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Phosphorus-centered ion—molecule reactions:
benchmark ab initio characterization of the
potential energy surfaces of the X~ + PH,Y

[X, Y = F, Cl, Br, I] systems

Boldizsar Ballay, Timea Szlics, 2 Doéra Papp 2 * and Gabor Czako (2 *

In the present work we determine the benchmark relative energies and geometries of all the relevant
stationary points of the X~ + PH,Y [X, Y = F, CL, Br, ] identity and non-identity reactions using state-of-
the-art electronic-structure methods. These phosphorus-centered ion—-molecule reactions follow two
main reaction routes: bimolecular nucleophilic substitution (Sy2), leading to Y~ + PH,X, and proton
transfer, resulting in HX + PHY™ products. The Sy2 route can proceed through Walden-inversion,
front-side-attack retention, and double-/multiple-inversion pathways. In addition, we also identify the
following product channels: H™-formation, PH, - and PH,-formation, PH- and *PH-formation, Ha-
formation and HY + PHX™ formation. The benchmark classical relative energies are obtained by taking
into account the core-correlation, scalar relativistic, and post-(T) corrections, which turn out to be
necessary to reach subchemical (<1 kcal mol™) accuracy of the results. Classical relative energies are
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Introduction

Bimolecular nucleophilic substitution (Sy2) is one of the most
fundamental reactions in organic chemistry. Especially carbon-
centered Sy2 reactions have been widely studied, both by
experimental and theoretical means.'™ Initial kinetic measure-
ments showed that nucleophilic substitution, where a reactant
ion or other species that has a partial negative charge sub-
stitutes a similar part of the reactant molecule (leaving group),
can occur in two different ways: in the unimolecular Sy1
reaction the leaving group first detaches from the molecule,
and the new bond with the attacking nucleophile forms after-
wards; while in Sy2 the breaking and the forming bonds are
simultaneously present at the transition state (TS) of the
reaction, which is why the reaction rate depends on the con-
centrations of both the molecule and the nucleophile in the
latter case.® Stereochemistry is also a key aspect of Sy2 reac-
tions, whose stereoselectivity at C center was first measured in
1896 by Paul Walden;, however, the underlying Walden-
inversion mechanism was only described at the atomic level
in the 1930s by Ingold and co-workers.®® In the early work a
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augmented with zero-point-energy contributions to gain the benchmark adiabatic energies.

so-called front-side-attack pathway was also mentioned, which
leads to products with retained configuration, however, via a
high-energy barrier.® At the end of the 20th century the inves-
tigation of gas-phase Sn2 reactions reached a new level as a
result of the rapid progress of quantum chemistry: the thor-
ough theoretical mapping of the potential energy surfaces
(PESs) of such reactions became achievable. Prototypic X~ +
CH3Y [X, Y = F, Cl, Br, I] Sy2 reactions turned out to mainly
proceed through a central pentavalent Walden-inversion TS
with a collinear X-C-Y arrangement, with pre- and post-
reaction ion-dipole minima," and front-side TS geometries
with high energies relative to the reactants also being
determined.”™ A comprehensive high-level ab initio study
revealed so-called double-inversion'? TSs in SN2@C
reactions,"" while hydrogen- and halogen-bonded minima were
also found to be present.”***™”

Central-atom effects in Sy2 reactions have also been inves-
tigated: experiments showed that reactivity doubled upon chan-
ging the central atom from carbon to nitrogen,'® and a classical
TS structure was proposed for Sy2@N."° After lower-level the-
oretical studies,”** the benchmark energies and geometries of
the stationary points of the X~ + NH,Y [X, Y = F, Cl, Br, I]
reactions have also been determined.”® Silicon- and
phosphorus-centered Sy2 reactions have also been the subjects
of a number of theoretical studies.””*' Amongst Si@Sx2
reactions the identity X~ + SiH3X [X = F, Cl] systems were first
looked at,>”*2%>3¢ and the extensive studies of Bickelhaupt
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and co-workers revealed that replacing the central C atom with
the valence-isoelectronic Si atom transforms the Walden-
inversion transition state to a minimum on the PES, due to
stronger central-atom-ligand interaction and smaller steric
congestion.'®?*>3%1! The early investigations mainly used den-
sity functional theory methods; however, very recently a
thorough high-level ab initio characterization of numerous
stationary points of the X~ + SiH;Y [X, Y = F, Cl, Br, I] reaction
has been carried out.’” Despite the biochemical relevance of
phosphorus,**™** literature on P-centered substitution reac-
tions is very scarce. In the case of Sx2@P a Walden-minimum
was also observed,®**°*! and in both the P and Si-centered
cases front-side TSs were usually found to be submerged below
the energy of the reactants due to the larger size of the central
atom with respect to carbon.?**373% g2 reactions have also
been investigated in micro-solvated or aqueous environments,
which were shown to increase their barrier heights stabilizing
the nucleophile more than the TS geometries, where the
negative charge is smeared.*>™*’

In recent decades not only the stationary-points of a PES
could be characterized, but studying the atomic-level dynamics
of Sy2 reactions has also become a feasible task, mostly carried
out for Sx2@C." Cross-molecular beam experiments made it
possible to detect the outcome of single ion-molecule
collisions,*® which could be first explained by the so-called
direct dynamics approach, pioneered by Hase and co-workers
describing various Sx2 mechanisms: direct rebound, stripping,

complex formation, and roundabout."*** Later, our group
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introduced a new approach to model S\2 reactions,’ providing
statistically accurate dynamics results on full-dimensional ana-
lytical PESs, fitted on high-quality ab initio energy points, and
contributing to our knowledge of Sx2 reactions by discovering
the double-inversion mechanism,'? entrance-channel front-
side complex formation,'® an unexpected leaving-group
effect," and competition with bimolecular elimination,*® in
joint experimental-theoretical investigations in the latter two
cases. Compromised stereospecificity has been recently
revealed in Snx2 dynamics upon changing the central carbon
atom by nitrogen due to the facilitated inversion around the N
central atom.”® A detailed Sy2@Si dynamics study,*® as well as
one for the F~ + PH,Cl reaction®" have also appeared lately from
our group.

To uncover the characteristics of the X~ + PH,Y [X, Y = F, Cl,
Br, I] P-centered ion—molecule reactions, here we aim to
determine the benchmark geometries and relative energies of
many relevant stationary points using the best-available
electronic-structure methods, also taking into account core-
correlation, scalar relativistic, finite basis-set, and zero-point-
energy effects. Based on this comprehensive analysis we will be
able to make predictions related to their dynamics as well.

Computational details

As a first round, we search for stationary-point structures at the
MP2/aug-cc-pvVDZ>>>* level of theory. After identifying several
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Fig. 1 Benchmark geometries of the stationary points of the potential energy surfaces of the X~ + PH,X [X = F, Cl, Br, I] identity reactions along with their
classical and adiabatic (in parentheses) energies relative to the energy of the reactants. The underlined value is obtained at the MP2/aug-cc-pVDZ level of theory.
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stationary points, we further optimize their geometries at the
CCSD(T)-F12b/cc-pVDZ-F12 and the CCSD(T)-F12b/cc-pVTZ-F12
levels of theory,>* where the F12 basis sets, despite the lack of
the aug prefix, do contain diffuse functions as well.>®> At the
CCSD(T)-F12b/cc-pVTZ-F12 geometries we perform CCSD(T)-
F12b/cc-pVQZ-F12 single-point-energy computations to mini-
mize basis-set-convergence error. Using the CCSD(T)-F12b/cc-
pVTZ-F12 geometries further auxiliary energy contributions are
calculated to the AE relative energies: (1) core-correlation
correction: the effect of the correlation of the sub-valence-
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shell electrons, calculated using all-electron (AE) and frozen-

core (FC) CCSD(T) methods and the aug-cc-pwCVTZ>® basis set:
Acore = AE(AE-CCSD(T)/aug-cc-pwCVTZ)

— AE(FC-CCSD(T)/aug-cc-pwCVTZ), €))

(2) scalar relativistic effects determined by using the second-order
Douglas-Kroll (DK) Hamiltonian®” and the appropriate basis sets:>*>®

Are1 = AE(DK-AE-CCSD(T)/aug-cc-pwCVTZ-DK)

— AE(AE-CCSD(T)/aug-cc-pwCVTZ), )

Table 1 Energies (in kcal mol™) of the stationary points of the X~ + PH,X [X = F, CL, Br, I] identity reactions relative to the energy of the reactants at the
CCSD(T)-F12b/cc-pVQZ-F12 level of theory augmented with the auxiliary energy corrections (also in kcal mol™) at CCSD(T)-F12b/cc-pVTZ-F12

geometries, as described in the computational details section

Qz° [T 3[(Q) Aeore” Arel® Agps” Classical® Adiabatic”
F~ + PH,F
HF + PHF™ —2.59 0.04 0.00 0.10 —0.04 —-1.01 —2.50 —-3.51
PH,F SI 50.52 —0.06 —0.12 0.16 0.56 —1.00 51.06 50.06
H premin —25.83 0.02 —0.04 —0.01 —0.01 0.51 —25.88 —25.37
PT postmin —20.76 0.07 —0.02 0.02 —0.06 1.05 —20.75 —19.70
PT TS —20.76 0.07 —0.02 0.02 —0.06 1.05 —20.75 —19.70
Walden min —43.65 0.06 0.01 0.05 0.02 1.26 —43.51 —42.24
FS TS 8.15 —0.01 —0.31 0.41 0.83 0.92 9.07 9.98
FS TS’ —22.42 0.08 —0.03 0.24 0.23 0.60 —21.90 —21.29
H2 TS 9.02 0.01 —0.22 —0.09 —0.22 —2.85 8.50 5.65
pre-DI TS —18.40 0.04 —0.03 0.03 0.06 0.62 —18.31 —17.68
Cl™ + PH,CI
HCI + PHCI™ 24.91 —0.03 —0.07 0.01 —0.04 —2.37 24.77 22.40
PH,CI SI 43.55 —0.02 —0.09 0.14 0.57 —0.92 44.16 43.24
H premin —11.06 —0.02 —0.06 —0.09 0.02 0.09 —11.20 —-11.12
PT postmin 12.43 —0.03 —0.13 —0.11 —0.04 —1.29 12.13 10.84
PT TS 12.88 —0.02 —-0.12 —0.11 —0.03 —1.60 12.59 11.00
Walden min —26.18 —0.01 —-0.14 —0.07 —0.16 0.65 —26.55 —25.90
FS premin —2.29 —0.01 —0.06 —0.03 —0.08 0.16 —2.48 —2.32
FS TS 36.75 —-0.14 —0.50 0.31 0.65 0.32 37.07 37.38
FS TS 8.14 —0.07 —0.24 0.11 —0.06 0.31 7.88 8.19
H2 TS 37.18 —0.04 —0.41 —0.25 —0.49 —2.87 35.99 33.12
pre-DI TS 12.65 —0.02 —0.14 —0.10 0.06 —1.48 12.46 10.97
Br + PH,Br
HBr + PHBr— 32.55 —0.04 —0.08 —0.10 —0.21 —2.75 32.12 29.37
PH,Br SI 42.34 —0.01 —0.09 0.23 0.59 —0.90 43.06 42.16
PT premin —9.80 —0.02 —0.05 —0.19 —0.17 0.13 —10.24 —10.11
H postmin 21.12 —0.03 —0.15 —0.40 —0.41 —1.84 20.13 18.29
PT TS 21.59 —0.02 —0.14 —0.37 —0.37 —2.19 20.69 18.50
Walden min —24.14 —0.01 —-0.14 —0.30 —0.38 0.50 —24.97 —24.47
FS premin —5.56 —0.01 —-0.11 —0.12 0.08 0.05 —5.72 —5.68
FS TS 40.16 —0.18 —0.57 0.09 0.50 0.06 40.00 40.06
H2 TS 39.85 —0.04 —0.42 —0.49 —0.60 —2.94 38.30 35.36
pre-DI TS 20.73 —0.01 —0.18 —0.32 —0.24 —2.13 19.99 17.86
I + PH,I
HI + PHI 37.82 —0.05 —0.09 —0.18 —0.05 —3.06 37.45 34.40
PH,I SI 39.23 0.00 —0.07 0.36 0.53 —0.85 40.05 39.20
H premin —8.52 —0.01 —0.05 —0.35 0.00 0.11 —8.93 —8.82
PT postmin 28.15 —0.04 —-0.19 —0.75 —0.08 —2.45 27.09 24.64
PT TS 28.59 0.76 —0.95 —0.68 —0.08 —2.67 27.64 24.97
Walden min —21.03 0.00 —-0.17 —0.61 —0.13 0.38 —21.93 —21.55
FS premin —9.41 —0.01 —0.17 —0.29 0.14 —0.07 —9.73 —9.80
FS TS 42.42 —0.22 —0.66 —-0.19 0.77 —0.05 42.11 42.05
H2 TS 42.69 —0.02 —0.47 —0.82 —0.38 —3.03 41.01 37.98
pre-DI TS 26.20 —0.02 —0.28 —0.39 0.28 —2.47 25.80 23.33

@ CCSD(T)-F12b/cc-pVQZ-F12. ¥ CCSDT/aug-cc-pVDZ — CCSD(T)/aug-cc-pVDZ. ¢ CCSDT(Q)/aug-cc-pVDZ — CCSDT/aug-cc-pVDZ. ¢ AE-CCSD(T)/
aug-cc-pwCVTZ — FC-CCSD(T)/aug-cc-pwCVTZ. ¢ Scalar relativistic effects calculated as DK-AE-CCSD(T)/aug-cc-pwCVTZ-DK — AE-CCSD(T)/aug-

cc-pwCVTZ. f Zero-point vibrational energy contribution. £ Benchmark
" Benchmark adiabatic energy, the sum of benchmark classical energy
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classical energy, the sum of QZ, 3[CCSDT], 3[CCSDT(Q)], 4core, and Ayl
and Aypg.
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and (3) post-(T) energy contributions:

8[CCSDT] = AE(CCSDT/aug-cc-pvVDZ)

— AE(CCSD(T)/aug-cc-pVDZ) (3)
3[CCSDT(Q)] = AE[(CCSDT(Q)/aug-cc-pVDZ)
— AE(CCSDT/aug-cc-pVDZ)]. (4)

Thus, the benchmark classical energies for the stationary
points are determined as:

AE assical = CCSD(T)-F12b/cc-pVQZ-F12
+ 8[CCSDT[+ 3[CCSDT(Q)] + Acore + Arel

(5)

To obtain vibrationally adiabatic energies, we perform harmo-
nic frequency analysis at the CCSD(T)-F12b/cc-pVTZ-F12 level of
theory, and calculate the zero-point vibrational energy (ZPE)
contribution to the relative energy of each stationary point,
then determine the benchmark adiabatic energies as

(6)

In the case of all systems containing Br and I, we use effective
core potentials (ECPs) and the corresponding pseudo-potential
(PP) basis sets™ to replace the inner-core 10 (1s> 2s> 2p®) and 28
(1s* 2s* 2p°® 3s® 3p°® 3d'%) electrons of the halogen atoms,
respectively, except for the DK-AE-CCSD(T)/aug-cc-pwCVTZ-DK

AEadiabatic = AEclassical + AZPE-
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term of A4.. For open-shell products ROHF-based DK-AE-
UCCSD(T), AE-UCCSD(T), and UCCSD(T)-F12b as well as
UHF-based UCCSD(T), UCCSDT, and UCCSDT(Q) methods are
applied. All the electronic structure computations are carried
out with the Morero program package,® except for the CCSDT®
and CCSDT(Q)* results, which are obtained using the MRCC

program.®>®*

Results and discussion
1. The X  + PH,X [X = F, Cl, Br, I] identity reactions

First we map the potential energy surfaces of the X~ + PH,X
[X = F, Cl, Br, I] identity reactions. The benchmark relative
energies, both classical and adiabatic, along with the geome-
tries of the stationary points are shown in Fig. 1.

At first glance we can notice that the identity reaction with
the F atom shows some marked differences with respect to
the three other reactions. Amongst the proton-transfer (PT)
channels only the F reaction is exothermic, although just
2.5 kcal mol™" below the reactant asymptote. The transition
complex corresponding to Walden inversion is also the deepest
in the case of F (—43.5 kecal mol™"), and the remaining sta-
tionary points (except for the self-inversion (SI) barrier of PH,F,
which is the highest) are way lower in relative energy than those
corresponding to the other halogens.
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Fig. 2 Basis-set convergence of the CCSD(T)-F12b method in the case of the relative energies of the stationary points of the X~ + PHX [X = F, CL, Br, 1]

identity reactions. AVTZ =
AE(CCSD(T)-F12b/cc-pVDZ-F12).
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The traditionally very high-energy front-side TS (FS TS) of the
Sn2 channels of nitrogen and carbon-centered ion-molecule
reactions here is only of 9.1 kcal mol " relative energy in the
case of the F substituent, while it is still well above the reactants
for Cl, Br, and I. An interesting FS transition-state structure (FS
TS’) is also revealed much lower than the traditional FS TS, even
submerged by 21.9 kcal mol ™" below the reactants in the case of
X = F, which might play an important role in the dynamics of
these reactions. The non-reactively oriented FS premin is not
present for the F reaction, but it turns out to be submerged
below the reactants for all halogens. Taking a further look at
the entrance channel of the F~ + PH,F reaction, we find a deep
H-bonded pre-reaction minimum (however, much less deep
than the Walden minimum), and also a quite low-lying pre-DI
TS. These two stationary points have recently been revealed to
be responsible for the so-called multi-inversion mechanism in
the dynamics of the F~ + NH,CI reaction, leading to almost a
racemic mixture of the Sy2 products.’® The TS and post-
reaction minimum of the PT channel are also submerged when
X = F, thus PT is also barrierless, like all the Walden-inversion
reaction routes, in this case. We also find another transition
state, H2 TS, at a similar height as FS TS with a somewhat
distorted structure featuring two H atoms very close to each
other. The imaginary vibrations in this geometry, with corres-
ponding frequencies above 1000i cm™ ', involve a mixture of
P-H and H,-stretching motions and therefore suggest that this
TS is related to the H, formation product channel (see below).

The stationary-point energies for the X = CI, Br, and I
reactions always follow a trend: their relative energies increase
as the size of the halogen increases, except for the FS premin
and the self-inversion barriers. SI barriers are generally high,
especially with respect to those of the NH,X [X = F, Cl, Br, I]
molecules.?® Moreover, entrance-channel inversion is also not
expected to be very relevant in the X = Cl, Br, I reactions,
because although H premin is quite deep, but the corres-
ponding inversion TS (pre-DI TS) is rather high-lying (with a
gap of 34.7 kecal mol ™" for X = I), making this induced-inversion
barrier difficult to surmount. In addition, the Walden minima
for these halogens are about 15 kcal mol™" deeper than the
H premins, suggesting a preference for the single-inversion
mechanism. The PT product channel becomes more and
more endothermic and its TS and postmin more and more
high-lying with respect to the H-bonded premin and the Walden
minimum, making it less and less competitive with the Sx2 channel
as we go downwards in the periodic table with X. The front-side-
attack Sy2 retention pathway is expected to be the most competitive
with the Walden-inversion for X = F, owing to the submerged FS TS’
and the low-lying traditional FS TS.

The relative energies of the X~ + PH,X [X = F, Cl, Br, I]
identity reactions obtained at different levels of theory, along
with the auxiliary energy corrections and ZPE contributions are
listed in Table 1. Basis-set-convergence data are also presented
in Fig. 2; and core-correlation, scalar relativistic and post-(T)
corrections are shown in Fig. 3. As can be seen from Table 1
and Fig. 2, the basis-set convergence of the CCSD(T)-F12b
method is excellent, because while the difference between the

This journal is © the Owner Societies 2023
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cc-pVDZ-F12 and cc-pVQZ-F12 (the latter considered as a refer-
ence) results is usually above 1 kcal mol " (and always positive),
the cc-pVTZ-F12 and cc-pVQZ-F12 relative energies differ only
by a few 0.1 kcal mol ', with mixed signs (all positive for X = F).
The basis-set errors are the smallest for the X = CI reaction.

To take the effect of higher-order excitations into account,
we calculate both the CCSDT and CCSDT(Q) contributions to
the relative energies of the stationary points of the X~ + PH,X
[X =F, Cl, Br, I] identity reactions, shown in Table 1 and Fig. 3.
The difference in the CCSD(T) and CCSDT values is only
0.1-0.2 kcal mol ™", sometimes even negligible, and using the
CCSDT method mostly reduces the relative energies, except for
the F~ + PH,F reaction. In contrast, the (Q)-T corrections are
larger, especially for the FS TS’ structures, and always negative,
except for the Walden minimum when X = F. Both the §[CCSDT]
and J[CCSDT(Q)] corrections have outstanding values,
>0.5 kcal mol ™', although of opposite signs, for the PT TS of
the I” + PH,I reaction.

As to the effect of correlating the sub-valence-shell electrons,
shown also in Fig. 3, one can observe mixed-sign corrections of
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Fig. 3 Post-(T), scalar relativistic and core-correlation corrections to the
relative energies of the stationary points of the X~ + PHX [X = F, Cl, Br, 1]
identity reactions. 8[CCSDT] = AE(CCSDT/aug-cc-pVDZ) — AE(CCSD(T)/
aug-cc-pVDZ), 8[CCSDT(Q)l = AE(CCSDT(Q)/aug-cc-pVDZ) — AE(CCSDT/
aug-cc-pVDZ), Acore = AE(AE-CCSD(T)/aug-cc-pwCVTZ) — AE(FC-CCSD(T)/
aug-cc-pwCVTZ), and 4,q = AE(DK-AE-CCSD(T)/aug-cc-pwCVTZ-DK) —
AE(AE-CCSD(T)/aug-cc-pwCVT2Z).

Phys. Chem. Chem. Phys., 2023, 25, 28925-28940 | 28929


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3cp03733a

Open Access Article. Published on 02 October 2023. Downloaded on 2/4/2026 7:32:30 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

View Article Online

Paper PCCP
1.604 1.698
0.917 2.065 2.185 1582
1276 1419 pH.,X 2.236 PHX- 2352 PH.X SI 2.000
1419 1415 27 2460 2548 2 159
HX 1.616 1.415 1434 1 2.364

| 1418 ’.,_1-‘
Y. 4 1.427

1.427 T

e 931
: 1.746 1.540 924
1oe 1746 1272 962 5195 2246 0950 917
Hpremin 5255 ' ' ' 2.358 2.355 1.305
0.993 2470 2533 104.9 PTTS 'l /
2.191 ‘
2.388 -
2661 4 )
N 1825 0.950
81.49
1764  PT postmin '-941 1.322 78.07 167.7
‘ 175.7 2.050 1477 76.06 168.3
174.9 2.154 1,691 ' 168.9
2338 H2 TS
: 1.696 FSTS’ 169.7
FS premin FSTS ¢ 2218 84.8
o0 ¢
’ T T \ 2 . /'I heEe 913 , \-—’/I ..'...".
Co ur ©f
- - 1 ge 813 1732
2.045 3.162 84.0 L 778 2349
2.245 3.178 86.7 2.287 757 2623
2513 3.369 87.6 2467 - ==
894 2.700

Fig. 4 Selected structural parameters of the stationary points of the X~ + PH,X [X = F, Cl, Br, I] identity reactions obtained at the CCSD(T)-F12b/cc-
PVTZ-F12 geometries. Bond lengths are in A, angles are in degrees. The underlined values are obtained at the MP2/aug-cc-pVDZ level of theory.

a few 0.1 kecal mol ' for X = F and Cl, which become larger
negative values for the X = Br and I reactions, suggesting a
stronger contribution from the outer core electrons. Relativistic
effects of the inner core of the Br and I atoms are partly
considered by using ECPs, however, further relativistic energy
corrections can be obtained by using the Douglas-Kroll
approach. These latter contributions are also plotted in Fig. 3,
and show quite large values (sometimes several 0.1 kcal mol %),
both negative and positive, which are not usual for second-row
central atoms in Syx2 reactions, therefore might emerge due to
the presence of phosphorus.

The adiabatic ZPE contributions listed in Table 1 are more
and more negative and significant values as we go down in the
periodic table, especially for the PT channel, where these are
the results of two effects: (1) the number of the vibrational
degrees of freedom (DOFs) decreases from 6 to 4 from reactants
to products, causing a decrease in the ZPE of the products, and
(2) while the forming H-F bond is stronger, and therefore has
higher frequency, than the breaking P-H bond, the H-X bond
becomes weaker and weaker as the size of the halogen
increases, resulting in smaller and smaller ZPE for the pro-
ducts. The ZPEs of the Walden and H-bonded entrance-channel
minima are always larger than the ZPE of the corresponding
reactant, and the FS premin also features larger ZPE contribu-
tions in the case of X = F, Cl, Br with respect to the reactants,

28930 | Phys. Chem. Chem. Phys., 2023, 25, 28925-28940

however with smaller and smaller values when going from F to
I(Br). The reason behind this, apart from the increasing num-
ber of DOFs, may be the lengthened P-X bonds in the mini-
mum structures (see Fig. 4) due to the increase in the size of
the halogen, and thus the lower frequencies in the complexes.
A special case is the FS premin structure, where a halogen-
halogen bond is present, which, however, follows the same
tendency. The pre-DI TS geometries, where the H-X bonds
lengthen with increasing halogen-atom size (Fig. 4), also show
decreasing ZPE contribution relative to the reactants. The
largest negative values are seen for H2 TS, where the ZPE of
the TS does not contain the contribution of the imaginary
frequency, which is >1000{ cm ™" in all four cases.

In Fig. 4 we plot some important structural parameters for
the X~ + PH,X [X = F, Cl, Br, I] identity reactions. Besides the
obvious growth of the P-X and H-X bond lengths with increas-
ing X size, and the practically constant values of the P-H bonds
in the PH,X and PHX™ geometries, we can notice some clearly
reactant- (H premin and FS premin) and product-like (PT TS
and PT postmin) geometries. In FS premin the P-X bonds are
only slightly longer than in PH,X, while the halogens are rather
far from each other. The situation is similar for H premin, that
is, for the P-X bonds and long H-X distances. PT postmin
features short H-X bond lengths, increasingly longer as the
X size grows, than those of the HX molecules, but shorter than

This journal is © the Owner Societies 2023
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in the PT TS geometry. The P-X distances in PT postmin are
also increasingly longer than in PT TS with F — I (except for CI).
These observations for the PT channel are in accordance with
its increasingly endothermic nature as going down in the
periodic table, based on Hammond’s postulate.®® The X-P-X
angles always increase with increasing halogen-atom size in
both the FS and H2 TSs, in contrast to the X-P-H angles, which
decrease as they involve larger halogen atoms, e.g., in the PHX,
PT TS, postmin, and FS TS’ structures. The P-H-(attacking)X
angle is almost linear (only slightly less than 180°), and
decreases from X = Cl to I, while this angle is slightly greater
than 180° for X = F.

We show the relative energies of some alternative product
channels of the X~ + PH,X [X = F, Cl, Br, I] identity reactions in
Table 2. All of these product channels are endothermic, except
H, + PF, (—8.7 kcal mol ™ reaction energy): the highest-energy
products are the X, + PH,  for X = F and Cl, which correspond
to excited electronic states as the two doublet species (X,  +
PH,) have deeper energies, and the H™ + PH,X for X = Br and I,
whereas the lowest-energy channel is always H, formation,
followed by the one leading to triplet PH (except for X = I).
The energy difference between the excited singlet-state PH and
the triplet one is around 26.5 kcal mol™, but on a singlet PES
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the only way to produce a PH molecule is through the for-
mation of 'PH. The reaction energies of the H, + PX, , H™ +
PH,X and the XHX  + PH (singlet or triplet) channels are larger
and larger as we go from F to L. In contrast, the remaining two
product channels, which differ only in the position of the
negative charge, become less and less endothermic as the size
of the halogen increases. The CCSDT corrections are the
largest, around —3.8 kcal mol " for the 'PH formation channel,
which is very unusual and may require further investigations,
and the second largest for the X,~ + PH, reactions, however,
their absolute values are below 1 kcal mol ', except for X = F.
The CCSDT(Q) contributions are usually negative values of a
few 0.1 kcal mol ™", except the largest correction, which corre-
sponds to the F,~ + PH, product channel. The core-correlation
and scalar relativistic effects are also in the magnitude of the
3[(Q)] contributions, mostly with positive and negative signs,
respectively. The ZPE-contributions are always negative values,
between —2.5 and —5.2 kcal mol™', as in many of these
alternative reaction routes multiple bonds are affected, along
with the formation of some rather exotic species.

As is clear from the above observations, we must take into
account all the above auxiliary energy corrections, if we want to
reach subchemical, that is, <1 kcal mol ', accuracy for our

Table 2 Reaction energies (in kcal mol™2) of alternative product channels of the X~ + PH,X [X = F, CL, Br, I] identity reactions relative to the energy of the
reactants at the CCSD(T)-F12b/cc-pVQZ-F12 level of theory augmented with the auxiliary energy corrections (also in kcal mol™) at CCSD(T)-F12b/cc-

pVTZ-F12 geometries, as described in the computational details section

Qz* 3[TP 3[(Q) Aeore” Arel® Agpr” Classical® Adiabatic”
F~ + PH,F
H ™ + PHF, 25.26 0.22 0.05 —0.04 —0.05 —3.18 25.44 22.25
F, + PH, 126.58 0.00 —0.73 0.40 —0.36 —2.92 125.90 122.97
F,” + PH, 86.37 —1.53 —1.59 0.17 —0.36 —3.25 83.07 79.81
FHF + 'PH 36.11 —3.72 —0.32 0.86 —0.28 —2.51 32.64 30.13
FHF ™ + °PH 9.56 0.03 0.08 0.04 —0.28 —2.54 9.43 6.89
PF,” + H, —8.78 0.17 —0.08 0.11 —0.12 —2.49 —8.70 —11.20
Cl~ + PH,CI
H™ + PHCI, 74.01 0.11 —0.10 —0.20 —0.27 —3.98 73.56 69.58
Cl, + PH, ™ 77.35 —0.09 —0.15 0.09 —0.23 —2.79 76.97 74.18
Cl,” + PH, 50.78 —0.94 —0.62 0.12 —0.34 —2.86 49.00 46.14
CIHCI™ + 'PH 57.54 -3.79 —0.34 0.82 —0.22 —4.92 54.01 49.09
CIHCI™ + *PH 30.99 —0.04 0.06 0.00 —0.21 —4.95 30.80 25.86
PCl,” + H, 15.66 0.10 —0.22 —0.01 —0.25 —3.45 15.28 11.83
Br~ + PH,Br
H™ + PHBr, 83.63 0.11 —0.13 —0.52 —0.21 —4.27 82.89 78.62
Br, + PH, 70.00 —0.07 —0.15 0.30 0.20 —2.83 70.28 67.45
Br,” + PH, 39.68 —0.82 —0.45 0.25 0.06 —2.70 38.73 36.02
BrHBr~ + 'PH 63.16 -3.79 —0.34 0.57 —0.54 —4.90 59.04 54.14
BrHBr~ + °PH 36.62 —0.04 0.05 —0.25 —0.54 —4.93 35.83 30.91
PBr, + H, 19.29 0.10 —0.24 —0.13 —0.28 —3.77 18.74 14.97
I~ + PH,I
H™ + PHI, 91.96 0.11 —-0.17 —0.78 —0.05 —4.44 91.07 86.63
I, + PH, 59.90 —0.06 —-0.11 0.39 0.27 —2.73 60.39 57.66
I,” + PH, 30.24 —0.68 —0.33 0.29 0.08 —2.53 29.59 27.06
IHI™ + 'PH 70.18 —3.81 —0.35 0.24 —0.26 —5.16 66.00 60.84
IHI +*PH 43.64 —0.06 0.05 —0.58 —0.25 —5.19 42.79 37.60
PI,” + H, 21.04 0.13 —0.29 —0.31 —0.21 —3.93 20.36 16.44

@ CCSD(T)-F12b/cc-pVQZ-F12. ” CCSDT/aug-cc-pVDZ — CCSD(T)/aug-cc-pVDZ. © CCSDT(Q)/aug-cc-pVDZ — CCSDT/aug-cc-pVDZ. ¢ AE-CCSD(T)/
aug-cc-pwCVIZ — FC-CCSD(T)/aug-cc-pwCVTZ.  Scalar relativistic effects calculated as DK-AE-CCSD(T)/aug-cc-pwCVIZ-DK — AE-CCSD(T)/aug-
cc-pwCVTZ. / Zero-point vibrational energy contribution. £ Benchmark classical energy, the sum of QZ, 8[CCSDT], 8[CCSDT(Q)], Acore, and Are.
" Benchmark adiabatic energy, the sum of benchmark classical energy and A,pg.
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benchmark relative energies. Moreover, based on such systema-
tic analysis of the different energy contributions, we can assign
an ‘error bar’ to our calculated results, which in the case of the
title reactions is expected to be under £0.5 kcal mol .

2. The X~ + PH,Y [X, Y = F, Cl, Br, I] non-identity reactions

In Fig. 5 we plot the schematic energy diagram of the X~ + PH,Y
[X, Y = F, Cl, Br, I] non-identity reactions, where we always
consider the exothermic direction of the Sy2 reaction for an X-Y
combination. As expected, similar stationary points are found
here as for the identity reactions, only two additional structures
are identified: FS min and FS postmin. The first thing we can
notice is that there are always large energy gaps separating the
X =F systems from the other half of the non-identity reactions.
Both the PT and the Sy2 channels are exothermic when X = F,
and substantial relative-energy differences can be observed for
all the stationary points with respect to the X # F cases. The
most exothermic Sy2 reaction, —53.0 keal mol™?, corresponds
to the X = F, Y = I pair, and the reaction energy increases,
i.e., the exothermicity decreases, when going fromY=1toY =
Cl. The X # F SN2 reaction energies are also negative, however,
the PT channel is endothermic for these reactions, and is
28.1 kcal mol ™" in the highest-energy X = Br, Y = I case. The
deep Walden-inversion complex, which is the global minimum
for all three reactive systems, features relative energies between
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—27.0 and —66.9 kcal mol ", being around twice as deep for the
X = F reactions as for the others, following the X, Y =F, I; F, Br;
F, Cl; and about 25 kcal mol * higher the X, Y = Cl, I; Cl, Br; Br, I
increasing order. This energy order applies for all the other
non-identity stationary points as well, except for H2 TS. Thus,
the lowest energy stationary points can be found also for the
F~ + PH,l reaction. The largest differences in relative energy are
seen for the H2 TS between the X = F and the X # F reactions,
which for X =F, Y = Br lies 47.3 kcal mol ™" below, and for X = Br,
Y =1 31.8 kcal mol ™" above the reactant asymptote.

The H-bonded entrance-channel minima are also of signifi-
cant depth, closer in energy to Walden min when X = F, with a
low-lying (7 kcal mol ™" higher) inversion TS (pre-DI TS), found
only for the X = F, Y = Cl, Br reactions, which may promote pre-
reaction inversion leading to undermined stereoselectivity, as
seen for the F~ + NH,CI reaction.’® Since the PT channel is
exothermic when X = F and H premin has a quite PT-product-
like geometry (see below), the pre-reaction inversion might take
place during a proton-abstraction (induced inversion), which
can then either be followed by Sy2 or PT reactions. The PT
channel lacks both kinetic and thermodynamic barriers for the
X =F reactions, and the former holds for the remaining three as
well. The PT TS and postmin lie close to each other in the non-
identity case as well, with around —30 kcal mol ' relative
energies when X = F, while setting a substantial 17 keal mol "

(4
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Fig. 5 Benchmark geometries of the stationary points of the potential energy surfaces of the X~ + PH,Y [X, Y = F, Cl, Br, I] non-identity reactions along
with their classical and adiabatic (in parentheses) energies relative to the energy of the reactants. We consider the exothermic Sy2 reaction routes for a
given X, Y pair. The underlined values are obtained at the MP2/aug-cc-pVDZ level of theory.
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barrier for the X, Y = Br, I pair. These larger X # F barrier
heights can be attributed to the weaker Y---HX hydrogen bonds
with respect to the Y---HF connection.

The front-side attack substitution route leading to a retained
configuration around the central P atom has two kinds of
TS structures here as well, as already seen for the identity
reactions. However, here, while the X # F geometries of FS
TS’ are similarly pyramidal as those of the X = Y systems, this
transition state features different shapes for the X = F case, that
is, one of the H atoms is turned and placed between the two
halogen atoms, made possible by less steric congestion. The
pyramidal FS TS’ structures feature imaginary frequencies
around 300-400i cm~ ' and their motion along the imaginary
mode is the twist of the two hydrogens, whereas the non-
pyramidal X # Y # F FS TS’ geometries have imaginary
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frequencies of only 100-200; cm™" with a corresponding motion
of PH,F bending. FS TS’ lies always much lower than the classic FS
TS, with about 20 keal mol™* for the X = F reactions, and about
30 keal mol™* when X # F, indicating a lower-barrier, or even
barrierless in the X = F case, front-side-, or more appositely side-
attack, retention mechanism for the P-centered Sy2 reactions, with
respect to the C- and N-centered ones. FS postmin is a rather deep
minimum found in the exit-channel, with a productlike (see
below) geometry but similar to that of FS TS', only a few
keal mol™"' deeper than the Sy2 product asymptote, therefore it
guides the post-reaction system effectively to form the products.
The FS premin with non-reactive orientation is submerged below
the reactants in all cases, giving rise to notable hindering effects on
the reactivity. It has the deepest relative energy (—29.2 kcal mol ™)
in the P-I-F arrangement and the highest (—7.0 kcal mol ") for

Table 3 Energies of the stationary points (in kcal mol™), determined at the CCSD(T)-F12b/cc-pVQZ-F12 level of theory augmented with the auxiliary
energy corrections (also in kcal mol™) at CCSD(T)-F12b/cc-pVTZ-F12 geometries, as described in the computational details section, of the X~ + PH.,Y
[X=FandY = Cl Br, Il non-identity reactions, relative to the energy of the reactants

Qz° [T 3[(Q Acore” Arel® Agpe” Classical® Adiabatic”

F~ + PH,CI

HF + PHCI™ —14.55 0.07 0.00 0.13 0.00 —0.74 —14.35 —15.09
Cl™ + PH,F —38.91 0.09 0.15 0.16 0.16 0.67 —38.35 —37.68
H premin —35.76 0.06 —0.04 0.01 0.03 0.93 —-35.71 —34.77
PT postmin —29.27 0.07 —0.02 0.03 0.00 0.89 —29.20 —28.30
PT TS —28.57 0.07 —0.03 0.02 0.00 0.56 —28.51 —-27.95
Walden min —58.51 0.07 0.05 0.07 0.06 1.35 —58.26 —56.92
FS premin —7.24 —0.03 —0.12 0.01 —0.16 0.28 —7.54 —7.26
FS TS 2.19 —0.03 —0.32 0.45 0.84 0.93 3.13 4.05
FS TS —18.66 —0.02 —0.13 0.01 —-0.19 0.31 —18.99 —18.68
H2 TS —40.31 0.06 0.11 0.08 0.07 0.64 —39.98 —39.34
FS min —26.72 0.07 —0.03 0.17 0.12 0.87 —26.39 —25.52
FS postmin —46.51 0.07 0.10 0.11 0.12 1.19 —46.11 —44.92
pre-DI TS —28.85 0.08 —0.03 0.05 0.10 0.83 —28.65 —27.83
F~ + PH,Br

HF + PHBr— —17.93 0.07 0.00 0.23 —0.05 —0.61 —17.69 —18.29
Br~ + PH,F —47.13 0.10 0.17 0.41 0.18 0.96 —46.27 —45.31
H premin —38.43 0.06 —0.03 0.09 —0.04 1.08 —38.36 —37.28
PT postmin —-31.37 0.07 —0.02 0.05 —0.12 0.91 —31.40 —-30.49
PT TS —30.89 0.07 —0.02 0.05 —0.08 0.64 —30.88 —30.24
Walden min —63.45 0.08 0.08 0.15 —0.04 1.48 —63.18 —61.70
FS premin —16.48 0.02 —0.24 0.18 0.17 0.21 —16.34 —-16.12
FS TS —0.46 —0.04 —0.33 0.48 0.72 0.93 0.38 1.31
FS TS —20.98 0.00 —0.14 0.05 —0.25 0.34 —21.33 —20.98
H2 TS —47.87 0.08 0.14 0.28 0.05 0.85 —47.32 —46.47
FS postmin —53.09 0.08 0.13 0.26 0.08 1.27 —52.54 —51.27
pre-DI TS —31.61 0.08 —0.02 0.14 0.04 0.85 —-31.37 —30.52
F~ + PH,I

HF + PHI —21.96 0.08 0.00 0.29 —-0.10 —0.46 —21.69 —-22.15
I + PH,F —53.92 0.12 0.19 0.61 0.01 1.21 —52.98 —51.78
H premin —41.61 0.08 —0.04 0.11 —0.07 1.17 —41.52 —40.35
PT postmin —-33.91 0.08 —0.02 0.01 —-0.10 0.95 —-33.94 —-32.99
PT TS —33.38 0.08 —0.02 0.01 —0.09 0.70 —33.40 —32.69
Walden min —67.23 0.10 0.11 0.18 —0.03 1.61 —66.88 —65.27
FS premin —29.78 0.08 —0.22 0.55 0.14 0.21 —29.24 —29.03
FS TS —2.82 —0.02 —0.35 0.46 0.75 0.96 —1.98 —1.02
FS TS —23.47 0.02 —0.15 0.05 —0.24 0.40 —23.78 —23.38
H2 TS —7.33 —0.02 —0.11 —0.03 —0.36 —1.62 —7.83 —9.46
FS postmin —56.95 0.10 0.16 0.36 —0.02 1.32 —56.35 —55.04

@ CCSD(T)-F12b/cc-pVQZ-F12. * CCSDT/aug-cc-pVDZ — CCSD(T)/aug-c

¢-pVDZ. © CCSDT(Q)/aug-cc-pVDZ — CCSDT/aug-cc-pVDZ. ¢ AE-CCSD(T)/

aug-cc-pwCVTZ — FC-CCSD(T)/aug-cc-pwCVTZ. ¢ Scalar relativistic effects calculated as DK-AE-CCSD(T)/aug-cc-pwCVTZ-DK — AE-CCSD(T)/aug-

cc-pwCVTZ. f Zero-point vibrational energy contribution. £ Benchmark
" Benchmark adiabatic energy, the sum of benchmark classical energy

This journal is © the Owner Societies 2023

classical energy, the sum of QZ, 3[CCSDT], 3[CCSDT(Q)], 4core, and Ayl
and Aypg.
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P-Br-Cl. In the former case FS premin is only 10 kcal mol ", in the
latter it is only 5 kcal mol™' above H premin; while it has
alternating depth with respect to FS min.

In Tables 3 and 4 we show the relative energies, determined
at the CCSD(T)-F12b/cc-pVQZ-F12 level of theory augmented
with auxiliary energy corrections (see the computational details
section), of the stationary points of the X~ + PH,Y [X = F and
Y =Cl, Br, IJand X~ + PH,Y [X = Cl, Br and Y = Br, I] non-identity
reactions. These corrections are also visualized in Fig. 6 (basis-
set convergence) and 7 (core-correlation, scalar relativistic, and
post-(T)). In Fig. 6 and in Tables 3 and 4 we can see that in the
X = F reactions the deviations between the cc-pVDZ-F12 and cc-
pVQZ-F12 basis sets are quite large and always positive,
between 1.0-1.5 kcal mol !, larger than in the case of the
identity reactions. The TZ-QZ differences are also somewhat
larger than in the identity case, also with positive signs,
however, they fall into an order-of-magnitude smaller range,
only a few 0.1 kcal mol*, similarly to the identity reactions.
These basis-set corrections are smaller and mostly of positive
signs for the X~ + PH,Y [X = Cl, Br and Y = Br, I] reactions.

View Article Online

PCCP

AVDZ is mostly below 1 kcal mol™", whereas AVTZ is only
0.1-0.2 keal mol~". Some geometries could only be optimized at
the MP2/aug-cc-pVDZ level of theory, thus no auxiliary energy
corrections are calculated. Taken together, the excellent basis-
set convergence properties of the CCSD(T)-F12b method are
clearly reflected by these results, and we can also claim that
using the cc-pVQZ-F12 basis set is necessary for achieving sub-
chemical accuracy.

In Fig. 7 the core-correlation, scalar relativistic and post-(T)
corrections to the relative energies of the stationary points are
plotted. The core-correlation contributions are of few to several
0.1 keal mol ™" in value with almost always positive signs when
X = F, and become larger and more and more negative as the
size of the halogen atoms increases. These corrections are
usually larger positive values for the FS TS structures, while it
is the largest for the proton-transfer product channel of the
F~ + PH,I reaction, indicating that the difference of the energy
contribution of the core electrons here is the largest between
the reactants and the products. The scalar relativistic effects are
also outstanding in the case of FS TS resulting in large positive

Table 4 Energies of the stationary points (in kcal mol™), determined at the CCSD(T)-F12b/cc-pVQZ-F12 level of theory augmented with the auxiliary
energy corrections (also in kcal mol™) at CCSD(T)-F12b/cc-pVTZ-F12 geometries, as described in the computational details section, of the Cl~ + PH,Br,

Cl™ + PHzl, and Br™ + PH,l reactions, relative to the energy of the reactants

Qz* 3[T) 3[(Q) Acore” Arel® Azpe” Classical® Adiabatic”

Cl~ + PH,Br

HCI + PHBr— 21.53 —0.03 —0.07 0.12 —0.10 —2.25 21.44 19.19
Br~ + PH,CI —8.22 0.01 0.02 0.24 0.02 0.29 —7.93 —7.63
H premin —11.66 —0.02 —0.06 —0.08 —0.03 0.06 —11.86 —11.80
PT postmin 10.11 —0.03 —-0.12 —0.09 —0.16 —1.24 9.71 8.47
PT TS 10.37 —0.02 —0.12 —0.08 —0.13 —1.51 10.02 8.51
Walden min —29.56 0.00 —0.12 —0.05 —0.26 0.74 —29.99 —29.25
FS premin —6.96 —0.01 —0.13 —0.02 0.13 0.11 —6.98 —6.88
FS TS 34.33 —-0.15 —0.52 0.32 0.56 0.33 34.54 34.87
FS TS’ 5.40 —0.08 —0.25 0.09 —0.07 0.37 5.09 5.47
H2 TS 29.20 —0.04 —0.31 —0.21 —0.54 —2.33 28.09 25.76
FS min —9.31 —0.01 —0.06 —0.08 —0.11 0.40 —9.56 —-9.16
Cl™ + PH,I

HCI + PHI™ 17.50 —0.02 —0.07 0.18 —0.15 —2.10 17.44 15.34
1" + PH,CI —15.01 0.03 0.04 0.45 —0.15 0.54 —14.64 —14.10
PT postmin 7.43 —0.02 —-0.12 —0.15 —0.13 -1.17 7.01 5.84
PT TS 7.68 —0.01 —0.12 —0.14 —0.12 —1.39 7.29 5.91
Walden min —-32.07 0.01 —0.10 —0.06 —0.23 0.85 —32.45 —31.61
FS premin —14.08 0.00 —-0.19 0.09 0.08 0.03 —14.10 —14.07
FS TS 32.17 —0.15 —0.55 0.28 0.59 0.35 32.35 32.69
FS TS 3.78 —0.09 —0.28 0.03 —0.08 0.43 3.36 3.79
H2 TS 26.75 —0.04 —-0.29 —0.24 —0.52 —2.14 25.66 23.52
FS min —10.26 0.00 —0.06 —0.11 —0.11 0.43 —10.53 —10.10
Br~ + PH,I

HBr + PHI™ 28.52 —0.02 —0.09 —0.04 —0.25 —2.60 28.12 25.52
I™ + PH,Br —6.79 0.02 0.02 0.21 —-0.17 0.24 —6.71 —6.47
PT postmin 18.39 —0.02 —0.15 —0.47 —0.37 —1.82 17.38 15.57
PT TS 18.81 —0.01 —0.14 —0.43 —0.35 —2.08 17.88 15.80
Walden min —26.15 0.00 —-0.14 —0.34 —0.34 0.57 —26.97 —26.40
FS premin —11.76 0.00 —0.18 —0.08 0.02 —0.04 —12.01 —12.04
FS TS 37.83 —0.18 —0.60 0.06 0.54 0.11 37.65 37.76
FS TS 8.93 —0.13 —0.31 —0.22 —0.07 0.24 8.20 8.44
H2 TS 33.24 —0.03 —0.32 —0.48 —0.56 —2.39 31.85 29.46

@ CCSD(T)-F12b/cc-pVQZ-F12. ¥ CCSDT/aug-cc-pVDZ — CCSD(T)/aug-cc-pVDZ. ¢ CCSDT(Q)/aug-cc-pVDZ — CCSDT/aug-cc-pVDZ. ¢ AE-CCSD(T)/
aug-cc-pwCVTZ — FC-CCSD(T)/aug-cc-pwCVTZ. ¢ Scalar relativistic effects calculated as DK-AE-CCSD(T)/aug-cc-pwCVTZ-DK — AE-CCSD(T)/aug-
cc-pwCVTZ. / Zero-point vibrational energy contribution. ¢ Benchmark classical energy, the sum of QZ, {CCSDT], 8[CCSDT(Q)], dcore, and Arey.
" Benchmark adiabatic energy, the sum of benchmark classical energy and Azpg.
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Fig. 6 Basis-set convergence of the CCSD(T)-F12b method in the case of the relative energies of the stationary points of the X~ + PH,Y [X,Y = F, CL, Br, ]
non-identity reactions. AVTZ = AE(CCSD(T)-F12b/cc-pVQZ-F12) — AE(CCSD(T)-F12b/cc-pVTZ-F12) and AVDZ = AE(CCSD(T)-F12b/cc-pVQZ-F12) —

AE(CCSD(T)-F12b/cc-pVDZ-F12).

energy corrections. Interestingly the relativistic contribution is
negligible for the I + PH,F product channel. Otherwise, the
relativistic corrections are of a few 0.1 keal mol " and of mixed
signs, and are quite similar in the X = F stationary geometries,
but become more and more negative and considerable in
magnitude with increasing halogen-atom size. Among all three
kinds of energy contributions highlighted in Fig. 7, the scalar
relativistic effects are usually the most significant, in some
cases exceeding 0.5 kcal mol . The impact of higher-order
excitations is reflected by the post-(T) corrections: the §{CCSDT]
values are small, only 0.1-0.2 kcal mol *, usually positive for
the X = F reactions, and negative for the others; while the
3[CCSDT(Q)] contributions are a bit larger, a few 0.1 kcal mol ™"
with mixed signs when X = F, and mostly negative otherwise,
reaching even —0.6 kcal mol " in the case of the FS TS geometry
of the Br~ + PH,I reaction. The 3[(Q)] energy corrections are
also generally large in the FS TS structures.

The absolute value of the adiabatic ZPE corrections, listed in
Tables 3 and 4, are usually between 0-1.5 kcal mol ", mostly
with positive signs (more negative contributions are seen for
the X # F reactions). Taking into account ZPE always reduces
the reaction energies of the PT channel, due to the same
reasons as in the case of the identity reactions: the decreasing
number of vibrational DOFs wins over the forming H-halogen
bonds, featuring higher frequencies, than the breaking P-H
bonds. The PT postmin shows larger positive ZPE corrections if

This journal is © the Owner Societies 2023

X = F, which turn into larger negative values for the other three
reactions. In the former case, the effect of the larger number of
DOFs (from 6 to 9 from reactants to postmin) is supplemented
by the stronger forming H-F bond, very close in length to the
one in the HF molecule, with respect to the breaking P-H bond.
In the X # F case, the PT postmin is much less product-like,
thus the forming H-halogen bonds are not that strong, and
thus contribute less to the ZPE of the complex. Besides the PT
channel, the H2 TS geometries also feature large negative
ZPE contributions, due to the exclusion of the large (around
1000i cm ') imaginary frequencies. Exceptions are the F~ +
PH,Cl/Br reactions, where the imaginary frequency is only a few
hundred ecm ™" and the corresponding motion is also different.
The Walden min and FS postmin geometries have quite large
positive ZPE corrections, especially when X = F, where, besides
the increasing number of DOFs (from 6 to 9 from reactant to
min), the forming P-F bond is much stronger than the other
P-halogen bonds.

The structural parameters of the stationary points of the
X~ +PH,Y [X, Y =F, Cl, Br, I] non-identity reactions, highlighted
in Fig. 8, give us a chance to take a closer look at the steric and
electronic-structure effects in these reactions. The Walden-
inversion minimum geometry is very product-like, the P-Y
bond is the closest to that of PH,Y in the case of the Br~ +
PH,I reaction, therefore this complex can be imagined as the
bottom of an (energetic and structural) slide, which turns the

Phys. Chem. Chem. Phys., 2023, 25, 28925-28940 | 28935
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Fig. 7 Post-(T), scalar relativistic and core-correlation corrections to the relative energies of the stationary points of the X~ + PH,Y [X, Y = F, Cl, Br, ]

non-identity reactions. 3[CCSDT]

= AE(CCSDT/aug-cc-pVDZ) — AE(CCSD(T)/aug-cc-pVDZ), S[CCSDT(Q)] = AE(CCSDT(Q)/aug-cc-pVDZ) —

AE(CCSDT/aug-cc-pVDZ), Acore = AE(AE-CCSD(T)/aug-cc-pwCVTZ) — AE(FC-CCSD(T)/aug-cc-pwCVTZ), and 4, = AE(DK-AE-CCSD(T)/aug-cc-

pwCVTZ-DK) — AE(AE-CCSD(T)/aug-cc-pwCVTZ).

reactants immediately into products. Interestingly, in the case
of the front-side-attack retention Sy2 pathway, the traditional
FS TS geometry is more product-like, while the newly-identified
FS TS’ has a rather reactant-like structure. Thus, if we think
about Polanyi’s rules of thumb,*® the front-side-attack route
could possibly be promoted both by translational and vibra-
tional excitation. Moreover, in the X # F reactions, which have
a barrierless FS path, a longer reaction time can also be
favorable. Just as in the case of the Walden minimum, since
this deep minimum might be avoided at higher initial transla-
tional energies. The FS min is definitely a pre-reaction mini-
mum with its long P-X bonds, especially in the X # F reactions.
FS premin, with its nonreactive orientation, shows decreasing
X-Y and increasing P-Y bond lengths as the size of Y increases
when X = F, while these values alternate in the other three
cases. The geometry of FS postmin definitely resembles more to

28936 | Phys. Chem. Chem. Phys., 2023, 25, 28925-28940

that of the product PH,X molecule with long P-Y bonds. The
H2 TS also features quite long P-Y bonds (Y is always the larger
halogen atom of the two in these exothermic reactions con-
sidered), which might be a reason why the two H atoms can get
closer to each other.

The proton-transfer TS and postmin have very similar struc-
tures in these non-identity reactions, as well, however, the TS
has a more bent P-H-X angle than the postmin. These sta-
tionary points have clearly product-like geometries when X = F,
with very similar H-X distances as in the HX molecules, but
they become more and more reactantlike (much and only
slightly longer H-X and P-Y bonds than in HX and PH,Y,
respectively). In PT TS the H-X distances are, of course, shorter
than in PT postmin. H premin, which actually has a product-
like geometry (however, it is still a pre-reaction minimum,
which can be formed even before an Sy2 reaction, or can

This journal is © the Owner Societies 2023
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Fig. 8 Selected structural parameters of the stationary points of the X~ + PH,Y [X, Y = F, Cl, Br, I] non-identity reactions obtained at the CCSD(T)-F12b/
cc-pVTZ-F12 geometries. Bond lengths are in A, angles are in degrees. Underlined values are obtained at the MP2/aug-cc-pVDZ level of theory.

induce reactant inversion through pre-DI TS), features only a
little longer H-X bonds than the PT postmin in the X = F
reactions, and these H-X distances are much longer than in HX
for the other three reactions. The P-Y bond lengths are usually
larger at H premin than in PT postmin.

In Table 5 we list the reaction energies and the corres-
ponding auxiliary energy corrections for several alternative
product channels of the X~ + PH,Y [X,Y = F, Cl, Br, I] non-
identity reactions. Here, the lowest-energy channel, even
exothermic for all the X = F reactions, is also the formation of
a H, molecule. For the X = F case this channel also has
submerged barriers, as we can see in Fig. 5 and in Table 3. It
is followed by the formation of PH in its triplet ground state,
and then by the HY + PHX ™ channel, except for the Br~ + PH,I
reaction, where the second most stable products are IBr~ + PH,.
The thermodynamically least favorable reaction for X = F is the
formation of PH, (which is the excited-state version of the
XY™ +PH, channel), while in the X # F case it is the hydride ion
formation with relative energies above 70 kcal mol™". H™- and
PHF -formations feature increasing reaction energies as we go
down in Table 5, whereas the remaining product channels have
decreasing reaction energies from Cl to I when X = F, and follow
the increasing relative-energy order of X, Y = Cl, I; Cl, Br; and Br,
I; except for the PH, channel, which is the most endothermic in
the case of the X, Y = Cl, Br pair. The reaction energies of these

This journal is © the Owner Societies 2023

alternative product channels are generally way higher for the
X # F reactions, however, e.g., dihalide (ion) production has
quite high energy in the X, Y = F, ClI case. The auxiliary energy
corrections are similar as in the case of the identity alternative
product channels.

Conclusions

Phosphorus-centered ion-molecule reactions have only been
rarely studied so far, therefore in the present work we investi-
gate the energetics of the X~ + PH,Y [X, Y = F, Cl, Br, I] identity
and non-identity reactions in detail by determining benchmark
energies and geometries for their stationary points. These
reactions follow the two main traditional reaction routes:
bimolecular nucleophilic substitution (Sx2) and proton-
transfer, leading to Y~ + PH,X and HX + PHY , respectively.
The Sy2 reaction can proceed through three-different pathways:
Walden-inversion, front-side-attack and double- or multiple-
inversion, amongst which the first leads to inverted, the second
to retained, and the third to inverted or retained, depending on
the number of inversions during a reaction, configuration
around the central P atom. We consider all relevant stationary
points for these reaction paths. Besides the above-mentioned
main products, we also identify several other product channels,
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Table 5 Reaction energies (in kcal mol™?) of alternative product channels of the X~ + PH,Y [X, Y = F, CL, Br, Il non-identity reactions relative to the energy
of the reactants at the CCSD(T)-F12b/cc-pVQZ-F12 level of theory augmented with the auxiliary energy corrections (also in kcal mol ™) at CCSD(T)-F12b/
cc-pVTZ-F12 geometries, as described in the computational details section

Qz* 3[T) 3[(QI Acore? Aol Agppt Classical® Adiabatic”
F~ + PH,CI
H™ + PHCIF 31.42 0.19 0.06 —0.03 —0.08 —3.26 31.56 28.30
CIF + PH, ™~ 68.88 —0.04 —0.14 0.28 —0.15 —2.46 68.85 66.39
CIF~ + PH, 64.66 —0.47 —0.15 — — —2.71 64.04 61.33
CIHF™ + 'PH 17.93 —3.70 —0.20 0.97 —0.14 —0.98 14.86 13.88
CIHF™ + °PH —8.61 0.05 0.20 0.15 —0.14 —1.01 —8.35 —9.36
PCIF™ + H, —15.51 0.16 —0.07 0.14 —0.11 —3.53 —15.39 —18.92
HCI + PHF —2.04 0.03 0.08 0.14 0.07 —1.98 —1.73 —3.70
F~ + PH,Br
H™ + PHBrF 33.05 0.18 0.06 —0.08 —0.05 —3.27 33.15 29.89
BrF + PH, ™ 56.42 —0.02 —0.13 0.81 0.18 —2.32 57.27 54.95
BrF~ + PH, 33.43 —0.39 —0.05 0.54 0.05 —2.48 33.58 31.10
BrHF ™ + 'PH 13.35 —3.69 —0.18 1.08 —0.29 —0.75 10.27 9.52
BrHF + °PH —13.19 0.06 0.22 0.26 —0.29 —0.78 —12.94 —13.72
PBrF + H, —17.67 0.15 —0.07 0.20 —0.13 —3.39 —17.52 —20.91
HBr + PHF 0.76 0.03 0.08 0.16 —0.02 —2.18 1.03 —1.16
F~ + PH,I
H™ + PHIF 35.39 0.17 0.05 —0.13 —0.07 —3.25 35.42 32.16
IF + PH, 38.40 0.01 —0.06 1.35 0.07 —2.15 39.78 37.63
IF + PH, 19.63 —0.25 0.05 0.91 —0.08 —2.26 20.26 18.01
IHF™ + 'PH 10.15 —3.68 —0.15 1.15 —0.29 —0.59 717 6.58
IHF~ + °PH —16.39 0.07 0.24 0.33 —0.29 —0.62 —16.04 —16.66
PIF + H, —19.80 0.15 —0.08 0.24 —0.20 —3.24 —19.69 —22.93
HI + PHF 3.27 0.03 0.10 0.24 0.02 —2.40 3.65 1.25
Cl™ + PH,Br
H + PHBrCI 74.83 0.11 —0.10 —0.24 —0.23 —3.98 74.37 70.39
BrCl + PH, ™~ 69.32 —0.08 —0.14 0.38 0.04 —2.66 69.51 66.85
BrCl™ + PH, 40.66 —0.30 0.00 0.33 —0.10 —2.63 40.59 37.96
BrHCI™ + 'PH 54.22 —3.79 —0.29 0.91 —0.34 —3.35 50.70 47.35
BrHCI™ + °*PH 27.68 —0.04 0.10 0.09 —0.34 —3.38 27.49 24.12
PCIBr~ + H, 13.36 0.10 —0.22 0.05 —0.26 —3.85 13.04 9.19
HBr + PHCI™ 27.72 —0.03 —0.07 0.03 —0.13 —2.58 27.52 24.94
Cl™ + PH,I
H™ + PHICI 76.14 0.12 —0.11 —0.28 —0.24 —3.95 75.62 71.67
I1Cl + PH, 58.16 —0.07 —0.11 0.72 —0.04 —2.49 58.66 56.17
ICI™ + PH, 30.77 —0.25 0.03 0.59 —0.16 —2.42 30.97 28.55
IHCI™ + 'PH 51.44 —3.78 —0.26 0.96 —0.32 —2.90 48.03 45.13
THCI™ + °PH 24.89 —0.03 0.14 0.14 —0.32 —2.93 24.82 21.90
PCII™ + H, 11.00 0.12 —0.23 0.07 —0.32 —3.68 10.63 6.95
HI + PHCl™ 30.22 —0.03 —0.05 0.10 —0.09 —2.80 30.15 27.35
Br + PH,I
H  + PHIBr 84.61 0.12 —0.14 —0.55 —0.21 —4.24 83.82 79.59
IBr + PH, ™ 60.31 —0.06 —0.11 0.52 0.07 —2.66 60.73 58.08
IBr~ + PH, 30.85 —0.24 0.04 0.44 —0.02 —2.50 31.06 28.56
IHBr~ + 'PH 61.70 —3.79 —0.30 0.60 —0.56 —3.82 57.65 53.83
IHBr~ + °PH 35.16 —0.04 0.10 —0.22 —0.56 —3.85 34.44 30.59
PBrI™ + H, 16.83 0.12 —0.25 —0.11 —0.33 —3.85 16.25 12.40
HI + PHBr— 37.89 —0.04 —0.07 —0.03 —0.17 —2.97 37.58 34.62

“ CCSD(T)-F12b/cc-pvVQZ-F12. » CCSDT/aug-cc-pVDZ — CCSD(T)/aug-cc-pVDZ. © CCSDT(Q)/aug-cc-pVDZ — CCSDT/aug-cc-pVDZ. ¢ AE-CCSD(T)/
aug-cc-pwCVIZ — FC-CCSD(T)/aug-cc-pwCVTZ. ° Scalar relativistic effects calculated as DK-AE-CCSD(T)/aug-cc-pwCVTZ-DK — AE-CCSD(T)/aug-
cc-pwCVTZ. / Zero-point vibrational energy contribution. # Benchmark classical energy, the sum of QZ, §[CCSDT], §[CCSDT(Q)], 4core, and Ayer.
" Benchmark adiabatic energy, the sum of benchmark classical energy and 4pg.

as well: H -formation, PH, - and PH,-formation, 'PH- and CCSD(T)-F12b/cc-pVQZ-F12 single-point energy computations

3PH-formation, H,-formation and HY + PHX formation,
which reveal the rich chemistry of these ion-molecule reactive
systems at the P-center. The benchmark geometries are
optimized at the CCSD(T)-F12b/cc-pVTZ-F12 level of theory,
where harmonic vibrational analysis is also carried out. Further

28938 | Phys. Chem. Chem. Phys., 2023, 25, 28925-28940

are performed at these geometries to minimize the already
small basis-set error of the CCSD(T)-F12b method. The follow-
ing auxiliary energy corrections are also calculated to gain
benchmark classical relative energies of the stationary points:
(1) core-correlation correction obtained by correlating the

This journal is © the Owner Societies 2023
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sub-valence shell electrons as well, (2) scalar relativistic effects
are computed using the second-order Douglas-Kroll Hamilto-
nian, and (3) post-CCSD(T) energy corrections are also taken
into account by considering the higher-order CCSDT and
CCSDT(Q) terms. Benchmark adiabatic relative energies are
calculated by adding zero-point-energy contributions to the
final classical energy values. It turns out that the above energy
corrections are absolutely necessary to achieve the sub-
chemical (<1 kecal mol™") accuracy of the benchmark energies,
while they also provide additional insight into the electronic-
structure properties of these P-centered reactive systems.

Regarding the energetics of the two main reaction channels,
in the identity (X~ + PH,X) case of the title reactions, the one
with the F ligand shows notable differences with respect to the
other halogens: an exothermic PT channel, low-lying front-side-
attack transition-state, a very high self-inversion barrier, as well
as an extremely deep Walden-well and a H-bonded pre-reaction
minimum with a submerged inversional TS are found for X = F.
These findings suggest that proton transfer, the front-side
retention Sy2 route, and the multi-inversion mechanism are
the most competitive with the traditional Walden-inversion in
the X = F reaction. For the other halogens we observe increasing
relative energies of the stationary points and enhanced pre-
ference for Walden-inversion with increasing halogen-atom
size. The (exothermic) non-identity (X~ + PH,Y) reactions also
differ significantly when F~ is the attacking ion compared to
the remaining three reactions. We find similar discrepancies
here as in the identity case, predicting more indirect dynamics
for all the X = F reactions, with deep minima, exothermic PT,
competing Sy2 routes, and favorable entrance-channel inver-
sion. Stereoselectivity of the Sy2 reactions, just as in the
N-centered case, is certainly questioned in the title systems,
which may encourage future dynamical investigations of
central-atom effects in Sy2 reactions.
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