty of our set-up (£2 cm ™', ¢f. Section 2). A preliminary
Raman jet study from our laboratory>" generally agrees with the
trans-formic acid results reported here, within the previous,
somewhat larger calibration error and apart from a few assign-
ments. For cis-formic acid, the vibrational reference database
has been extended by eleven new band positions. With one gas
phase band position®* and four Raman jet values from previous
studies**?* for cis-HCOOH, the total number of cis-formic acid
fundamentals now amounts to sixteen.

A recent example of a high-level variational anharmonic
ab initio study on the formic acid monomer is an MCTDH
study by Aerts et al. from 2020"° who have characterised the cis-
and trans-conformers of all three deuterated isotopologues.
Due to the lack of environment-free experimental data on the
higher-energy structure, the accuracy of their description could
solely be evaluated for the global minimum ¢rans-form. The
new cis-formic acid band positions reported in this work also
facilitate a performance evaluation for the higher-energy
rotamer. For most modes, the deviations are below 2-3 cm ™.
The largest band position discrepancy is observed for v, of cis-
DCOOH and amounts to 10 cm ™" followed by 9, 4, and 7 cm ™"
for v; of cis-DCOOH, cis-HCOOD and cis-DCOOD, respectively.

This journal is © the Owner Societies 2020

3.2 Comparison of the Raman spectra of all four H/D
isotopologues

An overview of the Raman spectra of the four H/D (¢trans-)formic
acid isotopologues is shown in Fig. 2 for a nozzle temperature
of 160 °C - a compromise between the absence of cluster
signals and signal intensity. Fermi resonance doublets of the
trans-rotamers are indicated by brackets. Hot bands are marked
by ‘h’ and impurities due to H/D exchange reactions and/or the
manufacturing process by a double dagger. The maximum of
such impurities observed in the spectra amounts to 6(2)%
(see Table S1 in the ESIt for further details). To visualise and
systematically analyse the spectral similarities and differences
observed for the four H/D isotopologues, the cis-trans-shift is
plotted against the absolute cis-band position for the five
vibrations characterised with Raman jet spectroscopy and the
sixth vibrational mode obtained from high resolution gas
phase studies by Baskakov et al.®>** in Fig. 3. In case of Fermi
resonances of the respective ¢rans-band, the band position of
both resonance partners is shown and the symbol size reflects
their relative intensity. For cis-formic acid, no signs of resonances
were observed in our spectra, but this might be attributed to the
relatively low intensity governed by the low abundance in the
expansion.

The absolute band positions as well as cis-trans-shifts of the
O-H and O-D stretching vibrations are insensitive to C-H
isotope exchange (Fig. 3). However, next to the OH stretching
band of trans-HCOOH (3570 cm ™ '), one fairly strong band with
an intensity ratio of one third of v, can be seen at 3567 cm ' in

Phys. Chem. Chem. Phys., 2020, 22, 25492-25501 | 25495
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Fig. 2 Overview of the Raman jet spectra of the O-H/D, C-H/D, C=0,
C-0 stretching as well as C-H/D and O-H/D in-plane bending vibrations
of HCOOH, DCOOH, HCOOD, and DCOQOD recorded at a nozzle tem-
perature of 160 °C. Bands of pronounced resonance doublets between
fundamentals v; and combination or overtone bands are indicated by
brackets and H, D impurities by double daggers. Non-isomeric hot and
cis-rotamer bands are marked 'h" and ‘c’, respectively.

addition to a smaller third band at 3559 cm ™" (Fig. 2). Since the
band position difference between the fundamental and the
second band is very small, this does not affect the cis-trans-shift
significantly (c¢f Fig. 3). A similar v;-triad of trans-HCOOH has
also been observed in helium nanodroplets,®® which the
authors attributed to Fermi and Coriolis resonances. For a full
understanding of the OH stretching dynamics in formic acid, a
detailed characterisation of skeletal modes and their associated
coupling pathways is required.””

80 T T T T
3 © % HCOOH

- | 3:2 e Y @ DCOOH |
o & ¥ HCOOD
) I 3.9  # DCOOD
~ of * § 1,/317
/é\ t 1%5)
§ —40 | o . \
J
' ¥ 3:1% \ g
% 80 | 1\
§/ |v1 ‘)g; \ N Oyg
< 2:1 i A
g -120 . Vs
*
—~160 PR 1 L
3500 2500 1500 500

7;(cis) / cm™
Fig. 3 cis—trans vibrational band position shifts plotted against the cis-
band positions for all H/D isotopologues of the formic acid monomer. The
colour illustrates the type of vibration. For Fermi resonances, unfilled
symbols are used and the band positions of both resonance partners are
connected by dotted lines with the symbol size representing their relative
intensity.
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The C—O stretch v; of trans-DCOOH and -DCOOD has a
pronounced resonance (intensity ratio 3(0.5):2) with the C-D
out-of-plane bending vibration 2vg (Fig. 2).%° The cis-trans-shift
is again very similar for all isotopologues if one compares it
against the resonance centre (Fig. 3).

The situation becomes different for the C-H/D stretching
vibration v,. For trans-HCOOD, Bertie et al. reported a reso-
nance with the (v; + ) combination band, yet assigned it to an
impurity of HCOOH (2941.8 cm™ ") in their spectra.” We do,
however, observe a resonance doublet with an intensity ratio
close to 1:1 and an experimental splitting of 16 cm™". The
second band of the resonance doublet at 2954 cm ™" (Table 1) is
likely overlayed by a dimer band in the spectra of Bertie et al.
which they report at 2951.4 cm ™. The clear distinction between
monomeric and dimeric contributions in the spectra via the
temperature series is one of the advantages of the new Raman
spectra reported in this work. Comparing against the resonance
centre, the C-H cis—trans-shift is insensitive to O-H deuteration
(Fig. 3). The same applies to the respective absolute cis-band
position. The larger difference between the cis-trans-shifts of
the C-D stretching vibrations (Fig. 3) can at least partially be
ascribed to the Fermi resonance between v, and the (v, + vg)
combination band of trans-DCOOD." Interestingly, the isotope
effect on the cis-C-D stretch is with 22 em™' much larger than
for the C-H, O-D/H stretches, where these differences only
amount to <2 cm " (¢f Table 1). This anomaly could be a
result of an anharmonic perturbation that only occurs in one
O-H/D isotopologue of the cis-rotamer, though this remains
speculative due to the low intensity of the cis-contributions in
our spectra. Another reason for this larger difference could be a
misassignment of one of the two cis-v, bands, most likely that
of cissDCOOH due to the spectral congestion governed by the
rovibrational structure of the ¢rans-band (c¢f Fig. S3 in the ESIf).
However, the good agreement of all cis-v, bands with the high-
level prediction of Aerts et al.'® (deviations below 3 cm™ ") does not
support this conjecture. Besides, close to the cis-band position of
cissDCOOD (2145 cm™ '), there are no other hot bands in the
DCOOH spectrum and vice versa (Fig. S3 in the ESIT).

Similar observations with regard to the absolute cis-band
position as well as Fermi resonance governed difference in
cis-trans-shift (¢f. Table 1 and Fig. 3) apply to the O-D in-plane
bending vibration v5. However, there is another factor that sets
the trans- (and cis-)DCOOD bending vibration apart from that
of the other H/D isotopologues, which can be understood by
taking a closer look at the vs/2v4 Fermi resonance across all H/D
isotopologues.

3.3 The v5/2v4 Fermi resonance of trans-formic acid

The vs/2v Fermi resonance is amongst the most prominent
ones found for trans-HCOOH and involves the O-H in-plane
bend v5 and the overtone of the large-amplitude O-H torsion
2vy (Fig. 1). In a high resolution study of the respective hot
bands in 2019, Hull et al. showed that the labels of the two
resonance partners at 1306 cm~ ' and at 1220 cm ™!
switched, as the overtone was shown to be lower in energy than
the fundamental.>” This Fermi resonance is also present in

need to be
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trans-DCOOH as well as in trans-HCOOD but seemingly absent
in trans-DCOOD. For the cis-conformers, this Fermi resonance
is not predicted,""™® which makes a combination of both
species valuable for vibrational benchmarking.

A more detailed view of the Raman spectra of this resonance
for all four isotopologues can be found in Fig. 4, which
facilitates new insight into the strength of the resonance as
well as into the suggested label switch for trans-HCOOH.
Interestingly, the higher-energy band of trans-HCOOH at
1306 cm ™' is about seven times more intense than the band
at 1220 cm™ ', though the latter was previously assigned to the
fundamental. The infrared spectra of HCOOH shown alongside
the corresponding Raman spectra in Fig. 5 indicate an inverse
situation where the lower energy band at 1220 cm ™" is more
intense and the 1306 cm ' band is barely visible at the
employed conditions. This explains why based on solely the
infrared spectra, the more intense band at 1220 cm™" was
previously assigned to the fundamental transition. A differing
intensity ratio of a Fermi resonance in infrared and Raman
spectra is rather unexpected, as usually the overtone (or combi-
nation band) is ‘dark’, meaning that it obtains intensity primarily
via the anharmonic resonance with the ‘bright’ fundamental. As
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Fig. 4 Raman jet spectra of the C—H/D in-plane bending vibration v, and
the O—-H/D vs/2v9 Fermi resonance of all four H/D isotopologues of the
formic acid monomer recorded at a nozzle temperature of 160 °C. Cluster
bands are marked with an asterisk, hot bands with 'h’, and H, D impurities
by double daggers. The band position of the overtone 2vg has been
estimated from twice the experimental band position of vy (see Table 1
for band positions) by subtracting twice the diagonal anharmonicity matrix
element reported in ref. 27 and is shown by a grey line. The normal modes
of vs and v4 are shown as an inset. Additional experimental details can be
found in Section 2 and in the ESI.}
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Fig. 5 FTIR (top) and Raman (bottom) jet spectra of trans-HCOOH in the
O-H in-plane bending region (vs). The FTIR spectra have been recorded at
increasing concentrations of <0.01-0.05% in helium at a reservoir pres-
sure of 560 mbar with 1750-2130 co-added scans. The Raman spectra
(<0.2% in helium, reservoir pressure 500 mbar, recording time 6 x 300 s)
have been intensity-scaled to the vg band (not shown) of trans-HCOOH
with the lowest intensity amongst the four nozzle temperatures (100-190 °C).
Assignments of monomer (M) and dimer (D) contributions to the band between
1240-1210 cm™ in the FTIR spectra were taken from ref. 9. Clusters in the
Raman spectrum are marked with an asterisk.

such, this infrared/Raman intensity difference implies that the
overall comparably low-intense fundamental vs (¢f Fig. 1 for
relative Raman scattering cross-sections and Table S3 in the ESIf
for the predicted IR intensities) ‘steals’ intensity from the brighter
overtone in one of the spectra and the dark overtone ‘steals’
intensity from the brighter fundamental in the other. Considering
that Raman scattering cross-sections of overtones (or combination
bands) are typically about two orders of magnitude lower than
those of fundamentals,”® whereas this difference typically
amounts to about one order of magnitude in the infrared, it
is more plausible that the infrared v overtone is brighter than
the vs fundamental. This is in line with the suggested label switch
of the resonance partners by Hull et al.,>” which was also proposed
in the VCI and MCTDH studies from 2016"" and 2018."

As aforementioned, the vs/2ry Fermi resonance is also
present in DCOOH with a slightly larger splitting (93 cm™*
versus 86 cm~ ' for HCOOH) and a similar intensity ratio
(7(2):1). In case of DCOOH, Bertie et al.’ correctly assigned
the band at 1299 cm ™" (1297 cm ™" in ref. 5) to the O-H in-plane
bending vibration vs;, whereas the corresponding band of
HCOOH at 1306 cm ' (1307 cm ' in ref. 4) was assigned to
2 in their publication.” For the O-deuterated isotopologues,
the vs/2v9 Fermi resonance is only observed for HCOOD, where
the vy overtone is higher in energy (1011.68 cm™') than the v;
fundamental (972.85 cm™*).”* The intensity ratio and splitting
between both bands is distinctly smaller (1(1): 3 versus 7(2):1
and 38 instead of 86/93 cm '), which is consistent with a
weakening of the resonance for the smaller OD amplitudes.

The absence or at least pronounced weakness of the vs/2vq
resonance in trans-DCOOD (cf: expected band position of 2vq
in Fig. 4 which has been estimated from 2 X (1) assuming
an anharmonic correction of twice the anharmonicity matrix
element xo9 as reported in ref. 27) can be understood in the
comprehensive analysis of all four isotopologues. Fig. 2 shows
that the C-D bend of DCOOH and O-D bend of HCOOD, which
are estimates for the expected band positions of v, and v5 in
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trans-DCOOD, are nearly isoenergetic at 971/972 cm™". In the
DCOOD spectrum, they are shifted up (1039 cm™ ") and down
(945 cm™ ") in energy, indicating harmonic mixing due to near-
degeneracies. This mixing is further supported by the unusually
low ratio of the Q branch with respect to the rotational contour
found for v5 of trans-DCOOD (a feature of vy, ¢f Fig. 4), which
might result from substantial mixing with v,. Pointing in that
same direction are different harmonic frequency calculations
that unanimously predict a mixing into a symmetric and
an antisymmetric combination for cis- and trans-DCOOD
(HF, MP2, CCSD(T), and DFT, all with an aVTZ basis set,
¢f inset in Fig. 4 for normal modes of the trans-rotamers).
For a closer scrutiny of this mixing across the four H/D
isotopologues, harmonic frequencies of ¢rans-formic acid
were scanned for C-H proton masses between 1 and Zm(lH).
The harmonic wavenumbers of vy, vs, v, 217, and 2vg (all A’
symmetry) for both possible scans (trans-HCOOH — trans-
DCOOH, transsHCOOD — trans-DCOOD) are plotted for
B3LYP-D3(BJ)/aVTZ in Fig. 6. Strong mixing between v,, vs,
and v, is observed in these mass-scans with avoided crossings
on the order of 60-110 cm ™. Accidentally, however, an avoided
crossing of v, and v5** coincides with an integer (even) mass in
one case, i.e., DCOOD. Additional scans at other levels of theory
(Fig. S1 in the ESIt) show the same qualitative behaviour.
As such, the potential absence of the v5/2vy Fermi resonance
in DCOOD is in part a coincidence of an avoided crossing
that detunes two otherwise moderately resonant states. This
alone, however, does not explain the absence of the overtone
2vy in the DCOOD spectra entirely, as 2v, could gain in
intensity via coupling to v, which exhibits v5 character. The
2v9 band of DCOOD might not gain sufficient intensity in this
coupling triad to be observed under the employed experimental
conditions. A comparison of measurements with perpendicular
and parallel laser polarisation’® can be used to reduce the
rotational contour via subtraction. This depolarised spectrum

HCOOH

DCOOH

View Article Online

Paper

of DCOOD (¢f: Fig. S5 in the ESIt) shows that no distinct 2v4
band is hidden under the rotational contour of v5; of DCOOD in
our spectra, providing additional affirmation of its weakness.

Overall, this harmonic mode mixing could be another
reason for the differences observed for the cis-trans-shifts
as well as cis-band positions (mixing is also predicted for
¢is-DCOOD) of HCOOD and DCOOD (Fig. 3). Subtle mass
changes such as "C isotopic substitution®® might allow for
more insight, though this is experimentally too elaborate
without further theoretical support.

3.4 Fermi resonance analysis for the H/D isotopologues of
trans-formic acid

For vibrational benchmarking of near-degeneracies, not only
the energetic order of the two interacting states needs to be
predicted correctly by a quantum chemical model, but also
their energy difference (spectral splitting |A7|) as well as the
spectral intensity ratio R (here Inign/liow). From these two
quantities, the Fermi resonance coupling constant |W Febmil
can be calculated from eqn (2) under the assumption that the
dark state has a negligible intensity,”® which allows for an
estimate of the strength of the resonance.

|Wexp | _ ‘Ai)'\/ﬁ

Fermi| — (1 +R) (2)

These effective values |W feom;| for all trans-formic acid Fermi

resonances observed in this work are listed in Table 2 alongside
model values |W§21r°rm| calculated from a quartic force field
based on the PES of Tew and Mizukami'" (¢f. ESI} for further
details). For v, of HCOOD, only the Q branches of the vibra-
tional bands were integrated to determine |W peomi| (¢f Fig. S3
in the ESIt). The neglect of the overlapping rotational contours
for 1,/(v3 + v6) of HCOOD should not impact |W feni| much,
as the two resonance partners are nearly equal in intensity

HCOOD DCOOD

900 T T T T T
1.00 1.25 1.50 1.75
m(Hc) / m(*H)

Fig. 6 Harmonic wavenumbers (in cm™2,

2.00

.00 125 150 175  2.00
m(He) / m('H)

at the B3LYP-D3(BJ)/aVTZ level) of A’ symmetric fundamentals and overtones in the spectral windows

between 900 and 1500 cm™* as a function of the relative C—H proton mass of trans-formic acid (left O—H, right O-D). Grey bars indicate fractional
masses which equal the mass of hydrogen or deuterium. Harmonically avoided crossing due to mode-mixing is indicated by a red disk in the interaction
region, in which twice the coupling constant 2W is printed in bold letters. Green disks highlight the Fermi resonance-coupled states vs and 2vg in trans-

HCOOH, -DCOOH, and -HCOOD.
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Table 2 Resonance analysis for Fermi resonance split fundamentals of
the H/D isotopologues of trans-formic acid. The band centres for each
doublet are reported in units of cm™, where the more intense bands are
printed in bold letters. The experimental (exp) value of the Fermi resonance
coupling constant [Weermil (in cm™Y) has been calculated according to
eqn (2) and its error bars are computed using Gaussian error propagation
with band centre uncertainties of +2 cm™* and integrated band intensity
errors of £20%. The integrated intensities / are given with respect to the
lower-intensity contribution. The calculated (calc) value of the coupling
constant has been obtained from the quartic force field of the analytic PES
by Tew and Mizukami (see ESI for further details)

|WFermi|
System Vi Dhigh Dlnw Ihigh Ilow EXp Calc
HCOOH v, 3570 3567  3(0.5) 2 2(2) 0.3
HCOOD v, 2954 2938  1(0.5) 1 8(2)" 8.7
DCOOD  1», 2231 2194  2(1) 1 17(2) 18.9
DCOOH v, 1762 1725  3(0.5) 2 18(2) 18.3
DCOOD v, 1761 1725  3(0.5) 2 18(2) 18.1
HCOOH v, 1306 1220  7(2) 1 28(4) 39.6
DCOOH vs 1299 1206  7(2) 1 31(4) 42.7
HCOOD s 1010 972 1(1) 3 17(2)>  16.8
DCOOD Vs 945 3.3

“ Only Q branches (without additional substructure) were integrated to
determine |Wgehmil. > Determined from a depolarised spectrum (see
bottom of Fig. S5 in the ESI).

(¢f Fig. 2 and Table 2), so that their contributions to the
rotational contour should also be similar. For v5/2v9 of HCOOD,
there seems to be a broad rotational substructure which cannot
be easily disentangled. Therefore, additional depolarisation
measurements were performed (Fig. S5 in the ESIt) and |Wgdm
was determined from these spectra.

As expected from the small spectral separation A =3 cm ™',
the Fermi resonance of v; of HCOOH is the weakest observed in

exp

this work with a coupling matrix element |W ger,;| of solely 2(2)
em L. It agrees with the very small predicted value |W§ilrfm

between v, and the (v, + v,) combination band, although the
third band in the Raman spectra and the resonance triad
observed in helium nanodroplets®® indicate a more complex
interaction than a simple two level resonance. Also rather weak
is the v, Fermi resonance of HCOOD with 8(2) cm ™. Again,
|W§ilfmi| and |Wgemi| match rather well, which supports the
assignment by Bertie et al.> who ascribed the resonance partner
to the (v3 + 1) combination band. The strength of the v;/2v;
Fermi resonance observed for the C-deuterated isotopologues is
near-identical and accidentally very similar to that of v, of
DCOOD (cf: Table 2). For all three resonances, the experimental
and predicted Fermi coupling matrix elements agree within the
experimental error bars.

For the v5/2v resonance doublet, a distinct strength varia-
tion is observed across the four isotopologues - it is largest
for DCOOH (31(4) cm ™), decreases from HCOOH (28(4) cm ™)
to HCOOD (17(2) em™ '), and remains undetected for DCOOD
(cf Fig. 4). As for most other resonance doublets, WS | of
HCOOD matches the experimental value within the error bars.

cale

The calculated coupling constants |Wgermi| of HCOOH and
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DCOOH are 12 cm ™ larger than the experimental values. These
findings seem to contradict the assumption of a completely
dark state in case of 2vy of the two O-H isotopologues
(¢f eqn (2)). Further investigation of this might be worthwhile.
Overall, this is just one of many examples where anharmonic
Raman intensities could prove to be very helpful.

4 Conclusions

After over eighty years of experimental research since the first
publication on the formic acid monomer (and dimer) by
Bonner and Hofstadter in 1938,>> the vibrational spectra of
the simplest carboxylic acid are still not yet fully understood.
The most notable missing vibrational information concerns its
higher-energy cis-conformation, particularly that of the deuter-
ated isotopologues of formic acid, where no perturbation-free
band positions were known prior to this work. Recently, Raman
jet spectroscopy in combination with thermal excitation was
used to increase the number of cis-HCOOH fundamentals from
one to five.”* In this work, we have extended this technique to
¢is-HCOOD, -DCOOH, and -DCOOD and were able to assign the
bands of all O-H/D, C-H/D, C—=O0 stretching as well as those of
the two O-D in-plane bending vibrations.

For the trans-formic acid monomer, although all but one
fundamental vibration of the H/D isotopologues have already been
determined, there is still ambiguity concerning assignments of
overtones, combination bands, and Fermi resonance partners.'™"?
A comparison of the latter amongst all four isotopologues has
proven to be very insightful, particularly for the vs/214 resonance.
This resonance is found to be weakest for HCOOD and appears to
be absent in DCOOD. For HCOOH and DCOOH, similar coupling
strengths are predicted, though from our Raman spectra we obtain
smaller experimental coupling constants for both. This discrepancy
between theory and experiment hints at a more complicated
resonance mixing than that of a ‘bright’ fundamental interacting
with a ‘dark’ overtone. The reason for the absence of this Fermi
resonance in DCOOD might be harmonic mode mixing between v,
and vs that detunes the resonance, yet for exact conclusions, further
theoretical investigation is necessary.

Non-isomeric hot bands (see for example Fig. S2-S5 in the
ESIT) are another valuable benchmarking target in addition to
the cis-fundamentals and the Fermi resonance coupling matrix
elements |Wgemi|, as these facilitate an analysis of weaker
anharmonicity signatures x;.**** For a thorough analysis of
the large number of these hot bands observed in our spectra, a
close collaboration between theory and experiment is vital. This
represents one of the future directions of this work. The wealth
of isomerically hot, yet rotationally cold formic acid monomer
data provided in this contribution significantly advances its
standing as a benchmarking reference system and hopefully
triggers further theoretical investigation on this system.
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