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The reaction N +OH/NO+H involves the intermediate formation of NOH adducts which

in part rearrange to HNO conformers. A statistical treatment of the process is developed in

which an initial adiabatic channel capture of the reactants is accompanied by partial primary

redissociation of the N/OH collision pairs. A criterion for the extent of this primary

redissociation in competition to the formation of randomized, long-lived, complex of

NOH is proposed. The NOH adducts then may decompose to NO + H, rearrange in

a unimolecular process to HNO, or undergo secondary redissociation back to the

reactants N + OH, while HNO may also decompose to NO + H. As the reactants N(4S) +

OH(2P) have open electronic shells, non-Born–Oppenheimer effects have to be

considered. Their influence on thermal rate constants of the reaction at low temperatures

is illustrated and compared with such effects in other reactions such as C(3P) + OH(2P).
1. Introduction

The mechanism of complex-forming bimolecular reactions can be understood in
terms of an initial capture of the reactants, the formation of long-lived adducts,
and the subsequent decay of these adducts. While adiabatic capture theory oen
characterizes the initial stage of the reaction, statistical unimolecular rate theory
is frequently used to quantify the intramolecular evolution of the adducts. The
described concept has successfully rationalized a large number of experimental
results. Simplied versions of the treatment have been proposed, for instance, in
ref. 1. Looking into the ner details of the reaction, however, a number of aspects
deserve further attention.

(i) Obviously, the potential energy surface (PES) of the system plays a central
role. The identication and proper representation of the rate-determining parts of
the PES, therefore, is of high priority.
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(ii) The reactants may have open electronic shells and the interaction between
the arising PESs has to be taken into account. This complicates the analysis on the
Born–Oppenheimer (BO) level of the interaction between individual adiabatic
channel potential energy curves, see, for instance, the capture of C(3P) by OH(2P)
elaborated in ref. 2, or the capture of H(2S) by O2(

3S) and of O(3P) by OH(2P)
discussed in ref. 3. It is common practice to consider reaction on a single PES,
which correlates with a single state of the reactants, and to multiply the resulting
thermal rate constants by electronic factors fel(T) which account for the thermal
population of the reactants in their relevant ne-structure levels.4 Because of
the interaction of the PESs at large intermolecular distances, this may not be
sufficient for low-temperature conditions; but as the consequences may reach up
to temperatures of several tens of K, they may be important for astrochemical
applications, for instance, see ref. 5 and 6.

(iii) Reaction cross sections and thermal rate constants for capture from the
statistical adiabatic channel model (SACM, ref. 7 and 8), have been compared with
results from quasi-classical trajectory (CT) calculations in ref. 9–13. The extent of
dynamical non-adiabaticity was inspected and simplied representations of the
SACM/CT results were proposed. While quantum effects of the internal reactant
states are accounted for in SACM/CT approaches from the beginning, compari-
sons with detailed quantum scattering (CS) calculations are also required, in
particular when capture of light particles like electrons are considered, for
instance, see ref. 14.

(iv) The connection of the initial capture of the reactants with the subsequent
evolution of the adduct may be of importance and has to be understood on a state-
specic level. There may be “primary redissociation” of the “collision pair”, before
a long-lived complex is formed. At a later stage of the process, a “secondary
(unimolecular) redissociation” of the randomized adduct may take place in
competition to other decay channels. Both types of redissociation lead to
a reduction of the reaction rate in comparison to the capture rate.

It is the aim of the present work to illustrate the described details of an analysis
within an extended SACM approach. The complex-forming, exothermic, bimo-
lecular reaction

N
�
4S
�þOH

� Q2 �
/ðNOH;HNOÞ/H

�
2S
�þNO

� Q2 �
DH

�
0 ¼ �201:1 kJ mol�1

(1)

is chosen as an example, because extensive previous work is available for this
system and allows for a validation of the proposed treatment. For instance, ab
initio calculations of the PES, including that part which is responsible for the
intermediate change of conformation NOH / HNO, have been made (for
instance, see ref. 15–20). Rate constants for the capture process have been esti-
mated before, by applying a simplied SACM21 or an adiabatic capture centrifugal
sudden approximation (ACCSA).22,23 Detailed CT calculations of state-resolved
dynamics on a BO PES have been reported in ref. 24–26, while explicit QS
calculations have been described in ref. 19 and 27–29. Product energy distribu-
tions and state-to-state reaction cross sections from these studies are particularly
helpful for a validation of the respective treatments. Thermal rate constants on
the relevant PES in the mentioned studies were combined with electronic state
population factors fel(T) and then compared with experimental rate constants.30–33
This journal is © The Royal Society of Chemistry 2022 Faraday Discuss., 2022, 238, 144–160 | 145
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Considerable differences between earlier and later experimental results have been
overcome by the more recent work in ref. 6 and 33. The present study aims for rate
constants at low temperatures, comparing fel(T)-corrected BO with non-BO (NBO)
calculations.

The comparison of experimental and modelled rate constants for reaction (1)
leads to interesting conclusions. Like in ref. 23 one realizes that modelled capture
rate constants are markedly higher than the experimental low-temperature values
of the reaction rate constants from ref. 6 and 33, corresponding to probabilities
for reaction aer capture of only about 1/2. Similar values in ref. 23 were found for
the reactions of O, S, and N atoms with OH. As ACCSA and SACM calculations for
the same PES are essentially equivalent (for instance, see ref. 34), the present work
is in agreement with this result. On the other hand, ACCSA, SACM, and CT
calculations led to practically identical rate constants for the reaction of C with
OH which corresponds to probabilities for reaction aer capture near unity.
Likewise, ACCSA and SACM calculations of capture rate constants were found to
agree with experimental data for reactions of N+ ions with H2O or NH3.35

The conclusion on probabilities smaller than unity for reaction aer capture
calls for an explanation. This may be found in CT calculations, such as those
performed for reaction (1) in ref. 24, or for the reaction of O with OH in ref. 36–38.
“Recrossing effects” then may be distinguished in terms of “primary redis-
sociation” and/or “secondary redissociation” mechanisms of the initial collision
pairs of reactants and of the adducts being formed, respectively. In the present
work, we propose to characterize the redissociation processes by a state-specic
criterion. We consider various factors possibly leading to primary redis-
sociation, such as the number of atoms in the reactants, the distribution of
masses between the reactants, the properties of the PES, and NBO effects under
low-temperature conditions. Tests for the validity of the proposed approach are
made by comparing modelled and experimental reaction rate constants. When
the latter are not available, comparisons of rate constants for reaction from the
present approach and from CT calculations are also useful. Finally, comparisons
of product state distributions from the present approach and from CT calcula-
tions are helpful. This will be demonstrated for reaction (1) in the present article
as well as in the more detailed publications of ref. 39 and 40.
2. Potential energy surfaces for the capture/
redissociation process N(4S) + OH(2P) 4 N/OH

An energy diagram for the intermediates of reaction (1) on the attractive 3A00 PES
of the reaction system is shown in Fig. 1 (adapted from ref. 19, scaled with
energies for N + OH, NOH, HNO, and H + NO from ref. 41; the species NOH, HNO,
and the various transition states correspond to different structures on the same
PES). Instead of the ab initio characterization of the PES performed in ref. 15–20,
the present work determined part of the PES by the asymptotic method described
in ref. 2, 3, 23 and 42. Furthermore, it focuses attention on the entrance side of the
PES, i.e. on the side of the reactants N + OH, while the remaining parts, relevant
for the transformation NOH 4 HNO and the subsequent dissociation (NOH,
HNO)/H(2S) + NO(2P), will be elaborated in ref. 39 and 40. An asymptotic long-
range potential between N(4S) and OH(2P), considering dispersion and induction
146 | Faraday Discuss., 2022, 238, 144–160 This journal is © The Royal Society of Chemistry 2022
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Fig. 1 Energy diagram for reaction (1) and its intermediates (blue, red, and white spheres
symbolize N, O, and H atoms, respectively; the energies DE relative to H + NO are adapted
from ref. 19 and 41).
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interactions, but neglecting exchange interaction, has been constructed before,23

the present work in this respect goes beyond this. In addition, we also go beyond
the BO approximation. The treatment closely follows the procedure described in
more detail in ref. 2. It also uses the nomenclature from that article.

In order to construct asymptotic PESs within the BO approximation, following
ref. 2 we use a basis of electronic functions of the system with total spin S¼ 1, 2 in
the form

jel
� ¼ hL, ML, L, S, MSj ¼ hL¼ 0,ML ¼ 0jhL ¼ �1jhS, MSj (2)

(L ¼ 0 and ML ¼ 0 correspond to the electronic moment of ground state N atoms
and its projection onto the N–OH axis, L denotes the projection of the electronic
moment of a hypothetical spin–orbit (SO) structureless ground state of OH on its
molecular axis). In asymptotic theory, diagonalization of the total interaction

matrices Û
ex
S þ Û

ind þ Û
disp

generates four PESs (the SO interaction originating
from OH(2P) is neglected here; we note that there is no SO structure in N(4S)). The
four PESs correspond to 3A0,3A00,5A0,5A00 classication, of which only the 3A00 PES is
attractive and eventually reactive, while the other PESs are repulsive and
considered nonreactive in the energy range of interest. On the basis of the elec-
tronic wave functions of eqn (2), the matrix elements of the sum of the induction
and dispersion interactions are

hL ¼ 0;ML ¼ 0;S;MS;LjU ind þUdisp
��L ¼ 0;ML

0 ¼ 0;S;MS;L
0�

¼ �R�6 X
Lb ;Ma ;Mb

�
indV

MLML
0 ;LL0

6;LbMaMb
þ disp

V
MLML

0 ;LL0

6;LbMaMb

�
d
Lb
�Ma ;Mb

ðqÞ (3)

(with Ma ¼ 0, Mb ¼ L � L0; unless stated differently, energies are in atomic units
27.2116 eV¼ 2625.5 kJ mol�1 and distances in units of a0¼ 0.52918� 10�8 cm). R
and q are the Jacobi coordinates of the N–OH system (distance and angle between

the OH and N–OH axes, respectively). State-specic coefficients indV
MLML

0;LL0

6;LbMaMb
and

dispV
MLML

0;LL0

6;LbMaMb
, are induction and dispersion coefficients, respectively, and are
This journal is © The Royal Society of Chemistry 2022 Faraday Discuss., 2022, 238, 144–160 | 147
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Table 1 State-specific coefficients for induction and dispersion matrix elements in eqn (3)
(see also ref. 23)

ML ML
0 L,L0 Lb Ma Mb

indV
MLML

0 ;LL0
6;LbMaMb

0 0 �1, �1 0 0 0 3.119
0 0 �1, �1 2 0 0 3.119

ML ML
0 L,L0 Lb Ma Mb

disp
VMLML

0 ;LL0
6;LbMaMb

0 0 �1, �1 0 0 0 32.163
0 0 �1, �1 2 0 0 2.157
0 0 �1, �1 2 0 �2 �0.992
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given in Table 1, in agreement with those from ref. 23. Composed from these

elements, one has the matrix Û
ind þ Û

disp
in the form

Û
ind þ Û

disp ¼
 
a b

b a

!

with a ¼ ��35:283þ 2:638
	
3 cos2ðqÞ � 1


��
R6

b ¼ 0:405
�
1þ 2

	
3 cos2ðqÞ � 1


��
R6

(4)

Using the same basis as eqn (2), the exchange interaction matrix is given by

Û
ex

S ¼
 
cS dS
dS cS

!
; cS ¼ c1 þ dc; dS ¼ d1 þ dd

with

c1 ¼
(
RI

ð1;2Þ
00

3
� 2I

ð1;2Þ
11

3mð1;2Þ
� 2I

ð1;4Þ
1�1

3mð1;4Þ
þ 4I

ð1;4Þ
20

3R

 
2þ 1

mð1;4Þ
þ 1

m2
ð1;4Þ

!

þ3RI
ð3;2Þ
00

4
� 3I

ð3;4Þ
1�1

2mð3;4Þ

)
sin2

qþ
(
2RI

ð1;4Þ
00

3
� 4I

ð1;4Þ
11

3mð1;4Þ
þ 3RI

ð3;4Þ
00

2

)
cos2 q

þ
(

� I
ð1;2Þ
1�1

3mð1;2Þ
þ 2I

ð1;2Þ
20

3R

 
2þ 1

mð1;2Þ
þ 1

m2
ð1;2Þ

!
� 3I

ð3;2Þ
1�1

4mð3;2Þ

)�
1þ cos2 q

�
;

d1 ¼
(
RI

ð1;2Þ
00

3
� 4I

ð1;2Þ
11

3mð1;2Þ
þ 2I

ð1;2Þ
1�1

3mð1;2Þ
� 4I

ð1;2Þ
20

3R

 
2þ 1

mð1;2Þ
þ 1

m2
ð1;2Þ

!

þRI
ð3;2Þ
00

4
þ RI

ð3;2Þ
1�1

4mð3;2Þ

)
sin2

q;
148 | Faraday Discuss., 2022, 238, 144–160 This journal is © The Royal Society of Chemistry 2022
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dc ¼
(
2RI

ð1;2Þ
00

3
� 4I

ð1;2Þ
11

3mð1;2Þ

)
sin2

qþ
(

� 2I
ð1;2Þ
1�1

3mð1;2Þ
þ 4I

ð1;2Þ
20

3R

 
2þ 1

mð1;2Þ
þ 1

m2
ð1;2Þ

!)

� �1þ cos2 q
�
;

dd ¼
(

� 2RI
ð1;2Þ
00

3
þ 4I

ð1;2Þ
11

3mð1;2Þ
� 2I

ð1;2Þ
1�1

3mð1;2Þ
þ 4I

ð1;2Þ
20

3R

 
2þ 1

mð1;2Þ
þ 1

m2
ð1;2Þ

!)
sin2

q (5)

(It is assumed that the center of mass of OH approximately coincides with the
position of the O atom.) Following ref. 2 and 42, the sums of the orbital exponents
m(q,q0) ¼ gq + gq0 and the preexponential factors Aq of the asymptotic orbital wave
functions (corresponding to eqn (2.13) from ref. 2) were calculated as given in
Table 2, while the exchange integrals of the orbitals I(q,q 0)

kn (corresponding to eqn
(2.15) from ref. 2), for R > 5a0, were expressed by

ln(I(q,q
0)

kn ) ¼ a(q,q
0)

kn R3 + b(q,q
0)

kn R2 + c(q,q
0)

kn R + d(q,q
0)

kn (6)

with tted coefficients such as those given in Table 3.
Combining the induction, dispersion, and exchange terms on the side of the

reactants N + OH, for the 3A0,3A00,5A0,5A00 states one obtains
Table 2 Parameters of the asymptotic orbital wave functions (corresponding to eqn (2.13)
of ref. 2)

q Orbitals gq Aq

1 N,2p 1.0336 1.6
2 OH,1p 0.9775 1.6
3 N,2s 1.2225 2.0
4 OH,3s 1.1012 2.0

Table 3 Fitting coefficients for the exchange integrals in eqn (6) (corresponding to eqn
(2.15) of ref. 2)

q q0 k n 100a(q,q
0)

kn 10b(q,q
0)

kn c(q,q
0)

kn d(q,q
0)

kn

1 2 0 0 0.1463 �0.4572 �1.3693 1.2581
1 2 1 0 0.1463 �0.4572 �1.3695 0.5592
1 2 1 1 0.1462 �0.4578 �1.3455 1.1455
1 2 1 �1 0.1464 �0.4578 �1.3934 1.0879
1 2 2 0 0.1463 �0.4572 �1.3698 �0.1396
1 4 0 0 0.1264 �0.3934 �1.5797 1.7100
1 4 1 0 0.1264 �0.3934 �1.5801 0.9513
1 4 1 1 0.1267 �0.3944 �1.6097 1.5027
1 4 1 �1 0.1263 �0.3944 �1.5500 1.5636
1 4 2 0 0.1264 �0.3934 �1.5804 0.1928
3 2 0 0 0.1124 �0.3195 �1.6589 1.6961
3 2 1 �1 0.1222 �0.3254 �1.7752 1.4014
3 4 0 0 0.1000 �0.3021 �1.8799 2.1609
3 4 1 �1 0.1017 �0.3056 �1.9364 1.8899

This journal is © The Royal Society of Chemistry 2022 Faraday Discuss., 2022, 238, 144–160 | 149
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Fig. 2 Energy contours (in eV) of the attractive 3A00 PES of the N + OH system (Jacobi
coordinates: N–OH distances R in atomic units, g ¼ q in degrees). Comparison of results
from the present asymptotic theory (left) with results from the ab initio calculations of ref.
19 (right).

Fig. 3 Energy contours (in eV) of the 3A0,3A00,5A0,5A00 states of the N + OH system (coor-
dinates as in Fig. 2).
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U2Sþ1A
0 ¼ aþ cs þ bþ ds ¼ U0

2Sþ1A0 þU2
2Sþ1A0P2ðcos qÞ

U2Sþ1A00 ¼ aþcs � b� ds ¼ U0
2Sþ1A00 þU2

2Sþ1A00P2ðcos qÞ
(7)

with a, b, cS, and dS as given in eqn (4) and (5). The expressions in eqn (7) have
P2(cos q) – anisotropies such as illustrated in the contour map of Fig. 2 for the 3A

00

PES (le-hand side of the gure). The present results from asymptotic theory in
Fig. 2 are compared with the results from the ab initio calculations of ref. 19 (right-
hand side of the gure). The general agreement looks satisfactory. Contour plots
for the nonreactive 3A0,5A0, and 5A

00
states are compared with those for the reactive

3A
00
state in Fig. 3.
3. Adiabatic channel potential energy curves and
good quantum numbers

Adiabatic channel (AC) potential energy curves Vi(R), for the
3A00 electronic state of

the N–OH system, are obtained by diagonalization of the Hamiltonian

Ĥ ¼ Ĥ
rot
OH þ Û3A00 in the basis of rigid rotor functions, where Û3A00 has the asymp-

totic P2-anisotropy (see eqn (7)). In an NBO approach, the asymptotic Hamiltonian

Ĥ ¼ Ĥ
rotr
OH þ Û

ind þ Û
disp þ Û

ex
S in Ĥ

rotr
OH , in addition to the rotational Hamiltonian

Ĥ
rot
OH also includes the spin–orbit (SO) interaction. NBO AC potential energy curves

Vi(R) then are obtained by diagonalization of the Hamiltonian in the basis of the
functions from eqn (2), multiplied by rotronic functions with the projection L of
the rotronic momentum K of OH onto its axis. Details of the diagonalization
procedure have been described in ref. 2 and will be not repeated here.

The ACs are characterized by sets of good quantum numbers and are specied
by indices “i”. The ACs lead from those of the separated reactants N + OH into
those of the adduct NOH. Conserving total angular momentum (exact quantum
number J), and its projection onto the slowly rotating N/O collision axis (good
quantum number k, with k # J), in the BO approximation is of particular
importance. Because of too short times for Coriolis mixing, k can be assumed to
be conserved during the initial capture and the primary redissociation process.
For the present distribution of atomicmasses and not too high rotational states of
the reactant OH, the orbital angular momentum of the collision pair (quantum
number l), is close to the total angular momentum (i.e., J z l). The states of the
free reactant OH are characterized by rotational (neglecting SO) and vibrational
quantum numbers jOH � J and nOH, respectively. The adduct NOH is represented
by a rigid symmetric top (characterized by the quantum numbers J and k) and by
three separated Morse oscillators with the vibrational quantum numbers n1, n2,
and n3 (spectroscopic parameters were taken from ref. 20 and 27).

In the framework of SACM, the quantum number nOH during the capture and
primary redissociation stage of the encounter correlates with the quantum
number n1 of the high-frequency vibration of NOH. Considering low-energy
collisions with nOH ¼ n1 ¼ 0 only, we exclude OH stretching transitions during
this stage of the process. The quantum number jOH then correlate with the
quantum number n2 of the deformation vibration of the nearly T-shaped adduct
NOH, according to a relationship
This journal is © The Royal Society of Chemistry 2022 Faraday Discuss., 2022, 238, 144–160 | 151
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Fig. 4 NBO AC potential energy curves of the N + OH system (curves belonging to the
attractive 3A00 PES at small intermolecular distances R are drawn in blue, the curves
belonging to the repulsive PESs are drawn in black). At large R, all curves correlate with the
rotronic states of free OH (only curves corresponding to P ¼ 0 are shown).
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n2 ¼ jOH � jkj (8)

In the NBO approach, the projection of the total momentum J (now including
the total spin S of the system) onto the slowly rotating N–O axis is characterized by
the good quantum number P (at large intermolecular distances, P ¼ MK + MS,
where MK and MS are the respective projections of K and S onto the mentioned
axis, see ref. 2).

Examples of rotronic NBO AC potential energy curves are shown in Fig. 4 and 5.
At small intermolecular distances R (right-hand side of the gures), the attractive
curves (drawn in blue) correlate with the 3A00 curves of NOH (with their given k and
n2). At large R (le-hand side of the gures), the NBO curves approach the rotronic
states of free OH (with the rotational constant of OH denoted by BOH). NBO AC
potential energy curves correlating with BO curves from repulsive PESs (drawn in
black) are included in Fig. 4 and 5. As only the attractive 3A00 PES leads to reaction,
only NBO curves correlating with the corresponding BO ACs are further
considered.

The curves show a number of avoided crossings. The passing of the narrowest
crossing (dV # 0.1BOH) is considered as diabatic, see ref. 2 (otherwise it is
considered as adiabatic). At short distances (R <5a0), the degeneracy gi of the
attractive NBO curves correlating with the (3A00,k,n2) BO level of NOH is equal to
unity when both of P and k are equal to zero, otherwise one has gi ¼ 2.
Fig. 5 As Fig. 4, but for P ¼ 2.
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Table 4 Total angular quantum numbers Jcl for closing of incoming (bold numbers) and
outgoing (light numbers) ACs on the 3A00 PES of NOH (for initial conditions Ecol ¼ 0.1 eV,
nOH ¼ 0, and jOH ¼ 10, NBO effects of SO interaction are neglected)

jOH
k ¼
0 1 2 3 4 5 6 7 8 9 10 11

11 14 33 42 48 50 52 52
10 25 40 50 57 61 64 66
9 31 45 55 62 68 72 75
8 34 48 58 66 72 77 81
7 36 50 61 69 76 81 86
6 37 52 63 71 79 84 89
5 52 64 73 80 87 92
4 64 74 82 89 94
3 74 83 90 96
2 83 90 97
1 91 98
0 98
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4. Low-energy cross sections and low-
temperature rate constants

The maxima of the sum of the AC potential energy curves Vi(R) and the approxi-
mate orbital energies ħ J(J + 1)/2 mR2 of the N/OH collision pair dene the AC
threshold energies E0,i (observing that l z J). When the energy of the system is
larger than E0,i, ACs are treated as “open” for capture; otherwise they are “closed”.
The range of open and closed channels can be characterized by those values Jcl at
which, for a given collision energy Ecol, channels with increasing J pass from open
to closed. For example, at Ecol ¼ 0.1 eV, nOH ¼ 0, jOH ¼ 10, and the possible
projection quantum numbers k (with k # J), values for Jcl as shown in Table 4 are
obtained (line with bold numbers). Once the values of Jcl are known, the
Fig. 6 State-specific cross sections ICS for capture (black) and reaction (red), at Ecol ¼
0.1 eV (solid curves) and 0.2 eV (dashed curves) and for rotational quantum numbers jOH

(curves¼ statistical theory for the 3A00 PES from the present work, red crosses¼ results for
reaction at Ecol ¼ 0.1 eV from the CT calculations of ref. 28, omitting fel, NBO effects of SO
interaction are neglected).
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corresponding state-specic cross sections ICScap and rate constants kcap for
capture follow as discussed in ref. 2. Fig. 6 shows examples of ICScap at two
collision energies and a variety of jOH.

Overcoming the E0,i, however, is not sufficient for reaction. Instead, there may
be redissociation of the adducts to the initial reactants, similar to what has been
observed in the CT calculations of a reaction between OH and O, see ref. 36–38.
One of the aims of the present work was the characterization of this effect by
a specic criterion for the formation of randomized states of the adduct. We
suggest that two types of redissociation can occur, one during the primary
encounter between the reactants before such an adduct is formed, and the other
aer randomization has taken place. The former we term “primary redis-
sociation”, while the latter is called “secondary redissociation”. The latter needs
an application of unimolecular rate theory and will be elaborated in detail in ref.
39 and 40. Here, the condition for forming randomized adduct states is described
in the following. We assume that only that part of the open ACs does not undergo
primary redissociation, but succeeds to form long-lived NOH adducts capable for
reaction, whosemodeled energy levels ENOH(J, k, n1, n2, n3) meet the total energy of
the system. Thus, the following conditions must be fullled

Etot $ ENOH(J, k, n1, n2, n3) (9a)

Etot # ENOH(J, k + 1, n1, n2, n3) (9b)

Etot # ENOH(J, k, n1 + 1, n2, n3) (9c)

Etot # ENOH(J, k, n1, n2 + 1, n3) (9d)

Etot # ENOH(J, k, n1, n2, n3 + 1) (9e)

The total energy Etot, as measured from the bottom of the NOH potential well,
is given here by the collision energy Ecol plus the internal energy of OH. n1, n2, and
n3 are the quantum numbers of separated vibrations of NOH, approximated by
Morse oscillators. The quantum numbers J and k, for overall angular momentum
and its projection, respectively, dene the rotational contribution to ENOH in rigid
symmetric top approximations. During the approach of N and OH, the quantum
numbers n2 of the adduct form according to the correlation of eqn (8). When the
criterion for complex formation of eqn (9) is not fullled, there may be a statistical
redistribution of n2 (under conservation of k and n1) over other ACs correlating
with them. jOH then, in general will have changed. For separation of the reactants,
the outgoing collision pair (with conserved J and k), however, then will also have
to overcome its AC threshold. The corresponding Jcl will then differ from the value
for the incoming collision pair. Table 4, therefore, includes values of Jcl for
outgoing collision pairs (lines with light numbers). If the outgoing collision pair
does not succeed to overcome its threshold, it tries again by changing n2 and so
on. As the barriers on the way from N + OH to H + NO are considerably lower than
the entrance energy in Fig. 1, there is only a limited extent of secondary redis-
sociation under low-energy and low-temperature conditions (contributing to
reaction probabilities by a factor of more than 0.9, see ref. 39 and 40). We,
therefore, focus our attention here on the primary redissociation only.
154 | Faraday Discuss., 2022, 238, 144–160 This journal is © The Royal Society of Chemistry 2022
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In order to justify the use of the criterion in eqn (9), we have calculated state-
specic cross sections ICS for the full reaction (1). For the moment, the results
could not be compared with experimental product distributions. However,
a comparison with the CT and QS calculations of ref. 24–29 on the 3A00 PES showed
satisfactory agreement. Fig. 6 illustrates this for an ICS on the 3A00 PES as
a function of jOH (for collision energies Ecol ¼ 0.1 and 0.2 eV). The agreement of
results from the present work and from the CT calculations of ref. 28 is taken as
conrmation for the validity of the criterion of eqn (9). The agreement of the ICS
for jOH ¼ 0 and 10 deserves particular mention.

Accounting for the described primary (and secondary) redissociation, reaction
rate constants kr and reaction probabilities kr/kcap were determined. This was
done by inspecting individual AC potential energy curves and their E0,i values in
the framework of BO and NBO treatments. Results from BO calculations were
multiplied with the electronic factor fel(T), in the present case given by

fel(T) ¼ 3/(8 + 8 exp[�205 K/T]) (10)

Fig. 7 shows the results. Between 50 and 200 K, the BO rate constants practi-
cally agree with the experimental data and NBO effects do not yet play a major
role. However, in contrast to the kcap(T), BO and NBO results for reaction rate
constants kr below about 50 K differ markedly. NBO couplings, relevant for low-
temperature conditions, here efficiently loosen the restrictions imposed by eqn
(9) and in this way partly circumvent redissociation effects. On the one hand, this
illustrates the importance of NBO effects under low-temperature conditions. On
the other hand, the close agreement between calculations and experiments
between 50 and 200 K also validates the criterion of eqn (9) for formation of
randomized intermediate adducts capable of reaction.

Compared to the fel(T)-corrected BO results, the NBO calculations of capture
rate constants kcap(T) led to only slightly larger limiting low-temperature values.
The results obtained practically agreed with those from the ACCSA calculations of
ref. 23. The low-temperature region accordingly is governed by the long-range
dispersion and induction contributions only, while short-range exchange
contributions will become relevant only at higher collision energies. The near-
Fig. 7 Reaction probabilities kr/kcap (upper panel), capture rate constants kcap (lower
panel, dashed curves) and reaction rate constants kr (lower panel, solid curves), from fel(T)-
corrected BO (blue curves) and NBO (red curves) calculations of the present work, in
comparison to experimental results from ref. 33 (green symbols with error bars).
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agreement of the present kcap(T) with the results from the ACCSA and SACM
treatments of ref. 23 is not surprising. It has been shown in ref. 34 that the two
approaches, as well as “adiabatic variance” or “perturbed rotational state” treat-
ments such as employed in ref. 43 and 44, are equivalent and small differences
arise from numerical differences only.

As the number of considered ACs for technical reasons was limited, only
calculations for low temperatures were made in the present work. However, the
comparison with the experimental rate constants kr from ref. 33 in Fig. 7 appears
satisfactory. It leads to reaction probabilities kr/kcap of the order of 1/2, which are
consistent with the values empirically suggested in ref. 23. Although the present
study was limited to low temperatures, according to Fig. 7 it does not appear
improbable to assume only a weak temperature dependence above 200 K. The
results from the present work on the one hand illustrate the importance of NBO
effects under low-temperature conditions. On the other hand, the close agree-
ment between calculations and experiments validates the criterion of eqn (12) and
(13) for formation of randomized intermediate adducts capable of reaction.
5. Discussion

A comparison of the results for reaction (1) with related information for other
reactions leads to interesting conclusions. This appears most clear for the
reaction

C
�
3P
�þOH

�
2Q�/ðCOH;HCOÞ/H

�
2S
�þ CO

�
1P� DH

�
0 ¼ �646:1 kJ mol�1

(11)

which involves analogous intrinsic dynamics of the primary adduct to that shown
in Fig. 1.45,46 In comparison to reaction (1), reaction (11) is far more exothermic
and the primary adduct COH is formed with larger vibrational excitation (C(3P) +
OH(2P) / COH with DH

�
0 ¼ �531 kJ mol�1 in contrast to N(4S) + OH(2P) /

NOH with DH
�
0 ¼ �300 kJ mol�1). In contrast to that of reaction (1), the overall

rate constant for reaction (11) was found to be close to the capture rate constant,47

i.e. neither primary nor secondary redissociation were found to play a signicant
role. In view of the large endothermicity of a process (COH, HCO) / C + OH this
is not surprising for secondary redissociation, but primary redissociation caused
by the conditions in eqn (9) apparently is also not too important. As the vibra-
tional frequencies of the adducts are not very different, the reason must be
a much larger density of vibrational adduct states in reaction (11) which allow the
condition of eqn (9) to be fullled more easily. The chance of hitting an adduct
state by the capture process then is much larger in reaction (11) than in reaction
(1) which reduces the probability for primary redissociation. The reactions

O
�
3P
�þOH

�
2Q�/HO2/HþO2 DH

�
0 ¼ �67:9 kJ mol�1 (12)

and

S
�
3P
�þOH

�
2Q�/ðSOH;HSOÞ/Hþ SO DH

�
0 ¼ �91:3 kJ mol�1 (13)

(with adduct energies corresponding to O + OH/ HO2, DH
�
0 ¼ �248:1 kJ mol�1,

or S + OH / HOS, DH
�
0 ¼ �315:9 kJ mol�1, respectively) like reaction (1) were
156 | Faraday Discuss., 2022, 238, 144–160 This journal is © The Royal Society of Chemistry 2022
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found to have reaction probabilities as low as 1/2. As the exothermicities of these
reactions are markedly different from that of reaction (11), the distinction
between primary and secondary redissociation is more difficult. The situation
may be comparable to that of reaction (1) with a primary redissociation charac-
terized by the criterion of eqn (9), but secondary redissociation also has to be
considered here.

Adducts with larger vibrational densities of states have a larger chance to fulll
the criterion of eqn (9a)–(9e) during the capture process. Primary redissociation,
therefore, appears to be a phenomenon encountered in reaction systems of
limited complexity only. The reactions mentioned in the introduction, with
experimental rate constants equal to the capture rate constants, apparently do not
fall into this category. Obviously, for reactions without adduct formation, primary
redissociation appears less probable.

A comparison of the present results with the work of ref. 2 on reaction (11) also
sheds light on the role of NBO effects in low-temperature rate constants. With
a single attractive PES contributing to product formation, reaction (1) shows only
small NBO effects on the capture rate constants. On the other hand, CT and NBO
calculations for reaction (11), where primary redissociation apparently can be
neglected, have led to similar limiting low-temperature rate constants as long as
only capture on the lowest PES was important (up to about 20 K, where kcap rises
by about a factor of 2 from its low-temperature limiting value). Between 20 and
200 K, however, kcap in the lowest electronic state of the adduct was found to be
successively replaced by capture into higher electronic states, with an overall rate
constant not varying too much with temperature. Obviously, NBO effects play an
important role there.

In summary, the comparison of the N + OH with the C + OH reaction identies
differences in the role of primary redissociation effects during adduct formation.
Further differences arise from different numbers of attractive electronic states of
the adducts. The present work highlights the application of statistical rate theo-
ries and their extension by the conditions of eqn (9) to reaction (1). In this way, we
rationalize the results from CT and CS calculations.
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5 A. Potapov, A. Canosa, E. Jiménez and B. Rowe, Uniform supersonic chemical
reactors: 30 years of astrochemical history and future challenges, Angew.
Chem., Int. Ed., 2017, 56, 8618–8640.

6 K. M. Hickson and A. Bergeat, Low temperature kinetics of unstable radical
reactions, Phys. Chem. Chem. Phys., 2012, 14, 12057–12069.

7 M. Quack and J. Troe, Specic rate constants of unimolecular processes
II.Adiabatic channel model, Ber. Bunsen-Ges. Phys. Chem., 1974, 78, 240–252.

8 M. Quack and J. Troe, Complex formation in reactive and inelastic scattering:
Statistical Adiabatic Channel Model of unimolecular processes III, Ber. Bunsen-
Ges. Phys. Chem., 1975, 79, 170–183.

9 A. I. Maergoiz, E. E. Nikitin, J. Troe and V. G. Ushakov, Classical trajectory and
adiabatic channel study of the transition from adiabatic to sudden capture
dynamics. I. Ion - dipole capture, J. Chem. Phys., 1996, 105, 6263–6269.

10 A. I. Maergoiz, E. E. Nikitin, J. Troe and V. G. Ushakov, Classical trajectory and
adiabatic channel study of the transition from adiabatic to sudden capture
dynamics. II. Ion - quadrupole capture, J. Chem. Phys., 1996, 105, 6270–6276.

11 A. I. Maergoiz, E. E. Nikitin, J. Troe and V. G. Ushakov, Classical trajectory and
adiabatic channel study of the transition from adiabatic to sudden capture
dynamics. III. Dipole - dipole capture, J. Chem. Phys., 1996, 105, 6263–6269.

12 A. I. Maergoiz, E. E. Nikitin, J. Troe and V. G. Ushakov, Classical trajectory and
statistical adiabatic channel study of the dynamics of capture and
unimolecular bond ssion. IV. Valence interactions between atoms and
molecules, J. Chem. Phys., 1998, 108, 5265–5280.

13 A. I. Maergoiz, E. E. Nikitin, J. Troe and V. G. Ushakov, Classical trajectory and
statistical adiabatic channel study of the dynamics of capture and
unimolecular bond ssion. V. Valence interactions two linear rotors, J.
Chem. Phys., 1998, 108, 9987–9998.

14 E. I. Dashevskaya, I. Litvin, E. E. Nikitin and J. Troe, Modelling low-energy
electron-molecule capture processes, Phys. Chem. Chem. Phys., 2008, 10,
1270–1276.

15 F. Pauzat, Y. Ellinger, G. Berthier, M. Gérin and Y. Viala, Theoretical study of
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