Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

Open Access Article. Published on 22 2025. Downloaded on 2025/11/2 2:36:24.

(cc)

PCCP

¥® ROYAL SOCIETY
PP OF CHEMISTRY

View Article Online

View Journal | View Issue

’ '.) Check for updates ‘

Cite this: Phys. Chem. Chem. Phys.,
2025, 27, 3330

Received 9th October 2024,
Accepted 5th January 2025

DOI: 10.1039/d4cp03882g

rsc.li/pccp

1 Introduction

The influence of halogen-mediated interactions
on halogen abstraction reactions by formyl
radicals¥

@ Dario J. R. Duarte *0

Matias O. Miranda, *@ and Victor M. Rayon
This article reports a theoretical study on the halogen exchange reactions YX + CHO — Y 4+ XCHO (with
Y = F, Cl Br; X = Cl, Br, I) carried out at a high level of accuracy using coupled-cluster based
methodologies including CCSD(T)-F12, CCSD(T)/CBS and CCSDT(Q),.
exothermic at room temperature, with the exception of the reactions FI + CHO — F + ICHO and Cll +
CHO — Cl + ICHO. Exothermicity follows two concurrent trends established by the strength of the
bonds being cleaved and formed: Y = F < Cl < Br (X-Y bond strength) and X = Cl > Br > | (C-X bond
strength). Regarding the topology of the potential energy surfaces, we find that at the CCSD level of the-

Most of the reactions are

ory only some processes present the expected reaction profile: a pre-reactive complex (preRC) followed
by a transition state (TS) and a post-reactive complex (postRC). However, when triple excitations are
taken into account, all reactions become barrierless with no preRC/TS along the reaction profile.
We propose that halogen-mediated interactions through the o-hole, which represent the driving force
in the early stages of the title reactions, are responsible for the absence of a tight transition state.
We suggest that the strength of these interactions formed during these processes triggers the onset of
the halogen atom exchange, before the preRC is formed. Therefore, this study aims to show the
relevant role of halogen-mediated interactions in the mechanism of reactions in which a halogen atom
is abstracted by the formyl radical (CHO).

for a quantitative modeling of gas-phase reactions involved in
tropospheric and stratospheric processes.

The formyl radical (CHO) is an essential intermediate in both
HO, cycles and hydrocarbon combustion in the atmosphere,'?
where it is mainly produced due to the photolysis of aldehydes
(especially formaldehyde) by sunlight. The CHO radical is an
important intermediate in most hydrocarbon combustion sys-
tems and it also participates in reactions in the lower and upper
atmosphere.?*

While the reactivity of the CHO radical towards different
species of atmospheric interest has already been studied in the
past,”® reactions between CHO and halogenated compounds
have not been investigated in depth, with some exceptions.'®"!
Therefore, additional reaction mechanisms need to be studied
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Certain halogenated species are known for participating in
processes of stratospheric ozone (O;) favoring its destruction.
Reservoirs of halogen atoms (RXAs) have a major influence on
these processes, as they temporarily sequester reactive halo-
gens and photochemically dissociate releasing halogen atoms
into the environment. These halogen atoms (X) react with O; to
form O, and the corresponding halogen monoxides (XO).
Examples of inorganic RXAs are X,, YX, HOX, XNO, and HX,
where X and Y = Cl, Br, and 1.*

An experimental study carried out by Timonen et al. showed
that Cl, and Br, can react with CHO to form CICHO and
BrCHO, respectively.'® Experimental data show that the reac-
tion with Br, has a slightly negative activation energy (E,) of
—4.0 k] mol ™, while the reaction with Cl, has an E, close to
0.0 k] mol™". The latter is in agreement with a joint experi-
mental and theoretical study carried out by Ninomiya et al. in
which the reaction Cl, + CHO — Cl + CICHO is described to
occur with a negligible energy barrier.'* Theoretical calcula-
tions carried out in this study do not find any transition
structure along the reaction path, just a single reaction inter-
mediate which results from the ‘“attachment of Cl, to the

This journal is © the Owner Societies 2025


https://orcid.org/0000-0003-2712-2473
https://orcid.org/0000-0003-2353-3320
https://orcid.org/0000-0003-1973-1084
http://crossmark.crossref.org/dialog/?doi=10.1039/d4cp03882g&domain=pdf&date_stamp=2025-01-24
https://doi.org/10.1039/d4cp03882g
https://doi.org/10.1039/d4cp03882g
https://rsc.li/pccp
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4cp03882g
https://pubs.rsc.org/en/journals/journal/CP
https://pubs.rsc.org/en/journals/journal/CP?issueid=CP027006

Open Access Article. Published on 22 2025. Downloaded on 2025/11/2 2:36:24.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

carbon atom of HCO”. Interestingly, the Cl. - -Cl bond distance
in this complex is quite large, 2.846 A, so the bond “is almost
cleaved”. The authors therefore suggest that this reaction
proceeds through two loose transition states, one located at
the entrance channel that leads to the reaction intermediate
and the other one located between the intermediate and the
products of the reaction.

Radical-molecule reactions (RMRs) usually have low E,s due
to the high reactivity of the radicals which, in many cases,
yields negative E,.*”'® This fact can be understood if we
consider that reaction paths present a potential energy curve
(PEC) over the potential energy surface (PES) in which the
formation of a pre-reactive complex (preRC) is observed before
reaching a transition state (TS), whose energy remains below
the energy of the isolated reactants. Thus, preRCs play a key
role in order to elucidate both the mechanism and outcome of
a RMR. The formation of preRCs, in the particular case of the
reactions studied in this work, should involve some sort of
halogen-mediated interaction between a halogen atom in YX
and the carbon atom in CHO. The nature of this interaction
becomes therefore of utmost importance to understand these
radical exchange reactions.

In this work we have carried out a theoretical study of the
reaction paths of the halogen exchange reactions YX + CHO —
Y + XCHO, with Y = F, Cl, and Br and X = Cl, Br, and I:

FCl + CHO — F + CICHO (R1)
Cl, + CHO — Cl + CICHO (R2)
BrCl + CHO — Br + CICHO (R3)
FBr + CHO — F + BrCHO (R4)
CIBr + CHO — Cl + BrCHO (R5)
Br, + CHO — Br + BrCHO (R6)
FI + CHO — F + ICHO (R7)
CII + CHO — Cl + ICHO (RS)
Brl + CHO — Br + ICHO (R9)

To the best of our knowledge, and with the exception
of reaction (R1) as commented above, there are no previous
studies on the mechanisms of these reactions.

2 Computational methods
2.1 Geometry optimizations and energetics

Equilibrium geometries and vibrational frequencies were com-
puted using the singles and doubles coupled cluster method
(ccsD),"” ™ in conjunction with the all-electron 6-311+G(d,p)
basis set as implemented in Gaussian 16 (G16).>° The all-
electron (AE) 6-311G basis for iodine®’ was downloaded from
the basis set exchange,?” since it is not implemented in G16.
These basis sets were augmented with a single set of polarization
functions both on hydrogen and heavy atoms and an additional
set of diffuse functions on the heavy atoms. In order to verify the
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nature of the transition states, we have followed the intrinsic
reaction coordinate (IRC)**** for all the reactions where a
transition structure was located. Only valence electrons were
correlated (““frozen core approximation’”). We have nevertheless
checked that inclusion of outer core-valence electron correlation
does not affect the topology of the potential energy surfaces.
Default thresholds in the G16 program were used throughout.
We also point out that G16 uses an unrestricted Hartree-Fock
(UHF) reference in the CCSD calculations for open-shell systems.

Alongside the location of stationary points on PES obtained
at CCSD/6-311+G(d,p) as described above, accurate CCSD(T)'®*>>”
PECs were calculated varying the distance between the C of CHO
radical and the transferred halogen atom, X, of the YX compound
[d(X: - -C)] for the whole set of reactions considered in this study.
These calculations were carried out in conjunction with the aug-cc-
PVTZ basis set.>®* In the case of iodine, this basis set is used
in conjunction with the ECP28MDF pseudopotential.>> CCSD(T)
calculations were carried out with molpro 2022***° using default
thresholds. We point out that these calculations used a ROHF
reference.

We have also carried out CCSD(T)/cc-pvVQZ and CCSD(T)/
aug-cc-pVQZ single point calculations and the resulting ener-
gies are extrapolated to the complete basis set limit (CBS) using
a two-points n~* extrapolation:

E,=Ecps + An3

In this way we also estimate, and correct, possible basis set
incompleteness errors (BSIE) that may bias the aug-cc-pVTZ
results.

An alternative procedure to approach the CBS limit is the
explicitly correlated coupled cluster method, CCSD(T)-F12.
These calculations converge faster than canonical ones with
respect to the one-particle expansion and therefore a 3-{ quality
basis set may be sufficient to get close to the CBS limit. In this
study we report CCSD(T)-F12a*® PECs computed in conjunction
with the cc-pVTZ-F12 basis set’” as implemented in molpro.
The cc-pVTZ-F12 basis includes pseudo-potentials (PP) for both
Br and I atoms,®® In molpro there exists an augmented correla-
tion consistent basis set for chlorine, aug-cc-pVTZ-F12.>° It is
worth mentioning that the cc-pVIZ-F12 basis set already
includes s and p diffuse functions. Thus, the only difference
with the aug-cc-pVTZ-F12 basis is that the latter has higher
angular momentum d and f diffuse functions. We have, never-
theless carried out calculations with this augmented basis set
as well but we found no significant differences between this
basis and the non-augmented one.

In order to check the effect of a more accurate electron
correlation treatment we carried out CCSDT and CCSDT(Q) ,***3
calculations along the reaction path for reaction (R2). It is well
known that the good performance of CCSD(T), denoted as the
“gold standard” method of quantum-chemical calculations, is
mainly due to error compensation between the neglect of con-
nected T4 and iterative T3 contributions.** A similar error
compensation appears to operate as well in CCSDT(Q)** and
this is the reason why we chose this specific methodology.
CCSDT(Q), calculations are significantly more expensive since
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they scale as O(N°) (where N is a measure of the size of the system).*
We have therefore carried out these calculations in conjunction with
the cc-pVDZ and 6-311G* basis sets. The MRCC code with default
thresholds has been used to perform these calculations.”” Finally,
we point out that an atomic density initial guess was used for the
cc-pVDZ calculations and the resulting density matrices used in turn
as the initial guess for the 6-311G* basis set.

We checked that reactions (R1)-(R9) do not have a strong
multi-reference character. We have used the ¢; diagnostic in the
transition state region which shows values below or slightly
larger than 0.02 (for reactions that did not exhibit a transition
state, namely, (R4), (R7), (R8) and (R9), the ¢; diagnostic was
determined at d(X:--C) = 2.6 A). We nevertheless carried out
complete active space self-consistent field calculations
(CASSCF) followed by multireference Rayleigh Schrodinger
perturbation theory (CASPT2) for the (R2) reaction, that we
have taken as a model (as it is the one with the highest
¢, = 0.025) to corroborate that the shape of the PEC does not
change significantly. The molpro code was used for these
calculations. Since the multi-reference character in this reac-
tions is not large and we are focusing on the usage of single
reference methods we provide CASPT2|CASSCF results in the
ESI, T with further details about the calculations.

Finally, full PECs for reactions (R1)-(R9) were also obtained
with several density functional approximations (DFAs) with the
aug-cc-pVTZ basis set (aug-cc-pVTZ-PP for Br and I). Arranged
by their rung on the Jacobs ladder, these are the chosen
functionals: B3LYP (hybrid),*®* M06-2X (hybrid-meta-GGA),*’
©B97XD (range-separated hybrid),>® B2PLYP-D3BJ,>' B2T-
PLYP-D2,>> and mPW2PLYP-D2>* (perturbatively corrected
double hybrids). All DFT calculations were performed using
the ORCA software suite (version 5.0.4)°*® using default
thresholds and algorithms, including integral approximations
(RI-JK and RI-MP2 which is the default for double-hybrids).

For more detailed information on the methodology used,
please refer to the methodology section in the ESLf

2.2 Characterization of halogen-mediated interactions

Halogen-mediated interactions along the reaction paths were
studied by analyzing the maps of electrostatic potentials (MEPs)
on isosurfaces of electron density [p(r)]. These MEPs were explored
from the spatial distributions of the total electrostatic potential
[¢(x)] and p(r), which were calculated from the wavefunctions
obtained at the M06-2X/aug-cc-pVIZ level with G16 software.”
The spin density [p%(r)] topology was also studied on the CHO
radical. The real-space functions of p(r), ¢(r) and p°(r) were
obtained with the Multiwfn program.®® MEPs and isosurfaces of
p°(r) were visualized with Jmol®” and GaussView,® respectively.

3 Results and discussion

3.1 Halogen-mediated interactions between dihalogens and
CHO radicals

The CHO radical has a MEP with minima at both C and
O atoms. These minima are the preferred sites for interaction
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Fig. 1 Left, MEP of the CHO radical over the p = 0.01 a.u. isosurface. Black
and white dots indicate the minima and maxima of the MEP (values in eV),
respectively. Right, the p*(r) = 0.05 a.u. isosurface of CHO.

with an electrophile, especially via the O atom, which shows the
lowest potential value (Fig. 1, left). However, halogen abstrac-
tion reactions (such as (R1)-(R9)) take place through the
C atom, where the highest p®(r) is located, indicating the site
where the unpaired electron is most likely to be found (Fig. 1,
right). Thus, two possible intermolecular complexes can be
formed between YX and CHO, depending on whether the
interaction takes place via the oxygen or carbon atoms. However,
only the second possibility forms a truly preRC since the former is
clearly not located along the reaction path.

On the other hand, dihalides show a charge-depleted area,
the c-hole, characterized by a positive value of the MEP which
is prone to interact with electron rich partners. The interaction
of the positively charged c-hole with a nucleophilic region gives
rise to the so-called halogen bond (XB) interaction. The cap-
abilities of dihalides as XB donors depend on the nature of
their o-hole. Table 1 shows the values of the electrostatic
potential (Vg max) Which has been widely used as a descriptor
of the ability of a given system to form a c-hole interaction, as
in the case of XBs.>*® For a given halogen, X in YX, it is
observed that V; . increases from Cl to I (that is, FCl < FBr <
FI, and so on). On the other hand, for a given Y in YX, Table 1
shows that V; .« increases in the opposite order: from Br to F
(BrCl < Cl, < FCl, etc.). Thus, the values of the electrostatic
potential suggest that both the polarizability of the interacting
halogen (X in YX) and the electronegativity of the partner (Y)
favor the formation of a halogen-mediated interaction between
the reactant moieties at the entrance channel of these reac-
tions, as is the case with conventional XBs.®!

Table 1 Properties of the halogen-mediated interactions YX-.--CHO
formed at d(X---C) = rgw(X) + raw(C), which are given in A. Values of
Vs max and Ejn are given in kJ mol~?, and values of p(BCP) in a.u.

Reaction interaction  d(X---C) p(BCP) Vi max cE Eine

R1 FCl---CHO 3.45 0.0053 9.8 —6.2 —7.2
R2 Cl,- - -CHO 3.45 0.0057 6.0 —5.4 —6.5
R3 BrCl---CHO 3.45 0.0058 4.7 —4.0 —4.7
R4 FBr- - -CHO 3.55 0.0055 11.8 —9.8 —10.3
R5 CIBr---CHO 3.55 0.0058 7.9 —-7.3 —8.8
R6 Br,---CHO 3.55 0.0059 6.6 —5.9 —6.9
R7 FI---CHO 3.68 0.0054 14.8 —-10.7 —-134
R8 CII- - -CHO 3.68 0.0059 7.9 —-9.8 —-10.5
R9 Brl---CHO 3.68 0.0059 6.6 —8.6 —9.0
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3.2 Pre-reactive complexes

As a first step in the reaction profile for (R1)-(R9) reactions
we therefore expect to find preRCs of the type YX.--CHO.
As commented above, these complexes are stabilized by
halogen-mediated interactions which therefore represent the
driving force at the entrance channel of these reactions. After
formation of the preRCs the reaction will subsequently proceed
through a TS structure to yield a post-reactive complex (postRC)
which precedes the products of the reaction. In this section we
therefore aim to analyze the nature of these halogen-mediated
interactions formed between reactants. However, as described
in more detail in the following section, we have found that at
the highest level of theory, namely CCSD(T)/CBS, all of the
studied reactions proceed with no preRC in the PEC, that is,
reactions proceed directly from reactants all the way down to
the formation of a postRC. Notice that this means that no
transition structure is located along the PEC either. Therefore,
the only barrier height for these processes would be a loose TS
located in the entrance channel. Why do these reactions lack
preRCs? Is this fact related to the nature of the potential
halogen-mediated interactions formed between the reactant
moieties?

In order to shed light on these questions we now
briefly analyze the nature of these interactions in the preRCs.
Since for these processes a preRC does not exist on the PEC we
will consider the interaction between the reactants at the
d(X---C) = ryaw(X) + rvaw(C) distances instead, where ryqw(X)
and ryaw(X) are the van der Waals radii of the interacting
atoms X and C, respectively. All other degrees of freedom of
the system have been relaxed. The presence of a halogen-
mediated YX---CHO interaction is made manifest by the
appearance of a bond critical point (BCP) in the electronic
density distribution, p(r).

Fig. 2 shows the MEPs of the interacting reactants for
reactions (R2), (R5) and (R8) that we take as an example. It
can be seen how the maximum in the electrostatic potential,
Vs,max, indicated with a white dot, is paired to the minimum in
the potential located in the formyl radical, indicated with a
black dot. These interactions between maxima and minima of
¢(r) are a typical feature of non-covalent bonding,” and
represent the driving force for the orientation of interacting
species at intermediate distances. The MEPs for all the reac-
tions (R1)-(R9) are collected in Fig. S7 of the ESL+

Table 1 collects some relevant information for the descrip-
tion of the halogen-mediated interactions formed between
reactants in reactions (R1)-(R9), namely, the distance between
the interacting moieties (which corresponds to the sum of
the van der Waals radii), the value of the V ., for the dihalo-
gens YX (measured on the p(r) = 0.001 a.u. isosurface), the
electron density measured at the BCP [p(BCP)], and the inter-
action energy (Ein) as computed at the CCSD(T)/aug-cc-pVTZ
level of theory. Since aug-cc-pVTZ interaction energies will
be affected by the basis set superposition error, BSSE, we
also provide corrected energies using the counterpoise, CP,
procedure, E,.

This journal is © the Owner Societies 2025
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Fig. 2 MEPs on the p = 0.01 a.u. isosurface for (R2) (top), (R5) (middle) and
(R8) (bottom) at d(X---C) = rygw(X) + rvaw(C). Black and white dots indicate
the maximum (values shown in eV) and the minimum of MEPs in the XB
region, respectively.

Table 1 shows a clear correlation between the values of
Vsmax and the interaction energy for the nine dimers. As a
matter of fact, Ej,, shows the same trend previously described
for the values of the electrostatic potential: it increases with
the polarizability of X (Cl < Br < I) for a given Y in the
dihalogen YX, and it also increases with the electronegativity of
Y (Br < Cl < F) for a given X.** This correlation nicely highlights
the role of the halogen-mediated interaction in the intermediate
region of the PECs where both moieties approach each other in an
appropriate orientation along the reaction energy path.

3.3 Stationary points and thermochemistry

Energy profiles of the PECs obtained for reactions (R1)-(R9) are
shown in Fig. 3: CI transfer reactions ((R1), (R2) and (R3), left
panels), Br transfer reactions ((R4), (R5) and (R6), middle
panels) and I transfer reactions ((R7), (R8) and (R9), right
panels). This figure collects CCSD(T)/CBS single point electro-
nic energies computed on the CCSD/6-311+G(d,p) optimized
geometries.

For reactions (R1), (R2), (R3), (R5) and (R6) a preRC between
reactants followed by a TS was actually found at the optimiza-
tion level, CCSD/6-311+G(d,p) (the structures and the most
relevant geometrical parameters of preRCs and TSs are pre-
sented in Fig. S8 of the ESIt). However, at the CCSD(T)/CBS
level of theory (single point energy calculations) TSs of the same
set of reactions appear submerged with respect to preRCs,

Phys. Chem. Chem. Phys., 2025, 27, 3330-3340 | 3333
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Fig. 3 Energy profiles for stationary points obtained for reactions (R1)-(R9), at CCSD(T)/CBS//CCSD/6-311+G(d,p) (all the energies in kJ mol™). CL, Br
and | transfer reactions are presented on the left, in the middle and on the right respectively.

which is observed in Fig. 3. TSs energies with respect to the
reactants are increasingly lower in the order of (R3) > (R2) >
(R1) for Cl exchange reactions, and in the order of (R6) > (R5)
for Br exchange reactions. On the other hand, for reactions
(R4), (R7), (R8) and (R9) no preRCs (and thus, no TSs) were
located at the optimization level CCSD/6-311+G(d,p). Notice
that these reactions present the strongest halogen-mediated
interactions right before the transfer of the X atom (see
Table 1). Moreover, the decay of the TS energy (for the reactions
that did show a TS) follow the same trend as the strength of
these interactions. This correlation suggests a key influence of
halogen-mediated interactions on the energy profile of these
halogen exchange reactions: strong interactions allow us to
convey reactants directly to the postRCs whereas weaker ones
require an additional energy input and the concomitant pass
through a transition state. Thus, CCSD(T)/CBS energies sug-
gest, indeed, that for all these processes (R1)-(R9) halogen-
mediated interactions are strong enough as to convey reactants
directly to the formation of postRCs.

The equilibrium d(X:--C) in preRCs ((R1), (R2), (R3), (R5),
(R6)) collected in Fig. S8 (see the ESIt) provides additional
evidence for this discussion. For chlorine exchange reactions
((R1), (R2) and (R3)) YX: - -CHO distances are clearly below the
sum of the van der Waals radii (2.758 A, 3.147 A, 3.213 A
compared to 3.450 A). The same occurs for bromine exchange
reactions (R5) and (R6) (2.920 A, 3.029 A compared to 3.550 A).

Notice also the larger interaction energies when computed on
the optimized geometries (Fig. 3) compared to those computed
at the van der Waals radii distance (Table 1). All this informa-
tion suggests that the strength of the halogen-mediated inter-
actions is “pushing” the preRCs forward on the reaction
coordinate. At a particular point, this strength is enough to
“overcome” the TS structure allowing these reactions to evolve
then directly from reactants all the way down towards the
postRCs. This conclusion is also supported by the geometrical
similarity between the preRCs and the corresponding TS struc-
tures (see Fig. S8 in the ESIT): for example, the difference
between the halogen-halogen bond distance Y-X in the preRCs
and the TS ranges a mere 1-4%. This is in agreement with the
results obtained by Ninomiya et al.'" for reaction (R2) where it
was found that the long Cl---Cl bond distance in the inter-
mediate complex suggests that it “is almost cleaved”.
In summary, we believe that the results discussed so far clearly
suggest that halogen atoms have already begun to be trans-
ferred toward the CHO moiety in the preRC zone of the PECs.
Moreover, we relate this fact to the existence of strong halogen-
mediated interactions at the onset of the reaction. Further
experimental work is desirable to validate this proposal.®*
Table 2 collects the electronic reaction energies for the title
reactions at the CCSD(T) level in conjunction with correlation-
consistent basis sets ranging from cc-pVIZ to aug-cc-pVQZ.
Complete basis set (CBS) extrapolated values are included as

Table 2 Reaction energies obtained at different levels of theory (in kJ mol™). Enthalpies of reaction (AH,) were calculated using single point energies
obtained at CCSD(T)/CBS and thermal corrections obtained at the optimization level CCSD/6-311+G(d,p) and spin—orbit coupling corrections from the

65,66

literature
CCSD CCSD(T) CCSD(T) CCSD(T) CCSD(T) CCSD(T) CCSD(T)-F12a

Reaction aug-cc-pVIZ cc-pVTZ aug-cc-pVIZ cc-pvQz aug-cc-pvQZzZ CBS cc-pVTZ-F12 AH,
R1 —114.2 —114.4 —-105.7 —107.2 —103.6 —103.8 —101.5 —-92.7
R2 —129.1 —126.0 —124.4 —120.4 —119.7 —-117.7 —114.7 —106.8
R3 —134.6 —133.5 —130.6 —132.4 —131.8 —130.0 —128.8 —131.7
R4 —56.1 —59.5 —48.6 —46.1 —42.1 —42.2 —41.2 —33.4
R5 —89.5 —86.0 —86.4 —77.0 —76.4 —73.6 —-72.1 —65.3
R6 —98.3 —95.7 —96.2 —91.9 —91.8 —88.9 —88.8 —92.8
R7 47.4 38.1 49.7 59.7 63.9 65.4 65.8 71.9
R8 —11.2 —10.1 —13.0 3.7 3.7 8.4 7.0 12.8
R9 —25.8 —24.7 —28.7 —16.8 —17.8 —-12.7 —15.3 —20.4
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well as CCSD(T)-F12/cc-pVTZ-F12 results. The last column
collects reaction enthalpies, (AH;), evaluated at the CCSD(T)/
CBS level with thermal corrections obtained at the optimization
level, CCSD/6-311+G**.

We first point out that CCSD(T)/CBS and CCSD(T)-F12/cc-
pVTZ-F12 reaction energies are very close to each other, as
expected. The mean unsigned error (MUE) is 1.5 k] mol ' and
the standard deviation (SD) is also small, 1.0 k] mol * (the error
is also relatively homogeneous among the whole set of reac-
tions). CCSD(T)-F12 is closer to CCSD(T)/CBS than CCSD(T)/
aug-cc-pVQZ which shows a slightly larger MUE, 2.3 k] mol *,
and SD, 1.7 k] mol~". On the other hand, CCSD(T)/aug-cc-pVTZ
energies exhibit larger errors, MUE 9.9 k] mol ™", and standard
deviations, 7.0 k] mol™'. Here, errors increase with the size of
the transferred halogen, MUE((R1)-(R3)) = 3.1 kJ mol
MUE((R4)~(R6)) = 8.8 k] mol ', MUE((R7)-(R9)) = 17.7 k] mol *
with standard deviations between 3.2 and 3.5 k] mol™'. Thus,
CCSD(T)/aug-cc-pVTZ still provides reasonably good energies
for Cl and Br reactions although not so good for I.

Results collected in Table 2 also show that the effect of
perturbative triple excitations is not large in the reaction
energies: CCSD(T)/aug-cc-pVTZ MUE is 9.9 k] mol ™, as stated
above, only slightly smaller than that of CCSD/aug-cc-pVTZ,
12.9 kJ mol~'. We will see in the next section that inclusion of
triple excitations has, in contrast, a much larger effect on the
intermediate region of the PECs.

Finally, we collect in Table 2 the enthalpies of reactions
(R1)-(R9). values of AH, indicate that all reactions, with the
exceptions of (R7) and (R8), are exothermic. The observed trend
is the following: exothermicity decreases with the electronega-
tivity of the substituent Y (Y = Br > Cl > F) and with the size of
X (X =Cl > Br > I). Thus, chlorine exchange reactions are the
most exothermic followed by bromine and iodine. This trend
can be easily understood taking into account that for a parti-
cular halogen being transferred X, the Y-X bond strength
follows the trend Br-X < Cl-X < F-X whilst the formed X-C
bond strength decreases CI-C > Br-C > I-C.

Fig. 3 also shows that all reactions present a postRC. For
example, Fig. 4 illustrates the MEP (up) and the molecular
graph (down) of the postRC found for the reaction (R2)
(postRC2). Notice the existence of two stabilizing interactions:
Cl- - -Cl-C and CI. - -H-C. Fig. 4 nicely shows that maxima of the
MEP in Cl and H (white dots) are oriented towards higher
potential areas (yellow rings around chlorine atoms). PostRCs
for the whole set of reactions are presented in Fig. S9 of the
ESL{ In all cases, the released halogen atom Y maintains a
double coordination with the XCHO species. In the particular
case of (R2), we point out that postRC2 corresponds to the
intermediate complex described by Ninomiya and coworkers,
although the interactions that stabilize this complex were not
analyzed in their work.™

3.4 Potential energy curves

We commented in Section 2.5 that, for those reactions with the
weakest halogen-mediated interactions, both preRC and TS
appear on the PES at the CCSD/6-311+G(d,p) level of theory.

This journal is © the Owner Societies 2025

View Article Online

PCCP

~-

Fig. 4 Above, MEP of postRC2 on the p = 0.01 a.u. isosurface. Black and
white dots indicate the minima and maxima of the MEP, respectively.
Bottom, molecular graph of postRC2, with intermolecular interactions
indicated with dashed lines, and bond critical points (BCPs) with green
dots.

However, we also saw that at the higher CCSD(T)/CBS level no
preRC/TS exists for any of the reactions, including those with
the weakest halogen-mediated interactions. This shows a
remarkable dependency of the topology of the PEC on the level
of theory since CCSD in conjunction with the 6-311+G(d,p)
basis set already represents a relatively high quality computa-
tional level. In this section we analyze how the profile of these
halogen exchange reactions depends on both the treatment of
electron correlation and the quality of the basis set.

First, we point out that electronic reaction energies did not
show a critical dependency on the inclusion of triple excitations
since CCSD(T) and CCSD with the aug-cc-pVIZ basis set
do not differ much (see Table 2) with an average deviation of
4.1 kJ mol " for (R1)-(R9) (the largest difference is 8.5 k] mol
for (R1) and the smallest 1.8 k] mol~* for (R8)). The quality of
the basis set was more relevant, since MUEs with respect to
CBS for the series CCSD(T)/cc-pVTZ, aug-cc-pVTZ, cc-pVQZ
and aug-cc-pVQZ (SD in parenthesis) are 13.0 kJ mol™* (7.2),
9.9 k] mol™" (7.0), 3.7 k] mol™" (1.0) and 2.3 kJ mol ™" (1.7),
respectively. As stated previously, the aug-cc-pVTZ basis set
provides reasonable results for Cl and Br reactions (MUE:
3.1 k] mol™' and 8.8 k] mol™ ", respectively) but not for I
(MUE: 17.7 k] mol ™).

We turn now to the analysis of the whole set of reaction
profiles, where we can examine how the topology of intermedi-
ate region of the PEC depends on the level of theory. Fig. 5
shows the PECs for (R1) (left pannel), (R2) (middle pannel)
and (R3) (right pannel) obtained at the following levels of
theory: CCSD/6-311+G(d,p) (blue line) CCSD/aug-cc-pVIZ (red),
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Fig. 5 PECs of reactions (R1) (left), (R2) (center) and (R3) (right) as obtained at the following levels of theory: CCSD/6-311+G(d,p) (in blue), CCSD/aug-cc-

pVTZ (in red), CCSD(T)/aug-cc-pVTZ (in black) and CCSD(T)-F12a/aug-cc-

CCSD(T)/aug-cc-pVIZ (black) and CCSD(T)-F12a/cc-pVIZ-F12
(green). We recall that CCSD/6-311+G(d,p) is the level of theory
we chose for the geometry optimizations. We clearly see from
Fig. 5 that the height of the energy barrier is reduced as the level
of theory increases showing a gradual vanishing of the local
maximum and a flattening of the curves. The same behaviour is
observed in (R5) and (R6) whose energy profiles are shown in
Fig. 510 of the ESIL{ together with the PECs of the rest of the
reactions, which do not present neither preRC nor TS at the
optimization level, as discussed before.

The lowest energy barriers at the CCSD/6-311+G(d,p) level
are found for reactions (R1), (R5), and (R6), those with the
strongest halogen-mediated interactions within the group of
reactions that present preRC/TS ((R1), (R2), (R3), (R5), (R6)). For
(R1), increasing the quality of the basis set from 6-311+G(d,p) to
aug-cc-pVIZ already changes the topology of the PEC and the
energy barrier disappears (see Fig. 5, left panel). On the other
hand, for (R2) and (R3) we observe that when moving from
6-311+G** to aug-cc-pVTZ (blue and red curves, respectively)
both preRCs and TSs are still located in the PEC, although the
profile is a little flatter. For these two reactions, what definitely
changes the profile of the reaction is the inclusion of perturba-
tive triple excitations. Thus, we see that both the electron
correlation treatment and the quality of the basis set are key
for a correct description of the reaction profile of these halogen
exchange processes.

We have analyzed in further detail the role of electron corre-
lation taking (R2) as a model reaction. Single point calculations

pVTZ-F12 (in green). The corresponding TS structures are shown.

have been performed at different d(X: - -C) distances along the
reaction path with increasingly refined post-HF methods: MP2,
CCSD, CCSD(T), CCSDT and CCSDT(Q),. These energies have
been obtained in conjunction with the cc-pvDZ and 6-311G*
basis sets. We point out that our main goal at this point is to
assess the contribution of higher electron excitations beyond
perturbative triples in the correlation treatment, not to provide
highly accurate energies (due to the limited basis sets we used).
Thus, we have not tried to correct the CCSDT(Q), energies as,
for example, proposed by Boese et al. for CCSDTQ/cc-pVDZ.*”

Table 3 presents the electronic energies obtained for (R2) at
different points along the reaction path (first column) using the
methods described above (columns 2-6). The last column
shows the CCSD percentage error with respect to CCSDT(Q) 4,
Eo,ccsp), for each structure 7, that is:

EiccsprQ), — Eiccsp

(1)

Evycesp) = 100 x -
i,CCSDT(Q),
where E; ccspr(q) and E; ccsp represent the energies obtained at
CCSDT(Q) 4 and at CCSD levels for structure i, respectively. The
first observation is that CCSD(T), CCSDT, and CCSDT(Q),
energies nicely agree for both basis sets. The largest abso-
lute deviation between CCSD(T) and CCSDT(Q), is small:
1.4 k] mol™* (cc-pvDZ) and 1.8 k] mol™* (6-311G*) at 2.466 A
which is the CI- - -C distance of the transition state, whose data
are indicated in italics. This shows that description of electron
correlation at the CCSD(T) level is clearly accurate enough
for this reaction. The second observation is related to the

Table 3 Single point energies obtained at different post-HF methods, for different points along the reaction path of (R2). Energy and distance values are
given in kJ mol™* and A, respectively. Data presented in italics correspond to the TS structure obtained at CCSD/6-311+G(d,p). The last column shows

CCSD percentage error (see the text for definition)

cc-pVDZ 6-311G*
dcr.cy MP2 CCSD CCSD(T) CCSDT CCSDT(Q)s  Eoccsp)y MP2 CCSD CCSD(T) CCSDT  CCSDT(Q)s  Eoyccsp)
3.850 -3.9 —3.2 —3.5 —3.5 —3.5 9 —4.5 -3.9 —4.3 —4.2 —4.3 10
3.250 -7.9 —6.1 -7.41 -7.41 —7.2 14 -7.9 —6.3 -7.5 —7.4 -7.6 16
2.850 —-8.6 -5.7 -8.0 -8.0 -8.2 31 -8.1 —-5.5 -8.1 -8.1 —8.4 35
2.466 2.0 —1.0 —7.0 -7.7 —8.4 88 2.1 —~1.3 —8.2 -9.1 —10.0 87
2.040 -77.1 —66.0 —72.7 —73.2 —74.0 11 —82.5 —70.2 -77.7 —785 — —
1.761 —139.8 —131.1 —130.6 —129.9 —129.6 1 —150.5 —140.9 —140.2 -139.8 — —
1.759 —148.2 —140.0 —138.9 —138.1 —137.8 2 —160.1 —150.8 —149.5 —149.1  —149.0 1
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percentage error of CCSD with respect to CCSDT(Q),. Table 3
shows that this error increases steadily from reactants (9-10%)
up to the TS region (87-88%) to decrease again as we approach
the postRC (1-2%). This trend is observed with both basis sets.
Indeed, taking a closer look at the 2.466 A values, the transition
state region, we see that the energy decreases steadily as we
improve the electron correlation treatment: from MP2, where
the TS is 2.0-2.1 k] mol ™" above reactants, to CCSDT(Q) , where
it lies 8.4-10.0 k] mol " below. For this particular region of the
reaction profile, CCSD is clearly not accurate enough to prop-
erly describe the electronic structure of the system. Inclusion of
perturbative triples noticeably improves the CCSD predictions
and, fortunately enough, already yields good agreement with
the higher correlation treatment affordable to us. In summary,
the analysis carried out in this section shows that the transition
state region of these processes is extremely sensitive to the
correlation treatment and that accurate results requires at least
CCSD(T) calculations. The role of the basis set is important as

View Article Online
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well and at least an aug-cc-pVTZ basis set is recommended.
Our study also suggests that results obtained with Pople’s
6-311+G(d,p) are qualitatively correct but not as accurate as
those obtained with aug-cc-pVTZ.

3.5 DFT reaction profiles

Stimulated by the results discussed in the previous section we
present, in the last part of our study, PECs obtained with
several density functional approximations (DFAs), see Fig. 6.
The DFAs employed include three hybrid functionals: ®-B97X-
D2 (light blue line), M06-2X (orange), B3LYP (brown), and three
double hybrids functionals: B2PLYP-D3BJ (purple), B2T-PLYP-
D2 (green) and mPW2PLYP-D2 (magenta). All DFAs were used
in conjunction with the aug-cc-pVIZ basis set. The PECs
computed at the CCSD(T)/aug-cc-pVTZ level, taken as a refer-
ence, are also presented in black.

In order to provide a more quantitative analysis we show in
Table 4 the root mean squared error (RMSE) and root mean

10 d(x---C) (A)
4 35 3 25 2 4 3.6 3.2

d(x--C) (A)

d(x--C) (A)
2.8 24 2| 33 3i 29 27 25 23

E (kJ/mol)

E (kJ/mol)

E (kJ/mol)

ccsp(T)
w-B97XD

-80 MO06-2X

B2T-PLYP-D2
mPW2PLYP-D2

B3LYP B2PLYP-D3(BJ)

-90

Fig. 6 PECs of reactions (R1)-(R9), obtained at different DFT functionals: ®-B97XD2 (in light blue), MO6-2X (in orange), B3LYP (in brown), B2PLYPD3BJ
(in purple), B2T-PLYPD?2 (in green) and mPW2PLYPD?2 (in magenta). All DFT functionals were used with the aug-cc-pVTZ basis set. PECs obtained at the

CCSD(T)/aug-cc-pVTZ level are also presented in black.
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Table 4 RMSE and RMSPE values for the different DFT functionals used to describe the PECs of reactions (R1)—(R9). The average RMSE values (RMSE,,)
and their standard deviations (RMSEgp) are also tabulated (read the text for definitions). All RMSE values are given in kJ mol™*

®-B97XD2 Mo06-2X B3LYP B2T-PLYPD2 B2PLYPD3B] mPW2PLYPD2

Reaction RMSE RMSPE RMSE RMSPE RMSE RMSPE RMSE RMSPE RMSE RMSPE RMSE RMSPE
R1 7.9 38 7.4 37 13.6 63 5.6 27 8.1 38 8.3 39
R2 2.6 24 4.7 43 8.3 72 2.5 21 4.2 36 4.6 40
R3 0.5 4 5.2 47 11.4 101 3.0 27 5.7 50 5.7 51
R4 7.9 24 7.6 23 12.6 36 5.9 17 8.2 24 8.4 25
R5 2.7 12 4.8 19 10.0 38 3.4 13 5.8 22 5.9 23
R6 1.0 5 4.3 18 8.4 34 2.2 9 4.5 18 4.6 19
R7 6.1 14 5.6 13 9.2 21 5.9 13 7.6 17 7.9 18
R8 1.6 5 2.9 8 7.4 21 3.5 10 5.7 16 5.5 16
R9 1.7 6 3.7 12 6.4 21 3.6 12 5.5 18 5.5 18
RMSE,, 3.5 5.1 9.7 4.0 6.1 6.3

RMSEgp 2.9 1.6 2.4 1.4 1.5 1.5

squared percentage error (RMSPE) for each DFA as calculated
using expressions (2) and (3), respectively:

| X 2
RMSE = NZ(E(di)DFT - E(di)CCSD(T))

i=1

2
izN: E(d;)ppr — E(df)CCSD(T) 3)
N i=1 E(df)CCSD(T)

(2)

RMSPE = 100

where E(d;)prr and E(d;)ccsp(r) are the energies obtained at the
DFT and CCSD(T) levels, respectively, at d(X- - -C) = d;, and N is
the number of the sample of points collected from the curve.
The RMSE and RMSPE errors were calculated for the range
d(X---C)=2,4-2.9 A, a range that encompasses the region of the
TS for (R1)-(R3) reactions (2.5-2.6 A) and for (R5) and (R6)
reactions (2.7 A).

Interestingly, DFT PECs do not present energy barriers for
any of the reactions (R1)-(R9) which is in agreement with
CCSD(T) predictions. This is a fortunate result since DFT is
computationally much cheaper than CCSD(T). However, it is
also worth pointing out that already in the TS region and more
clearly at shorter X:--C distances the PECs diverge in some
cases significantly, reaching energy deviations of about
20.0 k] mol~'. DFT PECs usually lie below the reference
CCSD(T) and show the following trend: B3LYP < B2PLYPD3BJ =~
mPW2PLYPD2 < M06-2X < B2T-PLYPD2 < »-B97XD2. We note
in passing the PECs in Fig. 6 should be affected by basis set
superposition error (BSSE). However, as shown in previous sec-
tions, the topology of the PEC is clearly dependent on the electron
correlation treatment and, thus, results collected in Fig. 6, should
provide useful insights about the performance of the tested DFAs
regardless of the magnitude of BSSE.

Results collected in Table 4 allow us to have a more
quantitative picture. The average RMSE, RMSE,,,, shows that the
©-B97xD2 functional presents the lowest error (3.5 kJ mol "),
followed by B2T-PLYPD2 (4.0 kJ mol '), M06-2X (5.1 kJ mol %),
B2PLYPD3B] (6.1 k] mol '), mPW2PLYPD2 (6.3 kJ mol )
and B3LYP (9.7 k] mol ™). This means that in the intermediate
region, where the transition structure is expected to be located,
all DFAs perform reasonably well. Taking into account the larger

3338 | Phys. Chem. Chem. Phys., 2025, 27, 3330-3340

computational cost of double hybrids it is pleasant to find out that
both ®w-B97xD2 and MO06-2X provide a good agreement with
CCSD(T).

4 Conclusions

The main conclusions of this study can be summarized as
follows:

(1) Halogen exchange reactions between dihalogens YX
(Y = F, Cl, Br, X = Cl, Br, I) and formyl radical are generally
exothermic, except for the reactions with FI and CII which are
endothermic. It is observed that exothermicity increases with
the size of Y (F < Cl < Br) and decreases with the size of
X (Cl > Br > I).

(2) Halogen-mediated interactions are the driving force in
the onset of the reaction where reactants approach each other.
The strength of this interaction increases with the size of
X (Cl < Br < I) and with the electronegativity of Y (Br < Cl < F).
For those reactions with weaker X:--C interactions, namely
reactions with FCl, Cl,, BrCl, ClBr, and Br, a pre-reactive
complex appears as a minimum on the CCSD/6-311+G(d,p)
PEC followed by a local maximum corresponding to the transi-
tion structure that leads to the products of the reaction. Those
reactions with stronger X - -C interactions, namely FBr, FI, ClI,
and Brl, do not show either preRC nor TS on the intermediate
region of the reaction profile. However, at the higher CCSD(T)/
CBS level of theory no reaction features preRC/TS. We derive
two conclusions from these observations:

(1) Halogen exchange reactions between dihalogens and
formyl radicals evolve directly from reactants to the post-
reactive complexes without passing through a transition state.

(2) We relate the absence of transition structure in these
reactions to the strength of the halogen bonding interactions
between reactants.

(3) CCSD does not provide correct reaction energy profiles
for reactions with weaker X- - -C interactions since CCSD shows
a tight transition structure. Inclusion of perturbative triple
corrections is mandatory in order to provide the correct barrier-
less potential energy curves. Inclusion of higher order excita-
tions do not seem to noticeably improve CCSD(T) results. Thus,
we conclude that CCSD(T) in conjunction with a 3-( basis set
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represents the lowest level of theory appropriate for the study of
these reactions. We can also conclude that 6-311+G(d,p) pro-
vides qualitatively correct results but we recommend the usage
of at least aug-cc-pVTZ for the study of these processes.

(4) The tested hybrid and double-hybrid DFAs provide fairly
accurate predictions compared to CCSD(T). In particular, they
correctly predict the absence of a transition structure for the
whole set of reactions.
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