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UB3LYP/cc-pVTZ computations using C-PCM, |IEF-PCM, and SMD water-solvent models have been
performed for the reaction of the H* atom with nitrous oxide (N,O) producing N, and "OH in aqueous
solution. The H® atom attacks the oxygen atom in the N,O molecule resulting in the formation of the
[H-ONNJ* transition state and its decomposition into “OH and N.. This direct path requires 54.2 kJ
mol™ (PCM) or 54.6 kJ mol~! (SMD) compared to 53.0 kJ mol™* in a vacuum. The H* atom addition to
the nitrogen end leads to the [H-NNOJ* transition state decaying to a cis-HNNO intermediate that after
transformation to [NNOH]* finally produces *‘OH and N.. The total energy expense associated with the
indirect mechanism, 67.6 kJ mol™ (PCM) or 65.5 kJ mol™! (SMD), is slightly smaller compared to 67.7 kJ
mol~! computed for the reaction in vacuum. The temperature dependence of the reaction rate constant
obtained based on the pulse radiolysis measurements in N,O-saturated 0.1 M HCl solution over the
temperature range of 296-346 K shows the activation energy (62.6 + 2.1) or (59.9 + 2.1) kJ mol™
depending on a form of the pre-exponential factor in the Arrhenius equation, A or A’ x T, respectively.
The activation energy, almost three times higher than observed in gases at temperatures below 500 K,
indicates predominance of the direct reaction path via [H-ONNJ*. The indirect mechanism may also
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1. Introduction

Rate and mechanism of reactions initiated by N,O in aqueous
solutions are of growing interests because of the environmental
impact of N,O and its various applications in chemistry,
biology, and medicine. Emissions of N,O due to industrial
processes and extensive use of fertilizers' contribute either to
ozone depletion in the stratosphere* or to the greenhouse
effect.®* Medicinal, technical and industrial applications of N,O
result from its anaesthetic and analgesic effects, an inert char-
acter and the ability to be a donor of nitrogen and oxygen atoms
in chemical reactions. Synthetic chemistry with N,O in
homogenous solution,* utilization of N,O as a whipping agent
or fuel additive,” and its role in water remediation by the elec-
tron beam treatment® have been recently reviewed. In a class of
advanced oxidation processes (AOPs) ionising radiation has
been successfully used to generate hydroxyl radicals for degra-
dation of such hazardous pollutants as chlorpyrifos,” 4-chlor-
oaniline,® or primidone.® Saturation of water with N,0O is used to
transform the main reducing radiolytic products, hydrated
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collisional stabilization of [H-NNOJ* occurs in solution.

electrons (e,q ) into 'OH radicals, thus increasing their
concentration in solution.

The reaction of H" with N,O was thoroughly examined in the
gas phase in view of its occurrence in combustion chemistry.'*™*
Compilation of evaluated kinetic data in the temperature range of
350-2500 K, was provided by Baulch et al.*® In contrast to the gas
phase, very little is known on the reaction occurring in aqueous
solution. The kinetic data on this reaction in solution are avail-
able for ambient conditions only, and the reported values of the
room temperature rate constant are very divergent, ranging from
1 x 10*to 2 x 10° M ' s™. In our earlier paper a critical test of
the room temperature data was carried out.*® In a series of pulse
radiolysis experiments we traced the decay of dichloride radical
ion (Cl," ") in N,- and N,O-saturated 0.1 M HCl aqueous solution,
attributing the slower decay in N,O-saturated system to the
reaction of H' with N,O. The obtained room temperature value of
the reaction rate constant, (9 + 2) x 10* M~" s™, is about ten
times higher than k, = 6.2 x 10° M~ ' s~ calculated from eqn (1),
which is recommended for the gas phase reaction."

kg M~ s7'] = 3.31 x 107 exp(—2560/T) + 7.83
x 10! exp(=9750/T) (1)

The quantum chemical computations of the reaction in
vacuum shows two reaction paths*® described by eqn (2) and (3).
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http://crossmark.crossref.org/dialog/?doi=10.1039/c6ra27793d&domain=pdf&date_stamp=2017-01-26
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c6ra27793d
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA007015

Open Access Article. Published on 27 January 2017. Downloaded on 11/21/2025 7:45:46 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

Path (2) refers to the H' atom attack on the oxygen atom in the
N,O molecule and leads to the formation of the [H-ONNJ
transition state decomposing into ‘OH and N,.

H' + N,O — [H-ONNJ* - "OH + N, (2)

Path (3) corresponds to the H" atom addition to the nitrogen
end to form [H-NNOJ* and then cis-HNNO, which may either
isomerise to stable trans-HNNO, or produce N, and "OH via the
[NNOH]* transition state.

H" + N,0 — [H-NNOJ* — cisHNNO —

{ [NNOHJ* —"OH + N,

3
cis/trans]HNNOJ* — transHNNO G)

Given the above the following questions arise: (i) what is the
temperature dependence of the reaction rate constant in solu-
tion and (ii) what is the solvent effect on the reaction mecha-
nism. To the best of our knowledge these problems have never
been discussed. With the aim to fill this gap, our kinetic
measurements have been extended here up to 346 K and
combined with quantum chemical calculations carried out for
the reaction in vacuum and in solution. The experimental
procedure is presented in Sec. 2 and processing of the acquired
kinetic data is described in Sec. 3. The DFT computations at the
UB3LYP/cc-pVTZ level of theory assuming C-PCM, IEF-PCM, and
SMD solvent models are described in Sec. 4, and the solvent
effect on the reaction kinetics and mechanism is discussed in
Sec. 5. The summary and conclusions are given in Sec. 6.

2. Pulse radiolysis measurements

Pulse radiolysis measurements were carried out using the same
experimental setup as before.*® The duration of electron beam
pulses delivered from the 6 MeV ELU-6 linear accelerator was 7
or 17 ns, giving the dose of (14.0 £+ 0.4) Gy or (46.5 £+ 1.4) Gy
respectively, as evaluated using N,O-saturated 0.01 M solution
of potassium thiocyanate (KSCN) as the dosimeter and taking
Gegzs = 5.28 x 107* m> 7.7 The stock 0.1 M HCI aqueous
solutions were deoxygenated by purging with high purity N,O
and then irradiated. In this system the hydroxyl radical is
rapidly converted to Cl,’”.** Comparative measurements have
been also carried out for N,-saturated solutions. The decay of
Cl,’ ™ absorbance was traced over the temperature range of 296—
346 K at 340 nm being the absorption maximum of Cl," . The
molar absorption coefficient 540 = 960 m* mol " (ref. 19) was
assumed for all temperatures. The optical absorption was
recorded using a monochromator ARC SpectraPro275, a photo-
multiplier R 928 Hamamatsu Photonics and an oscilloscope
Tektronix TDS 500 MHz. The optical path of the cell was 1 cm.

3. Kinetic data processing
Diffusion-kinetic modelling of spur chemistry

The ionization of aqueous solutions by high energy electrons
results in the ultrafast formation of highly reactive hydrated

electrons (e,q”) and °OH radicals, which are non-
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homogeneously distributed in isolated spherical spurs formed
along the radiation track. We simulate evolution of the radio-
Iytic species during the spur expansion in N,O saturated
aqueous solution of 0.1 M HCI using the extended diffusion-
kinetic approach,® successfully adopted to reproduce the pH
effect on spur chemistry in irradiated aqueous solutions.* The
computations have been based on the numerical algorithm,
developed by Burns et al.,>* which divides the reaction space
into a number of concentric zones and treats reactions in each
zone and simultaneous mass flow between adjoining zones
according to the Fick's law of diffusion. The reactants were
placed into each zone according to the initial Gaussian distri-
butions. Following the extended diffusion-kinetic model the
initial species distributions have been described by the properly
chosen set of parameters accounting for the early track events,
occurring within ca. 10~ ' s. The parameters and the reaction
scheme assumed to simulate evolution of the average radiation
spur in N,O saturated 0.1 M HCl solution are given in ESL. T A set
of coupled differential equations describing, the mutual second
order reactions of the transient species, the first order reactions
with the dissolved scavengers (N,O, hydronium and chloride
ions), and simultaneous diffusion of the radiolytic species has
been solved numerically using FACSIMILE 4 software package.}
Simulation has been also carried out for N,-saturated 0.1 M HCI
solution. A temporal evolution of the main radiolytic species is
presented in Fig. 1. Solid and dashed lines refer to N,O- and N,-
saturated solution, respectively. Numerical integration of the
diffusion-kinetic equations up to the time limit of 0.1 ps, cor-
responding to decay of spatial correlations, provides the G-
values or the primary yields. In N,O-saturated solution scav-
enging of the hydrated electron by N,O in reaction (4), competes
with the H™ atom formation in the reaction with the H;O" ion. At
ambient temperature about 13% of e, is scavenged by N,O,
resulting in a partial restoration of "OH and in a lower primary
yield of the H® atom.

+H,0

euq7 + NZO_’O_ + Nz ‘OH +OH + Nz (4)

Within ca. 70 ns the hydroxyl radical is converted to Cl," via
complex reaction (R6) given in Table 2. Therefore, in N,O-
saturated system reaction (4) contributes to the higher yield
of Cl, .

The primary yields of the radical and molecular products
computed for the high energy electron radiolysis of N,O-
saturated solution at different temperatures are given in Table
1. A small amount of H,O, results from the recombination of
'OH radicals prior to the scavenging by Cl= anions. The
temperature dependence for the rate of reaction (R6) in Table 2
has been modelled as diffusion controlled because in 0.1 M HCI
solution all the equilibria are shifted to the right. The calculated
G-values showed low sensitivity either to the value of the acti-
vation energy assumed for the overall rate of reaction (R6) or to
the examined temperature dependence for the reaction rate
constant of the title reaction, denoted as R1 in Table 2.

i Facsimile 4 for Windows, MCPA software, version 4.2.50.

RSC Adv., 2017, 7, 8800-8807 | 8801


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c6ra27793d

Open Access Article. Published on 27 January 2017. Downloaded on 11/21/2025 7:45:46 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

RSC Advances
052 LR | T AL | Tt
Reducing Species
0.41+ N-saturated .
5 S /\ I,’ -------
< j . , |
© \
E \
3 0.31
k=
.0
s i
S 0.1 M HCI
‘E 0214 g
)
<
[$]
c i
o
©
5 0.104 g
S
0.00 T TS e
10™ 10™ 107 10° 10°® 107
Time, s

View Article Online

Paper
062 AR | LA | T ML | ML |
i Oxidising Species i
0.52 B
2 1 0.1 M HCI i
S N,O-saturated
£ 0414 -
L] | N
1 N N A
>
w 0.314 E
Q
€ i i
[0
S
< 0214 B
Qo
& ] ]
e]
s
0.10 g
0.00 ——rrr—— T
107 10™" 107° 10° 10° 107
Time, s

Fig.1 Simulated evolution of the average radiation spurin 0.1 M HCl aqueous solution at ambient temperature: solid — N,O-saturated and dash

— Ny-saturated system.

Table 1 The radiation chemical yields of radical and molecular
products computed for N,O saturated 0.1 M HCl aqueous solution at
different temperatures.® The G-values are expressed in pmol J~1

7(K) G(H) 6(cL) G(H,0,) G(H,)
298 0.331 0.398 0.064 0.042
313 0.346 0.406 0.056 0.042
333 0.371 0.409 0.052 0.044
353 0.393 0.408 0.047 0.046

“ Details on the temperature dependence for the reaction rate constants
and model parameters are given in ESI. The temperature dependence
for reaction of e,q~ with N,O was taken from ref. 40.

Fitting of kinetic traces

The concentration profiles of Cl,"” recorded in pulse radi-
olysis experiments have been fitted using FACSIMILE soft-
ware. As seen from Table 1 the main transient species

produced by high energy electron radiolysis in our systems
are Cl,"~ and H'. The amount of H,0O, is too small to
contribute to the decay of Cl," . Therefore, a set of differen-
tial kinetic equations has been limited to the reactions listed
in Table 2.

The primary yields G(Cl,'”) and G(H") resulting from the
diffusion-kinetic modelling have been used to estimate the
initial concentration of hydrogen atom cy(0) from the following
formula:

G(H)

en(0) = 2% (0) x ———— 5
10 = -0 % G )
where cgkl’zs»f (0) has been obtained from the maximum absor-

bance at a given temperature.

The fitted first order rate constant, k'r;, depends on the
concentration of dissolved N,O, cy 0. Since in our system ¢y,
decreases with the increasing temperature, the second order
rate constant, kgq, has been calculated using eqn (6):

Table 2 Set of reactions assumed in the fitting procedure of the kinetic traces of Cl,"~ decay in N,O-saturated 0.1 M HCl solution. The rec-
ommended room temperature rate constant, k»s, and the reference to the temperature dependence for the reaction rate are also given

No. Reaction ko5, Mt 57t Ref.

R1 H +N,0 — 'OH + N, (9 +£2) x 10* This work
R2 H +H — H, (5.6 +1.3) x 10° 41

R3 H +Cl,’~ — H' +2Cl° (6.1 £ 0.6) x 10° 18

R4 Cl,’” +Cl,"~ — Cl, + 2C1™ (1.27 £ 0.13) x 10 42

R5 H +Cl,, - H +ClL"~ (7.6 £ 1.9) x 10° 18

R6 7.4 x 107 571 c

‘oH— L Hocr <M o + Ho0 =9, -

“ Calculated for the ionic strength of 0.1 M. ? See ref. 18. ¢ Calculated assuming the rate determining diffusional encounter of ‘OH and CI~ and the

activation energy of 18 k] mol .
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Kri(T) K'ri(T)
eno(T)  KyO(T) x [1 atm — Py,o(T)]

kei(T) = (6)
where the temperature dependences for the Henry's constant,
K?°, and the pressure of saturated water vapour, Py, were
respectively taken from ref. 23 and 24.

4. DFT computations and results

The reaction of the H* atom with N,O has been modelled in
vacuum and in aqueous solution. Although the potential energy
surface of the reaction H' + N,O in the gas phase was computed
previously by various methods,*****° to the best of our knowl-
edge the reaction path in aqueous solution is studied here for
the first time. The density functional theory (DFT) calculation
have been performed using GAUSSIAN 09W.*' The unrestricted
hybrid three-parameter functional UB3LYP including the Becke
88 exchange functional, the correlation functional of Lee, Yang
and Parr, and the Dunning's correlation-consistent triple-zeta
basis set cc-pVTZ** have been chosen. The calculation proce-
dure started with the optimization of stationary points geome-
tries. The self-consistent field (SCF) procedure has been
controlled by the quadratically convergent method, involving
linear searches when far from convergence, and Newton-
Raphson steps otherwise. After the optimization, the force
constants and the resulting vibrational frequencies have been
computed to specify the thermodynamic output. Geometries
and vibrational frequencies of the stationary points are given in
ESIL.t The energies have been corrected to zero-point energy
(ZPE). In Table 3 the energies obtained for the reaction in
vacuum are presented along with the literature reports from
previous computational studies. Our UB3LYP results agree with
the B3LYP energy values. Both approaches use the spin-
unrestricted formalism for open shelled structures, which
assigns different spatial orbitals to the o and B electrons of
unlike spin. A slight difference in the [H-NNOJ* and [NNOH]*
energies is possibly due to the use of spin-unrestricted func-
tional in our UB3LYP calculations for all the structures, and the
spin-restricted functional set as default for the closed shelled
N,O molecule in B3LYP calculations. In comparison with more
accurate methods, the [H-NNOJ* and [H-ONNJ* energies pre-
dicted by UB3LYP or B3LYP computations are lower. However,
according to all the methods the [H-ONNJ* transition state

View Article Online
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energy is about two times higher than the [H-NNOJ* one. It is
consistent with the quasi-classical trajectory calculations indi-
cating that the trajectories associated with the direct path via
the H' atom attack on the oxygen atom and the formation of the
[H-ONNJ* transition state has shorter collision times than those
corresponding to the H' atom attachment to the nitrogen end of
the N,O molecule.?®

The UB3LYP/cc-pVTZ computations of the reaction path in
water have been carried out assuming two values of the
dielectric constant ¢ = 78.355 and ¢ = 63.677, corresponding to
the solvent at 298 and 343 K, respectively. We employed two
polarizable continuum models (PCMs), C-PCM and IEF-PCM,
and SMD model.*® The IEF-PCM self-consistent reaction field
method uses the integral equation formalism variant** and the
conductor-like solvation C-PCM model.** In the SMD approach
the free energy of solvation is separated into the bulk electro-
static component and the short-range interaction energy
between a solute and solvent molecules in the first solvation
shell. Calculation of the long-range electrostatic component is
based on the solution of the Poisson equation in terms of the
IEF-PCM method. The short-range component includes
dispersion energies and a cavitation energy associated with the
formation of a cavity in the liquid solvent.

Fig. 2 shows the intrinsic reaction coordinate (IRC) diagram
computed for the reaction H' + N,O in vacuum and in solution.
Part (a) shows the reaction path resulting from the H' atom
attack on the nitrogen end of the N,O molecule, whereas part
(b) refers to the attack on the oxygen atom. The attack on the N
atom leads to the [H-NNOJ* transition state followed by the
formation of cis-HNNO intermediate, which may either iso-
merise to trans-HNNO or transform to the [NNOHJ* interme-
diate decomposing into ‘OH and N,. The attack on the O atom
leads to the formation of the [H-ONN]* transition state directly
decomposing to the products. The energies of the stationary
points in solution are presented in Table 4 along with the
UB3LYP results obtained for vacuum. Geometries and vibra-
tional frequencies of the stationary points in solution are given
in ESI.{ Within the considered range of temperature, all the
solvent models are insensitive to the value of . Compared to
vacuum, the PCM models show slightly higher energy barriers
for [H-ONNJ* and [NNOHJ, but clearly lower energy levels of cis/
trans[HNNO]i, cis-HNNO, trans-HNNO, and N, + OH, all calcu-
lated relative to the energy level of the reactants. The SMD

Table 3 The computed energies of the stationary points of the potential energy surface of the H* + N,O reaction in vacuum in comparison with

other computational studies. The energies are given in eV

Species QCISD(T) CCSD(T)  CASSCF/ICCI  G3X
cc-pvVIZ CBS{Q, 5} cc-pVIZ

[H-ONNT 0.84 0.78

[H-NNOJ* 0.49 0.31 0.45 0.42

cis-HNNO —0.59 —0.75 —0.63 -0.51

[NNOHJ* 0.72 0.75 0.71 0.83

cis/trans[HNNOJ*

trans-HNNO —0.84 ~1.00 —0.86 —0.90

N, + OH —2.73 —2.77 —2.72

Ref. 26 27 28 28

This journal is © The Royal Society of Chemistry 2017

G2 B3LYP G2//QCISD BAC MP4 MRD-CI//HF UB3LYP
cc-pvTZ 4-31G(d,p) cc-pvTZ
0.69 0.55 0.86 0.55
0.40 0.25 0.40 0.16 0.82 0.24
—-0.67 —0.88 —0.62 —0.63 —-1.27 —0.88
0.81 0.71 0.72 0.72 0.99 0.70
—0.13 —0.16 —0.095 —0.13
—-093 —-1.12 —0.93 —0.93 —1.28 —1.12
—-2.71 —2.56 —-2.71 —2.87 —2.67 —2.51
26 25 29 13 30 (This work)
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Table 4 The UB3LYP/cc-pVTZ energies® of the stationary points obtained in this work for the H* + N,O reaction in vacuum and in solution using
C-PCM, IEF-PCM, and SMD water-solvent models and assuming two values of the dielectric constant ¢

298 K, ¢ = 78.355

343 K, ¢ = 63.677

Species Vacuum C-PCM IEF-PCM SMD C-PCM IEF-PCM SMD
[H—ONN]i 0.55 (53.0) 0.56 (54.2) 0.56 (54.2) 0.57 (54.6) 0.56 (54.2) 0.56 (54.2) 0.57 (54.6)
[H-NNOJ* 0.24 (23.5) 0.25 (24.1) 0.25 (24.1) 0.24 (22.8) 0.25 (24.1) 0.25 (24.1) 0.24 (22.8)
cis-HNNO —0.88 (—85.1) —0.94 (—90.7) —0.94 (—90.6) —1.01 (—97.4) —0.94 (—90.6) —0.94 (—90.6) —1.01 (—97.3)
[NNOH]i 0.70 (67.7) 0.70 (67.6) 0.70 (67.6) 0.68 (65.5) 0.70 (67.6) 0.70 (67.6) 0.68 (65.5)
cis/trans—[HNNO]i —0.13 (—12.4) —0.18 (—17.5) —0.18 (—17.5) —0.24 (—23.5) —0.18 (—17.5) —0.18 (—17.5) —0.24 (—23.5)
trans-HNNO -1.12 (—108.0) —1.18(—114.1) —1.18(—114.0) -1.25(—120.9) —1.18(—114.0) —1.18(—114.0) —1.25(—120.8)
N, + OH —2.51(—242.6) —2.59(—250.1) —2.59 (—250.1) —2.57(—247.7) —2.59(—250.1) —2.59(—250.0) —2.57 (—247.6)

“? The energies expressed in eV include ZPE correction. The values in kJ mol~" are given in parentheses.

model predicts better stabilization of cis/transfHNNOJ*, cis-
HNNO, trans-HNNO, a slightly higher energy barrier for [H-
ONNJ, but a lower one for the [NNOH]* transition state. Unlike
the PCM models, the SMD energy barrier for the formation of
[NNOHJ" is slightly below that in vacuum.

5. Discussion
The reaction in solution - pulse radiolysis results

Fig. 3 presents selected absorption traces of Cl,"~ decay in N,O-
and N,-saturated 0.1 M HCI solution. The FACSIMILE fits ob-
tained taking into account the reaction set from Table 2 and
allowing the first order rate constant k'r, to vary are shown in
Fig. 3 by solid lines through the experimental traces. The decay
of Cl," in N,O-saturated solution is significantly slower.
Numerical simulation shows that in N,O-saturated solution

8804 | RSC Adv., 2017, 7, 8800-8807

contribution of reaction (R3) to the decay of Cl,”” is more
limited because the H' atom is partially consumed in reaction
with N,0. The role of reaction (R1) is confirmed by more
striking slow-down of the Cl,"~ decay observed in 7 ns pulse
(lower dose) experiments. A noticeable difference between the
kinetic traces shown for 313 and 343 K indicates that the
significance of the reaction H* + N,O rapidly increases with
temperature.

Fig. 4 shows the Arrhenius plot of the rate constant of reac-
tion (R1) calculated based on the fitted rate constants k', and
eqn (6). The error bars include uncertainty in both the fitted
values of K'g; and in N,O-concentration. The latter has been
estimated to be +10% at each temperature. The activation
energy E, = (62.6 + 2.1) k] mol ' has been obtained from
a weighted nonlinear regression using the Marquardt-Leven-
berg method and OriginPro 2016 software. Inset in Fig. 4

This journal is © The Royal Society of Chemistry 2017


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c6ra27793d

Open Access Article. Published on 27 January 2017. Downloaded on 11/21/2025 7:45:46 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

View Article Online

Paper RSC Advances
1.0 M T — T T T T T T T T 1.0
| (@) | | (b) -
0.8 |- 4 F —40.8
8
g L L ]
§ 06 4 F 406
£ _ N,O, 346 K
()
N i, v
(—Ev 04 L %ﬁ Had, - ‘\m —104
= \fﬁ k | !
2 0 N, 313 %Wﬂw e |
02} 4k v e Ho02
_ | N, 343K e,
oot . v ooy P R R (T R R 0.0

0 10 20 30 40 50 60

70 0 10 20 30 40 50 60 70

Time, us

Fig.3 The normalized-to-maximum transient absorbance of Cl,"™

in pulse irradiated aqueous 0.1 HCl solution saturated with N5 (pink) and N,O

(blue) recorded at 340 nm after 7 ns pulse at ca. 313 K (a) and 343 K (b). The solid lines through the experimental traces present FACSIMILE fits
obtained taking into account the reaction set from Table 2, and allowing k', to vary.

16 T T T T T T T T T
36 ke, = A'Txexp(-E,'IRIT)

% Er=(59.9 +2.1) kJ ol
15 A'=(95+71)x10% K" M s 7
14 L -
/\E 350
=13 r b,
12l Kgy = Axexp(-E,IRIT) |

=(62.6 £ 2.1) kJ mol”

L A=(82+6.2)x10"M"s" 4

1 1 " 1 " 1 1

29 3.0 3.1 3.2 3.3 34
1000 K/ T[K]

Fig. 4 The measured rate constant of reaction (R1) as a function of
temperature (points). The error bars include uncertainty in both k'gs
and cy,o (see text). The solid line shows the nonlinear regression fit to
the Arrhenius equation (the correlation coefficient is 0.986). The inset
presents the nonlinear regression fit to eqn (7) resulting from the
transition state theory.

presents the nonlinear regression fit to eqn (7), which results
from the transition state theory and thus is more appropriate
for comparison with our DFT computations. Fit to eqn (7)
results in a slightly lower value of the activation energy, E', =
(59.9 £ 2.1) k] mol .

E,
kri = A'T x exp( — RT) (7

This journal is © The Royal Society of Chemistry 2017

The value of E', is very close to the [H-ONN]* transition state
energy predicted by SMD and PCM models (see Table 4). It
indicates the predominance of the direct reaction path shown
in Fig. 2b, but does not exclude the indirect path through the H"
atom attachment to the N atom of the N,O molecule. As seen in
Fig. 2a the total energy expense associated with the formation of
[H-NNOJ*, subsequent relaxation to cis-HNNO, and trans-
formation to [NNOHJ* is equal to the [NNOH]* transition state
energy relative to the reactants. As seen from Table 4 the energy
values of [NNOHJ* in solution are only slightly higher than E',.
Taking the PCM barrier heights of 54.2 and 67.6 k] mol™" cor-
responding to the direct and indirect paths, respectively, the
value of E’, can be reproduced by the weighted sum assuming
57.5% contribution of the direct mechanism. Taking the
respective SMD barrier heights, 54.6 and 65.5 k] mol™", the
contribution of the direct path is 51.2%. Thus, in agreement
with all the solvent models, the measured value of the activation
energy indicates two mechanisms for the reaction H' + N,O in
solution: (i) formation of [H-ONNJ* directly decaying into N,
and 'OH, and (ii) less contributing indirect path through the
formation of [H—NNO]i, relaxation to cis-HNNO, and subse-
quent transformation to the [NNOH]* transition state finally
decomposing to the products.

Solvent effect on the reaction mechanism

Our pulse radiolysis measurements over the temperature range
of 296-346 K show that the reaction of H* with N,O in solution
requires almost three times higher activation energy than the
reaction in the gas phase (see the first Arrhenius term in eqn
(1)). Since Bozzelli et al.*® confirmed that at temperatures below
500 K loss of the reactants in the gas phase leads to the
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formation of N, and ‘OH, two hypothesis were considered to
explain unexpectedly weak temperature dependence of the
reaction rate constant. Marshall et al. suggested the H' atom
addition to the nitrogen end of the N,O molecule and the
quantum mechanical tunnelling through the barrier to produce
[NNOHJ* dissociating into N, and ‘OH.™ An alternative
hypothesis assumed the collisional stabilisation of the H-NNO
adduct and its rapid diffusion to the wall followed by the decay
into N, and "OH.**?*® Whichever hypothesis is true, our pulse
radiolysis measurements indicate that the suggested processes
do not occur in solution. The quantum mechanical tunnelling
from [H-NNOJ* to [NNOHJ* or the collisional stabilization and
decay of [H-NNOJ* are probably specific for the gas phase
reaction below 500 K since at higher temperatures the increase
in the reaction rate constant is more rapid. The activation
energy 62.8 k] mol ' observed by Hidaka et al. in shock-tube
experiments over the temperature range of 1450-2200 K (ref.
39) is close to the value of E, measured in solution. It may
suggest that, like in aqueous solution, the reaction of the H"
atom with N,O in high temperature gases may proceed via two
paths: directly through the formation of [H-ONNJ* or indirectly
through the H" attack on the N atom followed by relaxation to
¢is-HNNO and subsequent transformation to [NNOH]* dissoci-
ating into N, and "OH.

6. Summary and conclusion

To the best of our knowledge, in contrast to the gas phase, the
temperature dependence for the reaction H" + N,O — "OH + N,
has never been studied in solution. To fill this gap we have
combined here pulse radiolysis kinetic measurements and DFT
computations with the aim to measure the activation energy
and indicate the reaction mechanism. Comparative observa-
tions of the decay of Cl," ™ in pulse-irradiated 0.1 M HCl solution
saturated with N, and N,O showed particularly slower decay in
the latter system at 7 ns pulse (lower dose) confirming the
contribution of the H* atom reaction with the dissolved N,O.
The observed slow-down was significantly enhanced by the
increasing temperature. The kinetic measurements over the
temperature range of 296-346 K and numerical simulation
showed the Arrhenius dependence of the reaction rate constant
with the activation energy established to be (62.6 + 2.1) kJ
mol " or (59.9 + 2.1) k] mol " depending on a form of the pre-
exponential factor in the Arrhenius equation, A or A’ X T,
respectively.

The UB3LYP/cc-pVIZ computations have been performed for
the reaction H' + N,O — 'OH + N, in vacuum and in solution
using three water-solvent models: C-PCM, IEF-PCM, and SMD.
We have showed that the reaction initiated by the H' atom
attack on the oxygen atom in the N,O molecule results in the
formation of the [H-ONNJ* transition state directly decompos-
ing into ‘OH and N,. According to SMD model the energy
barrier associated with this direct path is 54.6 k] mol " in
comparison with 54.2 k] mol " predicted by the PCM models
and 53.0 k] mol™" corresponding to the reaction in vacuum.
Computations assuming the H" atom attack on the N atom
revealed the indirect reaction mechanism including the
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formation of [H-NNOJ*, the adduct decay to cis-HNNO inter-
mediate, transformation of cis-HNNO to [NNOHJ*, and decom-
position to ‘OH and N,. In contrast to the direct path, the total
energy expense associated with the indirect mechanism, 65.5
and 67.6 k] mol " as predicted by SMD and PCM models, is
slightly smaller than 67.7 k] mol ™' computed in vacuum. The
energy expense associated with the direct and indirect paths is
similar and show good agreement with the activation energy
obtained from the pulse radiolysis experiments. As the
measured value is in-between the computed energy barriers we
conclude that both mechanisms may occur in solution, but with
a slight predominance of the direct one. This is in contrast to
the literature reports on the gas phase reaction at temperatures
below 500 K indicating almost three times lower activation
energy and suggesting either the quantum mechanical tunnel-
ling from [H-NNOJ* to [NNOH]* or the collisional stabilisation
and decay of the H-NNO adduct into N, and "OH.
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