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ABSTRACT: The still unexplained daytime HONO concentration in the Earth’s
atmosphere and the impact of water on the HONO chemistry have been a mystery for
decades. Several pathways and many modeling methods have failed to reproduce the
atmospheric measurements. We reveal in this study the first spectroscopic observation
and characterization of the complex of HONO with water observed through its
rotational signature. Under the experimental conditions, HONO—water is stable,
particularly straightforward to form, and features intense absorption signals. This could
explain both the influence of water on the HONO chemistry and the missing HONO
sources, as well as the missing contribution of many other molecules of atmospheric
relevance that skew the accuracy of field measurements and the full account of
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partitioning species in the atmosphere.

he first spectroscopic identification of HONO in 1979
showed that HONOQ is a photolytic active species’ whose
photochemistry provides a major source of hydroxyl radicals
(OH).>® The HONO concentration in air is highest at
nighttime and decreases rapidly in the morning hours by
decomposing, resulting in the formation of OH.* The
contribution of HONO to the OH production is not only
important in the morning but also during the day, which raises
a question about the unknown HONO daytime source.>
Since OH is a key species in the formation of ozone, as well as
a major atmospheric oxidant causing many secondary air
pollutants, a significant number of investigations on atmos-
pheric detection and modeling have attempted to understand
the genesis and decomposition of HONO.®
The monitoring and measuring of HONO have never been
straightforward because of its high reactivity. Chemical
methods such as chromatography” and gas and aerosol
collectors'® ar spectroscapic methods such as differential
optical absorption spectroscopy (DOAS),* long path absorp-
tion photometry (LOPAP) in the ultraviolet (UV),"* Fourier
transform infrared (FTIR) spectroscopy,'” tunable infrared
lasers'>'* with cavity ring-down spectroscopy (CRDS),"® and
incoherent broadband cavity-enhanced absorption spectrosco-
Py (IBBCEAS)IG are used to determine the HONO mixing
ratios. Often, a drawback of the spectroscopic measurements
that rely on cross sections is the need of a clean HONO
source. The lack of a pure source not only makes laboratory
experiments difficult, but the HONO production is also often
not completely NO,-free since HONO exists in equilibrium
with other components such as NO, NO,, or HNO;.
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Previous studies have noted the role of relative humidity .
(RH) in the formation of HONOQ. Perner and Platt showed -
that the HONO concentration decreases significantly after .
rain, even at nighttime." They suspected this observation to be .
due to the solubility of HONO in water. Stutz et al. reported .
on the nonphotolytic loss of HONO in the nocturnal .
atmosphere at three different locations observed by DOAS .
measurements for HONO and NO,, which was explained by .
heterogeneous reactions or the surface adsorption of HONO .
by hydrolysis of NO,."” The HONO/NO, concentration ratio .
did not exceed 0.04 when the RH was between 10 and 30%, .
but it rose to a maximum of 0.09 at higher RH. A similar study
of Bernard et al. using DOAS and LOPAP measurements at .
nighttime showed that in 25-55% RH range, HONO .
formation exhibited a positive dependence on RH'® with the .
highest HONO/NO, ratio obtained at 45—55%. At a RH > .
55%, a negative dependence was observed. During daytime, the .
source of HONO remains unknown and cannot merely be .
explained by the gaseous reaction between atmospheric NO .
and OH. Tong et al. supposed that not only the RH but also
aerosol concentrations might be important factors in the .
conversion of NO, to HONO." Several mechanisms have
been proposed but none of them were able to satisfactorily .
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explain the influence of water on the HONO chemistry in the
real atmosphere. FTIR spectroscopy showed a large water
effect on the HONO spectrum because water absorption
underlies two HONO Q-branches. The impact of water in the
formation of HONO was also demonstrated in experiments
employing a “wet surface,” which showed a dependence of
HONO concentration on the water vapor in a second-order
reaction.”

Small molecules can easily form complexes with water, for
example, benzene™ and hydroperoxy radical,”" which leads to
line shifts from the monomer. If complexes are formed, this
suggests that a certain amount of the monomers will not
contribute to the intensity of the monomer signals. Moreover,
complexation with water influences atmospheric photolysis
rates,”> which often leads to stable reactant—water structures
acting as activated states with low energy. Therefore, water
complexes can serve as catalysts in atmospheric reactions.”>”*
After decades of suspecting several pathways and using many
modeling methods to explain the daytime HONO concen-
tration in the Earth atmosphere, we reveal in this study the first
spectroscopic observation and characterization of the complex
of HONO with water observed through its rotational signature.
We suggest this to be a major missing link to explain the
influence of water on the HONO chemistry and seemingly
missing HONO sources.

We guided the experimental observation by performing
geometry optimizations to obtain rotational constants using
the standard coupled-cluster theory with single and double
excitations, including a perturbative treatment of triples
[CCSD(T)],ZS’26 and the aug-cc-pVXZ basis sets of increasing
size (X = T and Q),*”*® as shown in Figure 1. Additionally, the
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Figure 1. Structure of HONO—water calculated at the CCSD(T)/
aug-cc-pVTZ level of theory.

explicitly correlated [CCSD(T)-F12] method®® was also
used for comparison. The dipole moments at equilibrium
geometry (u,) are calculated in the moment of inertia principal
axes system of the molecule using the finite field procedure. All

of the calculations were performed in the C; symmetry group
using the MOLPRO2019 software.>’ From the known

rotational constants of trans- and cissHONO,** we found
that the experimental and the predicted values are very close
(see Table 1). Assuming that the same is true for HONO—
water, we predicted a theoretical rigid-rotor spectrum using the
calculated rotational constants given in Table 1.

The laboratory production of the highly reactive HONO is a
challenging issue. Several methods were developed depending
on the sensitivity and the experimental characteristics of the
setup in use; the basis, however, was always an acid—base
reaction operated under N, gas with NaNO, acting as the base.
In a UV and FTIR study by Barney et al,, gaseous HCI/H,0/
N, was streamed over solid NaNO,, which led to a large
amount of HCI flowing over NaNO, without reaction and
limiting the concentration of HONO to only 1.5 ppm.” In
another study using LOPAP, HONO, also produced by the
reaction between HCl and NaNO,, was trapped by the azo dye
unit toward the goal of obtaining very pure HONO at
concentrations in the ppm order.""

The purity of HONO is not important when searching for
the HONO—water complex using its rotational spectrum; only
the concentration is required to be high enough. With the
“LISA-method,” a 5% H,50, solution was held in a dropping
funnel and dropped at a rate of about 1 drop per 30s into a
10% solution of NaNO, (Sigma-Aldrich) under helium
streamed at a backing pressure slightly higher than atmospheric
pressure. The product mixture is expanded directly into the
Fabry—Pérot type resonator vacuum chamber through a pulsed
nozzle. The spectrum was recorded using two molecular jet FT
microwave spectrometers operating from 2 to 40 GHz.>** All
signals appearing in the survey spectrum with a grid of 250
kHz were later remeasured at a higher resolution with an
experimental accuracy of 2 kHz, where they appear as doublets
because of the Doppler effect arising from the coaxial
arrangement of the resonator and the molecular jet. The
intense 4y, <+ 3;; rotational transitions, located at 17 266.3
MHz for trans-HONO (see Figure 2) and at 31221.9 for cis-
HONO, were used as references to ensure the HONO
concentration to be sufficient. Mean velocity calculations from
the Doppler splitting observed in measurements at high
resolution (2 kHz) due to the coaxial arrangement between the
resonator and the molecular jet indicate that the gas mixture
contains at least 5% HONO.

The HONO—water rotational spectrum is dominated by a-
type transitions. Therefore, we first searched for three
rotational transitions of the same a-type R-branch 2y, « 1y,
215 < 1;,, and 2,; < 1, and found them red-shifted from the
predicted frequencies by almost the same difference, which was
the key for the success in spectral assignment (see Table 2).
Fitting these three transitions allowed for an improved spectral

Table 1. Calculated (calc.) and Observed (obs.) Rotational Constants (in MHz) of trans and cis-HONO and HONO—Water, as
Well as the Calculated Dipole Moment Components (in Debye)“

trans-HONO ciss HONO HONO-—water
calc. obs. calc. obs. cale. obs.

A 92451.0 92889.1 83417.1 84101.7 13095.2 12449.6(11)

B 12554.5 12524.8 13205.4 13169.0 4342.1 4226.499(27)
C 11053.4 11016.8 11400.6 11364.3 3276.7 3152.990(18)
Ha 1.64 045 2.95

Hy, LS5 1.32 091

He 0.00 0.00 1.26

“Calculations are performed at the CCSD(T)/aug-cc-pVTZ level of theory.
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Figure 2. (A) Two sections of the broadband scan illustrating the 44
« 3, rotational transition of trans-HONO (right-hand side) and the
24, « g, transition of HONO—water (left-hand side). The absolute
intensities are scaled. The measurement grid is 250 kHz. (B) The
same transitions recorded at high resolution (2 kHz). Intensities are
normalized. For both (A) and (B) figures, the frequency axes are
scaled for a reasonable comparison.

Table 2. Calculated (calc.) and Observed (obs.)
Frequencies (in MHz) of Some HONO—Water Transitions
Labeled by the Rotational Quantum Numbers®

T < Tk calc. obs. obs.—cale.
Lo, < Oy 7618.8 7379.5 —239
2y — Loy 151462 14660.4 —486
2 < 1y 141722 13685.2 —487
R 16303.1 15832.5 —471

“The complete list is given in the Supporting Information.

prediction that resulted in the detection of 24 other transitions
measurable in the operating frequency range of the two
spectrometers and secured that the detected signals belonged
to HONO—water. Some weak b-type transitions could also be
measured and increased the accuracy of the determined A
rotational constant.

A typical spectrum of the 2y < lg; transition captured in
the broadband survey, as well as recorded at high resolution, is
illustrated in Figure 2. The high-resolution spectra of HONO—
water show much more complex hyperfine structures than
those obtained for the HONO monomer (see, for example, the
lower trace of Figure 2). While those of the HONO monomer
feature typical patterns of N nuclear quadrupole coupling, the
spectra of HONO—water are governed by many additional
small splittings of up to 200 kHz. At the beginning, we
suspected these splittings to arise from the large amplitude
tunneling motions (LAMs) of water with two possible cases.
(1) Since the equilibrium structure predicted an out-of-plane
hydrogen atom in the water moiety, as visualized in Figure 1,
there is a chance of the water making a ring-puckering-like
motion where this hydrogen atom tunnels through the heavy-
atom plane to an equivalent structure on the opposite side
(tunneling between configurations II and III in the potential
energy curve given in Figure 3). If present, split c-type
transitions with the interstate selection rule (+) < (=) would
0 be observed, and the splittings might be large due to the small
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Figure 3. Potential energy curve of HONO—water obtained by
rotating the water molecule around its C,, axis. LAM (1) (see text)
corresponds to the tunneling between configurations II and III
through a hindering barrier of only 1.2 kJ/mol. LAM (2) (hydrogen
permutation) is the tunneling between configurations I and IT or T and
TII with a slightly higher barrier of 2.5 kJ/mol. Both LAMs are most
probably feasible.

weight of the hydrogen atom compared with that of the
frame.*® This is strongly supported by the nonobservation of
any c-type line despite the p, dipole moment component of
1.26 D being comparable with yi, = 0.91 D (see Table 1) while
b-type transitions are observed. However, this motion would
still split all a-type transitions to doublets with the intrastate
selection rules (+) <> (+) and (—) < (—) because of Coriolis
interactions, and the intensity of the doublet components
should be the same. (2) The second possibility is the case of
water rotating on its C,, axis, where the two hydrogen atoms
permute (tunneling between configurations I and 11 or T and TII
in Figure 3). In this case, there would be doublet splitting of all
the observed transitions, but no transitions cross states.
Therefore, the splitting is likely small and fits the 200 kHz
order of magnitude. The expected ratio of the doublet
components would be 3:1 due to the ortho/para ratio of the
hydrogen atoms and should hold for all transitions.

After many assignment and fitting attempts and from the
repeated appearance of a triplet structure, as shown
exemplarily in Figure 4, we turned to thinking that the very
complex splitting patterns are not caused by the two LAMs,
but by the spin—spin coupling of the two hydrogen atoms in
the water molecule and, to some extent, also with the hydrogen
atom of HONO. However, from a few available investigations
in the literature®”*® and a test prediction, splitting due to this
coupling should be less than 20 kHz. Thus, we finally returned
to the initial explanation that the splitting is caused by a
combination of the two tunneling motions of water, which
cannot be described by a combination of a doublet with similar
intensity and a doublet with 3:1 intensity ratio. Exhaustive
group theoretical treatment of HONO—water is required to
help the spectral assignment, as has been done for the water
dimer complex.’” At presence, a fit considering only the
nuclear quadrupole hyperfine splittings of the N nucleus is
given in the Supporting Information, and the rotational
constants are compared with the theoretical values in Table
1, which show a high consistency. The fitted frequencies and
obtained molecular parameters are available in the Supporting
Information along with the observed-minus-calculated values.

The Doppler splittings of HONO—water lines that are

smaller than the square root of their inverse mass ratio indicate
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Figure 4. Two high resolution spectra of the 1y, « 0y rotational
transition of HONO—water indicating further splittings on top of the
F' < F: 2 < 1 and 1 « 1 nuclear quadrupole coupling components.
The polarization frequencies are 7378.9 and 7379.8 MHz for the dark
blue and black spectra, respectively. Doppler doublets are marked by
brackets. Intensities are normalized.

that the gas mixture contains more HONO—water (about 7%)
than HONO, which hints that the complexation of HONO
with water is particularly straightforward. The line shift caused
by this complexation is remarkable. Taking the 2g, « 1o
transition as an example, the trans-HONO line at 47 061.8
MHz** is red-shifted to 14 660.4 MHz in the HONO—water
complex. The shift is even more significant higher in the energy
ladder. For example, a red shift of about 30 ecm™ has been
observed for acetylene—water complex in the IR range.

HONO-—water does not only just exist. It is also relatively
stable and easy to form under our experimental conditions. If
the missing daytime HONO source is its complexation, this
situation could also explain the missing spectral presence of
many other molecules of atmospheric relevance that skew the
accuracy of field measurements and the full account of
partitioning species in the atmosphere.
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