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Abstract: Molecular hydrogen (H;) is now considered among the most prominent substitute for
fossil fuels. The environmental impacts of a hydrogen economy have received more attention in
the last years, but still, the knowledge is relatively poor. In this work, the reaction of H, with NO3
radical (the dominant night-time detergent of the atmosphere) is studied for the first time using
high-level composite G3B3 and modification of high accuracy extrapolated ab initio thermochemistry
(mHEAT) methods in combination with statistical kinetics analysis using non-separable semi-classical
transition state theory (SCTST). The reaction mechanism is characterized, and it is found to proceed
as a direct H-abstraction process to yield HNO; plus H atom. The reaction enthalpy is calculated to be
12.8 k] mol 1, in excellent agreement with a benchmark active thermochemical tables (ATcT) value of
12.2 4 0.3 kJ mol 1. The energy barrier of the title reaction was calculated to be 74.6 and 76.7 k] mol ~!
with G3B3 and mHEAT methods, respectively. The kinetics calculations with the non-separable
SCTST theory give a modified-Arrhenius expression of k(T) = 10715 x T%7 x exp(—6120/T) (cm® s~ 1)

for T = 200-400 K and provide an upper limit value of 10722 cm3 s~

at 298 K for the reaction rate
coefficient. Therefore, as compared to the main consumption pathway of H, by OH radicals, the title
reaction plays an unimportant role in Hj loss in the Earth’s atmosphere and is a negligible source

of HNO3 .

Keywords: kinetics; CFOUR; SCTST; H; fuel; NO3

1. Introduction

Climate change and air pollution are key challenges that our society is currently facing.
The growing average temperature of the planet leads to the increased frequency of extreme
climatic events such as heat/cold waves, floods, periods of drought, and so on. According
to the latest Intergovernmental Panel on Climate Change (IPPCC) report [1], if no action
is taken, the consequences for our planet and society will be catastrophic [1]. In addition,
air pollution is also a major environmental problem, which causes millions of deaths each
year [2]. Both climate change and air pollution are related to intensive anthropogenic
activities through the combustion of fossil fuels. To limit climate change and improve
air quality, the world is preparing for a transition from fossil-fuel-based energy systems
to renewable energy sources. Among the different technologies proposed, a hydrogen
economy has received particular attention [3,4]. The feasibility of a hydrogen economy is
still under question, mainly due to the potential environmental impacts, the security of the
energy supply, the cost of energy production, etc. [5-9].

The current atmospheric levels of H, vary from 400 to 550 ppb with a seasonal vari-
ability observed in both hemispheres of the Earth [10,11]. H; sources are estimated to range
between 30 to 107 Tg per year, with the latest estimation being 41 £ 11 Tg per year [10],
mostly coming from the photochemical degradation of volatile organic compounds (VOCs),

Atmosphere 2022, 13, 1313. https:/ /doi.org/10.3390/atmos13081313

https://www.mdpi.com/journal /atmosphere


https://doi.org/10.3390/atmos13081313
https://doi.org/10.3390/atmos13081313
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/atmosphere
https://www.mdpi.com
https://orcid.org/0000-0002-9049-0319
https://orcid.org/0000-0002-7794-9439
https://doi.org/10.3390/atmos13081313
https://www.mdpi.com/journal/atmosphere
https://www.mdpi.com/article/10.3390/atmos13081313?type=check_update&version=1

Atmosphere 2022, 13, 1313

2 0f9

methane (CHy), and isoprene (CsHg) [10,11]. Fossil fuel combustion and biomass burning
are also important contributors [10]. Interestingly, recently, Patterson et al. reconstructed
the atmospheric profiles of H; and evidenced a correlation between H, atmospheric compo-
sitions with combustion processes, induced by anthropogenic activities after the industrial
revolution [12].

Dry deposition is considered the major sink of atmospheric hydrogen [10]. The dry
deposition velocities were calculated to be in the range of 0.01 to 0.11 cm s}, and thus dry
deposition may account for up to 80% of Hp removal. H, can be also removed from the
atmosphere, through reaction with the major atmospheric oxidants [10]. In particular, the
reaction of H, with OH radicals has been determined as an important sink:

H, + OH — H,0 + H (R1)

with A;H® (298 K) = —61.2 k] mol ! [13], k; (298 K) = 6.7 x 107 1% cm 3 molecule ! s~ 1 [14].
Hj can also react with Cl atoms leading to HCI formation:

H, + Cl - HCl+ H (R2)

Although the reaction (R2) is endothermic, A{H® (298 K) = 4.4 k] mol ! [13], the
corresponding rate coefficient is ky (298K) = 1.5 x 10~1* cm~3 molecule~! s~! [14], thus
being about two times faster than that of the reaction (R1). Nevertheless, the average
concentrations of Cl atoms in the troposphere are three orders of magnitude lower than
that of OH; as a result, reaction (R1) dominates. Cl chemistry could be important in coastal
areas where Cl atmospheric concentrations are significantly higher [15,16].

The atmospheric/climatic impacts because of a wide range of applications of H,-based
technologies have received more attention in the last decades. Until today, one of the most
challenging aspects of a hydrogen economy is H; leaks. Therefore, different scenarios have
been developed based on (a) the energy demand that will be covered with the application
of H, technology and (b) an estimated percentage of Hj released in the atmosphere due
to leaks during storage and transportation. On the global scale, H, concentrations are
predicted to increase by 20% up to 2.5 times depending on different scenarios [5,9].

The impact of H; increases on a regional scale (due to an accidental massive release of
Hy) has not been evaluated yet. Literature studies have shown that increased tropospheric
levels of H; can indirectly influence the atmospheric lifetime of CHy, the second most
important greenhouse gas in the atmosphere [8]. Indeed, the documented reaction rate
coefficients of OH radicals (the major tropospheric oxidant) with H, (R1) and CHy (R3)
(with k3 (298 K) = 6.3 x 1071 cm—3 molecule™! s~ [14]) are comparable:

CHy + OH - H, O+ H (R3)

Consequently, the increase in H can break down the future goals for the reduction
in CHy, and possibly, it could increase CHy in the stratosphere. Therefore, a progressive
increase in Hy concentration could impact the oxidative capacity of the atmosphere and
indirectly impact the tropospheric lifetime of long-lived species. Other climatic impacts
of a H, increase are related to an increase in water concentrations and ozone (O3) in
the stratosphere, resulting in increasing coverage of polar stratospheric clouds (PSC) [9].
Heterogeneous processes in PSCs are responsible for the Antarctica ozone hole [17].

Certainly, our current state of knowledge about the impacts of an increase in Hj in the
atmosphere is limited and needs to be further evaluated. In the framework of the current
study, we aim to investigate for the first time in the literature the impact of H, reaction
with NOj radicals:

H, + NO3 — HNO3 +H (R4)

(R4) is an endothermic reaction, A;H® (298 K) = 10.4 k] mol~! [13]. However, like
reaction (R2), this does not preclude that it cannot occur under relevant tropospheric
conditions. NOj is the dominant tropospheric oxidant during nighttime and plays a
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crucial role in the oxidative capacity of the troposphere, regulating the lifetime of many
atmospheric species [18,19]. The average NOj; concentrations are around two orders
of magnitude greater than those of OH radicals [16]. Furthermore, nitric acid (HNO3),
a product of the reaction (R4), is an important atmospheric compound, e.g., it regulates
the atmospheric acidity of the troposphere and participates in a series of heterogeneous
reactions that influences air quality and climate [20,21]. Itis, therefore, fundamental to study
the potential impact of the reaction (R4) in the atmosphere. We applied high-level quantum
chemical calculations and the non-separable SCTST theory to determine the temperature-
dependent k4 and to evaluate the atmospheric contribution of the reaction (R4).

2. Theoretical Methodologies
2.1. Quantum Chemical Calculations

First, electronic structure calculations of the title reaction were performed using the
Gaussian 16 program suite [22]. The calculations were carried out using the composite
G3B3 method [23], which is a variation of the G3 theory [24]. This multipart method
consists of geometry optimization and vibrational frequency calculations at the B3LYP/6-
31G(d) level of theory [25]. Thereafter, a series of single-point energy calculations at
four different levels of theory including QCISD(T)/6-31G(d), MP4/6-31 + G(d), MP4/6-
31G(2df,p), and MP2/G3Large were accomplished. Intrinsic reaction coordinate (IRC)
calculations were also performed to verify that the located transition state (TS) structures
are connecting to the proper reactants and products.

It should be mentioned that NOs is a typical difficult molecule for quantum chemical
calculation [26]. For NOj, the B3LYP calculations give a Cp, point group, although the
experimentally determined ground state average geometry is D3j,. Although a compar-
ison of equilibrium geometries with experimental structures is fraught with difficulties,
especially for a system of this type, the potential surface for NO3 near the minimum is
very flat. Hence, many methods give correct symmetric structures while many others
give broken symmetry structures. However, the energetics are largely insensitive to its
symmetry, owing to the flatness of the surface.

To provide a high accuracy barrier for the later kinetics calculations, in addition to the
G3B3 method, high-level coupled-cluster calculations with the mHEAT-345(Q) method have
been employed as well [27]. mHEAT is also a composite method, which is mainly based
on the CCSD(T) calculations to obtain optimized structures, rovibrational parameters, an-
harmonic zero-point vibrational energies (ZPE), and electron correlations. To achieve high
accuracy of 1-2 k] mol~! for the barrier and the reaction enthalpy, higher level corrections—
which go beyond the CCSD(T)—including fully triple and non-iterative quadruple exci-
tations were also considered. The CFOUR quantum chemical program was used for the
mHEAT calculations [28].

2.2. Statistical Kinetics Calculations

The title reaction undergoes a direct H-abstraction leading to products (HNO; + H)
without passing through an energized intermediate/adduct, so it does not depend on
pressure. Therefore, the reaction rate constants can be computed at the high-pressure
limit (e.g., when the Boltzmann thermal energy distribution is fully established) using
non-separable semi-classical transition state theory (SCTST) [29-33]:

# 07 o0 7
T QtrQe Z 2] +1) /c;f, E,]) x exp(—E/kgT)dE, €]
h QN03 = 0

Here, T is the reaction temperature, and E is the total internal energy. kg is Boltzmann's
constant, & is Planck’s constant, and o = %503 = 12 is the reaction path degeneracy. It
should be noted that the rotat10nal symmetry numbers for Hy, NO3, and the TS are 2, 6,

and 1, respectively. Qfy and QY, are the complete partition functions for H; and NOs,
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respectively, but without the symmetry numbers in the rotational partition functions of
Hj and NO;s. Qy is the translational partition function, and Q, is the electronic partition
function of the TS (the superscripts “re” and “#” designate reactants and transition state
(TS), respectively). Electronic partition functions for all stationary points are equal to 2 for
a doublet electronic state and 1 for a singlet electronic state. G/, is the sum of rovibrational
quantum states of the TS for the given E and ], which can be obtained from its vibrational
counterpart using the J-shifting approximation [34-36], Equation (2):

K=+]

Gh(EJ)= Y Gi(E—-E(,K)) (2a)
K=—]
K=+]

or(E]) = Y po(E - E(],K)) (2b)
K==]

In Equation (2), Gf,é is the anharmonic (coupled) vibrational sum of states of the TS
that is calculated using Miller’s semi-classical TST (SCTST) theory [29-33] based on the
Wang-Landau algorithm [32,37-39]. SCTST theory [29-31,33,40] automatically includes
coupled anharmonic vibrations and multi-dimensional quantum mechanical tunneling.
E, is the (external) rotational energy level of the TS, which is approximated by a symmetric
top [41], Equation (3):

E(J,K)=](J+1)B+ (A—B)K?* withB=vB-Cand-] < K < +] (3)

It should be mentioned that the calculated rate coefficients in this case may be off by a
factor of 2.

3. Results and Discussion
Reaction Mechanisms and Energetics

The reaction of NOj3 radical with Hy proceeds through a direct H-abstraction step to
yield HNOj3; and H atom (see Figure 1). This reaction pathway has to surmount a barrier
height of 74.6 and 76.7 k] mol ! calculated by the G3B3 and mHEAT methods, respectively.
Individual contributions of various terms to the total energy barrier of TS were given in
Table 1. As seen there, the SCF calculations—which do not include electron correlation—are
incorrect because they give an unphysical negative barrier of —10.9 k] mol~!. The most
important contribution to the energy barrier is 81.6 k] mol~!, coming from the electron
correlation obtained with the CCSD(T) calculations. The ZPE correction is moderate with a
value of 2.9 k] mol . Including the T-(T) and (Q)-T corrections is also important to achieve
an accuracy of 2 k] mol~!, and they have opposite signs in this case. The endothermicity of
the reaction at 0 K calculated with the G3B3 method is 12.8 k] mol ~!, which agrees well with
a benchmark ATcT value of 12.2 4 0.3 k] mol ! [13]. The G3B3 theory shown earlier can
provide accurate thermochemical parameters of NOj3 radical reactions [42]. The optimized
geometries and rovibrational parameters of reactants, products, and the transition state
are given in the Supplementary Material. It should be noted that the calculated relative
energies in Figure 1 include zero-point energy corrections. We could not find the formation
of a pre-reactive complex or a post-product complex. Another possible limitation that is not
considered in this work is to carry out fully dynamics (scattering) calculations on a (locally)
global PES, which is constructed using the full-CI method. However, such calculations are
unpractical because of the size of the system.
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Figure 1. Schematic reaction energy profile for the reaction of NOj3 radical with Hj calculated using
the G3B3 (in black) and mHEAT (in red) methods. The conformation for the transition state calculated
with the G3B3 is also presented in the graph. Bond lengths are given in Angstrom (A) while angles
are in degrees.

Table 1. Individual contributions (k] mol~!) of various terms to the total barrier height of the TS
calculated at 0 K using the mHEAT-345(Q) method.

Term Barrier Height
SEgcr —10.89
8Eccsp(r) 81.57
8ET.(T) —-2.39
8Eq)-T 4.48
6ECore 0.00
5]'EScalar -0.07
dEzpE 2.85
3Eppoc 1.14
5ESpin-orbit 0.00
mHEAT 76.69 £+ 2

To feed our discussion on the H atom abstraction efficiency of NOs, it is interesting to
compare the energy barrier of reaction (R4) with those of (R5) and (R6), where a hydrogen
atom of Hj has been substituted by a Cl atom in (R5) and a CHj3 group in (R6) (Table 2):

HCl + NO3 — HNO;3 + Cl (R5)
with A;H® (298 K) = 6 k] mol~! [13].
CH4 + NO3 — HNO3 + CHj (R6)

with A,H° (298 K) = 13.7 k] mol ! [13].



Atmosphere 2022, 13, 1313

6 0f 9

Table 2. Thermochemical values (A H°), energy barriers (V,), and rate coefficients (k) for reactions
(R4), (R5), and (R6).

AHC (0 K) in kJ mol-1
Reaction rH? (0K in kj mo V, (k] mol—1) k (23? 85)
ATcT G3B3 cms
H, + NO; — HNO; + H 1224+ 0.3 12.8 (76.72),74.6® <10~ 22a
HCl + NO3; — HNO; + Cl 77405 1.31 57.4b <5 x 107 17¢
CHy4 + NO3; — HNOj3 + CHj 125+0.3 8.2 52.2b 2 x 10~20d

2: Theory: this work calculated with the mHEAT method, b. Theory: calculated with the G3B3 method,
¢ Experimental upper limit is given by Atkinson et al. [43], ¢: Experimentally determined value by
Zhou et al. [44].

As seen in Table 2, the H-Cl bond strength is weaker than that of the H-H bond, and
the energy barrier of the H-abstraction from HCI by NOj3 radical is calculated to be ca.
57.4 k] mol~! smaller than the reaction (R4), as expected. In the case of (R6), the energy
barrier was calculated to be 52.2 k] mol~!, lower than the reaction (R4), although the
H-CHj3 bond strength is nearly equal to that of the H-H. This is because CHj is an electron
donor group, and thus the H-abstraction process by the electrophilic NO; radical can easily
take place. For the three reactions considered here, the H-abstraction of a H atom of H
by NOj has the highest barrier; therefore, the title reaction rate constant is the slowest,
as expected.

Figure 2 shows the reaction rate constants calculated from first principles (the solid
line) using the non-separable SCTST theory, while the dashed line represents the results
obtained after lessening the barrier by 4 k] mol~!, which is assumed to be the maximum
error produced with the mHEAT method in this case. As seen there, the calculated rate
constants increase with temperature, as expected, from 10727 cm? s~! at 200 K rising to
1020 cm3 s~ 1 at 400 K. So, the title reaction is too slow to be important. Unfortunately,
there are no experimental data to have a close comparison between the two. According to
Figure 2, at 298 K, an upper limit of 10722 cm® s~! can be proposed for the title reaction rate
constant. Therefore, a consuming frequency of <5.0 x 10~# s~ for the reaction of NO3 with
H, can be derived using an average [NO3] =5.0 x 108 cm 3. This value is about five orders
of magnitude slower than the reaction of OH with H; (ca. 60 s~ 1 with [OH] = 10 cm3).
Therefore, the NOs-initiated degradation of Hj is negligibly slow as compared to OH, and
thus it has a limited atmospheric impact.

400 333.3

o 2857 T (K) 250
10— 1 =71 r 1"

2222 200
— T

10-20 =~ -

SN ——— K(T) calculated by lowering the barrier by 4 kJ/mol
~ — k(T) obtained from first principles

1021 S
102 F

1028 F

k(T)/cm3s™!

1024 F
1025 |

1026 F

1027

10-28'.,,,11LL.1A..,A
2.5 3 3.5 4 4.5 5

1000/T (1/K)

Figure 2. Calculated rate constants (cm3 s~1) of the title reaction in the atmospheric temperature
range of 200 to 400 K. The solid line represents the results from first principles while the dashed line
shows the results obtained when lowering the barrier height by 4 kJ mol .
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4. Conclusions

The reaction mechanism, thermochemistry, and kinetics of the title reaction have been
investigated for the first time to estimate the atmospheric loss of Hj via reacting with NO3
radicals. The potential energy surface was constructed using high-accuracy composite G3B3
and mHEAT methods, which can provide an accuracy of about 4 k] mol ! for the barrier
height in this case. The reaction mechanism was determined, and it was found to undergo
a direct H-abstraction process via a barrier height of 76 + 4 k] mol~! leading to HNO;
plus H atom. The succeeding statistical kinetics analysis based on non-separable SCTST

theory generated an analytical expression of k(T) = 10~1% x T%7 x exp (— %) (cm®s1)

for the reaction rate constants in a temperature range of 200400 K. The sink of H, through
reacting with NOj radicals was identified to be insignificant in the Earth’s atmosphere.
And thus, dry deposition and removal by OH radicals are the dominant sinks of Hj in the
atmosphere. It is therefore concluded that the impacts of the title reaction to the climate are
probably also negligible. However, to provide safer conclusions, it is necessary to introduce
the current results in climate models.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/atmos13081313/s1, Optimized geometries of various species in
the Hy + NOj reaction using G3B3 theory.
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