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Previously, the Coriolis perturbed vg and vg bands of trans-DCOOH were analysed using a high-resolution infrared
spectrum that only contained lines from the v fundamental; the vg fundamental was too weak to be directly
observed [Goh et al., Spectrochim. Acta A: Mol. Biomol. Spectrosc. 1999, 55, 1309]. Using a long pathlength
multireflection cell and highly brilliant synchrotron radiation, we were able to observe the vg fundamental with

excellent signal-to-noise (in addition to the vs fundamental). Analysis of the spectra using PGOPHER and SPFIT
resulted in determination of an extensive set of molecular parameters, including two a-axis and four b-axis
Coriolis coupling constants. The set features a significant refinement of the vg = 1 constants, with a band origin at
873.3848785(83) cm ™!, which is ~ 0.72 cm ™! higher than previously determined.

1. Introduction

Along with acetic acid, formic acid is the most abundant organic acid
in both the Earth’s atmosphere [1], and in interstellar molecular clouds
[2]. In the atmosphere, it plays a major role in the acidification of rain
[3], especially in the tropics [4], and in the interstellar medium (ISM) it
is thought to play an important role in the chemistry that leads to the
formation of Complex Organic Molecules (COMs) [5], i.e., organic
molecules that contain six or more atoms [6]. Since its first detection in
the ISM, towards Sagittarius B2 [7], formic acid has been detected to-
wards a variety of different sources, including the hot molecular core in
Orion-KL [8], the dark molecular cloud, L134N [9], and the proto-
planetary disk around TW Hydrae [10]. All of those observations were of
trans-HCOOH, which is ~ 3.9 kcal/mol more stable than cis-HCOOH
[11]. The higher energy cis rotamer has since been observed in the ISM
towards the UV irradiated edge of the Orion Bar [12], with a similar
abundance to the trans rotamer [13]. The abundance of the minor iso-
topologues of trans-formic acid are much lower in the ISM [14]. While
both HCOOD and DCOOH were tentatively detected in a molecular line
survey over 30 years ago [15], it wasn’t until recently that these de-
tections were confirmed (along with the observation of H13COOH) [14].

It is becoming increasingly more important to characterize molecules
that have been detected in the ISM, in vibrationally excited states. This is
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on account of increasingly more sensitive radio-telescopes such as the
Atacama Large Millimeter/submillimeter Array (ALMA), the survey
spectra from which contain a large fraction of unidentified lines; for
example, ~40 % of lines observed towards the Barnard 1b core were
reported as unidentified in a recent ALMA Band 6 spectral line survey
[16]. Far-infrared synchrotron-based spectroscopy is well suited to help
characterize astrophysically relevant molecules in vibrationally excited
states, and accordingly, there has been a surge in the number of such
molecules that have been investigated by this technique, e.g., vinyl
acetylene [17], vinyl alcohol [18], acetone [19], ethyl cyanide [20],
methanol [21], phenol [22], aminoacetonitrile [23], glycolaldehyde
[24], 2-chloroethanol [25], and benzonitrile [26]. The focus of this
article is on the synchrotron-based high-resolution infrared spectrum of
the important interstellar molecule, trans-DCOOH, around 11 pm.

The band origins of all the fundamentals of trans-DCOOH have been
determined, to varying degrees of accuracy by FTIR and Raman spec-
troscopies. The two lowest frequency fundamentals [v; (OCO scissor at
~ 621 cm™ ') and Vg (COH torsion at ~ 632 cm V)] are strongly Coriolis
perturbed, and have been directly observed and extensively analyzed via
FTIR spectroscopy [27]. The next two higher frequency fundamentals
are vg (DCO torsion at ~ 873 cm 1) and Ve (CD rocking at ~ 971 cm’l),
which are also Coriolis perturbed, but to a much lesser extent owing to
the 10x greater separation between the excited states. Goh et al. directly
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observed the vg fundamental, and in their analysis, they not only
determined spectroscopic parameters for vg = 1, but also the band origin
of the interacting vg = 1 dark state [28]. The remaining fundamentals all
have band origins above 1000 cm’l, i.e., vs at ~ 1142 em ! [29], v4 at
1299 cm™! [30], v3at 1762 ecm™! [31], vy at ~ 2220 em ™! [32], and v; at
3566 cm ! [33]. In the following, we report an investigation of the
Coriolis perturbed vg and vg bands of trans-DCOOH. In the original work,
Goh et al. used a single pass cell (0.2 m pathlength) coupled to a Bomem
FTIR spectrometer with an unapodized resolution of 0.0024 cm ™. Here,
we used a multipass cell (72 m total pathlength) coupled to a Bruker
FTIR spectrometer with an unapodized resolution that is ~ 3x "higher"
(0.00096 cm ™). This allowed for the determination of more accurate
line positions, in addition to the first direct observation of the very weak
vg fundamental.

2. Experimental

The high-resolution infrared spectra of DCOOH were acquired at the
Canadian Light Source using a similar setup to what we previously used
for the normal isotopologue of formic acid [34]. In brief, we introduced
4-64 mTorr of DCOOH (Millipore-Sigma) into a 2 m long White cell (at
333 K) that was optimized for 36 passes [35]. The cell is housed in a
Bruker IFS 125 HR FTIR spectrometer that was equipped with optics
well suited for covering the 400-1250 cm ™' range, where the synchro-
tron advantage is active [36]. This included utilizing a KBr beamsplitter
and windows, and a Ge:Cu detector within a pulsed-tube cryocooler.
Spectra of the analyte were recorded at maximum resolution and ratioed
against a lower resolution reference spectrum that was collected with an
evacuated cell to give absorbance spectra, A(v) = log[Io(¥)/I(»)], which
is analyzed in the following.

3. Analysis and discussion

Trans-DCOOH is a planar, near prolate top [asymmetry parameter
= (2B-A-C)/(A-C) = —0.912], which belongs to the Cs point group. It has
9 vibrational modes, 5 of which fall in the 400-1250 cm ™! range of the
spectrometer, as shown in Fig. 1. The central Q branch of both the vg and
much weaker vg fundamentals are evident at this relatively low pressure
(4 mTorr) spectrum, although the signal-to-noise of the latter (vg) is very
low. The vg fundamental with an @” symmetry upper vibrational state is
a c-type band with rotational selection rules, AK; = odd, AK, = even.
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This gives rise to the relatively narrow central ’Q;/"Qq bandhead which
is shown in Fig. 2. The vg fundamental, on the other hand, has an @’
upper vibrational state, which results in a hybrid a/b-type band with
rotational selection rules, AK, = even, AK, = odd for a-type transitions,
and AK, = odd, AK, = odd for b-type transitions. The a-type component
of this band gives rise to the central Q branch which is shown in Fig. 3.
The simulated spectra that are shown throughout were generated using
PGOPHER, which was also used to make line assignments, identify Co-
riolis interactions, and perform initial fits that are described in the
following [37]. Throughout, we utilized Watson’s A-reduced Hamilto-
nian in the I' representation [38].
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Fig. 2. Illustration of the central Q branch of the vg fundamental of trans-
DCOOH (lower panel), and associated Fortrat diagram (upper panel). The cell
pressure was 64 mTorr. In the lower panel, the experimental spectrum is shown
in black while the simulated spectrum (inverted) is shown in blue.

3 L s L L L L L | L L s L L L L L s L L L L L L L L s L L | L L L s L L
/Vg
T

2,
=
= |
=
= |
o

V6
1 .
/VS

400 500 600 700

T T I T
900 1000 1100 1200

Wavenumber / cm™

Fig. 1. Survey spectrum of DCOOH at a cell pressure of 4 mTorr. Fundamental band origins of the trans rotamer are arrowed in red [blue] for a’ [a”] symmetry
vibrations. The inset shows the inertial axes superimposed on the MP2/aug-cc-pVTZ optimized structure of trans-formic acid; the a- and b-axes are in-plane.
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Fig. 3. The central Q branch of the v fundamental of trans-DCOOH (lower panel). Symbols in the associated Fortrat diagram have been reduced in magnitude by
198x in comparison to what is shown for the vs fundamental (198 is the ratio of calculated anharmonic band intensities). The cell pressure was 4 mTorr.

The fitting process was begun by simulating the spectrum of the vg
and vg fundamentals utilizing the ground and excited state parameters
listed in Table 1 of Ref. [28]. While we found good agreement between
the simulated and experimental spectrum (at low K,) in the vg funda-
mental, it was poor in the vg fundamental. After assigning > 1000 lines
in ve we shifted the band origin of vg up by ~ 0.8 cm‘l, and after several
attempts of increasing or decreasing the J value assignments in the
central ’Q;/"Qo bandhead, followed by fitting the band origin and select
low order rotational constants, we reached reasonable agreement in this
region between the simulated and experimental spectrum. It was then
possible to make assignments in higher PQ and "Q sub-branches, and
after a number of iterations involving assigning higher J lines, followed
by fitting increasingly higher order constants, we converged upon
reasonable agreement between the experimental and simulated spectra
in the vg fundamental. The shift of the vg bandorigin up by ~ 0.8 cm™*
resulted in much larger residuals in the vg fundamental, which was
resolved by floating the first-order Coriolis coupling constants (G, and
Gp), and reassigning a large number of lines in the v fundamental,
especially b-type lines within the broad P and R branch wings (the latter
of which significantly overlaps with the P branch of the vs fundamental
at high J).

After converging upon a reasonably good agreement between the
simulated and experimental spectra, we replaced the ground state con-
stants with the more accurate ones reported in Ref. [39], and included
previously reported submillimeter wave lines in the fit [40]. These lines
correspond to pure rotational transitions of trans-DCOOH in the first
excited vg and vg states, which have uncertainty that range from 40 kHz
to 1 MHz [40]. We used an uncertainty of 0.00024 em ! for the infrared
lines identified here, which is equal to one-quarter of the unapodized
resolution. The inclusion of several higher order Coriolis coupling con-
stants (GJ, GJ, G, and G}’) resulted in a significant reduction in the
residuals for perturbed lines, such as the 27424-284 25 line in the vg

fundamental (see Fig. 4), the upper state of which is in near resonance
with the 279 1 state within vg = 1. These upper states differ by AK, =5,
and are linked by the b-type Coriolis terms (AK,==+1) that couple states
that differ by AK,=+3,+5,....

After completing the preliminary fit of the molecular parameters to
the line positions using PGOPHER, the line assignments were exported
so that the final fits could be performed using SPFIT [41]. The output
from SPFIT was processed with PIFORM in order to assist with data
interpretation [42]; the resulting parameters and statistics from which
are provided in Table 1. (Please note that these values do not signifi-
cantly differ from what was gotten using PGOPHER.) We ultimately
assigned 11,833 transitions to 8314 lines within the Coriolis perturbed
fundamentals of trans-DCOOH that we investigated here. Ground state
combination differences for each band show excellent agreement with
previously reported pure rotational transition frequencies. It is worth
noting that the refined band origins are in excellent agreement with the
MCTDH (multiconfiguration time-dependent Hartree) calculations of
Aerts et al. [43].

Fig. 5 shows a plot of the residuals from the final fit, in comparison to
one that was performed where we did not include the Coriolis param-
eters (from which we omitted significantly perturbed lines). The latter
plot reveals a large degree of coupling between the vibrational mani-
folds, as evidenced by the large residuals between observed and calcu-
lated values within a variety of K, series. Of note in our fit is the
inclusion of K,’=9 and 10 levels at high J that were omitted in the
previous analysis “because their line positions were highly displaced”
[28]. We were able to include them in our analysis, largely on account of
the high brightness of the synchrotron radiation, which allowed for the
direct observation of the vg fundamental for the first time. We captured
an avoided crossing within the much more intense vg fundamental, the
associated lines from which were assigned largely using the higher
pressure spectrum (at 64 mTorr). Fig. 6 highlights this avoided crossing
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Table 1
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Spectroscopic parameters of trans-DCOOH determined from the simultaneous analysis of the v and vg fundamentals. Ground state values (kept fixed in the analysis) are
shown for comparison. Parenthetical numbers indicate uncertainty (1c error) in the last two digits.

Parameter Ground state”

DCO torsion (vg)

CD rock (vg)

Band origin

vo (em™)

Rotational constants

A (MHz) 57709.22064(49)
B (MHz) 12055.978611(24)
C (MHz) 9955.609676(24)
Quartic centrifugal distortion constants

Ay (kHz) 9.440282(99)
Ayg (kHz) —39.59550(12)
Ag (kHz) 757.831(11)
&y (kHz) 2.2260314(54)
&k (kHz) 37.55853(92)
Sextic centrifugal distortion constants

@; (Hz) 0.01221(18)
Py (Hz) 0.1751(10)
Py (Hz) —4.5392(35)
Pk (Hz) 36.008(84)

¢y (Hz) 0.0059633(40)
i (Hz) 0.0993(11)

¢k (Hz) 7.574(29)
Octic centrifugal distortion constants

L; (mHz) —0.00022(16)
Lk (mHz) —0.001793(41)
Lk (mHz) 0.00230(32)
Lkky (mHz) 0.2395(23)

Lg (mHz) —11.93(16)

Lk (mHz) 0.00144(38)
Decic centrifugal distortion constants

P; (pHz) 0.000126(61)
Pxxy (PHz) —0.0170(16)
Dodecic centrifugal distortion constants

T; (nHz) —0.0000202(81)
Coriolis coupling

G, (MHz)

G’ (MHz)

Gy (MHz)

G; (MHz)

GX (MHz)

G (Hz)

Fit summary

]\Ilines(I

Max. J, K,

6ms MMW (kHz)

Oms IR (MHz)

873.3848785(83)" 970.8889931(77)"

57465.199(15) 57596.446(14)

12044.805(20) 12061.157(19)
9962.82935(99) 9944.04908(68)
9.6959(21) 9.6044(21)
—34.865(14) —39.597(13)
734.259(33) 752.037(13)
2.3433(11) 2.25735(99)
35.472(26) 39.710(12)
0.00863(16) N
¢ 0.2482(75)
c c
c c
c c
¢ 11.47(20)
¢ c
c c
c c
¢ ¢
¢ ¢
¢ ¢
2544.8(80)
—0.1086(35)

14138.3(20)
—0.10658(43)
—0.3273(26)
—1.480(10)

64 MMW + 3111 IR 50 MMW + 5203 IR
63,18 77,27

79.9

4.21

# From Reference [39].
P Uncertainty in the band origin does not include calibration error.
¢ Fixed to ground state values.

4 The rotational lines at 328187.06, 330511.82, 331855.28, 398263.80, 420404.00, and 469064.70 MHz were omitted from the fit because they had unacceptably

large residuals [40].

which occurs within a K;’=10 series in going from J = 48 to 49. This
series is perturbed by an interaction between K,'=10 in vg = 1 and
K,=13invg=1.

4. Summary and outlook

Here, we refined the spectroscopic parameters of the known inter-
stellar molecule, trans-DCOOH, by performing a fit to the two Coriolis
perturbed bands around 11 pm. While the refined parameters for vg = 1
are similar to those previously reported [28], those for vg = 1 were
significantly improved upon. The refined parameters will allow for ac-
curate predictions of pure rotational line positions of vibrationally
excited trans-DCOOH to be made over a broad range of angular
momenta (up to at least J = 70 for v = 1 and J = 60 for vg = 1) and

frequencies (beyond 2 THz); they should prove useful in radio-
astronomical searches of vibrationally warm trans-DCOOH. Future
work on this molecule involves investigating the v4 (1299 em ! [30]), vs
(1762 cm ™! [31]), and v1 (3566 ecm ! [33]) fundamentals by high-
resolution infrared spectroscopy, since their band origins are only
known to relatively low precision.
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