THE JOURNAL OF

PHYSICAL CHEMISTRY

@& Cite This: J. Phys. Chem. A 2018, 122, 1886—1895

pubs.acs.org/JPCA

Benchmark ab Initio Characterization of the Complex
Potential Energy Surfaces of the X~ + NH,Y [X, Y = F, Cl, Br, 1]

Reactions
Balint Hajdu and Géabor Czako™

Department of Physical Chemistry and Materials Science, Institute of Chemistry, University of Szeged, Rerrich Béla tér 1,

Szeged H-6720, Hungary

© Supporting Information

ABSTRACT: We report a comprehensive high-level explicitly correlated ab initio
study on the X~ + NH,Y [X,Y = F, Cl, Br, I] reactions characterizing the stationary
points of the Sy2 (Y~ + NH,X) and proton-transfer (HX + NHY ") pathways as
well as the reaction enthalpies of various endothermic additional product channels
such as H™ + NHXY, XY~ + NH,, XY + NH,", and XHY™ + NH. Benchmark
structures and harmonic vibrational frequencies are obtained at the CCSD(T)-
F12b/aug-cc-pVTZ(-PP) level of theory, followed by CCSD(T)-F12b/aug-cc-
pVnZ(-PP) [n = Q and S] and core correlation energy computations. In the
entrance and exit channels we find two equivalent hydrogen-bonded C; minima,

X +NH,Y n/’_' ?7,
X,Y: F;Cl;Br;l;

LR RN

X7---HH'NY and X™---H'HNY connected by a C; first-order saddle point, X™---H,NY, as well as a halogen-bonded front-side
complex, X™--YNH,. Sy2 reactions can proceed via back-side attack Walden inversion and front-side attack retention pathways
characterized by first-order saddle points, submerged [X—NH,—Y]™ and high-energy [H,NXY]~, respectively. Product-like
stationary points below the HX + NHY™ asymptotes are involved in the proton-transfer processes.

I. INTRODUCTION

The bimolecular nucleophilic substitution (Sy2) processes play
a central role in chemistry from the basic understanding of
chemical reaction mechanisms to synthetic applications. Sy2 reac-
tions usually occur at carbon (C) centers, where a new bond
forms between the nucleophile (X~) and the C atom while a
CY bond breaks heterolytically forming Y™, where X and Y can
be F, C], Br, I, OH, CN, NH,, etc,, and the configuration around
the C atom gets inverted. This is the famous Walden-inversion
mechanism of Sy2 reactions, discovered experimentally more
than a hundred years ago' and exglained at the atomic level in
the first half of the 20th century.” Despite the long history of
and extensive research on Sy2 reactions, many new and some-
times surprising findings have been uncovered for simple Sy2
systems in the 21st century.S_11 For example, in 2008 Wester
and co-workers developed a novel crossed-beam technique for
imaging Sy2 reaction dynamics.” The crossed-beam experiments
complemented with direct dynamics simulations revealed a new
roundabout mechanism for the CI™ + CH,I Sy2 reaction” and
several direct and indirect, complex-forming reaction pathways
for F~ + CH;L'? In 2013 we reported the first chemically accu-
rate full-dimensional ab initio potential energy surface (PES)
for the F~ + CH;Cl reaction'” followed by an improved global
PES for F~ + CH,CI° and similar high-level PESs for the F~ +
CH,F and CH;I systems.' " Reaction dynamics simulations on
these PESs revealed a new double-inversion mechanism,’ leaving
group effect,” and front-side complex formation® in Sy?2 reactions.
Furthermore, we recently reported benchmark ab initio data for
several Sy2 reactions describing novel stationary points and
using techniques beyond the standard correlation methods.'®"”
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Sn2 reactions cannot just occur at carbon centers. For exam-
ple, nitrogen-centered Sy2 reactions can also proceed via the
above-described Walden-inversion pathway. Besides the C-centered
reactions, there has been considerable interest in studying the
kinetics, dgrnamics, and mechanisms of the N-centered Sy2
reactions.'” >’ Following the early work,"® in 1995 Radom and
co-workers'® reported a “high-level computational study” on the
ab initio characterization of the PESs of the X~ + NH,X [X = F,
Cl, Br, I] Sy2 reactions. At that time high-level meant the use of
a modified G2 composite method, G2(+), based on MP2/double-
¢ geometries and frequencies and QCISD(T)/triple- energies."”
The G2(+) method was also used in 2004 by Ren and Zhu™” to
study the nonidentity reactions of X~ + N(CH,),Y [XY = F,
Cl, Br, I]. Furthermore, several density functional theory (DFT)
studies were reported to characterize the PESs of the identity
(X =Y) and nonidentity (X # Y) X~ + NH,Y reactions.”*¥*’
Besides the static electronic structure studies, the dynamics of
the OH™ + NH,Y [Y = F, Cl] (MP2(full)/6-31+G(d)),”* F~ +
NH,F (MP2/6-31+G(d,p)),” and F~ + NH,Cl (B3LYP/aug-
cc—pVDZ)28 Sn2 reactions were investigated using the direct
dynamics method with the electronic structure level indicated
in parentheses. Arriving to the recent years, in 2016 Liu et al.”’
reported an ab initio study for the F~ + NH,CI reaction com-
puting MP2/aug-cc-pVDZ geometries and CCSD(T)/com-
plete-basis-set energies using the aug-cc-pVnZ [n = 2—5] basis
sets and in the same year Wang and co-workers characterized
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the OH™ + NH,CI reaction in water. In 2017 Kubelka and
Bickelhaupt™ performed an activation strain analysis for CI™ +
NH,Cl and Liu et al.*® reported the above-mentioned direct
dynamics study for F~ + NH,CL

In the present study we focus on the identity and nonidentity
X~ + NH,Y [X,Y = F, Cl, Br, I] reactions. As discussed above
most of the previous N-centered Sy2 studies provided MP2 or
DFT geometries with double-{-quality basis sets, used standard
correlation methods, and focused on a few systems. Here, we
report a comprehensive high-level ab initio characterization of
the PESs of the X~ + NH,Y [X,Y = F, Cl, Br, I] reactions
utilizing (a) the novel explicitly correlated CCSD(T)-F12b
method™ for the structures, frequencies, and energles and (b)
the aug-cc-pVnZ(-PP) [n = 2—5] basis sets’"* with relativistic
effective core potentials®* for Br and I, and considering (c) the
core electron correlation effects. Furthermore, besides the Sy2
channel, we describe several product channels leading to HX +
NHY-, H™ + NHXY, XY~ + NH,, XY + NH,", and XHY™ + NH.
The present study aims to provide benchmark stationary-point
properties thereby supporting future electronic structure and
reaction dynamics investigations. For the latter the development
of a full-dimensional ab initio global PES would be desired and
the present study may guide such work by anchoring the sta-
tionary points and product asymptotes of the PES. We describe
the computational details in section II and discuss the results in
section III. The paper ends with summary and conclusions in
section IV.

Il. COMPUTATIONAL DETAILS

All the stationary points of the X~ + NH,Y [X,Y = F, Cl, Br, I]
systems are pre ;)tlmlzed using the second-order Moller—Plesset
[MP2] method™ with the augmented correlation-consistent
polarized-valence-double-{ [aug-cc-pVDZ(-PP)] basis set, 332
followed by explicitly correlated coupled cluster singles,
doubles, and perturbative triples [CCSD(T)-F12b]*’ geometry
and frequency computations with the aug-cc-pVDZ(-PP) and
aug-cc-pVTZ(-PP) basis sets. Then, at the CCSD(T)-F12b/
aug-cc-pVTZ(-PP) structures single-point frozen-core CCSD-
(T)-F12b energy computations are performed using the large
aug-cc-pVQZ(-PP) and aug-cc-pVSZ(-PP) basis sets and core
correlation contributions (A,.) are determined as differences
between all-electron and frozen-core energies obtained at the
CCSD(T)/aug-cc-pwCVTZ(-PP) level of theory. For Br and I
relativistic effective core potentials replacing the inner-core
1572s%2p® and 15*2s%2p®3s*3p®3d'° electrons, respectively, and
the corresponding pseudopotential (PP) basis sets are used.*”
Frozen-core methods correlate the valence electrons only,
whereas in the all-electron computations the 1s* (N and F),
2s72p° (Cl), 3s?3p®3d'® (Br), and 4s?4p®4d'® (I) core electrons
are also correlated. For open-shell systems the restricted-MP2
[RMP2],>* the unrestricted-CCSD(T) [UCCSD(T)],** and
the UCCSD(T)-F12b*® methods are used based on restricted
open-shell Hartree—Fock [ROHF] orbitals. For all the F12b
computations the default auxiliary basis sets are employed
for density fitting and resolution of identity, except for Br
and I, where default density fitting basis is not defined for the
aug-cc-pVSZ-PP orbital basis, thus, aug-cc-pVQZ-PP/MP2FIT
is used.
The benchmark classical energies are obtained as

E[CCSD(T)-F12b/aug-cc-pVSZ(-PP)]

+ A,.[CCSD(T)/aug-cc-pwCVTZ(-PP)] (1)

core [
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and the best adiabatic energies are determined as

E[CCSD(T)—P12b/aug—cc—pVSZ(—PP)]
A_,,.[CCSD(T)/aug-cc-pwCVTZ(-PP)]

+ ZPE[CCSD(T)-F12b/aug-cc-pVIZ(-PP)] (2)
where ZPE is the zero-point energy correction. Note that in
a few cases where the CCSD(T)-F12b/aug-cc-pVIZ(-PP) geom-
etry optimizations do not converge, eq 1 and 2 utilize MP2/aug-
cc-pVDZ(-PP) structures and frequencies. All the electronic
structure computations are performed using the ab initio pro-
gram package moLPrO.”

lll. RESULTS AND DISCUSSION

The schematic PESs of the identity and nonidentity X~ +
NH,Y [X,Y = F, Cl, Br, I] Sy2 and proton-transfer reactions
showing the benchmark classical and adiabatic relative energies
of the most relevant stationary points are given in Figures 1 and 2,
respectively. The structures of the stationary points showing the
most important structural parameters are presented in Figures 3
and 4, where the minima (IMs) and transition states (TSs) of
Figures 1 and 2 are complemented with additional stationary
points which may play a role in the Sy2 and proton-transfer
processes. Tables 1 and 2 show the benchmark relative energies
and their components, CCSD(T)-F12b/aug-cc-pVSZ(-PP), A ..,
and Aypy, for all the above-mention stationary points as well as
for various high-energy product channels besides the major Sy2
and proton-transfer channels. Furthermore, the interested reader
can consult with the detailed Supporting Information, where all
the ab initio data including the absolute energies, structural param-
eters and the corresponding Z-matrices as well as the harmonic
vibrational frequencies are given.

As shown in Figures 1 and 2 the X~ + NH,Y [X,Y = F, C, By, I]
Sn2 reactions have double-well PESs with deep minima in the
reactant (IM1) and product (IM2) valleys and a central transi-
tion state (TSI, first-order saddle point with C; symmetry)
separating the two wells. In all cases, TS1 is below the reactant
asymptote by 11—14 kcal/mol for X = F and by 1—5 kcal/mol
for X = Cl, Br, I. The IM1 minima are around 30 kcal/mol
deep, relative to X~ + NH,Y, for X = F, whereas around
15 kcal/mol for X = Cl, Br, I with only 2—3 kcal/mol variance
depending on X and Y. IM1 has a hydrogen-bonded (H-bonded)
structure (C; symmetry); thus, two equivalent IM1 minima exist,
depending on which of the two H atoms is connected to X™.
We have found a first-order saddle point (IM1’, C; symmetry)
connecting the two H-bonded minima, see Figure 1, via a
barrier of 5—8 kcal/mol for X = F and only around 1 kcal/mol
for X = Cl, Br, I. As shown in Figures 3 and 4, the structure of
NH,Y is just slightly perturbed at IM1 and IM1'. At IM1 the
X---H bonds are 1.3—1.4 A for X = F and 2.1, 2.3, and 2.6 A for
X = Cl, Br, and I, respectively. At IM1’ the nucleophile con-
nects symmetrically to the two H atoms with longer X---H
distances of 2.0, 2.6, 2.7, and 3.0 A for X = F, Cl, Br, and I,
respectively. The finding that the IMI1 is significantly deeper
and the barrier between the two IM1 minima is much larger for
X = F than for the other halide ions is consistent with the strong
H-bond ability of fluorine. In the case of the analogous X~ +
CH,Y S\2 reactions, H-bonded complexes were also found for
X = F'%"" albeit their stability is roughly half of the corre-
sponding F~---HHNY structure. Furthermore, it is important to
note that for most of the X~ + CH;Y systems, except for X = F
and Y = Cl, Br, I, the C;, ion-dipole complex is the major,
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Figure 1. Relative energies (kcal/mol) of stationary points for the X~ + NH,X [X = F, Cl, Br, I] reactions. The classical energies are obtained at

CCSD(T)-F12b/aug-cc-pVSZ(-PP) level of theory at CCSD(T)-F12b/aug-cc-pVTZ(-PP) geometries with core correlation effects obtained as
differences between all-electron and frozen-core energies at the CCSD(T)/aug-cc-pwCVTZ(-PP) level of theory at CCSD(T)-F12b/aug-cc-pVTZ(-PP)

geometries. The adiabatic energies (in parentheses) are obtained using the classical energies with harmonic zero-point energy corrections at the
CCSD(T)-F12b/aug-cc-pVTZ(-PP) level of theory. Effective core potentials and the corresponding pseudopotential (PP) basis sets are used for Br

and L. The underlined energies are obtained using MP2/aug-cc-pVDZ(-PP) geometries and frequencies.
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Figure 2. Relative energies (kcal/mol) of stationary points for the X~ + NH,Y [X,Y = F, Cl, Br, I; X # Y] reactions. The classical energies are
obtained at CCSD(T)-F12b/aug-cc-pVSZ(-PP) level of theory at CCSD(T)-F12b/aug-cc-pVIZ(-PP) geometries with core correlation effects
obtained as differences between all-electron and frozen-core energies at the CCSD(T)/aug-cc-pwCVTZ(-PP) level of theory at CCSD(T)-F12b/
aug-cc-pVTZ(-PP) geometries. The adiabatic energies (in parentheses) are obtained using the classical energies with harmonic zero-point energy
corrections at the CCSD(T)-F12b/aug-cc-pVTZ(-PP) level of theory. Effective core potentials and the corresponding pseudopotential (PP) basis
sets are used for Br and L. The underlined energies are obtained using MP2/aug-cc-pVDZ(-PP) geometries and frequencies.

deeper minimum, whereas for X~ + NH,Y the prereaction com-
plex is always H-bonded. For the identity X~ + NH,X reactions
the PES is obviously a symmetry double well; thus, the prereaction
and postreaction complexes have the same structure, ie,, IM1 =
IM2. For the nonidentity reactions the IM2 complexes, where
the leaving group forms a H-bond and the two minima are

1888

connected by IM2’ via a negligible barrier, have very similar

energies relative to the reactants than IM1, thus, these systems
feature nearly symmetric double-well PESs (see Figure 2). This
is in sharp contrast to the corresponding C-centered Sy2 reac-
tions, where the postreaction complex is usually the deep global
minimum of the PES, especially for X = F, if the atomic number
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Figure 3. Structures of the stationary points of the X~ + NH,X [X = F, C, Br, I] reactions showing the most important bond lengths (A) and angles
(deg) obtained at the CCSD(T)-F12b/aug-cc-pVTZ-(PP) level of theory. The underlined structural parameters are obtained at the MP2/aug-cc-
pVDZ-(PP) level of theory.
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Figure 4. Structures of the stationary points of the X~ + NH,Y [X,Y = F, Cl, Br, I; X # Y] reactions showing the most important bond lengths (A)

and angles (degrees) obtained at the CCSD(T)-F12b/aug-cc-pVTZ-(PP) level of theory. The underlined structural parameters are obtained at the
MP2/aug-cc-pVDZ-(PP) level of theory.

of X is less than Y (X < Y). These findings are in accord with X~ + NH,Y reaction. For both reaction families the
the reaction enthalpies, because the X~ + CH;Y (X < Y) S\2 exothermicity increases with increasing Y and decreasing X;
reactions are significantly more exothermic than the corresponding thus, the F~ + NH,I and F~ + CH,I Sy2 reactions are the most
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Table 1. Benchmark Classical and Adiabatic Relative Energies, in kcal/mol, Obtained as CCSD(T)-F12b/aug-cc-pVSZ(-PP) +

Core Electron Correlation Correction (A

core

) + Zero-Point Energy Correction for the Latter (Apg) of the Various Minima,

Transition States, and Product Channels for the X~ + NH,X [X = F, Cl, Br, I] Reactions (See Figures 1 and 3 for the Notations)

SZ° Amreb Agpr© classical?  adiabatic®

F~ + NH,F 0.00 0.00 0.00 0.00 0.00
HF + NHEF~ 15.50 0.17 -385 15.67 11.82
H™ + NHF, 90.83 027 —4.99 91.10 86.11
F, + NH,~ 97.22 0.24 —436 97.45 93.09
F,” + NH, 45.51 0.13 —472 45.64 40.92
FHF™ + NH 29.92 0.51 —6.13 30.42 2429
IM1 —27.94 —0.01 0.05 —27.95 —27.89
M1’ 2328 0.00 0.32 —23.28 —22.96
M3 —-8.54 0.15 —-1.74 —-8.39 —10.12
M4
TS1 —11.26 028 025 —10.98 —1123
TS2 39.27 0.26 —2.43 39.53 37.10
TS2 4747 0.31 -1.88 47.77 45.89
TS3 —7.65 0.14 —2.07 —7.51 —-9.58

SZ2¢ A’ Agpr© classical”  adiabatic®
Br~ + NH,Br 0.00 0.00 0.00 0.00 0.00
HBr + NHBr™ 54.95 0.01 -529 54.96 49.67
H™ + NHF, 119.59 —-0.18 —624 119.41 113.17
Br, + NH,~ 69.62 0.06 —4.08 69.68 65.60
Br,” + NH, 27.96 0.14 —-3.99 28.10 24.11
BrHBr™ + NH 86.08 0.15 —835 86.23 77.88
IM1 —14.84 —-0.19 043 -15.03 —14.60
M1’ 1431 —0.16 021 —14.47 —14.26
IM3 40.52 —027 —4.40 40.25 35.85
IM4 —-9.39 -0.13 0.00 —9.52 -9.52
TS1 —2.92 0.10 —0.53 -2.82 -3.35
TS2 41.15" 0.12 249 4127 43.76
TS2' 4498 0.35 —2.08 4533 4325
TS3 38260 -03¥  —1.05 3793 36.89"

577 Acmb Agpr© classical? adiabatic®
CI™ + NH,CI 0.00 0.00 0.00 0.00 0.00
HCl + NHCI™ 46.72 0.12 —4.99 46.84 41.85
H™ + NHCI, 115.64 —0.02 —-5.93 115.62 109.70
Cl, + NH,~ 73.16 0.02 —4.12 73.19 69.06
Cl,” + NH, 35.01 0.18 —422 35.19 30.97
CIHCI™ + NH 76.55 0.58 —8.44 77.12 68.69
IM1 —-16.97 —0.06 045 ~17.03 —16.58
M1’ —~16.02 —0.03 0.27 —16.06 —15.79
IM3 31.07 0.01 —3.79 31.08 27.29
IM4 —4.10 —0.03 021 —4.13 —3.92
TSI ~1.19 0.30 —0.48 —0.88 ~136
TS2 46.86 0.40 —-1.63 4725 45.62
TS2' 48.18" 0.48 —1.39 48.66" 4727
TS3 31.66 0.03 —4.07 31.69 27.62
SZ2° A’ Agpr© classical”  adiabatic®
I” + NH,I 0.00 0.00 0.00 0.00 0.00
HI + NHI 61.12 —0.10 -5.53 61.02 55.50
H™ + NHI, 120.83 —0.39 —641 120.44 114.03
I, + NH,™ 65.82 0.10 -391 65.92 62.01
L, + NH, 24.60 0.11 -3.73 24.71 20.98
IHI™ + NH 99.31 —0.24 —-8.52 99.08 90.55
IM1 —12.59 —041 0.42 —~12.99 —12.58
M1’ —12.30 —0.35 0.19 —12.64 —12.45
IM3 4820 —0.67 -5.14 47.53 42.40
IM4 —13.63 -0.33 —0.08 —-13.96 —14.04
TS1 -508  —039 226" 544 -3.18
TS2 4056  —0.18 1.60" 4037 41.97
TS2' 3724 0.79" 0.39 38.03 3842
TS3 50.01 —0.64 —5.04 49.37 44.33

“Frozen-core energies obtained at the CCSD(T)-F12b/aug-cc-pVSZ(-PP) level of theory at CCSD(T)-F12b/aug-cc-pVTZ(-PP) geometries. bCore
correlation effects obtained as differences between all-electron and frozen-core energies at the CCSD(T)/aug-cc-pwCVTZ(-PP) level of theory at
CCSD(T)-F12b/aug-cc-pVIZ(-PP) geometries. “Harmonic zero-point energy corrections at the CCSD(T)-F12b/aug-cc-pVTZ(-PP) level of
theory. 9Benchmark classical relative energies obtained as CCSD(T)-F12b/aug-cc-pVSZ(-PP) + A_,.. “Benchmark adiabatic relative energies
obtained as CCSD(T)-F12b/aug-cc-pVSZ(-PP) + A .. + Azpp. FThese results are obtained using MP2/aug-cc-pVDZ(-PP) geometries.

exothermic with 0 K reaction enthalpies of —16.6 and —45.2"
kcal/mol, respectively.

Besides the back-side attack H-bonded complexes we have
also found halogen-bonded front-side attack minima (IM4,
C, symmetry), where X~ connects to Y (see Figures 3 and 4).
The X™---YNH, front-side complex is the most stable if Y = I
and in these cases the IM4 minima are deeper than the corre-
sponding IM1. For the F~ + NH,I reaction the front-side
IM4 is the global minimum of the PES with classical depth of
35.9 kcal/mol, whereas the corresponding IM1 is 31.4 kcal/mol
deep. In the case of smaller leaving groups the front-side com-
plexes are less stable, for example, the CI™---CINH, minimum is
only 4.1 kcal/mol deep, whereas the depth of the H-bonded IM1
is 17.0 kcal/mol, and we could not find a front-side minimum for
the F~ + NH,F system. Similar front-side minima were recently
reported for the C-centered Sy2 reactions as well.”*'>*%* As
the H-bonded minima, the front-side minima are deeper for the
N-centered reactions than the corresponding C-centered analogue.
For the latter, the F~--ICH; complex with depth of 22.6 keal/mol
was also found to be more stable than the H-bonded complex
with dissociation energy of 20.3 kcal/mol."* Our recent dynam-
ics simulations for the F~ + CHj;l reaction revealed significant
front-side complex formation;® thus, IM4 may play an
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important role in the mechanisms of some of the N-centered
SN2 reactions as well.

The above-described substitution pathway of the X~ + NH,Y
reactions via the submerged TS1 is the back-side attack Walden-
inversion mechanism of N-centered Sy2 reactions. As shown in
Figures 1 and 2 there is a front-side attack retention Sy2 path-
way via a high barrier corresponding to a transition state denoted
by TS2. The barriers are around 40 kcal/mol for X = Cl, Br, I and
smaller for X = F. The smallest front-side attack classical barrier
of 24.7 kcal/mol is found for the F~ + NH,]I reaction, whereas
the corresponding value for F~ + CHjl is 20.1 kcal/mol,"
which is also the smallest among the analogous C-centered Sy2
reactions.”” TS2 of the identity X~ + NH,X systems has C,
symmetry, where only the N atom is involved in C plane as
shown in Figure 3. The N—X bonds are stretched by 0.6—0.9 A
relative to the corresponding bond lengths of the NH,X mol-
ecules and the XNX angles are around 85°. In the case of the
nonidentity reactions TS2 has similar structure as described
above; however, due to the different ligands the C; symmetry
obviously breaks (see Figure 4). In both the identity and non-
identity cases two equivalent TS2s exist corresponding to the
exchange of the X, X and X, Y atoms, respectively. In both cases
we have found a second-order saddle point (TS2’, C; symmetry),
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Table 2. Benchmark Classical and Adiabatic Relative Energies, in kcal/mol, Obtained as CCSD(T)-F12b/aug-cc-pVSZ(-PP) +
Core Electron Correlation Correction (A,.) + Zero-Point Energy Correction for the Latter (Apg) of the various Minima,
Transition States, and Product Channels for the X~ + NH,Y [X,Y = F, Cl, Br, I] Nonidentity Reactions (See Figures 2 and 4 for

the Notations)

527 Acmb Azprs classical”  adiabatic® 5Z° Acmb Apr classical’  adiabatic®
F~ + NH,Cl 0.00 0.00 0.00 0.00 0.00 F~ + NH,Br 0.00 0.00 0.00 0.00 0.00
Cl~ + NH,F —13.90 027 0.77 —13.64 —-12.87 Br~ + NH,F —-17.68 0.33 1.14 -17.35 -1621
HF + NHCI 7.07 0.24 -3.35 7.31 3.96 HF + NHBr~ 4.62 0.35 -3.15 497 1.82
H~ + NHCIF 98.09 027 —5.16 98.36 93.20 H~ + NHB:F 99.12 0.20 —5.17 99.32 94.15
CIF + NH,~ 64.61 0.22 —3.79 64.83 61.04 BrF + NH,~ 56.34 0.58 —3.58 56.91 53.33
CIF~ + NH, 30.52 0.28 —4.07 30.81 26.74 BrF~ + NH, 21.88 0.42 —3.77 22.30 18.54
CIHF + NH 36.80 0.73 —4.50 37.52 33.02 BrHF~ + NH 36.44 0.66 —4.20 37.10 32.90
IM1 —-30.24 0.02 —0.45 -30.22 —-30.67 IMI —-30.64 0.04 —0.61 —30.60 -3121
M1’ —23.72 0.02 0.40 —23.70 —23.30 M1/ —23.69 0.02 0.32 —23.67 —-23.35
IM2 -30.17 0.20 1.28 —-29.96 —28.69 IM2 —-32.04 0.17 1.57 —31.87 —-30.31
M2/ —-29.81 022 1.04 —-29.59 —28.55 M2/ —-31.98 0.19 1.36 —31.80 —30.44
IM3 -10.35 0.15 —1.56 —-10.20 -11.76 IM3 —-10.99 0.17 —1.53 —-10.82 —12.35
IM4 —12.13 0.06 0.30 —~12.06 —-11.77 IM4 —23.60 0.22 0.25 —-23.38 —-23.13
TS1 —12.26 0.41 —0.08 —~11.85 —-11.93 TS1 —14.32 0.32 0.04 —-13.99 —-13.96
TS2 35.01 0.46 -1.72 35.47 33.75 TS2 30.09 0.61 —143 30.70 2927
TS2' 38.02 0.52 —1.34 38.54 37.20 TS2' 31.99 0.71 -1.37 32.70 31.33
TS3 —9.87 0.16 —-1.83 -9.71 —11.54 TS3 -10.52 0.16 —1.79 —-10.36 —12.15
sz* Aot Ay’ classical?  adiabatic® Y/ Aot Ay’ classical?  adiabatic®
F~ + NH,I 0.00 0.00 0.00 0.00 0.00 CI~ + NH,Br 0.00 0.00 0.00 0.00 0.00
I” + NH,F —18.53 0.48 1.46 —18.05 —-16.59 Br~ + NH,CI 378 0.07 0.37 —371 —3.34
HF + NHI™ 123 0.37 -2.92 1.60 —-1.32 HCl + NHBr~ 4427 0.23 —4.80 44.50 39.70
H~ + NHIF 100.83 0.16 -5.16 100.99 95.82 H~ + NHBrCl 115.77 —-0.07 —5.90 115.70 109.80
IF + NH,~ 44.62 1.06 -333 45.68 4236 BrCl + NH,~ 69.28 0.14 —391 69.42 65.50
IF~ + NH, 14.07 0.73 —3.46 14.81 1135 BrCl™ + NH, 29.18 0.22 —-391 29.40 25.48
IHF~ + NH 39.24 0.67 -3.95 39.91 35.96 BrHCI™ + NH 77.43 0.49 —6.79 77.92 71.13
IMI —31.40 —0.01 —-0.95 3141 —-32.36 IM1 —-16.99 —-0.07 0.47 —17.06 -16.59
IM1’ —23.58 —0.05 0.34 —23.63 —23.30 M1’ -15.91 —0.05 0.29 —-15.96 —15.67
IM2 —-3091 022 1.68 —30.68 —29.00 IM2 -18.62 —0.11 0.79 -18.73 —-17.94
M2/ —30.92 022 1.74 —30.69 —28.96 M2/ —18.19 —0.08 0.58 1826 —-17.69
IM3 —12.49 0.10 —-142 —-12.39 —-13.81 IM3 30.45 0.03 -371 30.47 26.76
IM4 —36.39 0.52 0.27 —-35.86 —35.59 IM4 —11.10 0.00 0.09 —11.10 —11.01
TSI —13.45 021 0.15 —13.24 —13.09 TS1 —-3.82 0.23 —0.33 —3.60 -392
TS2 24.18" 0.53 322" 247V 2793 TS2 42.40 0.59 —-1.56 42.98 41.42
TS2' 27.95 0.96 -1.17 2891 27.74 TS2' 44.60 0.53 —1.57 45.13 43.56
TS3 —11.65 0.07 —1.61 —11.58 -13.19 TS3 30.84 0.03 -3.97 30.87 26.90
sz* A’ Agpg” classical”  adiabatic® sz* Aot Agpg” classical”  adiabatic®
Cl™ + NH,I 0.00 0.00 0.00 0.00 0.00 Br™ + NH,I 0.00 0.00 0.00 0.00 0.00
I” + NH,CI —4.63 0.22 0.69 —4.41 -3.72 I~ + NH,Br -0.85 0.15 0.32 —0.70 —-0.38
HCl + NHI™ 40.87 0.26 —4.56 41.12 36.56 HBr + NHI™ 51.55 0.04 —5.06 51.59 46.53
H~ + NHICI 116.33 —0.11 —5.84 11621 110.38 H~ + NHIBr 119.94 —021 —6.18 119.73 113.55
ICl + NH,~ 64.30 0.43 —3.67 64.73 61.06 IBr + NH,~ 66.11 0.22 —3.83 66.33 62.50
ICI” + NH, 25.28 041 —3.62 25.69 22.07 IBr~ + NH, 25.16 0.26 —3.70 25.42 21.72
IHCl™ + NH 80.66 0.48 —-625 81.14 74.89 IHBr~ + NH 90.65 0.12 —-7.19 90.77 83.58
M1 —17.20 —0.12 0.53 -17.32 —-16.79 IM1 —14.99 —0.26 0.52 —-15.25 —-14.73
IM1’ —15.75 —0.11 0.30 —-15.86 —-15.56 IM1’ —14.17 —022 0.23 —14.40 —-14.16
M2 -17.17 —0.10 1.05 —-17.26 1621 IM2 —13.35 —0.18 0.66 —13.54 —12.88
IM2/ —17.11 —-0.05 0.85 -17.16 —-16.30 M2/ —13.25 —0.14 0.50 —-13.39 —12.89
M3 2891 —0.07 -3.55 28.84 25.29 IM3 39.10 —-0.39 —4.29 38.70 3441
IM4 —19.01 0.09 0.07 —18.92 —18.85 IM4 —16.4S —-0.10 —0.03 —-16.55 —16.58
TS1 —345 0.12 —-0.18 -3.32 -3.50 TS1 -2.83 0.01 —0.38 —2.82 —-3.20
TS2 39.78 0.71 —1.50 40.49 38.98 TS2 40.48 0.64 —2.00 41.13 39.13
TS2' 3157 282" 578 34.32 401V TS 35.70" 220" 5.62 37.90" 43.52
TS3 29.52 —0.08 —3.80 29.44 25.64 TS3 4021 —-0.38 —442 39.82 35.40

“Frozen-core energies obtained at the CCSD(T)-F12b/aug-cc-pVSZ(-PP) level of theory at CCSD(T)-F12b/aug-cc-pVTZ(-PP) geometries. bCore
correlation effects obtained as differences between all-electron and frozen-core energies at the CCSD(T)/aug-cc-pwCVTZ(-PP) level of theory at
CCSD(T)-F12b/aug-cc-pVIZ(-PP) geometries. “Harmonic zero-point energy corrections at the CCSD(T)-F12b/aug-cc-pVTZ(-PP) level of
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Table 2. continued

theory. “Benchmark dlassical relative energies obtained as CCSD(T)-F12b/aug-cc-pVSZ(-PP) + A_,.. “Benchmark adiabatic relative energies
obtained as CCSD(T)-F12b/aug-cc-pVSZ(-PP) + A o + Agpy. FThese results are obtained using MP2/aug-cc-pVDZ(-PP) geometries.
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Figure 5. Convergence of the CCSD(T)-F12b relative energies for the product channels and stationary points of the X~ + NH,Y [X,Y = F, Cl, Br, I]
reactions using the aug-cc-pVTZ(-PP), aug-cc-pVQZ(-PP), and aug-cc-pVSZ(-PP) basis sets.

where N, X, X and N, X, Y atoms are in the C, plane, con-
necting the two equivalent TS2 first-order stationary points as
seen in Figure 1. The classical barrier between the two TS2 is
the highest for F~ + NH,F, 8.2 kcal/mol, and becomes almost neg-
ligible for the heavier ligands. Similar front-side attack transition-
state structures were previously reported for the X~ + CH;Y
reactions; however, for the C-centered reactions the first-order
saddle points are TS2'-like for X = F and Y = F, C|, Br, I
(C, symmetry with C, H, X, Y in one plane) and TS2-like for
the other cases.*

As shown in Figures 1 and 2 proton transfer can also occur
between X~ and NH,Y resulting in HX + NHY™ products. Proton
transfer is highly endothermic for X = Cl, Br, I with reaction
enthalpies around 40—50 kcal/mol, whereas for X = F the 0 K
reaction enthalpies are only 11.8, 4.0, 1.8, and —1.3 kcal/mol for
Y =F, C], Br, and [, respectively. The F~ + NH,I — HF + NHI™
reaction is nearly isoenergetic and the ZPE correction changes
the sign of the reaction enthalpy from +1.6 to —1.3 kcal/mol.
A transition state (TS3) and a minimum (IM3) have been found
in the proton transfer region; both can be consider as postreaction
stationary points, where the N--H bond is nearly broken and
the H—X distance is stretched by only 0.05—0.2 A relative to the
corresponding bond length in the HX molecule. Similar to the
X™ + CH,Y systems, all the TS3 and IM3 stationary points are
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below the corresponding product asymptotes; thus, energetically
proton transfer can occur if enough energy is available to over-
come the endothermicity. Note that in the proton-transfer region
additional stationary points may exist as many of them were
found recently for the F~ + CH;l and Cl™ + CH;] reactions.*”">"”

Besides the above-discussed Sy2 (Y~ + NH,X) and proton-
transfer (HX + NHY ™) channels, we have also investigated addi-
tional endothermic product channels of the X~ + NH,Y [X,Y =F,
Cl, Br, 1] reactions such as H™ + NHXY, XY~ + NH,, XY +
NH, ", and XHY™ + NH as shown in Tables 1 and 2. Hydride
substitution leading to H™ + NHXY is highly endothermic since
the binding energy of the forming N—X bond is significantly less
than that of an N—H bond. The reaction enthalpies are around
90—120 kcal/mol and the ZPE corrections decrease them by
5—7 kcal/mol. Halogen abstraction is more endothermic than
proton abstraction as the 0 K reaction enthalpies of the former
are usually in the range of 20—30 kcal/mol with the extremes of
11.3 and 40.9 kcal/mol for F~ + NH,I and F~ + NH,F, respec-
tively. Halogen abstraction forms two doublet products, XY~
and NH,, which can occur on a singlet PES. We have inves-
tigated the XY + NH,~ channel of two singlet products, but, as
Tables 1 and 2 show, this channel is higher in energy by 30—55
kcal/mol than the corresponding XY~ + NH,; thus, on the
ground-state singlet PES the XY~ + NH, products can be formed.
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Another possible product channel is XHY™ + NH, which is more
endothermic than XY~ + NH,, except for F~ + NH,F, where
the 0 K reaction enthalpy of FHF™ + NH is only 24.3 kcal/mol.
For X =F and Y = F, Cl, Br, I the reaction enthalpies are in the
24—36 kcal/mol range, whereas for X, Y = Cl, Br, I, the reaction
enthalpies are in a higher range of 68—91 kcal/mol as shown in
Tables 1 and 2.

On the basis of the detailed electronic structure data, we can
analyze the accuracy of our benchmark predictions for the ener-
getics of the title reactions. Figure S shows the convergence of
the CCSD(T)-F12b relative energies with respect to the size of
the basis set for all the stationary points presented in Tables 1
and 2. Usually a smooth convergence is seen when increasing
the basis as aug-cc-pVTZ(-PP) (TZ) — aug-cc-pVQZ(-PP)
(QZ) — aug-cc-pVSZ(-PP) (5Z). The TZ and SZ data agree
within 0.2—0.8 kcal/mol and the accuracy of the QZ results is
often better than 0.2 kcal/mol. For the most important sta-
tionary points, such as the Sy2 product channel (Y~ + NH,X),
Walden-inversion transition state (TS1), and pre- (IM1) and
postreaction (IM2) complexes, the TZ and QZ bases usually
converge within 0.3 and 0.1 kcal/mol, respectively. In a few cases,
especially for the high-energy front-side attack transition states
(TS2 and TS2’) with Br and/or I, the SZ relative energies sub-
stantially differ from the TZ and QZ data as shown in Figure S.
For all these outliers the CCSD(T)-F12b geometry optimizations
do not converge and the energy computations are performed at
MP2 structures. Furthermore, T, diagnostics42 show that TS2
and TS2' have strong multireference character, because the T
values are as large as 0.04—0.10. Nevertheless, for the other sta-
tionary points the T, values are well below 0.02 or only slightly
above for TS1; thus, in these cases the use of the single-reference
methods is adequate. As Tables 1 and 2 show the core electron
correlation effects are usually small, but comparable with the basis
set error. Furthermore, in some cases, especially for TS2 and TS2’,
the core correlation contribution can be larger than 0.5 kcal/mol;
thus, not negligible if we aim for subchemical accuracy. Post-
CCSD(T) correlation effects are not considered in this
study; nevertheless, they are usually small, ie, a few tenths of
keal/mol.*'” Of course, for TS2 and TS2’ where the T, values
are large, one may expect much substantial post-CCSD(T)
correlation contributions. The ZPE corrections are often large,
especially for the different product channels, where A,y can be
around —4 kcal/mol, as seen in Tables 1 and 2. Furthermore,
the proton-transfer product-like TS3 and IM3 have also large
ZPE corrections of around —4 kcal/mol, in accord with the
Azpg of the corresponding HX + NHY™ product channels. On
the basis of the above discussion, we can conclude that the pres-
ent benchmark relative energies are accurate within a few tenths
of kcal/mol, although the TS2/TS2’ data and some of the
adiabatic results may have somewhat larger uncertainties due to
the multireference character and the neglected anharmonicity
of the vibrational frequencies, respectively.

IV. SUMMARY AND CONCLUSIONS

Motivated by the recent studies on C-centered Sy2 reactions
revealing several novel stationary points playing important roles
in the dynamics,'”"" we have characterized the PESs of the X~
+ NH,Y [X,Y = F, Cl, Br, I] systems using high-level explicitly
correlated coupled cluster computations. Besides several sta-
tionary points for the Sy2 and proton-transfer processes, we
have determined the reaction enthalpies of various endothermic
product channels. Unlike many previous DFT and MP2 studies,
we have performed geometry optimizations and harmonic fre-
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quency computations using the CCSD(T)-F12b/aug-cc-pVIZ-
(-PP) level of theory with relativistic effective core potentials
for Br and L. The best, benchmark-quality relative energies are
obtained at the above-defined geometries with the CCSD(T)-
F12b/aug-cc-pVSZ(-PP) level of theory considering additive
core correlation and ZPE corrections, thereby usually achieving
an accuracy within a few tenths of kcal/mol.

In the entrance and exit channels of all the X~ + NH,Y S\2
reactions there are deep H-bonded pre- and postreaction min-
ima (C, symmetry) separated by a first-order submerged Walden-
inversion transition state. The two equivalent H-bonded C,
minima are connected via a first-order saddle point of C; sym-
metry. Motivated by our previous work on the F~ + CH,Y [Y =
Cl and I] reactions,”® we have also found halogen-bonded front-
side complexes, which are more stable than the corresponding
H-bonded complexes for Y = I. Besides the back-side attack
Walden-inversion pathway a high-energy front-side attack mech-
anism also exists via transition state of C; and C; symmetry for the
identity and nonidentity systems, respectively. The two equiv-
alent front-side attack TSs corresponding to halogen exchange
are connected via a second-order saddle point of C, symmetry,
where XNY is in the C plane. Proton transfer, which is a low-
energy product channel for F~ nucleophile, proceeds through
product-like stationary points with energies below the product
asymptote. We report a transition state and a minimum for the
proton-transfer region, but based on similar studies on C-centered
reactions, additional stationary points can be expected. Among
the other endothermic product channels the halogen abstraction
(XY~ + NH,) and XHY™ + NH formation are found to be the
most important, that may play a role at accessible collision energies.

To gain more insight into the dynamics and mechanisms of
the X~ + NH,Y reactions, dynamics simulations would be desired.
Such simulations could investigate the effects of (a) the nucle-
ophile, (b) the leaving group, (c) the central atom in com-
parison to C-centered reactions, (d) H-bonded complex forma-
tion, (e) front-side complex formation, as well as the competition
between (f) direct and indirect dynamics, (g) inversion and
retention, (h) Sy2, proton-transfer, and other high-energy prod-
uct channels, etc. Furthermore, these dynamics computations may
reveal double inversion® in N-centered Sy2 reactions, which
was not investigated in this study, because double inversion may
be a nonintrinsic—reaction—coordinate pathway.** A simulation
was recently performed for the F~ + NH,CI reaction using the
direct dynamics method.” In the near future we plan to apply
an analytical ab initio PES-based approach to perform efficient
trajectory computations for an X~ + NH,Y reaction. For the
analytical PES development the present high-level ab initio
study provides definitive guidance since knowing the stationary
points and energetically available product channels is necessary.
Furthermore, the present work may motivate further theoretical
and experimental investigations of N-centered Sy2 reaction,
which would be desired, because the dynamics of N-centered Sy2
reactions is “largely unclear” compared to the well-studied
C-centered systems as Liu et al.”® concluded recently.
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