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ARTICLE INFO ABSTRACT

Keywords: High-resolution infrared (IR) reduced-Doppler absorption spectra of jet-cooled gas phase trans-formic acid in the
Formic acid v1 OH stretching fundamental region are reported for the first time, obtained by supersonically expanding trans-
PGOPHER

formic acid/Ar mixtures through a slit jet nozzle source and rotationally cooling to Tyot ~ 10.9(5) K, with ab-
sorption signals recorded by high-resolution difference-frequency IR absorption spectroscopy. Two a/b-type
rovibrational bands of comparable intensity, one ~10-fold weaker b-type band, and one ~6-fold weaker a-type
band are observed, with vibrational band origins at 3570.493(5), 3566.793(5), 3560.032(9), and 3534.6869(2)
em ™}, respectively. Based on previous Raman jet spectroscopic work by Nejad and Sibert [A. Nejad, E.L. Sibert
11, The Raman jet spectrum of trans-formic acid and its deuterated isotopologs: Combining theory and experi-
ment to extend the vibrational database, J. Chem. Phys. 154(6) (2021) 064301.], these four rovibrational bands
have been assigned to vy, (va + vy), (V¢ + 2v7 + 2vg), and 2vs, respectively. Specifically, two of the three upper
dark states (2171 (@) and 617292 (a')) are close enough to the “bright” 1! (') state to facilitate strong anharmonic
resonance interactions, which results in intensity mixing into the two zero-order bands that would otherwise be
“dark”. Furthermore, our high-resolution spectral analysis reveals that there are local rotational crossings be-
tween these zero-order 1! and 217 states resulting in extra lines (i.e., some upper levels in the nominally v; band
have majority zero-order 217! state character). This motivates development of a 3 coupled state (11, 2172, and
67292) picture to aid in the spectral analysis, which is able to match all 3 observed band origins and relative
band intensities, as well as indicate the necessity of multistate (> 2) coupling. Though limited by range of J and
K, levels (J' < 9 and K,° < 3) populated at supersonic jet temperatures, this work offers first precision spec-
troscopic analysis of trans-formic acid in the v; OH stretch region, which should aid in assignment of the more
complete yet highly congested room temperature FTIR spectra [D. Hurtmans, F. Herregodts, M. Herman, J.
Liévin, A. Campargue, A. Garnache, A. Kachanov, Spectroscopic and ab initio investigation of the voy overtone
excitation in trans-formic acid, J. Chem. Phys. 113(4) (2000) 1535-1545.]. Finally, and in sharp contrast to the
spectral complexity in the three predominantly b-type bands, the lone a-type 2vs; rovibrational band at
3534.6869(2) cm ! is well described by a simple, rigid asymmetric top Hamiltonian.

High-resolution spectroscopy
Infrared spectroscopy
Supersonic expansion
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1. Introduction to play a key role in interstellar chemistry [3-5]. Indeed, evidence for

the existence of formic acid in the interstellar medium was reported by

As the simplest carboxylic acid, formic acid (HCOOH) plays a
dominant role in atmospheric chemistry of the troposphere regime, with
particularly important terrestrial impact on the pH of precipitation and
“acid rain” phenomena [1,2]. By virtue of its structural simplicity and
exclusive synthesis from first row elements, trans-formic acid is thought

microwave astronomers in the early 1970’s [6,7], and since then, by
microwave methods in many sources such as cold dark clouds [8], hot
molecular cores [5], and comets [9]. In addition to atmospheric and
astrochemical relevance, formic acid is of particular dynamical interest
as the result of an isomerization double well between the trans and cis
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formic acid rotamers (see Fig. 1). Due to the delocalization of n-electrons
over the heavy atom COO framework, both rotamers have planar
equilibrium geometries with Cg symmetry, with trans-formic acid (and
the much higher energy cis-isomer) has two hydrogen atoms on opposite
(same) sides of the C—O bond, respectively. From first equilibrium mi-
crowave measurements of the cis-rotamer, the energy difference be-
tween ground vibrational states of the two rotamers was estimated to be
1365(30) cm’l, with a ~ 4827 cm ™! barrier to internal rotation [10]. As
a result, the trans-rotamer is predicted to be ~ 1000 times more abun-
dant than the cis-rotamer at room temperature, with completely negli-
gible equilibrium populations at much lower temperature conditions of
the interstellar medium. Thus, the detection of both cis and trans formic
acid in interstellar planetary forming regions via microwave spectros-
copy provides indisputable evidence for highly non-equilibrium internal
rotational dynamics of these two isomers in a strongly asymmetric
double minimum potential [11].

There have of course also been extensive terrestrial studies on formic
acid with microwave and far-infrared spectroscopy instruments
[3,10,12,13]. Specifically, Fourier transform far-infrared, submillime-
ter, and millimeter spectra of cis- and trans-HCOOH and trans-H'>COOH
have been recorded by Winnewisser et al. [14], providing precision
ground state rotational and centrifugal distortion constants to aid in the
assignment (vide infra) of current high-resolution rovibrational spectra
in the infrared. With regard to facilitating such infrared spectroscopic
studies, experimental and theoretical predictions for the 3N -6 = 9
fundamental vibrational modes of trans- and cis-formic acid rotamers are
summarized in Table 1. High-resolution spectra of trans-rotamer have
been obtained using laser-microwave double and triple resonance
techniques [15] and Fourier transform spectroscopy [16-18], yielding
spectroscopic constants for all nine fundamental modes, except v;, v4
and vs. The vibrationally excited states of the corresponding cis-rotamer,
on the other hand, have received far less attention. This is due to the
exceedingly low cis to trans population ratios under typical thermal
conditions, which therefore require the use of much more highly sen-
sitive techniques. So far, high-resolution spectra have been reported for
vg9 OH torsional mode [19] and only quite recently for the v; OH stretch
mode [20]. For the remaining cis-formic acid normal modes, only low
resolution vibrational assignments in the gas-phase [21] and Ar matrix
[22] have been possible, with the sole exception being lack of low res-
olution detection of the vg CH wagging mode.

Beyond fundamentals, IR overtone spectroscopy can be particularly
powerful in providing spectral information on chemically significant
regions of the full 9D potential surface, at energies relevant to unim-
olecular and bimolecular collision processes as well as intra- and inter-
molecular energy redistribution [23,24]. Previous overtone spectro-
scopic studies have enabled a deeper understanding of the isomerization
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dynamics and possible bond-selective chemistry of formic acid [25,26].
High-resolution absorption spectra of the more abundant trans-formic
acid have been recorded under room temperature conditions between
626.16 cm™! to 13,284.1 cm™! by Fourier transform spectroscopy and
intracavity laser absorption spectroscopy [27]. A total of 62 bands from
v7 (626.16 cm’l) up to 4v; (13,284.08 cm’l) have been observed and
assigned, yielding band origins, vibrational frequency differences, band
intensities, and effective vibrational constants. For the nv, CH stretching
mode (n = 2 — 4), unfortunately, broad structureless overtone absorp-
tion due to the very strongly H-bonded formic acid dimer overlaps and
obscures the more highly resolved CH stretch features of the monomer.
By way of contrast, the corresponding OH stretch series nv; (n =2 — 4)
for the trans dimer bands are strongly red-shifted due to hydrogen
bonding, thus allowing the trans monomer study of sequential overtone
OH stretches. In particular, the studies provide evidence for a progres-
sive vibrationally-induced shift in the hydrogen from one oxygen to the
other (i.e., intramolecular “proton transfer”), as indicated by evolution
of the relative a- to b-type sub-band intensities. Quite recently, the 2v;
OH stretching overtone region was revisited under jet-cooled conditions
(Trot = 37 K) [24], where the reduced-Doppler spectra are far better
resolved compared to the previous room temperature studies.
Curiously, while overtone spectroscopic studies of trans-formic acid in
the OH stretch region (nvy, n = 2 — 4) have been extensively studied,
similarly detailed information on the OH stretch fundamental (v;) has
remained surprisingly elusive, though not for lack of experimental
effort. For example, the gas phase v; rovibrational band spectrum was
recorded with Fourier transform infrared (FTIR) methods back in 2000
[23]. Unfortunately, however, the spectra under room temperature
conditions proved to be highly congested, which restricted any more
detailed rotational analysis efforts. Shortly afterwards in 2002, Madeja
et al. reported rotationally resolved v; band spectra of trans-formic acid
in helium nanodroplets at ~0.37 K [28]. Both Fermi and Coriolis in-
teractions of 1! with 2!7! and 2!9! states were identified, providing
further clues for the spectral congestion in gas phase room temperature
spectrum. More recently in 2021, vibrational Raman jet spectrum of
trans-formic acid in the v; region was reported by Nejad and Sibert [29],
with the v; band at 3570 cm ™! and additional satellites at 3609, 3567,
and 3559 cm ! observed. While the band at 3567 cm ™! was assigned to
(v2 + v7) and confirmed by sensitivity to CD vs. CH isotopic substitution,
the other two bands were left unassigned. Indeed, even with the ad-
vantages provided by these additional studies, gas phase high-resolution
room-temperature spectroscopy of the v; band has remained unassigned
for over two decades. This clearly represents an experimental challenge
and opportunity for slit jet supersonic expansion laser absorption
methods, which forms the primary focus of the present work. Specif-
ically, high-resolution spectra in the v; OH stretch rovibrational band

Fig. 1. The CCSD(T)/ANO2 equilibrium structures of two formic acid rotamers, trans (left) and cis (right). Note that the OH bond in trans-formic acid lies 7.6° away
from the b principal rotation axis, predicting predominant b-type transition intensity in the v; OH stretching fundamental band based on a simple bond dipole model

(see Section 4.3 for details).
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Table. 1
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Experimental and theoretical frequencies (in cm ™ Y) of the nine normal modes of trans- and cis-formic acid. CCSD(T)/ANO2 with VPT2 level of theory is used to compute

ab initio anharmonic frequencies and anharmonic intensity (in km/mol).

trans-HCOOH cis-HCOOH
Mode Experimental Ref.” Anharmonic Anharmonic intensity” Experimental Ref.” Anharmonic Anharmonic intensity
Freq. Freq. Freq. Freq.
21 O — Hstr. 3570.493 (5) This work 3573.5 58 3637.1571(3) [20] 3641.2 69
123 C — Hstr. 2942.06(1) [15] 2930.0 19 2873(2) [21] 2871.3 59
2 C=O0 str. 1776.8334(3) [16] 1778.9 ?21325 2)¢ 1818(2) [21] 1819.5 247
vy H — C — O bend 1380 [27] 1385.4 3 1391.8 [22] 1390.0 0.4
Us C — O — H bend 1223 [27] 1218.3 6 1243.4/1248.9 [22] 1250.0 298
Ve C — Osstr. 1104.8521(2) [17] 1104.8 253 q 1093(2) [21] 1097.5 49
(208.8)
vy O — C=0 bend 626.16561(39) [18] 624.5 41 662.3/662.3 [22] 655.1 10
2
- . 1 . - . .
B C — Hwag 1033.4692(4) [17] 1035.4 (2.815)° 1015.6 0.004
Vo O — H tor. 640.72506(39) [18] 639.6 136 493.420509(7) [19] 490.3 82

# References for the experimental frequencies.

b Experimental integrated band intensities are shown in parentheses for comparison with ab initio anharmonic intensities.

¢ See A. Perrin et al. [47].
d See A. Perrin et al. [48].

region (3528 em~! to 3583 cm’l) have been obtained under reduced-
Doppler, slit jet conditions, in which the trans-rotamer is cooled down
to a rotational temperature of Tyot ~ 11 K. This results in a dramatic
simplification of the spectra, enabling a first high-resolution rovibra-
tional assignment and analysis.

The organization of this paper is as follows. The experimental
method is briefly described in Section 2. The first jet-cooled spectrum of
trans-rotamer in the OH stretching fundamental region is presented in
Section 3, followed by rotational analysis yielding first precision spec-
troscopic constants for the 11, 2171, 617292, and 32 excited states. In
Section 4, we present a detailed deperturbation analysis of strong
anharmonic resonant interactions between the optically “bright” 1!
state and near resonant “dark” 2'7' and 617292 states. Finally, system-
atic changes in the OH stretch transition dipole moment direction are
discussed. Conclusions and directions for further study are summarized
in Section 5.

2. Experiment

The experimental apparatus, which combines a high-resolution dif-
ference-frequency IR spectrometer with a pulsed slit supersonic beam
source, has been described in detail elsewhere [30]. In brief, difference
frequency generation between a single mode tunable ring dye laser
(Spectra-Physics 380A, Rhodamine 590 dye) and a single mode fixed
frequency Argon ion laser (Spectra-Physics model 2020, 488 nm) gen-
erates narrow-band continuous-wave IR light source between 3200 and
4600 cm ™! with <1 MHz linewidth and 5-10 pW power levels. A 50 mm
long magnesium-doped periodically poled lithium niobate (MgO:PPLN)
crystal is used for the non-linear difference frequency generation and
placed in an enclosed oven housing to maintain a uniform temperature
(< 0.1 °C stability). A Fabry-Pérot etalon is locked onto the output of a
polarization-stabilized HeNe laser and acts as an optical transfer cavity
for frequency control of the Argon ion laser, with details of the transfer
cavity stabilization described previously by Riedle et al.[31] During the
scan, the Argon ion laser is locked onto a longitudinal mode of an
actively stabilized Fabry-Pérot etalon while transmission fringes of the
dye laser are recorded, which therefore correspond to a perfectly
correlated scan in VR = Var - Vdye difference frequency. The IR light
source is then split into two beams, with one beam (reference) directly
sent to a liquid-nitrogen cooled InSb detector, and the other beam
(signal) travelling through a 16-pass Herriott cell (absorption path length
of 64 cm) along the slit direction in a vacuum chamber before being
focused onto a second matched InSb detector. A homebuilt servoloop
circuit subtracts the two balanced InSb detector outputs to suppress

common mode amplitude noise on the IR laser light by 30 dB witha > 1
MHz bandwidth. Dye and Ar ion laser frequencies are monitored with a
Michaelson interferometer and calibrated against well-known CHy
asymmetric CH stretch transitions in the slit jet expansion [32], resulting
in a frequency accuracy and precision on the order of 10 MHz (0.0003
cm_l).

Formic acid (HCOOH) liquid is purchased from Sigma-Aldrich and
used without further purification. An argon expansion gas is bubbled
through a thermostatted formic acid liquid and then further diluted to
produce a stable ~0.5-0.6% formic acid/Ar mixture before flowing into
the pulsed valve stagnation region at a total backing pressure of ~240
mbar. The pulsed valve operates at a 19 Hz repetition rate, 1 ms opening
duration, and with a rectangular 40 mm x 0.3 mm slit nozzle geometry.
Trans-formic acid undergoes rapid cooling in the slit supersonic expan-
sion and intersects the IR beam at right angles to achieve reduced-
Doppler widths (FWHM) of 70 MHz (0.0023 em™!) due to natural
collisional collimation along the 40 mm slit jet dimension. Data at each
IR spectral frequency is averaged over 4 pulses, for a net 4 ms integrated
time window per 12.5 MHz frequency step. There are several finite
breaks in the recorded spectra between 3565 and 3569 cm ™! (Fig. 2) due
to strong water absorption, which results in complete depletion of IR
light. For first overtone of the carbonyl C=0 stretch rovibrational band
(2v3) between 3528 and 3539 cm ! (Fig. 3), we scan only regions where
strong progressions are predicted.

3. Experimental spectrum and analysis

High-resolution IR absorption spectra of jet-cooled trans-formic acid
in the v; OH stretching fundamental region have been collected over a
55 cm ! spectral range from 3528 cm™! to 3583 cm !, Four rovibra-
tional bands are found in this spectral window (Fig. 2 and 3), with all
observed transitions out of the same trans-formic acid vibrational
ground state, as readily verified by precision ground state combination
differences generated from the microwave rotational constants of Win-
newisser et al. [14] Vibrational band origins and rotational band struc-
tures of the four rovibrational bands are 3570.493(5) cm ' and
3566.793(5) cm ! (hybrid a/b- but predominantly b-type), 3560.032(9)
cm ! (nearly pure b-type), and 3534.6869(2) cm ! (nearly pure a-type).
The two highest-frequency a/b-type hybrid rovibrational bands are
separated by only 3.700(7) cm ™! and have very comparable intensities.
The b-type (AK, = odd, AK, = odd) and a-type (AK, = even, AK, = odd)
rovibrational bands to the red have ~6- to 10-fold weaker intensity
compared to the two intense a/b-type hybrid bands. Detailed rovibra-
tional assignments and analyses of these four bands are as follows.
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1t - 1 - 1t - 1 1 T T T T 1 LI L Fig. 2. Experimental absorption spectrum of jet-
5F  ves2vy42v v v ° 10.9(5) K < cooled trans-formic acid in the v; OH stretching
3560.032 3566.793 3570.493 ] fundamental region, displaying three rovibrational
4| ; ; ; | bands with predominant b-type structure. The stron-
’\; ° | gest progression with band origin at 3570.493 cm ™! is
= o labelled v* (initially assigned to v;) while the slightly
o 3r - weaker one at 3566.793 cm ! is labelled v~ (initially
8 4 assigned to v + v;). The weakest band to the red is
_g 2 _| tentatively assign to (V¢ + 2v; + 2vg). These three
5 ] bands arise from anharmonic resonant interactions,
n where the dark combination states steal oscillator
2 1 - ' strength from the “bright” 1' state. The Q-branch as-
M - signments for v* (indigo), v~ (dark red), and (vg + 2v,
0 4 : B -+ 2v9) (teal) b-type K, sub-bands are marked along
s 2¢3! K142 LK 0e1 ‘ Ki:i 160 K21 Ki3<2) the top and are labeled along the bottom. See text for
KaI: °‘_.1 b K:;: 1‘_.0 K1: 0‘_.1 L b Ka:.“_‘: o K.a: 2‘71 | K 3‘T 2 o details. (For interpretation of the references to colour
3558 3560 3562 3564 3566 3568 3570 3572 3574 3576 3578 3580  in this figure legend, the reader is referred to the web
version of this article.)
Frequency (cm™)
08f 5.  3s3ese9em’ Table 2
2"3 ' Ab initio energies (in em ™) of trans-formic acid vibrational levels in the OH
06 T 1 stretching fundamental region.
0.4} 1 Vibrational energy
§ 0.2 ’ J . Level r This work® Nejad and Sibert”
8 oo} u 1 1 a 3573.5 3581.8
% [ 1 - 3576.2
Qo 27 a 3554.5 3567.8
2 L i 2'9! a’ 3567.0 -
o) 462 d 3571.9 3565.2
< ¢t 1 738191 @ - 3564.5
[ ] 6'7°9* a - 3564.0
32 d 3539.4 3544.9
I i # Anharmonic frequencies of all levels with up to three quanta using CCSD(T)/

3528 3529 3530 3531 3532 3533 3534 3535 3536 3537 3538 3539
Frequency (cm™)

Fig. 3. Overview of CO stretch first overtone (2v3) a-type rovibrational band of
trans-formic acid. Experimental spectral regions are highly compressed in black
while PGOPHER simulation is plotted downwards in gray for comparison. The
band origin is at 3534.6869(2) cm’l, which is ~35 em ™! to the red of both v*
and v.

3.1. The three b-type structure dominated rovibrational bands

If we assume a transition dipole moment direction of OH stretching
mode along the OH bond, a predominantly b-type structure for the
strongly infrared active (“bright”) v; fundamental band is expected

(Z”T’: # 0), as evident in Fig. 1. In addition, the vibrational band origin of

the highest-frequency band seen at 3570.493(5) cm™! is in very good
agreement with previous room temperature FTIR work reporting v; at
3570.5(1) cm ™! [23]. We therefore ascribe the presence of these three b-
type predominant bands to resonant interactions between the “bright”
(1') state and two nearby “dark” states which we endeavor to assign/
interpret below (vide infra). The upper states involved in the three pre-
dominantly b-type bands must be of @’ symmetry. Consequently, the
symmetry of the coupling operator must also be a’, which implies that
resonant state mixing can arise from Fermi- (anharmonic) and/or c-type
Coriolis interactions. Indeed, anharmonic frequencies predicted from
second-order vibrational perturbation theory (VPT2) at CCSD(T)/ANO2
level of theory [33] signal the presence of several nearby dark states
(2171, 4162, and 3?) of the correct @’ symmetry to couple with the bright
1! state (Table 2). Our ab initio values are also in excellent agreement
with previous anharmonic force field calculations by J. Demaison et al.
at CCSD(T)/VTZ levels of theory [34], where cubic and quartic potential

ANO2 with VPT2 level of theory.

b Energies of the vibrational eigenstates obtained from CCSD(T) potential
energy surface using CVPT6. Only eigenstates with leading squared coefficients
reported in this table [29].

constants do predict Fermi resonance coupling between the two 11/217!
and 1'/32 pairs. Moreover, Nejad and Sibert reported vibrational
eigenstates obtained from CCSD(T) potential energy surfaces [35] using
high order canonical Van Vleck perturbation theory (CVPT) [36], which
predict two additional “dark” states (617292 and 738191) of @’ symmetry
(Table 2) [29]. Initial vibrational assignments of the three b-type bands
are based on Nejad and Sibert from their Raman jet spectrum and
theoretical calculations, from which our observed rovibrational bands at
3570.493(5) cm ! and 3566.793(5) cm™ ! are assigned as 1! and 2171,
respectively, where modes v, and v; correspond to the C-H stretch and
0O-C=O0 bend, respectively. This previous vibrational band assignment
to 217! was further supported by isotopic CD substitution studies, while
the band at 3560.032(9) cm~! (3559 cm ™! in the Raman jet spectrum)
was left unassigned by Nejad and Sibert. We tentatively assign this upper
state to 67292, with ve and vq corresponding to C-O stretch and O-H
torsional modes, respectively. Even though this postulated 67292
coupling (Av = 6 and 5) with the 1! and 2'7! states requires higher-
order potential derivatives to be non-zero, the other possible dark
states are not considered here because (i) for the 4162 and 7°819! states,
isotopic C-D substitution in previous Raman jet spectroscopic work
excluded the v4 (H-C-O bend) and vg (C-H wag) vibrations as coupling
partners and (ii) for the 3% state, the vibrational band origin was already
determined by Nejad and Sibert to be at 3533 cm ™.

To understand how such resonant interactions affect the overall
rotational structure, we have taken advantage of the powerful suite of
PGOPHER programs developed by the late Colin Western for high-
resolution spectral analysis [37]. As a first step, we have assigned a
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total of 121, 109, and 22 b-type transitions for a “zero-order” labelling of
v1, (V2 + v7), and (V¢ + 2v7 + 2v9) bands, respectively. In addition to
predominant b-type progressions, both v; and (vo + v;) bands exhibit
much weaker a-type sub-band structure reduced in intensity by an order
of magnitude (a total of 36 and 21 assigned a-type transitions, respec-
tively). For the upper states involved in vy, (v3 4+ v7), and (v + 2v; + 2v9)
bands, assigned transitions result in a total of 44 (0 <J’ <9and 0 <K,’
<3),41(1<J'<8and0<K; <3),and12(1 <J’'<6and0<K, <1)
upper states being measured, with center frequencies for each reported
rovibrational transition listed in supplementary materials (SI). Fig. 2
displays the experimental spectrum of the three rovibrational bands,
with assignments for each of the strong b-type K, sub-band Q-branches
reported along the bottom.

In the absence of rotational crossings between zero-order 11, 2171,
and 6'7292 states, systematic energy shifts due to non-local anharmonic
resonances can often be absorbed into small changes in the fitted rota-
tional and centrifugal distortion constants. Based on this assumption, we
first fit the assigned infrared transition frequencies of the three bands
separately to A-reduced Watson Hamiltonians in the I" representation
without including any anharmonic resonance coupling. The standard
deviation of the fit for the (vg + 2vy + 2v9) band is 6 = 0.0013 em!
when all centrifugal distortion terms are fixed at zeros, which is already
comparable to our measurement uncertainties (summarized in Table 3).
In addition, the experimentally determined rotational constants of the
67292 state (A = 2.61(1) ecm ™, B = 0.399(2) cm ™!, and C = 0.344(2)
em™ ) are close to CCSD(T) predictions based on vibration-rotation
constants (A = 2.6246 cm™!, B = 0.3960 cm !, and C = 0.3433
cm™1), again supporting our vibrational assignment. However, for the v;
and (v, + v7) bands, the values of ¢ are 0.0040 cm ' and 0.0178 cm ™ ?,
respectively, even when three quartic centrifugal distortion constants
(Ay, Ayk, and Ag) are included. These values are approximately an order
of magnitude larger than our frequency measurement uncertainties, thus
indicating the residual presence of local rotational crossings in the zero-
order 1! and 27" states. This is already surprising, given the low J and
K, rovibrational levels observed in the jet-cooled spectra. Nevertheless,
this suggests close resonances between the rotational manifolds of zero-
order states, which lies at the heart of the spectral challenge for previous
room temperature studies by Herman and coworkers [23]. Indeed,
assignment of the OH stretch fundamental for trans-formic acid con-
tinues to provide spectral challenges even for low supersonic jet tem-
peratures and reduced-Doppler resolution. Simply stated, after our
initial high-resolution spectral analysis, the upper states involved in the
two intense a/b-type rovibrational bands cannot be assigned to a global
rotational state independent admixture of zero-order 1! and 27! states
due to the presence of local rotational crossings reversing the majority
assignment. As a result, instead of referring these two highly mixed
bands by zero-order v; and (v2 + v7) notation, it will be convenient to use
the more generic v" and v~ descriptors to denote relative ordering of the

Table 3
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rovibrationally coupled states.

As a first level of effort, we briefly consider a simple 2-state model,
with the same Ji k. levels in the zero-order 1! and 2!7* states coupled
through pure anharmonic vibrational mixing. Though allowed by sym-
metry, we neglect rotationally mediated c-type Coriolis interactions in
this treatment, as these are generally much weaker than a low order
anharmonic Fermi resonance. Quantitative extraction of the mixing
between 2 rovibrational levels can be obtained by diagonalizing a 2 x 2
Hamiltonian matrix in a zero-order rovibrational eigenstate basis (¢9,

and ¢3;,,) with zero-order energies (E9, and EY,.,), coupled by a Fermi

resonance matrix element = <<p‘1’1 [H¢S:, >,

_(E P
H_</} E;’.7.> =

The perturbed eigenvalues (E‘l’1 and E‘2’171) can be obtained from the 2
x 2 secular determinant of Eq. (1) and are given by,

/ 1
El'/217' ) {( 1)l +E[2]|71) +1/4p> + AE? } )

where AE is the energy separation between the zero-order states.
Similarly, the perturbed eigenfunctions (‘I’/p and ‘I/z171 ) can be expressed
in terms of linear combinations of unperturbed states and the mixing
angle 0,

¥, = cos(O)gls + sin(6)9% 3)

/

Pyp = —sin(0)9}, + cos(0) @3 “
where 6 is related to § and AE by,

2
tan(20) = A—"; )
If we further assume that only the 1! state is optically bright, then

zero-order transition intensities of v; can be expressed as,

1 o Dpromali ) ©

where p is the transition dipole moment operator. By projecting the
perturbed eigenstates onto this zero-order basis, the transition in-
tensities of the perturbed bands are given by,

1, (@il ) (01 110) | = 1) cos”(6) ™

/ ’ 2 .

(\’2+V7)m| <(pgr0und ‘I‘(P(l)l ><(P(1)' ‘qlzw' > | = 18. sin® (9) (8
From Eq. (7) and Eq. (8), the mixing angle for a specific Jx_x, rovi-

brational level in the perturbed 1! and 2!7? states can be obtained from

relative intensities of transitions out of the same ground state to pairs of

I

Experimentally determined ground and excited states rotational constants (in cm ') of trans-HCOOH.

Perturbed"! (3-state system) Deperturbed*“
3-state system notation |a) 1B |7) |1) |2) 13)
Ground® vtah Vo (2'7h 67292 1! 2!71 67292 32
A 2.58552987(4) 2.558(1) 2.5913(9) 2.61(1) 2.487(3) 2.685(3) 2.595(3) 2.56217(4)
B 0.402115068(6) 0.3991(4) 0.3978(4) 0.399(2) 0.396(1) 0.3992(7) 0.402 (1) 0.39934(1)
C 0.347444202(6) 0.3464(2) 0.3459(2) 0.344(2) 0.3508(6) 0.3436(4) 0.340(1) 0.34498(1)
Vis 2.805(3)
Va3 3.826(9)
Vo 3570.493(5) 3566.793(5) 3560.032(9) 3568.48(2) 3564.81(6) 3564.03(1) 3534.6869(2)

# See M. Winnewisser et al.[14] In interest of space, no ground state centrifugal distortion constants determined by Winnewisser are listed; they are, however,

explicitly included in all PGOPHER fits to the observed spectra.
b Anharmonic resonance term not included in the Hamiltonian.
¢ Anharmonic resonance term included explicitly in the Hamiltonian.

4 Under jet-cooled conditions, only low J,K, levels in the excited states are observed (J < 9 and K, < 3). Thus, the PGOPHER least-squares fits to the excited state
manifolds have all been simplified to a rigid asymmetric top Hamiltonian with centrifugal distortion terms fixed at zero.
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Jx, k. rotational levels in the perturbed states, where the transition in-
tensities are calculated by integrating areas under a transition. Once the
mixing angle is obtained, the percentages of zero-order 1! and 27!
components in a specific Jx, k. rotational level can be calculated by
square-modulus of the quantum amplitudes in Eq. (3) and Eq. (4). Re-
sults are summarized in Fig. 4, where term values and percentages of
zero-order 1! and 27! character in the experimentally observed upper
state accessed by the v and v~ bands are presented visually. Fig. 4
makes it evident that many, if not most, of the observed rovibrational
levels are significantly mixed with nearly ~50%:50% zero-order 1! and
217! character, especially for the K, = 2 sub-manifold. Thus, it is difficult
to unambiguously assign the upper states of these bands to either per-
turbed 1! or 217! states. Moreover, an explicit local rotational crossing is
observed between J = 5 and 6 in the upper asymmetry splitting of K, = 1
sub-manifold, signaled by a rapid reversal in the predominant 1* vs. 217!
character of the corresponding rovibrational level.

Our analysis approach is therefore to (i) exclude the entire K, = 2
sub-manifold and the upper asymmetry component of the K, = 1 sub-
manifold, and (ii) fit only the more weakly perturbed K, = 0, 1 (lower
asymmetry component), and K, = 3 data. It should be noted that the K,
= 3 sub-manifolds are still appreciably mixed and difficult to assign
(Fig. 4); however, the data included in such a fit helps constrain the
upper state A rotational constant. In summary, our initial strategy is to
include in the fit only transitions to rovibrational levels with >60% zero-

3590 |- . S -
v
3588 - v .
33— —a—
3586 F e 617292 .
] 0, 1 0

~ 3584} 70% > 1" > 60% ]
£ 191
O 3582f (B 60%<2'7 <70% ]
R [P UU ORISR 3
+ 3580L 00000 e |
% 2?2 — — —a— —_——__-__/
o 3578} .
o
L 35761 il 1
()]
)
S 3574 | -
L

3572

3570

3568

3566 1 1 1 1 1 1 1 1 1 1 1

Fig. 4. Term values (corrected for B rotational constant) of upper states
involved in the four observed rovibrational bands, with K, assignments labeled.
v* (solid indigo line) and v~ (solid dark red line) are computed from assigned
transitions in this work and ground state rotational constants from Winnewisser
et al. [14] The 32 (dot light gray line) and 617292 (dot teal line) levels are from
PGOPHER predictions based on experimental rotational constants in Table 3.
Filled squares of different colors indicate the percentages of zero-order 1! and
2171 state composition for each of rovibrational level in v and v~ manifold,
with indigo for predominantly zero-order 1', dark red for predominantly zero-
order 2'71, and yellow for a nearly 50%:50% mixture of the two zero-order
states. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
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order 1! or 2'7! character, and thereby obtain improved effective
rotational constants with which to better identify and predict the local
rotational crossings. Although these represent transitions to rovibra-
tional levels with a clear predominance of zero-order 1! or 2!7' char-
acter, it is important to appreciate that these levels are still significantly
mixed, with zero-order character typically between 60 and 70% (and
never >70%). This reduced subset of v" and v~ transitions into the
coupled 1! and 2'7! submanifolds are then fitted to a rigid Watson
Hamiltonian without including anharmonic resonance interactions and
with all centrifugal terms fixed at zero. The result is summarized in
Table 3 and represents best estimates, thus far, of band origins and
effective rotational constants for the mixed 1' and 2'7! manifolds.
Standard deviations of the fits are 0.0006 cm™! and 0.0026 cm™!,
respectively, i.e., 10-fold improved and much closer to experimental
uncertainty. Nevertheless, it should be noted that (i) the local rotational
crossing in the upper asymmetry splitting of K, = 1 sub-manifold is not
well reproduced and (ii) the K; = 2 sub-manifolds of 1 Land 217! are still
too far apart (~3.6 cm™!) to be heavily mixed based on Fig. 4. We will
return to this issue later in Section 4.1 and 4.2, where a more flexible 3-
state rovibrational deperturbation analysis is attempted.

3.2. An additional red-shifted a-type band: The carbonyl stretch overtone
(2vs)

In the midst of this spectral complexity, a 6-fold weaker rovibrational
band ~35 cm™! to the red of v© and v~ bands is also observed in our jet-
cooled spectrum. As evident in the overview scan in Fig. 3, the band
structure is a-type, with closely spaced (but still well resolved) Q-branch
features centered around ~3534.7 cm ™! (Fig. 5). We can readily assign
66 transitions, with a total of 39 different upper states measured (0 < J’
<7 and 0 <K, < 3) and frequencies of the assigned transitions provided
in SI. In sharp contrast to what was observed for the strongly coupled v*
and v~ bands, transitions in this a-type rovibrational band fit extremely
well to a simple rigid asymmetric top Watson Hamiltonian (¢ = 0.0008
em Y ie., comparable to our experimental uncertainty), with the results
summarized in Table 3. The fitted band origin at 3534.6869(2) emLis
now in excellent agreement with previous Raman jet spectroscopic work
at 3533 cm ™! [29] and predictions from experimental diagonal and off-
diagonal vibrational anharmonicities [27], for which a near perfect
match with the C=0 stretch first overtone (2v3) at 3535.1 cm~! is ob-
tained. By way of additional support, the theoretical value for the 2v3

0.6} 2vs L

04} E

0.2

Absorbance (%)
o
o

35344 35345 35346 35347 35348 35349
Frequency (cm™)

3534.3 3535.0

Fig. 5. Details of a-type Q-branch in the 2v3 C=0 stretching first overtone.
PGOPHER simulations (downward, gray), which is in good agreement with the
experimental absorption spectrum (upward, black), are based on rotational
constants in Table 3, rotational temperature of 10.9 K and a Gaussian linewidth
of 70 MHz.
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anharmonic (VPT2) frequency predicted from CCSD(T)/ANO2 levels of
theory is 3539.361 cm™?, also in close agreement with observation.
Moreover, based on transition dipole moment vector expectations along
the C=0 bond (Fig. 1), one predicts a predominantly a-type band
structure, again supporting assignment to the first overtone of the
carbonyl stretch. Finally, in rotationally resolved He droplet studies
[28], a band at 3532.74(4) cm~! was observed and assigned to 2v3. This
value is only quite modestly (~1.9 cm ™) red shifted from the gas phase
experimental value, also consistent with a 2v3 assignment.

If we combine our 2vs band origin, v(2vs), with previously deter-
mined values for v3 and 3v3 [27], effective vibrational constants can be
obtained from a Birge-Sponer plot,

V(nv3) = @en — @,x, (n2 —+ n) 9

yielding @, = 1795.3(3) em™! and x.=0.00517(4) for harmonic
vibrational frequency and diagonal anharmonicity, respectively.
Finally, assuming a Dunham expression, the rotational constants of the
v3 = n states X,, (for X = A, B, C) and the quantum number n are related to
each other by:

X, =X, —'o.™ n 10)

where X, is the ground state rotational constants and o corre-
sponds to the vibration-rotation coupling constants of v; mode (i = 3).
Based on experimentally determined A,, B, C, rotational constants of
ground 30 [14], 3! [16], and 32 (present work) states, the vibration-
rotation constants 3agA), 3a£3), and 3agc) are found to be 0.0117(6),
0.00139(3), and 0.001230(6) cm’l, respectively. These values agree
well with our CCSD(T)/ANO2 calculations, where 3a§A), 3a§B), and 3agc)
are computed to be 0.0122, 0.0014, and 0.0012 cm™ . The evolution of
these rotational constants with v3 quanta excitation is summarized in
Fig. 6, illustrating excellent agreement with the smooth linear trend in

overtone quantum number anticipated from a Dunham model.
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Fig. 6. Trans-HCOOH (Top) A (Middle) B (Bottom) C rotational constant pro-
gression upon n quanta excitation in v3. Ground state constants (v3 = 0) from
previous microwave work [14] and v3 = 1 constants from previous FTIR work
[16] (black squares) are plotted along with constants obtained in this work
(blue triangles). The linear fit is based on expectations for a Dunham expansion
model. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
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4. Discussion
4.1. Extending the 2 x 2 rovibrational deperturbation analysis

In Section 3.1, a 2 x 2 Hamiltonian was constructed, and the mixing
angles for each of the Jx k. rotational level involved in v and v~ bands
were calculated. The Fermi resonance parameter § and energy separa-
tion between the zero-order states AE are related to the mixing angle and
energy separation between the perturbed states by Eq. (5) and (2), for
which we therefore have enough equations to solve. However, instead of
solving for these two terms in each of the v and v~ rotational manifolds,
we can also pursue a simpler approach to vibrational deperturbation
analysis. Specifically, the integrated intensities of the two rovibrational
bands can instead be used to specify the mixing angle, 6, which with the
observed band origins can then be solved for the anharmonic coupling
parameter  and energy difference AE between the zero-order vibra-
tional v; and (vo + Vv7) states. To obtain the integrated intensity of a
rovibrational band, a rotational Boltzmann analysis of the experimental
transition intensities is performed. Since all a- and b-type transitions
arise from the same trans-HCOOH ground state manifold with identical
populations, the full data set for both a/b-type and v and v~ bands can
be fit to a common slope (—1/kT;q) with different intercepts (see Fig. 7).
From analysis of these intercepts, we obtain an intensity ratio of I(y,.,"/
I,'=0.64(6) =tan?(6) for both a- and b-type sub-bands, corresponding to
a mixing angle 6 ~ 40(1)° between the two zero-order states. Based on 6
and energy difference AE'= 3.700(7) em™! (see Table 3), we can
therefore infer an off-diagonal coupling matrix element of = 1.8(2)
em ™! and AE= 0.8(4) cm ™ for the energy difference between the zero-
order vibrational states. This value of § is in reasonable agreement with
prediction of § ~ 1 cm ™! in previous work by Nejad and Sibert [29]. The
proximity of 8 ~ 40(1)° to 45° indicates that the perturbed bright 1!

_11[. T T T T T T T T T

= v'(b-type)
v* (a-type)
Vv~ (b-type)
v~ (a-type)
Vg+2v,+2vg (b-type)
2v4 (a-type)

In[Population/(2J"+1)]

-17 L
0 5 10 15 20 25 30 35 40 45 50

Erot (Cm_1)

Fig. 7. Boltzmann plot for transition intensities in the v (indigo), v~ (dark
red), 2v3 (light gray), and ve + 2v; + 2vg (teal) bands. Filled markers are data
from b-type sub-bands while open markers are for a-type sub-bands. Solid and
dash lines represent linear fits to the data sets, with a global rotational tem-
perature T, = 10.9(5) K determined. Displacements of the y-intercepts are
related to integrated intensity ratios between the sub-bands. Note that the in-
tensity ratio of v, v~, and ve + 2v7 + 2vo is 1.00:0.64:0.11, which is in excellent
agreement with previous Raman spectroscopic studies [29]. (For interpretation
of the references to colour in this figure legend, the reader is referred to the web
version of this article.)
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state reflects a highly mixed combination of zero-order states, specif-
ically (59%)0'5 (p% + (41%)0‘5 @2191 and as emphasized in Section 3.1.
With this improved characterization of the anharmonic resonance,
we can now attempt a more refined local rotational deperturbation
analysis in PGOPHER, where the resonance interaction is explicitly
included in the Watson Hamiltonian. In such an analysis, the values of
and zero-order vibrational band origins of 1! and 2!7" states are fixed at
the values computed above, with the rotational constants floated (all
centrifugal terms fixed at zero). Furthermore, we now include transi-
tions to both strongly perturbed upper asymmetry split states in the K, =
1 manifolds as well as the K, = 2 manifold. As one measure of success,

U Ui Uy 0 0- — — _ _
Ugp)=1 0 0 0 |+cos(¢)| ~ Uty Unqllaplts, | + sin(¢)
0 0 0 H2a

such a local least-squares fitting exercise predicts an energy reversal in
the zero-order vibrational state assignment for the entire K, = 3 mani-
fold. Nevertheless, such least-squares results are still only partially
satisfactory, with standard deviations of the fit 10 times larger than
experimental measurement uncertainties. In addition, a suspiciously
large and unphysical K,-dependent centrifugal distortion correction to f§
(e, p = p + p™K2, where B = —0.0128(3)) is required for the
convergence of the least-squares fits.

4.2. 3-State vibrational deperturbation analysis

One reason for lack of complete success in the above 2-state
approach is our assumption of only anharmonic coupling between
zero-order 1! and 2!7! states and complete neglect of 3rd state coupling
with the nearby 61729 state. Indeed, there is even direct experimental
evidence for such 3rd state coupling from Raman jet spectroscopy [29],
for which the 617292 state shifts to 4 cm * higher energy (3559(1) cm !
- 3563(1) cm’l) upon trans-HCOOH to DCOOH deuteration (i.e., red-
shifting 2!7! by ~900 ecm™!). This would be consistent with the
6'7292 state in trans-HCOOH already being pushed to lower energy (Av
=—4(1) em™H by level repulsion with the 2171 state. In order to allow
for more complex coupling interactions, we have taken our spectral
assignment/deperturbation analysis one step further to include three-
state mixing based on the insightful treatment of Konen et al. [38].
Specifically, we assume that the only oscillator strength arises from the
zero-order 1! state (denoted as |1)), which is then perturbed by the zero-
order dark states (|2) and |3) assigned to either 2!7% or 617292) through
a rotationless anharmonic resonance. The resulting 3x3 Hamiltonian:

E, Vi Vi3
H=|Vy E Vx an
Vi Vo Ej

has diagonal elements E; as zero-order energies of |i) and the off-
diagonal terms V;; = Vj; as coupling between the 3 zero-order states.
General solution to the Hamiltonian eq. H|1) = E;|1) (A = a, B, y) yields a
unitary matrix U of eigenvectors and a diagonal matrix A of eigenvalues,

Ulg Ulp Uy
U= | e uy uy 12)

Uzg Uzg U3,

E, 0 0
A={0 E 0 (13)
0 0 E

where the columns of U reflect the true molecular eigenstates (|a),
|8), and |y)) expanded in zero-order [i), with perturbed eigenenergies
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(Eq, Ep, and E,) matching the experimental band origins in Table 3. If
only the |1) “bright” state carries oscillator strength, the top row of U is
simply (uy4,u15, u1,) = (0.76, 0.60, 0.25), where the normalized ampli-
tudes (up to an arbitrary phase factor) are obtained from square root of
the intensity ratios from Boltzmann analysis. Similarly, the lower 2 rows
of U represent mutually orthogonal vectors (|2) and |3)) which span a
Hilbert space normal to |1) and readily obtained by Gram-Schmidt
orthogonalization [38,39]. Given any one such solution for |2) and |
3), all possible solutions for U for the remaining two rows can then be
characterized (up to overall phase factors) by a rotation angle ¢,

0 0. - ~ ~ ~
Uzpls, — Uzq — Upp — Uy, 14

The full desired 3x3 Hamiltonian can be easily reconstructed by the
matrix equation H = UAU', with Eq. (14) being used to predict all
possible solutions for diagonal (E;) and off-diagonal (V) matrix elements
of H consistent with the spectra as a function of angle ¢ (see Fig. 8). As
there are 6 independent variables (Eq, E, E3) and (V12, Vi3, Va3) in H but
only 5 constraints from the spectra (i.e., 3 band origins and 2 relative
intensities), we can go no further without additional information or
assumptions. We consider two such cases below.

The simplest assumption is Va3 = 0, which treats the zero-order dark
states as “pre-diagonalized” and is equivalent to the well-known Law-
rance and Knight algorithm [40] for obtaining coupling matrix elements
in an N-state system from N band origins and N-1 relative intensities.
However, as discussed above, Raman spectroscopy with CH/CD isotopic
substitution clearly reveals significant coupling between zero-order
“dark” 2'7' and 6!7292 states, which therefore requires Va3 # 0. Alter-
nate specification of bright state coupling with either of the two dark
states (V12 or V13) is equivalent (see Fig. 8) to determining ¢ and thus all
matrix elements of H. Indeed, the choice of Vi3 = 0 (or equivalently Vi,
= 0) in nitric acid was taken by Stanton and coworkers and rationalized
by ab initio calculation of the relevant matrix elements. Once again,
small Raman shifts (=1 em™") in the 1! state from HCOOH/DCOOH
spectroscopy provide some insight, specifically that Vi3 is small and
possibly negligible. If we assume V72 = 0 (or V;3 = 0), the four possible
solutions for matrix elements of H are marked with four vertical lines in
Fig. 8, with Es and Ej interchanged for Vi3 = 0 and V33 = 0 and off-
diagonal coupling terms differing only by relative sign. For choice of
non-zero off-diagonal terms of the same sign, the resulting Hamiltonian
is,

3568.48(2) 0 2.805(3)
H= 0 3564.81(6)  3.826(9) (15)
2.805(3)  3.826(9)  3564.03(1)

with all terms in cm ™! and standard deviations derived from exper-
imental intensity uncertainties. It is worth emphasizing that such a 3-
state treatment assuming negligible coupling between zero-order 11
and 2'7! explains the IR spectra equally well but makes rather different
predictions from our 2-state analyses of which states couple weakly or
strongly.

We again attempt refined rotational deperturbation analysis using
PGOPHER, where all zero-order energies and coupling terms are fixed at
the computed values in Eq. (15) and rotational constants are floated (all
centrifugal terms fixed at zeros). Least-squares fitting results are sum-
marized in Table 3. Unlike the previous two-state system, no centrifugal
distortion correction needs to be added to the coupling terms for the fit
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@ (rad)

Fig. 8. Values of zero-order energies (E;) and Fermi resonance coupling constants (V;)) as a function of angle ¢. Four possible solutions under the constraints that

either Vi, or Vi3 is zero are shown as vertical lines.

to converge (and adding them does not improve the fit). Fig. 9 shows the
experimental spectrum for the selected b-type Q-branch region, with
PGOPHER predictions based on no coupling, 2-state system, and 3-state
system plotted downwards for comparison. A reversal in the K, = 3
manifold assignments of the 1! and 27! states is also found.
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Fig. 9. Detailed experimental spectrum showing b-type K,: 1 « 0 and 3 < 2 Q-
branches of the v' and v~ bands, respectively. Non-overlapping K,: 1 «< 0 pro-
gressions in v are marked with asterisks (for J = 1 to 5). PGOPHER simulations
using rotational constants obtained under different models are plotted down-
wards: (top panel) no interaction between the 1!, 2!71, and 6'7%292 states;
(middle panel) Fermi interaction between the 1! and 2'7' states; (bottom
panel) anharmonic resonance interaction between the 1! and 6'7292 states +
anharmonic resonance interaction between 2'7! and 6'729? states. Note that
for the “no interaction” model, intensities of the dark state bands are based on
experimental values while intensities of the zero-order dark state bands are
fixed at zero in the 2-state and 3-state system.

Additionally, one success of our three-state analysis is that when the
zero-order energy of 217! is red-detuned by ~900 cm ™}, the predicted
band origins of 1! and 617292 states (3569.8381 cm™! and 3562.6733
cm™!) agree well with results from previous C-D substitution studies of
trans-HCOOH [29], for which the perturbed 1! and 6'7%92 band origins
become 3569 cm ™! and 3563 cm ™}, respectively (see Fig. S1). However,
it is important to note that standard deviation of the fit does not improve
much and is still in 10xexcess of the frequency uncertainties. Never-
theless, our results do permit first high-resolution spectroscopic con-
stants to be obtained for the three states, which should provide help in a
more complete assignment analysis of room temperature FTIR spectra
from the Herman group [23].

Finally, the A, B, and C rotational constants of zero-order 1! state
from such least-squares fits using a three-state system, plotted in Fig. 10
along with results from previous works [23,24], are especially revealing.
We notice that the averages of rotational constants of zero-order 1! and
217! states follow well with the Dunham expression. The A rotational
constant clearly depends most sensitively to quanta (v; = n) in the OH
stretch (lagA): 0.0135(2) cm’l), while agB) and agc) are 2-3 orders of
magnitude less sensitive (lagB) = 3(1)x10~* and 1026) — 9(4)x107°
cm™1). This is of course consistent with physical expectation, as the OH
stretch vibrational coordinate is nearly perpendicular to the a-axis.
Thus, modest increase in the vibrationally averaged OH bond length
upon excitation results in significant increase in the a-axis moment of
inertia, resulting in a Dunham-like linear decrease in A rotational con-
stant with quanta of v;.

4.3. Rotation of OH stretching transition dipole moment direction

Based on the rotational Boltzmann analysis for a- and b-type transi-
tions in v" and v, the fitted a- to b-type band intensity ratios are both
found to be ~0.080(8). We can extend this further by comparison with
rovibrational intensity predictions from a simple bond-dipole model,
where the transition dipole moment u arises from normal mode (q)
displacements r; of static polarization charges q; on atom i (i.e., du/dq ~
>"qior;/0q). For pure stretching of the OH bond (7.6° away from the b

L

axis), the theoretical a- to b-type intensity ratio would be,

L /] > (05 )
da — = =0.018 (16)
(1 b) bond—dipole <|aﬂb/ oq| cos(7.6°)

This is dramatically (~450%) smaller than experimentally observed,
which signals an additional rotation of the transition dipole moment
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Fig. 10. Systematic evolution of experimentally determined trans-HCOOH (Top
panel) A (Middle panel) B (Bottom panel) C rotational constants upon n quanta
excitation in the v; OH stretching mode (black) [23]. It should be noted that for
vy = 3, the A value was deduced by using the Q-heads provided by Bauer and
Badger [23,46] while numerical values for B and C constants are used [23]. The
linear fit is based on an effective linear Dunham expansion model, where the
slope is the vibration-rotation constant, and the y-intercept (v; = 0) is the
experimental ground state rotational constant [14]. Notice that the averaged
rotational constants for the two mixed states follows a linear Dunham pro-
gression reasonably well over the full overtone series, particularly for A, C.

towards the a axis. Geometrically stated, the experimentally determined
intensity ratio predicts du/dq to point £15.9(8)° away from the b axis,
corresponding to either |7.6° 4= 15.9°| = 23.5° clockwise or 8.3° coun-
terclockwise rotation toward the a-axis (see Fig. 1).

Such a rotation of the transition dipole moment direction could arise
from several different sources. One such contribution would be from
vibrational “charge-sloshing” effects [41,42], arising from vibrationally
mediated flow of n-electron density from the C=0 carboxyl group to-
ward the adjacent O atom upon stretching of the OH bond, which leads
to an additional electrical anharmonicity term in transition dipole
moment (i.e., > r;dg;/dq). Indeed, in the limit of vibrational removal of

1

the acidic proton from OH, this would physically correspond to complete
resonance delocalization of electrons in the formate anion (HCOO™),
which would certainly lead to enhancement of the a-type band intensity.
Similar deviations were also noted in previous high-resolution IR study
of the OH stretching band in the cis-formic acid conformer [20], which
were also explained by such a vibrationally-induced delocalization of the
electron wavefunction amplitudes. However, an equally plausible expla-
nation could be vibrationally-induced proton transfer to the O atom on
the carboxyl group upon stretching of the acidic OH bond. Indeed, this is
the mechanism proposed by Hurtmans et al., based on experimental
spectra for the series of OH stretching overtone bands from v; = 1 to 4
[23]. By way of support, their ab initio calculations predict a continuous
counter-clockwise rotation of the transition dipole moment towards the
a axis. Table 4 summarizes the evolution of experimental transition
dipole moment direction with v; = n quanta excitation, providing
additional evidence for such an interpretation.

5. Conclusion

In this work, first high-resolution IR absorption spectra of jet-cooled
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Table 4

Evolution of experimentally determined
OH stretching mode transition dipole
moment direction with n quanta excita-
tion in v;. ¢ is the angle between b
principal rotation axis and transition
dipole moment direction.

vi=n ¢ ()
1 18
2° 32

3 —

4° 46

2 See D. Hurtmans et al.[23].

trans-formic acid in the v; region between 3528 and 3583 cm™! are

presented. Two a/b-type, one b-type, and one a-type rovibrational bands
are found and assigned to vt (3570.493 crn_l), v~ (3566.793 cm_l), ve
+ 2v7 + 2v9) (3560.032 crn’l), and 2v3 (3534.6869 cm’l), respectively,
where v' and v~ are mixtures of v; and (vo + V7). This is already sur-
prising, as the predicted harmonic density of states is only ~ 0.09/cm ™!
in this region [43-45], which implies that the additional rovibrational
bands must arise from a statistically unlikely (but nevertheless quite
evident!) resonance between the zero-order bright 1 state and nearby
dark states. While the 2v3 a-type and (v¢ + 2v7 + 2v9) b-type rovibra-
tional bands can be well fit to a rigid Watson Hamiltonian, transitions to
the v" and v~ manifolds are only poorly fit even with quartic centrifugal
distortion constants included. We argue that this is due to localized
rotational crossings between the zero-order 1! and 217! states.

Our first approach is therefore to obtain effective rotational con-
stants by fitting transitions without including anharmonic resonance.
We then take this one step further using a 2-state system, where only
zero-order 1! and 2!7! states are coupled. However, this simplified
model is only partially satisfactory due to complete neglect of the nearby
61729% state while there is direct evidence of the 2'71/6!729% pair
coupling from previous HCOOH/DCOOH work [29]. Therefore, a more
refined 3-state system based on Stanton and coworkers is used [38]. The
zero-order 11, 2171, and 67292 states are computed to be at 3568.48(2),
3564.81(6), and 3564.03(1) cm’l, respectively, with anharmonic
resonance coupling constants for the 11/61729? and 2!7'/67292 inter-
action being 2.805(3) and 3.826(9) cm L. One success of our three-state
analysis is the correct prediction of both HCOOH/DCOOH spectra.
Nevertheless, complete fits of the observed spectrum down to our
reduced-Doppler experimental uncertainty levels has yet to be achieved.
It is our hope that the spectroscopic constants from the present much
colder, reduced-Doppler study will aid further a more complete assign-
ment and analysis of the extensive room temperature spectra by Herman
and coworkers [23].

Finally, the deviation between the experimentally determined rela-
tive a- to b-type sub-band intensity of the v; band and simple bond-
dipole model predictions signals a rotation of transition dipole
moment direction away from b axis. This rotation can arise from reso-
nance delocalization of electron amplitude from the C=0 group along
the formate OCO™ chain (i.e. vibrational charge-sloshing effects) or
proton transfer to the other O atom upon excitation of the OH stretch.
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