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Abstract

We present the CHAL336 benchmark set—the most comprehensive database for
the assessment of chalcogen-bonding (CB) interactions. After careful selection of suit-
able systems and identification of three high-level reference methods, the set comprises
336 dimers each consisting of up to 49 atoms and covers both o- and m-hole inter-
actions across four categories: chalcogen-chalcogen, chalcogen-7r, chalcogen-halogen,
and chalcogen-nitrogen interactions. In a subsequent study of DFT methods, we re-
emphasize the need for using proper London-dispersion corrections when treating non-
covalent interactions. We also point out that the deterioration of results and systematic
overestimation of interaction energies for some dispersion-corrected DF'T methods does
not hint at problems with the chosen dispersion correction, but is a consequence of large

density-driven errors. We conclude this work by performing the most detailed DFT
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benchmark study for CB interactions to date. We assess 98 variations of dispersion-
corrected and -uncorrected DFT methods, and carry out a detailed analysis of 72 of
them. Double-hybrid functionals are the most reliable approaches for CB interactions,
and they should be used whenever computationally feasible. The best three double hy-
brids are SOS0-PBE0-2-D3(BJ), revDSD-PBEP86-D3(BJ), and B2NCPLYP-D3(BJ).
The best hybrids in this study are wB97TM-V, PW6B95-D3(0), and PW6B95-D3(BJ).
We do not recommend using any lower-rung DFT methods nor the popular B3LYP and
MP2 approaches, which have been used to describe CB interactions in the past. We
hope to inspire a change in computational protocols surrounding CB interactions that
leads away from the commonly used, popular methods to the more robust and accu-
rate ones recommended herein. We would also like to encourage method developers to
use our set for the investigation and reduction of density-driven errors in new density

functional approximations.

1 Introduction

Noncovalent interactions (NCIs) play a crucial role in areas such as supramolecular chemistry,
materials science, and chemical biology,** which is why a large number of experimental and
theoretical studies have been devoted to understanding their nature.* 4% Group 14-17
atoms covalently bound to electron-withdrawing groups can serve as Lewis-acid centers and
be involved in relatively strong NCIs, which have been recognized in numerous chemical
and biological systems.*™#* The electron-withdrawing effect of the covalently bound group
induces an electron-deficient area on the Lewis-acid centre opposite the covalent bond; this
region is usually called the o-hole. The o-hole can form an adduct with a Lewis base (see
Fig. |1] for a schematic representation), and such interactions are highly directional. Their
strength depends on both the degree of electron deficiency in the o-hole region as well as

the electron density on the Lewis-base center. The resulting interactions are known as tetrel

(for the atoms of group 14),4%% pnictogen (group 15),4#4348%0 chalcogen (group 16)=13



R‘S—Cf; Y--LB
R!S_

Figure 1: Schematic representation of CB interactions. Here, “Ch” represents the CB donor
that is covalently bound to the functional groups R and R’; and LB is a Lewis base.

and halogen (group 17)*##2458 honding interactions.”

This study focuses on chalcogen-bonding (CB) interactions (Fig. [l|). Their strength is
comparable to that of hydrogen bonds and other o-hole interactions.”® CB interactions con-
trol the molecular orientations in crystal-structure packing as well as molecular recognition
processes in biological systems. For example, S---O and Se---O interactions control the con-
formation of thiazole and selenazole nucleosides.”” The structure and biological behavior of
some sulfur-containing biological molecules are also controlled by CB interactions.®**Y CB
interactions also play an important role in the stabilization of protein structures and regu-
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lation of enzymatic functionalities, and they can control the conformational stability of

organic molecules. %4

Examples of using CB interactions for pharmacological benefits are
selenazole nucleosides, where Se---O interactions play an important role in driving antiviral
and antitumor activities.® Some of the present authors have recently given experimental
evidence of CB at oxygen in o-nitro-O-aryl oxime, which is a rare example of oxygen involve-
ment. ™

Most systems induce CB through the aforementioned o-hole but an analogous m-hole can
also be the cause. A m-hole is a positive region of the electrostatic potential perpendicular to
a planar 7 framework of the molecule.™ Such positively charged regions can also interact with
Lewis bases. m-hole mediated CB interactions have, for instance, been characterized in the
Hy,0-SO3, ™ NH3-SO3, " (SO3),,-HoCO 55 (S03),,-CO® and SO3-(CO),, % complexes,
where n=1 and 2.

The aforementioned examples demonstrate that detailed studies of CB interactions are



of significance to the general chemistry community. Naturally, the interest of computational
quantum chemists has also grown recently. However, a closer look at the literature reveals
that high level, ab-initio calculations have rarely been conducted. Instead, most computa-
tional analyses are limited to second-order Mgller-Plesset Perturbation Theory (MP2)% or
low-level Density Functional Theory (DFT) approximations. M8 3584 NP2 /triple-¢ num-
bers have been compared with the Coupled-Cluster Singles Doubles and Perturbative Triples
(CCSD(T))®/triple-¢ level of theory only in some occasions claiming that MP2 was reli-
able.®988 However, we would like to point out that reference energies based on a triple-¢
basis are unlikely be trustworthy due to the well-known slow energy convergence of electron-
correlation methods with basis-set size; for a recent discussion on this topic in the context
of benchmarking, see Refs [89 and 90l With some exceptions, many DFT based studies
are limited to the B3LYP®*? hybrid density functional approximation (DFA) with rela-
tively small basis sets, despite evidence that this level of theory is not adequate due to the
London-dispersion, basis-set superposition and basis-set incompleteness errors, as well as the
underlying exchange-correlation functional itself, 19208394

Recently, CB interactions have gained high attention for applications in drug design,
ion transport, catalysis, and materials design.”* % Therefore, it is very important to thor-
oughly investigate current quantum-chemical methods in the context of CB interactions
before they are used in similar studies. DFT is the methodology of choice in such applica-
tions, however, as commented elsewhere there is an increasing gap between DFT developers
and users due to the large and ever-growing DFT “zoo".“%%* As a consequence, the field
is full of misconceptions and many users base their computational studies on popular and
highly cited methodologies, which however may not guarantee reliability and robustness.”
In order to determine the most robust and reliable methods, comprehensive databases have
been developed that cover different chemical problems simultaneously. Examples of such

benchmark databases are the Gn test sets, 231 Database 2015847 MGCDB84,1% and the

GMTKN24,%4 GMTKN30,® GMTKN55% databases for general main-group thermochem-



istry, kinetics and NCIs. Apart from test sets for chemical reactions, those comprehensive
databases also include a variety of test sets for intra- and intermolecular NCIs, among which
some evaluate directional interactions, such as hydrogen- and halogen-bonding. 1134250
While halogen-bonding interactions have been analyzed in detail in Refs [15]16] and 109~
117, to the best of our knowledge no comprehensive benchmark study on CB interactions
has been published with the exception of a 2013 study limited to a few smaller systems fo-
cussing on halogen, pnictogen, and CB interactions with neutral and anionic electron donors
for some older pure/hybrid DFAs.2¥ In addition, the findings for the aforementioned test
sets and databases may not be sufficient to also guarantee that any of the recommended
DFAs can be safely used for CB interactions. This can be seen from the fact that recent
studies have revealed that many DFAs show a particularly large density error for small CB
model systems;™ this error is a consequence of the well-known self-interaction error (SIE)
in DFT and can have negative impacts on a DFA’s applicability; see Refs [119-126 for more
details on the density error.

In the previous paragraph, we have established that there is a gap in the expertise
of computational chemists when it comes to the accurate and reliable treatment of CB
interactions. Moreover, DFT developers have identified the description of said interactions
as a difficult problem. Herein, we close those existing gaps and provide users and developers
alike with valuable new insights. We present a new benchmark set that comprises 336 high-
level wave-function interaction energies in CB complexes dubbed “CHAL336". It is divided
into different categories depending on the nature of the Lewis acid-base pairs as outlined in
Section [2l The aim of this study is to gain insights into how well contemporary quantum-
chemical methods, mainly DFAs, describe CB interactions. Such endeavor rises and falls with

AL and in Section 4] we identify and assess different

the accuracy of the reference data,
high-level strategies targeted at smaller and larger CB dimers. The resulting benchmark
set and its reference values are then presented in Section 5l A detailed evaluation of DFT

methods follows in Section [l We carefully selected 98 DFA variations for this task and do
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Figure 2: Overview of the CHAL336 benchmark set.

a thorough analysis of 72 of them, which also includes an assessment of London-dispersion
corrections and the density error. We recommend those methods to DFT users that are
the currently best for the computational treatment of CB interactions but also inform DFT
developers on shortcomings of current methods; as such our findings also assist future method

developments.

2 Overview of the CHAL336 benchmark set

Our aim is to design the first comprehensive benchmark set for intermolecular CB interac-
tions. The strength of CB interactions increases from top to bottom in group 16 and based
on selection criteria outlined in Section we included S, Se and Te as CB donors. The
resulting CHAL336 benchmark set covers 336 dimers of varying size. For each quantum-
chemical method that a user would like to assess, 1008 single point calculations have to
be conducted to obtain the 336 relative energies for the subsequent statistical analysis. As
shown in Fig. [2| the 336 dimers are divided in four main categories. The first category
is called the “CHAL-CHAL subset", and it includes problems where chalcogen-containing
species act both as CB donors and Lewis bases. This subset comprises a total of 99 dimers.
In the second category, 27 complexes are characterized by chalcogen-m bonding (CHAL-7

subset), where interactions take place between the o-hole of the chalcogen center and an



unsaturated moiety; this is not to be confused with m-hole interactions. The third category
contains 119 complexes stabilized by chalcogen-halogen interactions (CHAL-X subset), while
the fourth subset (CHAL-N) comprises 91 dimers with chalcogen-nitrogen interactions.

A detailed description of all 336 dimers follows in Section [5] All reference values in this
study are zero-point vibrational energy exclusive, non-relativistic, and only involve valence
electrons, as is standard in DFT benchmark studies. All structures can be obtained as a zip

archive in the Supporting Information (SI).

3 General computational details

MOLPRO 2019.2%%¢ was used to obtain reference values for the Weizmann-n composite
scheme mentioned in the next section. TURBOMOLE 7.312%13 was used for all geometry
optimizations. ORCA4.2.0 and ORCA4.2.1%44133 wwere employed for all remaining wave-
function and DFT single-point calculations. DFT-D3™ and DFT-D413#135 type disper-
sion corrections were obtained with the respective standalone programs by Grimme and
co-workers, 04T

We applied Domain-Based Local Pair Natural Orbital Coupled-Cluster Theory with
Singles Doubles and Perturbative Triple Excitations [DLPNO-CCSD(T)]"™ in its latest
linear-scaling implementation.™® We employed the frozen-core approximation to all electron-
correlation methods in ORCA, including double-hybrid DFT, to prevent basis-set superpo-
sition errors in the treatment of core-core electron correlation."#” Core electrons of heavy
elements (Te and beyond) were replaced with effective-core-potentials of the def2-ECP type
in all cases.™*! Specific details on geometry optimizations, tested DFAs, atomic-orbital (AO)
basis sets, technical setups for reference-energy and DFT calculations are discussed in the

next sections.

Throughout this paper, we use the terms "interaction" or "binding energy" (AE) as



described below:

AE:Elg—El—EQ, (1)

where Ej, is the total energy of the dimer and E;/, are the total energies of the individual
monomers. While calculating AFE, the monomers assume the same internal coordinates as in
the bound dimer, as is common in similar studies. 204283 1 AF < 0, a dimer is stable.

Any deviation during our method assessment is defined as the difference in interaction
energies between the evaluated method and the reference value. Given that AE values
are negative, a negative deviation indicates an overestimation of the binding energies and
vice versa. Statistical values discussed herein are mean deviations (MDs), mean absolute
deviations (MADs), root-mean-square deviations (RMSDs) and error ranges (ERs).

We advise to pay close attention to the resulting binding energies after a successful SCF
procedure. Careful analysis revealed some unusual values for some DFAs that were against
chemical intuition. Moreover, some of those values changed when different initial guesses
were tested. In the majority of cases, we decided to use either an Extended Hiickel initial
guess or the results of a successfully converged DFT calculation that had led to a reasonable

interaction energy.

4 First steps leading to the CHAL336 benchmark set

4.1 Geometry optimizations and selection criteria

All geometry pre-optimizations were performed with Turbomole’s multigrid option “m4” and
the final optimizations with grid ”7” for the numerical integration of the exchange-correlation
potentials. The latter is one of Turbomole’s largest grid and minimizes the emergence of
any artifacts that may impact the geometries of noncovalently bound structures. The self-
consistent-field (SCF) calculations in each geometry cycle were carried out with a convergence

criterion of 10~7 E;. The geometry convergence criterion with respect to the change in total



energy between two cycles was set to 1077 E,. The Resolution-of-the-Identity approxima-
tion to the Coulomb integrals (RI-J)™ was employed with appropriate auxiliary basis from
the Turbomole basis-set library.24> All model systems were pre-optimized at the PBEh-3c14°
hybrid DFT level. PBEh-3c is a low-cost DF'T method based on a specifically designed
small AO atomic-orbital double-( basis set with basis-set superposition error correction.4?
It provides a proper description of London- dispersion effects™ and reasonably accurate
geometries and properties. The resulting geometries were further optimized at the more
accurate®484Y dispersion-corrected PW6B951°0-D3(BJ) ™8 /def2-TZVPD*! level of theory.
We observed geometry convergence problems for some of systems containing Te or I at
the PW6B95-D3(BJ)/def2-TZVPD level. Such systems were optimized with PBEQ12%125
D3(BJ)/def2-TZVPD, instead. Some geometries of the initial model dimers or monomers
were taken from Refs BI58/73/86-H8KT54] and 155, but were re-optimized at the above men-
tioned levels of theory. Most other model systems had not been investigated before and are
discussed here for the first time.

We started this study with nearly 1000 model dimers (3000 structures including monomers)

because we allowed for different permutations of both chalcogen atoms and other functional

groups. Out of those dimers, we short-listed 336 dimers based on the following criteria:

e We excluded dimers with an absolute binding energy < 0.5 kcal mol™! based on the

accurate reference level of theories defined in the following sections.

e We excluded dimers having oxygen as CB donor. While such cases have been shown
to be possible, 2157 the resulting interaction is quite weak, such that such interactions

have often been ruled out or mentioned to be “rare” #8:128161

e Upon inspection post optimization, we excluded dimers that did not fulfill the di-
rectionality criteria of CB interactions, for instance wrong relative orientation of the

monoImers.

e In systems that displayed isomers, we only included those with the stronger CB inter-



actions.

e While some of the initial structures contained pnictogens other than N we decided to
leave those out due to smaller CB interactions and little new insights that would not

have warranted the increase in size of the benchmark set and computational resources.

e We excluded those complexes that displayed hydrogen-bonding along with CB inter-

actions.

4.2 Establishing reference values

CCSD(T) at the complete basis set limit (CBS) is known as the “gold standard" method of
chemical accuracy when the inclusion of higher-order excitations (true Triples and beyond) is
not possible. However, the cost of a canonical CCSD(T) calculation scales as O(N7) (where
N is the number of AOs or system size), which is why it is not always computationally
feasible for chemically interesting systems.

While not affecting the formal scaling behavior, explicitly correlated approaches, such
as the R12 and F12 variants, "% allow using smaller AO basis sets with faster conver-
gence to the CBS limit. Other alternatives to canonical CCSD(T) are various localized
approaches 18H3HOTLE Ty this work, we always strive to obtain the most reliable reference
values for a given system size. Therefore, we employ a hierarchy of protocols based on

explicitly or locally-correlated approaches as outlined next.

4.2.1 WI1-F12 reference values

Reference binding energies of smaller systems could be calculated at the highly accurate
W1-F124% Jevel of theory. W1-F12 is a composite, thermochemical wave-function protocol
that recovers the CCSD(T)/CBS limit through a series of finite-basis-set calculations that
involve explicitly-correlated techniques. The accuracy of W1-F12 lies within the threshold

of chemical accuracy, usually defined as 0.1 kcal mol™! for NCI energies,*™ and it has been
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previously shown how it delivers accurate reference energies for the assessment of lower-level
methods.?? Extrapolation exponents used in our W1-F12 calculations were based on the sug-

L% Moreover, we only considered

gested values for systems containing second-row elements.
the resulting energies for valence electrons, as is standard in DFT benchmarking. Additional
calculations of core-electronic effects revealed that they were indeed negligible for our pur-
poses. For instance, they only contributed —0.03 and —0.07 kcal mol™! to the total binding
energy of CoHgO--SCoHg and CoHgS:--S(CH3)CN, respectively. All SCF calculations were
done with a convergence threshold of 107% E;, and the resulting SCF energies were corrected
with the complementary auxiliary basis (CABS) singles correction. 184018 W1-F12 calcu-
lations were done with the RI approximations using OPTRI*™ auxiliary basis sets within
the CABS approach.

Besides being computationally more demanding for larger systems, our W1-F12 treat-
ments were also limited because the AO basis sets prescribed for this protocol are not defined

for elements beyond Ar. Therefore, we often had to apply the methodology described in the

following section.

4.2.2 DLPNO-CCSD(T)/CBS variants

An efficient and successful local-correlation approach is Neese and co-workers’ DLPNO-
CCSD(T) scheme.*#139 DLPNO-CCSD(T)/CBS has been regarded as an ideal alternative to
W1-F12 before and we follow in the footsteps of previous benchmark studies.?"*¥ However,
the remaining question is which basis-set types should be chosen, and in this section we
conduct appropriate tests to determine this. These tests are inspired by recently established
protocols for benchmarking enzymatically catalyzed reactions.’®! Herein, we follow those
protocols with just some variations in basis sets.

In order to obtain the CBS limit, we used two-point extrapolation techniques. Hartree-

Fock (HF)/CBS total energies (Escr(CBS)) were obtained as:'82

11



Escr(X)exp(—avY) — Escp(Y)exp(—avX)
exp(—aVY) — exp(—avX) 7

while the extrapolation of the correlation energies (FEe..) was performed as:1&*

ESCF(CBS) -

XBECO?“T(X) B YBECOTT(Y) 3
N , (3)

ECO’I‘T(OBS) =

where o and [ are optimized, basis-set specific constants (see Table S1 in the SI) and X
and Y are the basis set’s cardinal numbers.

The electron-correlation steps in the DLPNO-CCSD(T) calculations were computed with
the RI approximation using an appropriate auxiliary basis sets. All SCF calculations pre-
ceding the actual DLPNO-CCSD(T) steps were done with the default convergence criterion
of 107¢ E,,.

Generally, extrapolation involving triple- and quadruple-( basis sets should be preferred
over double- and triple-C sets.*8!' Appropriate Dunning basis sets, namely aug-cc-pVTZ/aug-
ce-pVQZIEHIE (or aug-ce-pwCVTZ/aug-ce-pwCVQZHEY) are the commonly recommended
ones in this context. However, they have only been defined for elements up to Kr. Ahlrichs-
type basis sets could be a possible alternative. Although they were originally developed for
DFT methods, they have been successfully used for ab-initio calculations as well, with the
advantage of being faster due to a smaller number of primitive Gaussian-type orbitals.2%1&1
These basis sets are available for elements up to Rn.

Herein, we investigated the basis-set combinations aug-cc-pVTZ/aug-cc-pVQZ, aug-cc-
pwCVTZ/aug-cc-pwCVQZ, def2-TZVPP /def2-QZVPP, ' ma-def2-TZVPP /ma-def2-QZVPP, 158
and def2-TZVPPD /def2-QZVPPD,™! where “aug", “ma" and “D" are identifiers for addi-
tional diffuse functions. All our tests were done with the “TightPNO” setup as suggested
by Neese, Martin, and co-workers, which has been deemed particularly important for NCI
189

energies and makes the differences to canonical CCSD(T) results negligible to minimal.

For a recent analysis of errors in DLPNO calculations, see Ref. [190.

12



During our first calculations, we noticed that the aug-cc-pV'T /QZ basis sets behaved quite
differently from the Ahlrichs ones for heavier elements, such as Se. For instance, the abso-
lute difference between DLPNO-CCSD(T)/CBS(aug-cc-pVTZ/aug-cc-pVQZ) and DLPNO-
CCSD(T)/CBS(ma-def2-TZVPP /ma-def2-QZVPP) for CoHgO---Se(CH3)CN is 0.52 kcal mol ™.
For an element of the nt" principal shell, with n being the principal quantum number, the
(n — 1)d electrons are not frozen in ORCA’s default “chemical-core”. Contrary to Ahlrichs
basis sets, the correlation consistent Dunning basis sets are minimal in the sub-valence
region, which has been shown to negatively affect the description of halogen-bonding in-
teractions.™ ¥ This explains our observed large difference, as electron-correlation is under-
estimated for the (n — 1)d electrons. Indeed, when using the “weighted” core-valence vari-
ant aug-cc-pwCVT /QZ, the results are more consistent and the absolute difference between
DLPNO-CCSD(T)/CBS(aug-cc-pWCTZ/aug-cc-pwCQZ) and DLPNO-CCSD(T)/CBS(ma-
def2-TZVPP /ma-def2-QZVPP) is only 0.08 kcal mol™!. This automatically rules out the
conventional correlation-consistent Dunning basis sets from further study.

At this stage, we arrive at three different strategies to reach the CBS limit with DLPNO-
CCSD(T): aug-cc-pwCVTZ/aug-cc-pwCVQZ (strategy A), def2-TZVPPD /def2-QZVPPD
(strategy B), and ma-def2-TZVPP /ma-def2-QZVPP (strategy C). We compare those against
W1-F12 reference numbers for 15 systems and also provide statistical data in Table[I, When
comparing strategy A against the W1-F12 numbers, we see very low statistical values, for
instance MAD = 0.09 kcal mol™" and ER = 0.19 kcal mol~" (Table [1)). Therefore, strategy
A serves as our next best-possible benchmark to asses the other strategies whenever W1-F12
calculations are not feasible. Strategy C is the next best choice with an MAD of 0.14 kcal
mol~! compared to strategy B (MAD = 0.28 kcal mol™!). The only difference between both
basis-set types used in the two strategies are the diffuse functions. The def2-T/QZVPPD
type basis sets underestimate the binding energies systematically with MD = 0.28 kcal mol !,
while the ma-def2-TVZPP type seems to be better suited with MD = 0.12 kcal mol~!. In

passing, we note that using diffuse functions is advised. For instance, the MAD for DLPNO-

13



Table 1: DLPNO-CCSD(T)/CBS interaction energies and statistics with reference to W1-
F12 energies (kcal mol™') calculated with the aug-cc-pwCVTZ/aug-cc-pwCVQZ (A), def2-
TZVPPD/def2-QZVPPD (B) and ma-def2-TZVPP /ma-def2-QZVPP (C) AO basis sets.

No System WI1-F12 ~AA* AB* AC“
1 CyHgO---SCoHg -339 014 023 0.16

2 CyHgO--S(CH3)CN —-4.98 0.16 029 0.16

3 CyHeS---S(CH3)CN —-4.72 0.16 029  0.14

4 C4H40---SHCI —-3.45 0.07 034 023

5 C4H40---SHF —-4.60 —-0.01 0.34  0.20

6 C4H4S---SHCI —2.22 0.04 0.19 0.10

7 C4H4S---SHF —4.11 0.11 024  0.12

8 FoCS---Cl™ -7.79  0.05 023 025

9 FoCS---F— —1733  0.13 0.39  0.03

10 HoCS---Cl™ —-0.66  0.03 0.21 0.15
11 HoCS---F~ —-520 0.13 0.51 0.15
12 OCS.---Cl~ -9.77  0.07 020  0.21
13 OCS--F~ —19.55  0.07 0.35 —0.08
14 SCS---ClI~ —10.58  0.04 0.07  0.06
15 SCS--F~  —21.25 0.18 0.32 —-0.05
MD 0.09 0.28 0.12
MAD 0.09 0.28 0.14
RMSD 0.11 030  0.15
ER 0.19 044  0.33

“ AA/B/C= AE4//c -AEw1_F12.

CCSD(T)/CBS(def2-TZVPP /def2-QZVPP) (strategy D) is 0.56 kcal mol™! (see Table S2).

W1-F12 and strategy-A calculations are only feasible for a limited number of elements,
which means that Ahlrichs basis sets will have to be used for the majority of cases. The
latter also have the advantage of being computationally friendlier. Therefore, we intend
to discard strategy A from the development of our benchmark set in Section ] In order
to be more confident about the expected error when using Ahlrichs basis sets, we extend
our analysis of strategies B and C and now consider 38 systems, with the same 15 W1-
F12 references as before and an additional 23 reference values based on strategy A. The
results in Table [2| confirm again that strategy C has a better MAD and MD than strategy
B with MAD = 0.12 kcal mol™! vs. 0.16 kcal mol™' and MD = 0.02 kcal mol™! vs. 0.11

kcal mol~!, respectively. As such, the ma-def2-TZVPP /ma-def2-QZVPP basis-set pair was

14



chosen for the CBS extrapolation to obtain reference values in this study. Note that this

recommendation aligns well with the previously made recommendations for enzymatically

catalyzed reactions."5!

Table 2: DLPNO-CCSD(T)/CBS interaction energies and statistics with reference to W1-
F12 and DLPNO-CCSD(T)/CBS(aug-cc-pwCVTZ/aug-cc-pwCVQZ) energies (kcal mol™!)
calculated with the def2-TZVPPD/def2-QZVPPD (B) and ma-def2-TZVPP /ma-def2-
QZVPP (C) AO basis sets.

No System ref. AB?* AC*
1 CyHgO--SCoHg? —3.39 0.23 0.16

2 C2HgO---S(CH3)CNb  —4.98 0.29 0.16

3 CyHgO---SeCaHg® —3.49 —0.04 —0.07
4  (CyHgO---Se(CH3)CNE —5.66 0.00 —0.08

5  CaHgSe--S(CH3)CN® —4.52 0.11 —0.14

6 CoHgSe---SeCoHg® —-3.78 —0.02 —0.11
7  CoHgSe--Se(CH3)CN® —5.36 0.05 —0.13

8 CoHgS:-S(CH3)CN®  —4.72 0.29 0.14
9 CyHgS---SeCaHg® —-3.73  —0.03 —0.05
10  CyHgS--Se(CH3)CN¢ —5.43 0.00 —0.12
11 C4H40---SeHBr*¢ —3.87 0.15 —0.03
12 C4H40---SeHCl® —4.28 0.06 0.01
13 C4H40---SeHF* —5.70 —0.04 —0.04
14 C4H40---SHBr¢ —3.07 0.23 0.10
15 C4H40---SHCI® —3.45 0.34 0.23
16 C4H40---SHF? —4.60 0.34 0.20
17 C4H4S--SeHBr¢ —4.00 —0.12 —0.15
18 C4H4S---SeHCI¢ —4.28 —0.12 —0.12
19 C4H4S--SeHF¢ —5.46 —0.20 —0.22
20 C4H4S---SHBr¢ —2.01 0.15 0.01
21 C4H4S---SHCI® —2.22 0.19 0.10
22 C4H4S---SHF? —4.11 0.24 0.12
23 F3CS---Cl—? —7.79 0.23 0.25
24 FyCSe--Cl=¢ —11.04 —0.05 0.19
25 F2CSe--F~¢  —24.38 0.04 —0.08
26 FoCS--F~b  —17.33 0.39 0.03
27 H,CS---Cl1~? —0.66 0.21 0.15
28 H,CSe---Cl—¢ —3.28 0.12 0.25
29 HoCSe---F~¢  —10.57 0.08 —0.03
30 H,CS---F~b —5.20 0.51 0.15
31 0CS.---C1~? —9.77 0.20 0.21
32 OCSe--Cl=¢  —13.19 —0.09 0.10
33 OCSe--F~¢  —27.74 0.05 —0.06
34 OCS--F~b —19.55 0.35 —0.08
35 SCS---Cl—%  —10.58 0.07 0.06
36 SCSe--Cl=¢  —13.05 —0.16 0.02
37 SCSe--F~¢  —26.09 —0.08 —0.34
38 SCS--F~b  —21.25 0.32 —0.05
MD 0.11 0.02
MAD 0.16 0.12
RMSD 0.20 0.14
ER 0.71 0.59

“ AB/C= AEp/c -AE; ...

b ref. values were calculated at the W1-F12 level.

¢ ref. values were calculated at the DLPNO-CCSD(T)/
CBS(aug-cc-pwCVTZ/aug-cc-pwCVQZ) level (strategy A).

15



4.2.3 Composite scheme

In the previous section, we have determined a protocol for DLPNO-CCSD(T)/CBS reference
energy calculations. For larger systems, where a conventional CBS extrapolation is very
expensive, it has become common practice to determine reference energies with composite
schemes that attempt to estimate the CBS limit for a high-level (HL) electron-correlation
method. PHEHILYZ The idea is to obtain a CBS total energy for a low-level (LL) method
followed by adding the difference in correlation energies between HL and LL computed with
a smaller basis set, which leads to the following expression for the estimated (est.) HL/CBS

number:

E(estt HL/CBS) = E(LL,CBS) + E.or(HL/small basis) — Eopr(LL/small basis) (4)

Ref. [181] investigated various LL methods and basis-set combinations for enzymatically cat-
alyzed reactions to obtain est. DLPNO-CCSD(T)/CBS values. Herein, we adopt their
best-performing protocol, which we dub strategy E, with only a minor modification, namely
that we employ diffuse functions for all calculations. In strategy E, we first obtained a spin-
component scaled'® DLPNO-SCS-MP21%4/CBS(ma-def2-TZVPP /ma-def2-QZVPP) values
that were subsequently corrected for the difference between DLPNO-CCSD(T) and DLPNO-
SCS-MP2 with the ma-def2-TZVPP basis set. In all cases, Tight PNO thresholds were ap-
plied.

The focus of our initial tests is to investigate the robustness of the above-mentioned
scheme. The values that are ideally to be replicated are the DLPNO-CCSD(T)/CBS(ma-
def2-TZVPP /ma-def2-QZVPP) ones. The resulting comparison for 48 dimers is shown in
Table [3] Surprisingly, the differences between the properly extrapolated and the composite
scheme seem to be relatively large with strategy E having an MAD of 0.17 kcal mol~!. Upon
closer inspection, we identified the fluoride-containing systems to be an anomaly. When

excluding those, the MAD dropped to 0.08 kcal mol~! with a nearly perfect MD of 0.03 kcal
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mol~!. These are acceptably low differences given the computational gain from applying
strategy E. To our knowledge, it has not been reported before that the ma-def2 basis sets
may not be suitable for fluoride-containing systems in such composite schemes.

We can conclude that in the present work, the best strategy to obtain reference values
is the W1-F12 scheme. DLPNO-CCSD(T)/CBS numbers can be used as the next possible
alternative when W1-F12 calculations are not feasible. Considering the range of elements
that need to be covered and additional benefits from relying on fewer Gaussian-type orbitals,
we opt for strategy C as our next best choice, which uses the ma-def2-TZVPP /ma-def2-
QZVPP combination. Strategy E can be used to estimate DLPNO-CCSD(T)/CBS value if
strategy C is too resource-demanding. In the following section, we apply the recommended

strategies to all 336 systems and present the final version of the CHAL336 benchmark set.

5 The CHAL336 benchmark set

To the best of our knowledge, CHAL336 is the largest benchmark set for CB interactions and
its reference values are the most accurate published for such interactions to date. Tables
show the names of all 336 dimers, their interaction energies, and the levels of theory at which
those have been obtained. Across the whole set, the interaction energies range from —0.66
to —71.77 kcal mol™" with an average value (AF,,) of —14.09 kcal mol™. As mentioned in
Section [2] all 336 dimers are divided into four subsets each of which is discussed individually

in the following.

5.1 The CHAL-CHAL subset

99 dimers represent typical chalcogen-chalcogen interactions; a total of 297 single-point cal-
culations need to be carried out for this subset. The interaction energies in this subset range
from —2.00 to —34.18 kecal mol~!, with AE,, = —10.90 kcal mol~!. The reference interaction

energies of 13 dimers were calculated at the W1-F12 level and the remaining 86 systems were
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Table 3: Est.

DLPNO-CCSD(T)/CBS (strategy E) interaction energies and statistics

with reference to DLPNO-CCSD(T)/CBS(ma-def2-TZVPP /ma-def2-QZVPP) energies (kcal

mol1).

No System  AFE,.;. AE®
1 S2--Br~ —21.62 0.18
2 S2..Cl- —23.7 0.09
3 S2--F~  —45.69 0.42
4 S2.-1-  —17.94 0.09
5  S3-.Br—  —12.99 0.16
6  S3..CI- —13.96 —-0.07
7 S3.-F~  —25.16 0.25
8 S3.-1-  —10.54 —0.04
9  S4.-Br- —8.43 —0.01

10  S4--Cl- -9.21 —0.09
11 S4.-F— —17.4 0.13
12 SV —6.92 —0.03
13 S5.-Br- —12.8 0.06
14  S5.-Cl- —13.9 —0.02
15 S5--F~  —25.77 0.18
16 S5-I~ —10.44 —0.00
17 Se2--Br~  —28.52 —0.02
18  Se2--Cl~  —31.49 —0.16
19  Se2--F~ —56.9 0.58
20 Se2--1-  —24.03 —0.19
21  Se3---Br~ —14.8 0.06
22 Se3--Cl- —16.13 —0.05
23 Se3--F~ —30.35 0.40
24 Se3-1-  —12.05 —0.03
25  Se4--Br~  —10.06 0.13
26  Se4--Cl—  —11.05 0.04
27  Se4--F~  —22.32 0.37
28 Sed--1~ —7.95 —0.02
29  Se5--Br-  —15.49 —0.02
30 Se5--Cl— —17.16 —0.07
31  Se5F~  —33.19 0.31
32 Se5-- 1~ —12.62 —0.05
33  Te2--Br— —40.1 0.20
34 Te2--Cl- —43.85 0.13
35  Te2--F~  —71.77 0.70
36 Te2.- I~ —34.65 —0.03
37 Te3--Br~  —21.81 0.17
38 Te3--Cl- —24.11 0.09
39  Te3--F~ —45.76 0.70
40 Te3-- 1~  —17.95 —0.01
41 Te4-Br—  —15.74 0.16
42  Ted-Cl- —17.61 0.06
43  TedF~  —36.84 0.53
44 Ted-- 1~ —12.59 0.03
45 Te5--Br-  —23.14 0.12
46  Te5--Cl—  —25.76 0.12
47  Te5-F~  —48.63 0.55
48 Te5--1-  —19.04 0.02
MD —0.13 (—0.03%)
MAD 0.17 (0.08%)
RMSD 0.25 (0.10%)
ER 0.89 (0.39%)

“AE = AEg -AE, ... This is not to

be confused with AE in eq. [I} but this is
the error for strategy E. © statistics on
38 systems after excluding
fluoride-containing dimers.
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Figure 3: Lewis structures of the model systems included in CHAL-CHAL subset of the
CHAL336 benchmark set.

obtained with strategy C [DLPNO-CCSD(T)/CBS(ma-def2-TZVPP /ma-def2-QZVPP)]; see
Table l for details.

Example Lewis structures of the systems included in the CHAL-CHAL subset are shown
in Fig. Bl A total of 8 dimers consist of dimethyl-substituted monomers of the form
CoHgY1--YCoHg (where Y = S, Se and Te; Yy = O, S, Se and Te), as inspired by Refs
86H88. For those, AE ranges from —3.39 kcal mol™! (CyHgO--SCyHg) to —5.49 keal mol™*
(CoHgTe---TeCyHg). This is an expected result given that o-holes are stronger for Te than for
the lighter chalcogen atoms. The average interaction energy for these dimers is —4.36 kcal
mol~!. In 11 dimers, a cyano group replaces one of the methyl groups to increase the strength

8688 (see Fig. [3)). This results in stronger CB interactions that range

of the Lewis-acid center
from —4.66 kcal mol™! (CyHgSe:+-S(CH3)CN) to —8.66 kcal mol™! (CyHgTe---Te(CH3)CN)
with AE,,—6.36 kcal mol 1.

18 complexes in this category involve either furan or thiophene as Lewis base and have
the form furan---Y;HR and thiophene---Y;HR, where Y; = S, Se and Te, and R = F, Cl and
Br, as inspired by dimers shown in Ref. 68 The interaction energies for these dimers vary
from —2.00 (C4H4S---SHBr) to —7.97 kcal mol™! (C,H,S---TeHF) with AE,, = —4.86 kcal
mol~!. For a given substituent R and Lewis base, dimers involving TeHR have the highest

absolute interaction energies (AFE,, = —6.67 kcal mol™"), followed by SeHR (AE,, = —4.69

kcal mol™') and SHR (AFE,, = —3.22 kcal mol™'). The CB interaction increases with more
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electronegative substituents R for a given Lewis acid. For instance, the average interaction
energies of furan---Y HF, furan---Y,HC], furan---Y{HBr are —6.01, —4.63 and —4.15 kcal
mol~!, respectively.

The above discussed dimers are o-hole complexes, but we also intend to cover m-hole
bonded dimers in this category. For this purpose we included a total of 62 of the form
YOgs:--Y HR (where Y = S, Se and Te; Y; = S, Se and Te; R = H, F, Cl, Br, I, CCH, OCHj
and NC), based on ideas published in Ref. [73 In such complexes, YOj3 generally acts as
the CB donor through the m-hole and Y;HR as the Lewis base. Surprisingly and contrary
to our initial expectations, a number of those complexes turned out to be stabilized by a
combination of both 7-hole---lone-pair and o-hole---lone-pair interactions. In such complexes,
Y1HR acts as the CB donor and the oxygens of YO3 act as Lewis bases. This observation
is based on the directionality of the CB interactions; Fig. S1 provides a visual compari-
son between a system stabilized exclusively by 7-hole interactions (SeOs---SeHBr) and one
formed by both types of interactions (SeOj3---SeHF'). The following systems display this form
of mixed interaction: SeOsz---SeHF, SeOs3---SHF, SeO5---TeHBr, SeO3---TeHCI, SeO5---TeHF,
SeOs---TeHNC, SO3---SeHF, SO3---SHF, TeO3---SeHCl, TeOs---SeHF, TeO3---SeHNC, TeO3---SHF,
TeOs---TeHBr, TeOs---TeHF, TeOs---TeHNC, and TeOs---TeOCHs.

The interaction energies of the YO3:--Y{HR complexes range from —5.48 (SOj3---SHNC)
to —34.18 kcal mol™! (TeOs---TeHF) with AE,, = —14.31 kcal mol~!. Overall, those in-
teractions are stronger than for the previously discussed systems. For a given substituent
R, the absolute value of AE increases when moving from the lighter to the heavier CB
donors, i.e. S---S-type dimers have the lowest absolute interaction energies (AE,, = —9.69
keal mol™!), followed by Se---Se-type (AE,, = —11.69 kcal mol™!), and Te---Te-type dimers
(AE,, = —25.15 kcal mol™!). In YO3---Y;HR complexes, the nature of the substituent R has
a significant influence on the interaction energies. For instance, the value of AE,, decreases
from —13.97 to —17.58 kcal mol™! for YO3---Y H5 and YOs3---Y;OCH; dimers and increase
to —9.85 kcal mol™! for the YOs---Y,HNC complexes.
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Table 4: Reference interaction energies (AE in kcal mol™!) of the CHAL-CHAL subset.

Label System AE Ref. strategy ‘Label System AE Ref. strategy
CHAL-CHAL-1 O3Te---TeHF —34.18 C® | CHAL-CHAL-51 0O3S---SeHBr —9.77 C
CHAL-CHAL-2 OzTe:--TeHOCH3 —30.72 C |CHAL-CHAL-52 OgjTe---SHNC —9.68 C
CHAL-CHAL-3 O3Te---TeHC1 —26.28 C |CHAL-CHAL-53 03S---SHCI —9.54 WI1-F12
CHAL-CHAL-4 O3zSe---TeHF —25.69 C |CHAL-CHAL-54 0O3S--SeHCl —9.51 C
CHAL-CHAL-5 Og3Te:--TeHBr —24.35 C |CHAL-CHAL-55 O3S---SHBr —9.25 C
CHAL-CHAL-6 OgzTe:--TeHNC —21.71 C |CHAL-CHAL-56 0O3S:--SeHCCH —8.75 C
CHAL-CHAL-7 O3Te---SeHF —20.14 C | CHAL-CHAL-57 CgyHgTe--Te(CH3)CN —8.66 C
CHAL-CHAL-8 O3Te---TeHy —19.76 C | CHAL-CHAL-58 CyHgSe--Te(CH3)CN  —8.46 C
CHAL-CHAL-9 O3zTe:--SHOCH3 —19.27 C | CHAL-CHAL-59 CyHgS:Te(CH3)CN —8.31 C
CHAL-CHAL-10 O3Te---TeHCCH —19.02 C |CHAL-CHAL-60 O3S---SHCCH —8.26 W1-F12
CHAL-CHAL-11 0O3S--TeHF —18.91 C |CHAL-CHAL-61 0O3S---TeHNC —8.16 C
CHAL-CHAL-12 O3Te-SeHOCH3 —18.68 C | CHAL-CHAL-62 C3HgO--Te(CH3)CN —7.97 C
CHAL-CHAL-13 Og3Se--TeHCI —18.37 C |CHAL-CHAL-63 C4H4S---TeHF —7.97 C
CHAL-CHAL-14 O3sTe---SeH» —17.69 C |CHAL-CHAL-64 C4H40---TeHF —7.68 C
CHAL-CHAL-15 Oj3Se---TeHBr —16.89 C | CHAL-CHAL-65 OgsSe--SeHNC —7.00 C
CHAL-CHAL-16 OjsTe---SHF —16.85 C |CHAL-CHAL-66 C4H4S---TeHCI —6.57 C
CHAL-CHAL-17 O3Te---SHa —16.40 C | CHAL-CHAL-67 OgSe--SHNC —6.23 C
CHAL-CHAL-18 Og3Te:--SeHBr —16.11 C |CHAL-CHAL-68 C4H40---TeHCI —6.16 C
CHAL-CHAL-19 OgjTe---SeHCCH —15.81 C |CHAL-CHAL-69 C4H4S---TeHBr —6.09 C
CHAL-CHAL-20 0O3S---TeHOCH3 —15.63 C |CHAL-CHAL-70 C3HgO--Se(CH3)CN —5.74 C
CHAL-CHAL-21 O3sTe--SeHCl —15.62 C |CHAL-CHAL-71 C4H40---SeHF —5.74 C
CHAL-CHAL-22 O3sTe---SHBr —15.25 C | CHAL-CHAL-72 C4H4S---SeHF —5.68 C
CHAL-CHAL-23 Og3Se---TeHo —15.23 C |CHAL-CHAL-73 0O3S--SeHNC —5.62 C
CHAL-CHAL-24 O3Se---SHOCH3 —14.83 C |CHAL-CHAL-74 C4H40---TeHBr —5.57 C
CHAL-CHAL-25 Og3Se---TeHCCH —14.72 C |CHAL-CHAL-75 C3HgS--Se(CH3)CN —5.55 C
CHAL-CHAL-26 O3Te---SHCI —14.60 C | CHAL-CHAL-76 CyHgSe--Se(CH3)CN  —5.49 C
CHAL-CHAL-27 03S---SHOCH3 —14.56 W1-F12 | CHAL-CHAL-77 CyHgTe--TeC2Hg —5.49 C
CHAL-CHAL-28 O3Te---SHCCH —14.41 C |CHAL-CHAL-78 0O3S---SHNC —5.48 W1-F12
CHAL-CHAL-29 Os3Se--SeHOCH3  —14.21 C | CHAL-CHAL-79 CyHgTe-Se(CH3)CN  —5.47 C
CHAL-CHAL-30 Og3Se---SeHF —13.80 C |CHAL-CHAL-80 CyHgSe--TeCoHg —5.12 C
CHAL-CHAL-31 Oj3Se---TeHNC —13.69 C |CHAL-CHAL-81 CyHgS---TeCoHg —5.05 C
CHAL-CHAL-32 03S--TeHCI —12.81 C | CHAL-CHAL-82 C3HgO--S(CH3)CN —4.98 W1-F12
CHAL-CHAL-33 03S---SeHOCH3 —12.72 C | CHAL-CHAL-83 CyHgS---S(CH3)CN —4.72 W1-F12
CHAL-CHAL-34 Og3Se---SeH» —12.63 C | CHAL-CHAL-84 CyHgSe--S(CH3)CN —4.66 C
CHAL-CHAL-35 0O3S---TeHBr —12.61 C |CHAL-CHAL-85 C4H40---SHF —4.60 W1-F12
CHAL-CHAL-36 0O3S---TeH> —12.40 C |CHAL-CHAL-86 C2HgO:--TeC2Hg —4.58 C
CHAL-CHAL-37 03S---TeHCCH —11.83 C |CHAL-CHAL-87 (C4H4S---SeHCI —4.40 C
CHAL-CHAL-38 0O3Se---SeHBr —11.69 C |CHAL-CHAL-88 C4H40---SeHCI —4.27 C
CHAL-CHAL-39 OjSe--SHF —11.56 C |CHAL-CHAL-89 C4H4S--SeHBr —4.15 C
CHAL-CHAL-40 O3Se---SHy —11.46 C |CHAL-CHAL-90 C4H4S---SHF —4.11 W1-F12
CHAL-CHAL-41 Og3Se--SeHCl —11.29 C |CHAL-CHAL-91 C4H40---SeHBr —-3.90 C
CHAL-CHAL-42 03Se---SeHCCH —11.19 C |CHAL-CHAL-92 CyHgSe--SeCaHg —3.89 C
CHAL-CHAL-43 Og3Te:-SeHNC —11.05 C |CHAL-CHAL-93 C2HgS:--SeCayHg —-3.78 C
CHAL-CHAL-44 0O3S---SeHF —10.94 C |CHAL-CHAL-94 C3HgO--SeCaHg —3.56 C
CHAL-CHAL-45 0Oj3S---SHF —10.93 WI1-F12 | CHAL-CHAL-95 C4H40---SHCI —3.45 W1-F12
CHAL-CHAL-46 O3Se---SHBr —10.81 C |CHAL-CHAL-96 C2HgO---SCoHg -3.39 W1-F12
CHAL-CHAL-47 O3Se---SHCI —10.47 C |CHAL-CHAL-97 C4H40---SHBr —2.97 C
CHAL-CHAL-48 03S---SeHg —10.35 C |CHAL-CHAL-98 C4H4S---SHCI —2.22 W1-F12
CHAL-CHAL-49 Oj3Se---SHCCH —9.98 C |CHAL-CHAL-99 C4H4S---SHBr —2.00 C
CHAL-CHAL-50 0O3S---SHo —9.78 W1-F12

@ DLPNO-CCSD(T),/CBS (ma-def2-TZVDPP /ma-def2-QZVPD).
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5.2 The CHAL-7 subset

We included 27 systems representative of interactions between chalcogen atoms and 7 sys-
tems. Dimers of the form RyY---A—with R = F, Cl and Br; Y = S, Se and Te; and
A=acetylene (ac), ethylene (et) and 2-butyne (2-but)—were chosen for this purpose, as in-
spired by Ref. [154. The reference interaction energies for six systems were obtained with
W1-F12 and the remaining according to strategy C; see Table [5| for details. AE values for
this subset range from —2.19 kcal mol™ (BryS---ac) to —13.83 kcal mol™! (FyTe-+-2but) and
have an average value of —5.73 kcal mol~!.

For a given 7 system A, the stability of the complexes increases with the electropositivity
of the CB donor Y and the electronegativity of the covalently bound atom R. The AFE,,
values decrease from —3.37 (RyS-++A) to —5.22 and —8.62 kcal mol™! for the RySe---A and
RyoTe--A dimers, respectively. The F, Cl and Br based complexes have AFE,, values of
—7.43, —5.00 and —4.78 kcal mol~!, respectively. 2-but based complexes are the strongest
(AE,,(2but)= —7.61 kcal mol™!), followed by et-based (AE,,(et)= —5.43 kcal mol™') and

ac-based ones (AFE,,(ac)= —4.17 kcal mol™').

Table 5: Reference interaction energies (AE in kcal mol™) of the CHAL-7 subset.

Label System AE Ref. strategy ‘ Label System AE Ref. strategy
CHAL-7-1 FoTe---2but —13.83 Cce CHAL-7-15 BryTe---ac —4.84 C
CHAL-7-2 FoTe - et —12.78 C CHAL-7-16  BrgS---2but  —4.55 C
CHAL-7-3 ClaTe---2but  —9.71 C CHAL-7-17 ClsS---2but  —4.49 W1-F12
CHAL-7-4 BroTe---2but  —9.27 C CHAL-7-18 ClsSe et —4.09 C
CHAL-7-5 FsSe---2but —8.89 C CHAL-7-19 BroSe---et —3.85 C
CHAL-7-6 FoTe---ac —8.58 C CHAL-7-20 ClySe---ac —3.27 C
CHAL-7-7 ClaTe:---et —6.91 C CHAL-7-21 FaS---et —3.25 W1-F12
CHAL-7-8 BroTe---et —6.35 C CHAL-7-22 BrsSe---ac —3.07 C
CHAL-7-9 FaSe---et —6.31 C CHAL-7-23 F3S--ac —3.00 W1-F12
CHAL-7-10 ClySe---2but —6.30 C CHAL-7-24 BrsS---et —2.66 C
CHAL-7-11 BrgSe---2but  —6.20 C CHAL-7-25 Cl2S--et —2.63 W1-F12
CHAL-7-12 ClyTe---ac —5.30 C CHAL-7-26 ClS---ac —2.29 W1-F12
CHAL-7-13 F3S---2but —5.26 W1-F12 CHAL-7-27 BraS--ac —2.19 C
CHAL-7-14 FsSe---ac —4.97 C

@ DLPNO-CCSD(T),/CBS (ma-def2-TZVPP /ma-def2-QZVPD).
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5.3 The CHAL-X subset

To assess intermolecular chalcogen-halogen interactions, we compiled the CHAL-X subset,
which consists of 119 dimers. Their interaction energies range from —0.66 to —71.77 kcal
mol~! with an average value of —22.35 kcal mol™!. Reference energies for eight dimers are
based on W1-F12, 84 on strategy C, and 27 on strategy E (est. DLPNO-CCSD(T)/CBS)
due to their large size; see Table [6]for details. Contrary to the previous two subsets, CHAL-X
consists of charged species.

CHAL-X contains 44 representative model systems of the form Hy,CY--- X~ Fo,CY--- X~
O0=C=Y--X7,and S=C=Y:-X7, where Y = S, Se and Te; X=F, Cl and Br. Their interaction
energies range from —0.66 (HyCS:--Cl7) to —47.57 keal mol~! O=C=Te---F~ with an average
value of —14.89 kcal mol~!. HyCY---X~-type complexes have the lowest absolute AE,,
(—7.32 kecal mol™1), followed by FoCY---X~ (—16.22 kcal mol™!), S=C=Y---X~ (—17.04 kcal
mol ™) and O=C=Y--X~ (—18.10 kcal mol™!'). There is a significant increase in stability
when moving from S to Se and Te, with AE,, = —9.96, —11.93, and —22.33 kcal mol~!,
respectively.

In order to assess larger systems, some of which are based on monomers that have
been used in experimental studies of similar CB interactions,*® we included a total of 75
dimers formed between fluoride, chloride, bromide, and iodide anions and the following CB
donors, for which we introduce the labels highlighted in bold and whose Se-based variants
are shown in Fig. 4} 2-phenylbenzo|d|isothiazol-3(2H )-one (S1), isothiazol-3(2H )-one (S2),
thiophen-3(2H )-one (S3), thiophene (S4), 1,2-selenazole (S5), 7H-benzo|4,5]isothiazolo|3,2-
b|quinazolin-7-one (S6), 2-benzylbenzo|d|isothiazol-3(2H )-one (S7), 2-phenylbenzo|d][1,2]selenazol-
3(2H )-one (Sel), 1,2-selenazol-3(2H )-one (Se2), selenophen-3(2H )-one (Se3), selenophene
(Se4), 1,2-selenazole (Se5), 7H-benzol4,5][1,2|selenazolo|3,2-b]quinazolin-7-one (Se6), 2-
benzylbenzo|d]|1,2]|selenazol-3(2H)-one (SeT), 2-phenylbenzo|d|[1,2]tellurazol-3(2H )-one (Tel),
1,2-tellurazol-3(2H )-one (Te2), tellurophen-3(2H)-one (Te3), tellurophene (Te4), 1,2-tellurazol-

3(2H)-one (Te5), TH-benzo|4,5]|1,2]tellurazolo|3,2-b]quinazolin-7-one (Te6) and 2-benzylbenzo|d|
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Figure 4: Lewis structures of Sel-Se7 from the CHAL-X and CHAL-N subsets. S and Te
equivalents are also used.

[1,2]tellurazol-3(2H )-one (TeT). Sel, Se6, Se7 were taken from Ref. [I55, while the other
compounds were inspired by that study. The largest dimers in this subset are the ones
formed with S7, Se7, and Te7, with 29 atoms in each case. The interaction energies of
these 75 complexes range from —6.92 (S4---I7) to —71.77 kcal mol™* (Te2---F~) with AE,,
= —26.73 kcal mol .

When assessing the CB-donor abilities of monomers S1-S7, Sel-Se7, and Tel-Te7,
we see the expected trend that the Te-based complexes are more stable (AE,, = —35.59
kcal mol™!), followed by Se-based (AFE,, = —25.52 kcal mol™!), and S-based ones (AE,, =
—19.07 kecal mol™1). The stability of Te-based complexes increase in the following order: Te4
(—20.69 kcal mol™'), Te3 (—27.41 kcal mol™'), Te5 (—29.14 kcal mol™'), Te7 (—38.01 kcal
mol '), Te2 (—47.59 kcal mol™!), Te6 (—46.04 kcal mol™!), and Tel (—46.12 kcal mol™1).
Interestingly, the order changes slightly for Se-based dimers: Se4 (—12.85 kcal mol™!), Se3
(—18.33 kcal mol™!), Se5 (—19.61 kcal mol™'), Se2 (—35.24 kcal mol™!), Se7 (—29.39 kcal
mol '), Sel (—33.89 kcal mol™!), and Se6 (—34.67 kcal mol™'). When assessing the halide
ions fluoride-based complexes have the the strongest CB interactions (AE,, = —38.31 kcal
mol~!), followed by Cl~ (AE,, = —27.90 kcal mol™'), Br~ (AE,, = —25.22 kcal mol~!) and
[~ (AE,, = —20.45 kcal mol™1).
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Table 6: Reference interaction energies (AE in kcal mol™) of the CHAL-X subset.
Label System AE Ref. strategy ‘ Label System AE Ref. strategy
CHAL-X-1  Te2-F- —7L.77 oo CHAL-X-61  SL.-I- ~19.16 E
CHAL-X-2  Se2-F~ —56.90 ¢ CHAL-X-62  Teb--1~ ~19.04 C
CHAL-X-3  Te6--Cl™ —51.27 EP CHAL-X-63  S6--1~ ~18.74 E
CHAL-X-4  Tel--Cl~ ~51.06 E CHAL-X-64  SCTe--Br~  —18.67 C
CHAL-X-5  Te5--F~ —48.63 C CHAL-X-65  FCTe--Br~  —18.30 C
CHAL-X-6  OCTe-F~  —47.57 ¢ CHAL-X-66  Te3-1~ ~17.95 C
CHAL-X-7  Te7--Cl~ —46.84 E CHAL-X-67 521~ ~17.94 C
CHAL-X-8  Tel--Br~ —46.82 E CHAL-X-68  Ted--Cl~ ~17.61 C
CHAL-X-9  Te6--Br~ —46.81 E CHAL-X-69  S4--F~ ~17.40 C
CHAL-X-10  Te3--F~ —45.76 C CHAL-X-70  FoCS-F~  —17.33 W1-F12
CHAL-X-11  S§2.-F~ —45.69 C CHAL-X-7T1  Se5--Cl™ ~17.16 C
CHAL-X-12  Te2--Cl~ —43.85 C CHAL-X-72  ST-I~ ~16.71 E
CHAL-X-13  Te7--Br~ ~42.68 E CHAL-X-73  Se3.-Cl~ ~16.13 C
CHAL-X-14 F»CTe-F~  —42.61 C CHAL-X-74  Ted--Br- ~15.74 C
CHAL-X-15 SCTe-F~  —41.06 ¢ CHAL-X-75  Se5--Br~ ~15.49 C
CHAL-X-16 Tel--I~ —40.48 E CHAL-X-76  SCTe-1~ ~15.15 C
CHAL-X-17  Te2--Br~ ~40.10 C CHAL-X-77  Se3--Br~ ~14.80 C
CHAL-X-18 Te6--1~ —40.04 E CHAL-X-78  FoCTe1=  —14.67 C
CHAL-X-19  Se6--Cl~ ~39.40 E CHAL-X-79  S3.-Cl™ ~13.96 C
CHAL-X-20  Sel.-Cl~ ~38.20 E CHAL-X-80  S5--Cl~ ~13.90 C
CHAL-X-21 Ted--F- —36.84 C CHAL-X-81  OCSe--Cl~  —13.09 C
CHAL-X-22  Se6--Br~ —35.08 E CHAL-X-82  SCSe--Cl~  —13.03 C
CHAL-X-23  Te2--1~ —34.65 C CHAL-X-83  S3--Br~ ~12.99 C
CHAL-X-24  Sel--Br~ ~34.33 E CHAL-X-84  S5--Br~ ~12.80 C
CHAL-X-25  SeT--Cl™ —33.66 E CHAL-X-85  Se5-1~ ~12.62 C
CHAL-X-26  Se5-F~ ~33.19 C CHAL-X-86  Ted--1~ ~12.59 C
CHAL-X-27  Se2--Cl™ ~31.49 ¢ CHAL-X-87  Se3-I~ ~12.05 C
CHAL-X-28 Se3-F~ ~30.35 ¢ CHAL-X-88  OCSe--Br~  —11.48 C
CHAL-X-29  Se7--Br~ ~30.09 E CHAL-X-89  SCSe--Br~  —11.28 C
CHAL-X-30  Se6--1~ ~29.54 E CHAL-X-90  Sed--Cl~ ~11.05 C
CHAL-X-31 Sel-1~ —20.14 E CHAL-X-91  F»CSe~Cl~  —10.85 C
CHAL-X-32  Se2-Br~ ~28.52 C CHAL-X-92  HyCSe-F~  —10.60 C
CHAL-X-33 OCSe-F~  —27.80 ¢ CHAL-X-93  SCS--Cl™ ~10.58 WI-F12
CHAL-X-34  S6--Cl~ —27.22 E CHAL-X-94  S3--1~ ~10.54 C
CHAL-X-35 S1.-Cl~ —26.48 E CHAL-X-95 S5-I~ ~10.44 C
CHAL-X-36 SCSe-F~  —26.43 C CHAL-X-96  Sed--Br— ~10.06 C
CHAL-X-37 S5--F~ ~25.77 C CHAL-X-97  HyCTe--Cl~  —10.05 C
CHAL-X-38  Te5--Cl™ —25.76 C CHAL-X-98  OCS--Cl~  —9.77 W1-F12
CHAL-X-39 S3.-F~ ~25.16 ¢ CHAL-X-99  SCS--Br~ —9.41 C
CHAL-X-40  Te7--1~ ~24.50 E CHAL-X-100 FCSe--Br~  —9.39 C
CHAL-X-41 F»CSe-F~  —24.46 ¢ CHAL-X-101  S4--Cl~ —9.21 C
CHAL-X-42  SeT--1~ —24.43 E CHAL-X-102 OCSe-1~ —9.15 C
CHAL-X-43 HyCTe-F~  —24.42 ¢ CHAL-X-103  SCSe-1~ —9.14 C
CHAL-X-44  Te3.-Cl~ ~24.11 ¢ CHAL-X-104 H>CTe--Br~ —8.73 C
CHAL-X-45 Se2--1~ ~24.03 C CHAL-X-105 OCS--Br~ 861 C
CHAL-X-46 OCTe~Cl~  —23.99 ¢ CHAL-X-106  S4--Br~ ~8.43 C
CHAL-X-47 S7--Cl~ ~23.79 E CHAL-X-107  Sed-1~ ~7.95 C
CHAL-X-48 S2--Cl~ ~23.70 ¢ CHAL-X-108 FyCS--Cl~  —7.79 WI-F12
CHAL-X-49  S6--Br~ ~23.70 E CHAL-X-109  SCS-I~ ~7.46 C
CHAL-X-50 S1.-Br— ~23.48 E CHAL-X-110 FCSe-I~  —7.20 C
CHAL-X-51  Te5--Br~ ~23.14 C CHAL-X-111  S4--1~ ~6.92 C
CHAL-X-52 Sed--F~ ~22.32 ¢ CHAL-X-112  OCS--I~ —6.85 C
CHAL-X-53  Te3--Br~ —21.81 C CHAL-X-113 HyCTe I~ —6.62 C
CHAL-X-54 S2--Br- ~21.62 ¢ CHAL-X-114 H,CS-F~  —5.20 W1-F12
CHAL-X-55 SCS--F~ ~21.25 W1-F12 CHAL-X-115 F5CS-I~ ~5.08 C
CHAL-X-56 OCTe--Br~  —21.21 ¢ CHAL-X-116 H,CSe--Cl~  —3.03 C
CHAL-X-57  S7--Br~ —21.12 E CHAL-X-117 HyCSe--Br~  —2.40 C
CHAL-X-58 SCTe-Cl~  —21.04 C CHAL-X-118 HyCSe-I~  —1.48 C
CHAL-X-59 F»CTe--Cl~  —20.79 C CHAL-X-119 H»CS--Cl~  —0.66 WI-F12
CHAL-X-60 OCS--F~ ~19.55 W1-F12

@ DLPNO-CCSD(T)/CBS(ma-def2-TZVPP /ma-def2-QZVPP). ® est.

DLPNO-CCSD(T)/CBS(ma-def2-TZVPP /ma-def2-QZVPP).
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5.4 The CHAL-N subset

The CHAL-N subset comprises 91 model systems representing chalcogen-nitrogen interac-
tions whose strength range from —1.57 (FoCS---NH3) to —33.67 kcal mol™! (TeOs---NHj)
with AE,, = —9.23 kcal mol~!. Reference energies for four dimers are based on the W1-F12
protocol, eight on strategy C, and 79 on strategy E; see Table [7] for details.

Similarly to CHAL-X, the CHAL-N subset contains a series of smaller model systems and
a number of larger ones, with some of the latter being inspired by experiments.**® The 12
smaller dimers contain ammonia as the Lewis base and FoC=Y, O=C=Y, and S=C=Y (with
Y =S, Se and Te) as CB donors. Their interaction energies range from —1.57 (F,C=S---NHj3)
to —6.16 kcal mol ™' (O=C=Te---NHj3) with AE,, = —3.20 kcal mol™'. The binding strengths
decrease when moving from Te to S with AFE,,(Te-based) = —5.09 kcal mol™', AE,,(Se-
based) = —2.67 kcal mol™!, and AFE,,(S-based) = —1.84 kcal mol™!).

The 79 larger complexes contain the monomers S1-S7, Sel-Se7, and Tel-Te7 from the
CHAL-X subset paired with various nitrogenous bases (see Fig. , namely pyridine (N1),
N,N-dimethylpyridin-4-amine (N2), quinuclidine (N3) and 1,4-diazabicyclo|2.2.2|octane (IN4).
With 49 atoms each, complexes between N3 and Se7, and Te7, respectively, are the largest
of this subset and the entire CHAL336 benchmark set. When assessing the CB donors, the
average stabilities of the Te-based complexes increase in the following order: Te4 (—6.83
kcal mol™!), Te3 (—8.03 kcal mol™'), Teb (—9.61 kcal mol™'), TeT7 (—15.18 kcal mol™'),
Te2 (—16.72 kcal mol™!), Te6 (—17.12 kcal mol~!), Tel (—17.38 kcal mol™'). Similarly, the
average stabilities of the Se-based compounds increase in the following order: Se4 (—4.50
kcal mol™!), Se3(—5.30 kcal mol™!), Se5(—6.16 kcal mol™!), Se7(—9.59 kcal mol™!), Sel
(—10.63 kecal mol™'), Se2(—10.71 kcal mol™!), and Se6 (—11.10 kcal mol~!). Sulfur-based
complexes followed the same order as selenium. When assessing the influence of Lewis bases,
N3-based dimers show the largest stability (AE,, = —10.10 kcal mol™'), followed by N4
(AEq4 = —9.40 keal mol™!), N2 (AE,, = —9.14 kcal mol™!) and N1 (AE,, = —7.82 kcal

mol 1),
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Figure 5: Lewis structure of the large nitrogenous bases (N1-N4) used in the CHAL-N
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Table 7: Reference interaction energies (AE in kcal mol™) of the CHAL-N subset.
Label System AE Ref. strategy ‘ Label System AE Ref. strategy
CHAL-N-1  TeO3-NH; —33.67 C° CHAL-N-47  52.-N2 ~7.63 E
CHAL-N-2  SO3--NH;  —30.85 WILFI2 CHAL-N-48  S6--N2 ~755 E
CHAL-N-3  SeO3--NH3 —28.30 C CHAL-N-49  Ted--N4 ~741 E
CHAL-N-4  Tel.-N2 ~19.45 EP CHAL-N-50 S1.-N4 ~733 E
CHAL-N-5  Te6--N2 ~19.17 E CHAL-N-51  S1.-N2 ~731 E
CHAL-N-6  Te2--N3 ~1855 E CHAL-N-52  Se5--N3 —6.99 E
CHAL-N-7  Tel.-N3 ~17.95 E CHAL-N-53  Se5--N4 —651 E
CHAL-N-8  Te6--N3 ~17.81 E CHAL-N-54  Ted--N2 651 E
CHAL-N-9  Te2--N2 ~17.22 E CHAL-N-55  Te3--N1 —6.42 E
CHAL-N-10  Te2--N4 ~17.16 E CHAL-N-56  S2.-N1 641 E
CHAL-N-11  Tel--N4 ~16.63 E CHAL-N-57  S6--N1 634 E
CHAL-N-12  Te7--N3 ~16.35 E CHAL-N-58 OCTe-NHz —6.16 C
CHAL-N-13  Te6--N4 ~16.34 E CHAL-N-59  S1.-N1 —6.15 E
CHAL-N-14  Tel--N1 ~15.49 E CHAL-N-60  Se3--N3 —6.08 E
CHAL-N-15  Te7--N4 ~1524 E CHAL-N-61  Se5--N2 —6.02 E
CHAL-N-16  Te6--N1 ~15.16 E CHAL-N-62  S7--N1 ~5.99 E
CHAL-N-17  Te2--N1 ~13.96 E CHAL-N-63  Se3.-N4 571 E
CHAL-N-18  Te7--N1 ~13.94 E CHAL-N-64 Ted--N1 ~5.46 E
CHAL-N-19  Se2--N3 ~12.03 E CHAL-N-65  S5--N3 ~535 E
CHAL-N-20  Se6--N3 ~11.95 E CHAL-N-66  S5--N4 ~5.14 E
CHAL-N-21  Se6--N2 ~11.84 E CHAL-N-67  Se5--N1 ~5.13 E
CHAL-N-22  Sel--N2 ~1145 E CHAL-N-68  Se3--N2 ~5.07 E
CHAL-N-23  Sel--N3 ~11.31 E CHAL-N-69  Sed--N3 ~5.05 E
CHAL-N-24  Se2--N4 ~11.18 E CHAL-N-70  S5.-N2 494 E
CHAL-N-25  Te5-N3 ~11.14 E CHAL-N-71  S3--N3 ~493 E
CHAL-N-26  Se6--N4 ~11.12 E CHAL-N-72  Sed--N4 ~478 E
CHAL-N-27  Se7--N3 ~10.79 E CHAL-N-73  S3--N4 ~4.66 E
CHAL-N-28  Se2--N2 ~10.70 E CHAL-N-74 FyCTe-NH3 —4.64 C
CHAL-N-29  Sel--N4 ~10.52 E CHAL-N-75  S3.-N2 —450 E
CHAL-N-30  Te5--N4 ~10.37 E CHAL-N-76 SCTe--NH;  —447 C
CHAL-N-31  SeT--N4 —954 E CHAL-N-77  Se3--N1 —433 E
CHAL-N-32  Se6--N1 —948 E CHAL-N-78  Sed--N2 ~432 E
CHAL-N-33  Te3--N3 —9.26 E CHAL-N-79  S5.-N1 —429 E
CHAL-N-34 Sel--N1 —9.23 E CHAL-N-80 S4--N3 —417 E
CHAL-N-35  Te5--N2 915 E CHAL-N-81  S4.-N4 —401 E
CHAL-N-36  Se2--N1 893 E CHAL-N-82  S3.-N1 ~3.90 E
CHAL-N-37  Te3--N4 -8.65 E CHAL-N-83  S4--N2 ~387 E
CHAL-N-38  Se7--N1 ~843 E CHAL-N-84  Sed--N1 ~3.86 E
CHAL-N-39  S6--N3 -838 E CHAL-N-85 S4.-N1 ~342 E
CHAL-N-40  S2.-N3 831 E CHAL-N-86 OCSe-NH; -315 C
CHAL-N-41  S6--N4 ~8.00 E CHAL-N-87 SCSe-NH;  —254 C
CHAL-N-42  Ted--N3 -793 E CHAL-N-88 FyCSe-NH3 -2.33 C
CHAL-N-43  Te3--N2 —781 E CHAL-N-89 OCS--NH3  -211 WIL-F12
CHAL-N-44  Te5--N1 ~780 E CHAL-N-90 SCS--NH;  -183 WI-F12
CHAL-N-45  S2.-N4 —777  E CHAL-N-91 F»CS--NH;  —157 WIL-F12
CHAL-N-46  S1.-N3 ~770 E

@ DLPNO-CCSD(T)/CBS(ma-def2-TZVPP /ma-def2-QZVPP). ® est.
DLPNO-CCSD(T)/CBS(ma-def2-TZVPP /ma-def2-QZVPP).
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The above introduced CHAL-N complexes are formed by o-hole interactions and we
additionally include three dimers stabilized by 7-hole ones, namely TeOs---NHj3, SeOg3---NHj,
and SOj3---NHj3 Interestingly, the Se-based dimer is the least stable of the three (AE = —28.30
kcal mol™!), followed by the S-based (AE = —30.85 kcal mol™!) and Te-based ones (AE =
—33.67 kcal mol™!). The values also show that those complexes are more stable than the

previously discussed o-hole-bonded ones.

6 Exemplified test of DFT methods

6.1 Selected density functional approximations

Next, the CHAL336 benchmark set is used for an exemplified test of DFT methods, which
constitutes the most comprehensive assessment of such methods for CB interactions. Rather
than testing arbitrarily chosen methods, we selected density functional DFAs based on pre-
vious studies conducted with the GMTKNb)H5 database. Functionals were chosen based on
having been shown to be robust for the entire GMTKNbH5 benchmark database, for its NCI
subcategories, or for some of its individual NCI subsets,Ws3 94200218224 W also included
methods that are very popular in the field—regardless of their established robustness or lack
thereof—and methods that are relatively new. The included methods cover rungs 2-5 of “Ja-
cob’s Ladder”.*” We assess a total of 98 variations of dispersion-corrected and -uncorrected
DFAs, and carry out a detailed analysis of 72 of them to identify the most reliable approaches
for CB interactions: 22 DFAs belonging to the Generalized Gradient Approximation (GGA),
11 meta-GGA methods, 21 hybrids, and 18 double-hybrid DFAs. We apply different vari-
ants of dispersion corrections to the same underlying exchange-correlation approximations.
Therefore, we assess 27 unique exchange-correction DFAs. The entire list of assessed DFAs
and dispersion corrections are shown in Table [§l Note that other studies have shown that
the double hybrid wB97M(2)“# is currently the best for GMTKN55,%4 however, we had to

discard it from our study for technical reasons, as we observed severe convergence problems
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Table 8: List of DFAs and their dispersion corrections used in the benchmark study.®

name dispersion correction
GGA
PBE® -D3(BJ), B¢ -D3(0),m -D4, SATEd N 196l
revPBEL -D3(BJ),® -D3(0),7 D4
BLYP198:200 -D3(BJ),¥ -D3(0),7 -D
BP81982015202] D3(BJ),B -D3(0 )7EZ| ismma
OLYP199:2002203 —DS(BJ), -D3(0),2 D4-
X LY PIL29i2000204 D3(BJ),20 D3(0),- -D4I340135
OPBE1#5:203 D3(BJ),2 -D3(0),2 D4-
meta-GGA
B9Y7M203 -D3(BJ)E5' -D3(0),53 -D4, 206 _y/205ke
MO06-1.207 D3(0)19
SCAN208 —D3(BJ) Dg(o), D433
TPSS20 -D3(BJ),® -D3(0),7 -D4134135
hybrld

B3LY P22 -D3(BJ),% -D3(0),7 -D4134135
BHLY P2 -D3(BJ),12 -D3(0),19 -p4 134133
M06-2X212 -D3(0)12
Mo0622 -D3(0)12
PW6B95150 -D3(BJ),8 D3(0) -D4L34135
MPW1B95213 -D3(BJ),¥ -D3(0),19 - D4 132133
wB97M214 -D3(BJ),2¥ D ( )IZZ{I_D47 2
wB97X215 -D3(BJ),33 -4 206 _y/213

double hybrid
B2PLY P26 D3(BJ),1¥ _D3(0),18 _p4134135
B2NCPLY PR _D3( ),m _D3(0)2H
B2GPPLY P2 D3(BJ),1 D3( ), I8 132135
DSD-BLYP220 -D3(BJ)DZ~EI D3(0),18 _D4II35
DSD-PBEP86%2! - 3(BJ),m _D4I34T3S
SOS0-PBE0-2222 D3(BJ), 28 -D3(0 )
wB97X-2223.f D3(BJ),218 -D3(0)218

revDSD-PBEP86224 D3(BJ)mg

@ Articles that presented damping parameters for a particular dispersion

correction are cited in each case. ® DFT-D3 with Becke-Johnson
damping.™ ¢ DFT-D3 with zero damping.”

4 DFT-D4 in its EEQZ%5 version including the default three-body™
correction. 3135 ¢ V10 correction.228 / In its “TQZ” version223

9 This functional has been parametrized specifically for DFT-D3(BJ).

for wBI7M(2) in QCHEM, 22 most likely due to the fact that the program only allows using
the VV10229 dispersion correction in its full-SCF implementation; for more details on dif-

ferent ways of applying such a correction see Refs [33/196,206/ and 230. As double hybrids
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make use of a nonlocal, MP2-type correction, we also include MP2 and SCS-MP2;1%¥ this is
of particular interest, as MP2 has previously been used in the computational treatment of
CB interactions. P8 38480788 WWe additionally assess those two methods with DFT-D3-type
dispersion corrections, as it was shown how they can be beneficial. 18231

All calculations were carried out with an SCF criterion of 10~ "E;, and ORCA’s quadrature
grid “3”, followed by a non-iterative step with the larger grid “4”. The nonlocal van-der-Waals
(vdW) correlation kernel in ORCA was evaluated in the post-SCF manner with ORCA’s
“vdwgrid4" grid. This usually halves the computer time without the loss of accuracy.®® The
ma-def2-QZVPP AO basis set was used for all calculations, as it is close to the basis-set limit
for DFT methods. All GGAs and meta-GGAs were treated with the RI-J approximation
for Coulomb integrals and appropriate auxiliary basis sets.* 4232 The second-order pertur-
bation part in double hybrids and MP2 were also computed with the RI approximation and

appropriate auxiliary basis sets.?33

6.2 The effect of including London-dispersion corrections

It has been evident from numerous studies that London-dispersion corrections play a signif-

icantly important role in DFT-based treatments of geometries, thermochemistry, kinetics,

and NCIs 8I191120351148l1491206/234H 201142)]14311240!

239 Similarly to previous studies on NCls, it is most
likely required to also apply dispersion corrections when dealing with CB interactions. Be-
fore we present our detailed analysis of mostly dispersion-corrected DFAs in Section [6.4]
we exemplify the effect of the four therein applied London-dispersion corrections for select
DFAs.

We begin our discussion with the BLYP, B3LYP, and B2PLYP functionals as BLYP-
based representatives of rungs 2, 4 and 5 of Jacob’s Ladder and show MDs and MADs of
their dispersion-uncorrected and -corrected versions for CHAL336 in Fig. [6] For BLYP, the
MAD decreases from 4.72 kcal mol™! to 1.18 kcal mol™! when using DFT-D3(BJ), while

it decreases from 3.65 kcal mol=* to 0.95 kcal mol~! for B3LYP, and from 2.07 kcal mol ™!
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Figure 6: Mean deviations (MDs) and mean absolute deviations (MADs) for the CHAL336
benchmark set for dispersion-corrected and -uncorrected versions of BLYP, B3LYP and
BPLYP. A negative MD indicates an overestimation of interaction energies. All MDs and
MADs are based on ma-def2-QZVPP calculations.

to 0.58 kcal mol~! for B2PLYP. The resulting dispersion contributions are way above the
chemical accuracy of 0.1 kcal mol™ and should consequently not be neglected. Adding a
dispersion correction allows a more robust treatment of CB interactions with MDs being
closer to zero, for instance, the MD of 4.70 kcal mol~! for BLYP decreases to —0.01 kcal
mol~! for BLYP-D3(BJ). Similarly, the MDs decrease from 3.65 kcal mol™' to —0.30 kcal
mol™' and from 2.07 kcal mol™ to —0.02 kcal mol™ for B3LYP-D3(BJ) and B2PLYP-
D3(BJ), respectively. Adding the DFT-D4 dispersion correction leads to very similar MAD
values as for DFT-D3(BJ) model, but with slightly more positive MDs, indicating a slightly
underbinding tendency for this correction and functionals (Fig. @ Moreover, the DFT-
D3(0) correction shows even more positive MD values, which is expected due to the nature
of its damping function, as discussed below.

While the findings shown in Fig. [0] align with what is expected, the benefit of using a
dispersion correction seems to be DFA dependent. This in itself does not necessarily reflect
negatively on the dispersion correction, but on the DFA itself. If a dispersion-corrected
method performs worse than the underlying uncorrected functional, it means that the latter
benefits from fortuitous error compensation, while the dispersion-corrected variant shows a

“truer” picture of the DFA’s performance; for a similar discussion of this issue in the context
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of reaction barrier heights, see Ref. 20. We exemplify the perceived worsening of the statistics
for PBE: while its MAD seems to improve from 1.81 kcal mol™! to 1.49 kcal mol~! when
adding the DFT-D3(BJ) correction, its MD shows a strong decrease from 0.98 kcal mol~*
to —1.24 keal mol™!, which indicates strong overestimation. Severe overestimation for some
DFT-D3(BJ)-corrected DFAs have also been observed for related halogen interactions.2U%%
DFT-D3(BJ) provides a non-zero dispersion energy even for two close-lying fragments, where
DFT-D3(0) damps the dispersion energy down to zero in such cases; see Refs 8 or 241] for
detailed discussions. This explains why PBE-D3(0) shows a smaller overbinding tendency
with MD = —0.58 kcal mol™!. DFT-D4 uses the same type of damping function as DFT-
D3(BJ) and indeed PBE-D4’s MD is very similar with a value of —1.64 kcal mol~*. Note
that this behavior is not solely a problem of Grimme-type, additive dispersion corrections.
When using the non-local (NL), van-der-Waals VV10 term, the resulting PBE-NL method
shows an even larger overbinding tendency with MD = —1.85 kcal mol~!. This means that
a method-inherent error in PBE itself must be the cause for the observed behavior, which
is also the potential reason for other DFAs that show similar behavior. We discuss the

most-likely explanation for this behavior in the following section.

6.3 A brief analysis of density-driven errors

It is well-established that dispersion corrections typically reduce binding-energy errors in
weakly bound complexes, S-2:20s0lasiA920012547240) However, on some occasions it can happen
that uncorrected DFAs also seem to be attractive and that their resulting dispersion-corrected
versions overestimate the binding energies, as we discussed in the previous section for CB
interactions treated with various dispersion-corrected PBE variants. In 2018, Sim, Burke,
and co-workers noticed that many DFAs have an unusually large density error for CB inter-

9% and we suggest that this is the most-likely reason for the observed behavior in

actions,
Section [6.2] The density error is one of the two components of the notorious self-interaction-

error (SIE) of DFT, the other one being the functional error.*?424 The functional error
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arises from the fact that an approximate density functional is used. This means that even
for an exact electron density, the resulting energy differs from the one expected for the (un-
known) exact functional. The density error arises from the fact that an inaccurate DFA
is used during the SCF procedure, thus, contaminating the resulting orbitals and densities.
Density-corrected DFT (DC-DFT)H2124 consists of a non-iterative evaluation of a DFA with
an exact and SIE-free density; this would reduce the remaining SIE solely to the functional
error. For one-electron systems, the true, exact density is the HF density; for a recently
published comprehensive analysis of the one-electron SIE and its components in 74 DFAs,
see Ref. [125. Due to the electron-correlation problem, HF cannot deliver the exact density
for a many-electron system. However, for practical reasons and due to the fact that HF is
SIE free, it has been suggested to use HF densities as a reliable proxy for exact densities in
DC-DF T 1200126242

In this section, we exemplify the impact of the DC-DFT procedure for ten systems,
some of which show large and other small binding strengths; see SI for all systems and
numbers (Tables S5-S12). Fig. |7 shows the difference between conventional and DC-DFT
with and without the DFT-D3(BJ) dispersion correction for ten functionals for the HoSe---1™
dimer, which shows one of strongest overestimating tendencies of the ten systems when DFT-
D3(BJ) is added. The trends are the same for almost all DFAs, namely that upon using
the DC-DFT scheme, MDs become significantly more positive which means that the binding
strength of the dimer decreases. Therefore, adding a dispersion correction to DC-DFT results
gives significantly smaller deviations. For instance, the average deviation for the ten tested
functionals worsens from —0.33 kcal mol™! to —1.65 kcal mol~! when DFT-D3(BJ) is added
to the conventional, SCF-based DF'T result. On the other hand, DC-DFT’s average deviation
of 1.13 kcal mol™! decreases to —0.19 kcal mol~! when DFT-D3(BJ) is added.

Table [0 shows MADs and MDs for set of ten dimers. Results are shown for pure DFAs as
well as their DET-D3(BJ), -D4 and -D3(0) corrected versions. The trends are the same for

almost all DFAs, namely that upon using the DC-DFT scheme, MDs become more positive
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Figure 7: The difference between conventional and DC-DFT with and without the DFT-
D3(BJ) correction for a select number of DFAs. The analysis is done for the HySe---I~ dimer.
The y-axis represents the deviation from the reference for a given DFA (AEppa -AE,.;).

Table 9: MADs and MDs (in parenthesis) over ten select systems with and without dispersion
corrections for conventional DFT and DC-DFT treatments.

no dispersion DFT-D3(0) DFT-D3(BJ) DFT-D4

DFT DC-DFT DFT DC-DFT DFT DC-DFT DFT DC-DFT
PBE 0.97(0.33)  1.74(1.74) 0.54(—0.51)  0.93(0.90)  1.00(~1.00)  0.51(0.42)  1.21(—1.21)  0.41(0.20)
BPS6 1.82(1.58)  3.05(3.05) 0.81(—0.05) 1.44(1.42) 1.21(~1.09)  0.54(0.38)  0.87(-0.74)  0.80(0.73)
BLYP 3.22(3.18)  4.51(4.51)  1.96(1.46)  2.78(2.78)  1.29(0.27)  1.59(1.59)  1.33(0.19)  1.56(1.52)
SCAN 0.65(—0.36)  0.72(0.01)  0.69(—0.58) 0.62(—0.21) 0.82(—0.72) 0.68(—0.35) 0.79(—0.68)  0.66(—0.31)
TPSS 1.19(1.04)  2.20(2.20) 0.38(—0.14)  1.02(1.02)  0.83(—0.78)  0.39(0.38)  1.02(~1.01)  0.23(0.15)
BY7TM 1.32(1.28)  2.63(2.32)  0.59(0.36)  2.24(1.40)  2.85(—2.84) 1.80(—1.80) 0.49(—0.48)  1.98(0.55)
PW6B95 0.61(0.61)  1.16(1.16) 0.26(—0.09)  0.47(0.47)  0.56(—0.48)  0.29(0.07)  2.20(—2.20)  1.65(—1.65)
B3LYP 2.42(2.42)  3.14(3.14)  1.07(0.97)  1.69(1.69)  0.41(—0.04)  0.71(0.68)  0.46(—0.01)  0.73(0.71)
wBITM 2.09(2.09)  2.37(2.37)  1.03(0.94)  1.27(1.22)  0.48(—0.12)  0.61(0.16)  0.98(0.98)  1.27(1.27)
DSD-BLYP  0.68(0.66)  2.11(2.11)  0.69(0.13)  1.59(1.59)  0.97(-0.97)  0.93(0.49)  0.60(0.01)  1.47(1.47)

by a significant value. This can already be seen for the dispersion-uncorrected DFAs, where
increases in MDs range from 0.28 kcal mol™ (wB97M) to 1.47 kcal mol~! (BP86). Similar
increases are also seen for MADs. The same decrease in overbinding tendency is observed for
the dispersion-corrected results (Table @ Given that reducing the density error decreases
the binding strength of a given dimer, we now understand the previously discussed case where
adding a dispersion correction led to a severe overestimation of the interaction energies for
some methods. The main source for this problem is a density error that leads to a seemingly
better result for a pure DFA, and there is no significant issue with the actual dispersion
correction. Indeed, when returning to PBE-D3(BJ), its DC-DFT version has a better MD

(0.42 keal mol~?) than its conventional SCF version (—1.00 kcal mol~; Table [9)).
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We advocate that the CHAL336 set is used by method developers in future for more
detailed assessments of the density error in CB interactions. As DC-DFT applications are
not straightforward to perform and as our main goal is to provide an overview of the current
state of the field, we restrict our subsequent analysis of dispersion-corrected, SCF-based
DFAs fully aware that the density error plays a role in determining the final ranking. The
resulting recommended methods can then be safely applied by users until newer methods

are developed that suffer less from density-driven errors for CB or similar interactions.

6.4 Discussion of CHAL336 and its categories

In the following, we analyze how dispersion-corrected DFAs perform for the separate cate-
gories of the CHAL336 benchmark set before we concluding with recommendations based on
the entire set. The discussion is supported by Fig. [§] which shows average MADs for each
assessed rung of Jacob’s Ladder for each subset and the complete set. In the same spirit,
Table lists the best three DFAs for each rung and subset. Detailed results, including
MDs, MADs, RMSDs, and ERs for each functional are shown in the SI (Tables S14-S117).

6.4.1 The CHAL-CHAL subset

For the description of chalcogen-chalcogen interactions, GGAs show the largest spread in
MADs, varying from 1.05 kcal mol™" [revPBE-D3(0)] to 6.81 kcal mol™' [XLYP-D3(BJ)]
(Fig. ). The top-3 GGAs according to MADs are revPBE-D3(0), BLYP-D3(BJ), BP86-
D3(0) and OLYP-D3(0) with MAD (MD) values of 1.05 (0.31) kcal mol™!, 1.31 (—0.84)
keal mol™!, 1.31 (—0.96) kcal mol™!, and 1.34 (0.91) kcal mol~?, respectively (Table [L0).
The worst-performing GGAs for this category are XLYP-D3(BJ) (MD = —6.81 kcal mol™1),
XLYP-D4 (MD = —5.09 kcal mol™) and OPBE-D3(BJ) (MD = —3.70 kcal mol™'); they
strongly overestimate CB interactions and cannot be recommended (Table S13). Note that
XLYP-D3(BJ) and OPBE-D3(BJ) were chosen for this study, as they showed good perfor-

mance for the intramolecular NCI test sets of GMTKN55 and halogen-bonding interactions,
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Figure 8: The bars represent the mean absolute deviations (MADs) averaged for GGAs,
meta-GGAs, hybrids and double hybrids. The vertical lines show the range of MADs for
each functional class. All values are based on ma-def2-QZVPP calculations. Results are
shown for the four subsets and the entire CHAL336 set.

respectively; clearly, those findings do not translate to the CHAL-CHAL subset.

Among meta-GGAs, B97TM-D3(0) gives the best result (MD = 0.71 kcal mol~* and MAD
= (.84 kcal mol™!), whereas its DFT-D3(BJ) variant yields a high MAD of 4.15 kcal mol™!
(MD= —4.15 kcal mol™!) and ranks in the list of worst-performing meta-GGAs (Table S13).
The B97TM-V and B97M-D4 variants feature as the second- and third-best rung-3 DFAs
for this category. This demonstrates the aforementioned impact of the different dispersion
corrections. The worst-performing meta-GGAs for this subset are B9TM-D3(BJ), SCAN-
D3(BJ), SCAN-D4 and SCAN-D3(0) with MAD (MD) values of 4.15 (—4.15) kcal mol™!,
2.61 (—2.52) keal mol™!, 2.54 (—2.42) kcal mol™!, and 2.41 (—2.25) kcal mol~!, respectively
(Table S13).

The MADs for the 21 assessed hybrids range from 0.77 kcal mol™! to 3.81 kcal mol~*.
While wBI7M-V, wB97M-D3(BJ) and wB97X-V are the best hybrid DFAs for the CHAL-
CHAL subset, PW6B95-D4, wB97X-D4 and wB97X-D3(BJ) strongly overestimate CB in-
teractions (Table S13).

The average MADs in Fig. |8 are significantly higher for (meta-)GGAs and hybrids than
for double hybrids, which means Jacob’s Ladder is on average reproduced. For instance,

the average MAD values are 2.38 kcal mol~! for GGAs, 1.86 kcal mol™! for meta-GGAs,
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Table 10: Top-three functionals according to MADs in each of the four assessed functional
classes for the four subsets of CHAL336 and for the entire benchmark set. MDs are reported
in parenthesis. All values are in kcal mol~!.

GGA meta-GGA hybrid double hybrid

CHAL-CHAL  revPBE-D3(0) (1.05, 0.31) B97M-D3(0) (0.84, 0.71) wB9ITM-V (0.77, —0.28) SOS0-PBE0-2-D3(BJ) (0.42, —0.07)
BLYP-D3(BJ) (1.31, —0.84)  B97M-V (0.92, —0.61) wB97M-D3(BJ) (0.84, 0.42) wB97X-2-D3(0) (0.49, —0.11)
BP86-D3(0) (1.31, —0.96) B97M-D4 (0.95, —0.80) wB97X-V (0.85, —0.37) revDSD-PBEP86-D3(BJ) (0.50,—0.12)
OLYP-D3(0) (1.34, 0.91)

CHAL-7 OLYP-D3(0) (0.45, 0.13) BO7M-V (0.43, —0.34) wB9Y7M-V (0.25, -0.05) SOS0-PBE0-2-D3(BJ) (0.14, —0.09)
revPBE-D3(0) (0.53, —0.41)  MO06-L-D3(0) (0.44, —0.04)  wB97X-V (0.35, 0.33) B2PLYP-D4 (0.22, —0.11)
BLYP-D3(0) (0.74, 0.28) B97M-D3(0) (0.57, 0.36) wB97M-D3(BJ) (0.36, 0.29) B2NCPLYP-D3(0) (0.24, —0.23)

CHAL-X BP86-D3(0) (1.05, —0.16) B97M-D4 (0.84, —0.06) PW6B95-D3(BJ) (0.52, —0.08)  revDSD-PBEPS86-D3(BJ) (0.37, 0.08)
revPBE-D3(BJ) (1.18, 0.50)  TPSS-D3(0) (0.85, —0.21) MPW1B95-D3(0) (0.54, 0.08) B2NCPLYP-D3(BJ) (0.38, 0.06)
PBE-D3(0) (1.26, —0.78) BI7M-V (0.94, —0.17) BHLYP-D4 (0.60, 0.35) B2NCPLYP-D3(0) (0.38, 0.12)

wB97X-2-D3(0) (0.51, —0.06)

CHAL-N OLYP-D3(BJ) (0.40, 0.16) TPSS-D3(BJ) (0.45, —0.11)  wB97M-V (0.42, 0.23) SOS0-PBE0-2-D3(BJ) (0.21, —0.07)
revPBE-D3(BJ) (0.50, 0.18)  SCAN-D4 (0.50, —0.22) MPW1B95-D3(BJ) (0.46, 0.39)  revDSD-PBEP86-D3(BJ) (0.26, —0.09)
PBE-D3(BJ) (0.54, —0.02) SCAN-D3(0) (0.51, —0.12) wB9TX-D3(BJ) (0.46, —0.45) B2NCPLYP-D3(0) (0.30, —0.10)

B3LYP-D3(BJ) (0.47, —0.20)
ALL BP86-D3(0) (1.08, —0.53) B97M-D4 (0.78, —0.28) wBI7M-V (0.69, 0.26) SOS0-PBE0-2-D3(BJ) (0.38, 0.12)

PBE-D3(0) (1.14, —0.58)
BLYP-D4 (1.15, —0.39)

B97M-V (0.78, —0.14)
TPSS-D3(0) (0.84, —0.21)

PW6B95-D3(0) (0.72, 0.14)
PW6B95-D3(BJ) (0.78, —0.21)

revDSD-PBEP86-D3(BJ) (0.39, —0.07)
B2NCPLYP-D3(BJ) (0.40, 0.04)
B2NCPLYP-D3(0) (0.40, 0.11)

1.61 kcal mol™! for hybrids, and 0.80 kcal mol™! for double hybrids. The same trend can
also be observed for RMSDs in Fig. S2 in the SI. Therefore, rung-5 DFAs should be used
for chalcogen-chalcogen interactions to obtain reliable results. Among those, SOSO-PBEO-2-
D3(BJ) comes in first place (MAD = 0.42 kcal mol™!), closely followed by wB97X-2-D3(0)
(MAD = 0.49 kcal mol™!), and revDSD-PBEP86-D3(BJ) (0.50 kcal mol™'). Despite the
latter’s very good outcome, we note that the related and older DSD-BLYP-D3(BJ) and DSD-
PBEP86-D3(BJ) double hybrids strongly overestimate chalcogen-chalcogen interactions with

MAD (MD) values of 2.08 (—2.08) kcal mol™! and 1.21 (—1.21) kcal mol™', respectively.

6.4.2 CHAL-7 subset

For the CHAL-7 subset, the average MAD values are significantly lower for double(-hybrids)
than for the meta(-GGAs) (1.49 kcal mol™! for GGAs, 1.22 kcal mol™! for meta-GGAs, 0.68
kcal mol™! for hybrids and 0.69 kcal mol™! for double hybrids). We see a similar picture for
average RMSDs (see Fig. S2).

Again OLYP-D3(0) (MAD = 0.45 kcal mol™'; MD = 0.13 kcal mol™!), revPBE-D3(0)
(MAD = 0.53 kcal mol™'; MD = —0.41 kcal mol™') and BLYP-D3(0) (MAD = 0.74 kcal
mol~!; MD = 0.28 kcal mol™!) rank as the best performing GGAs, while XLYP-D3(BJ)
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(MAD = 3.68 kcal mol™!; MD = —3.68 kcal mol™'), XLYP-D4 (MAD = 2.98 kcal mol™*;
MD = —2.98 kcal mol™!) and OPBE-D3(BJ) (MAD = 2.49 kcal mol™!; MD = —2.49 kcal
mol~!) are the worst performers. Among the assessed meta-GGAs, we recommend B97M-
V (MAD = 0.43 kcal mol™'; MD = —0.34 kcal mol™!), M06-L-D3(0) (MAD = 0.44 kcal
mol™'; MD = —0.04 kcal mol™) and B97TM-D3(0) (MAD = 0.57 kcal mol™*; MD = 0.36
kcal mol™!), whereas B97TM-D3(BJ) (MAD = 2.01 kcal mol™*; MD = —2.01 kcal mol™'),
TPSS-D4 and SCAN-D3(BJ) (both with MAD = 1.79 kcal mol™' and MD = —1.79 kcal
mol™!) overestimate the chalcogen- interactions.

Despite hybrids covering the larger MAD range than meta-GGAs, the best methods for
this subset are wBITM-V, wB97X-V and wB97M-D3(BJ) with MAD (MD) values of 0.25
(—0.05) kcal mol™*, 0.35 (0.33) kcal mol~! and 0.36 kcal mol™! (0.29) kcal mol !, respectively.

Moving on to the double hybrids, we see that SOS0-PBE0-2-D3(BJ) ranks as the best
double hybrid (MAD = 0.14 kcal mol™!; MD = —0.09 kcal mol™). With MADs (MDs)
of 0.22 (—0.11) kcal mol™' and 0.24 (—0.23) kcal mol™!, B2PLYP-D4 and B2NCPLYP-
D3(0) complete the top three of double hybrids. The worst performing double hybrids for
chalcogen-7 interactions are DSD-BLYP-D3(BJ) (MAD = 1.99 kcal mol™!; MD = —1.99
kcal mol™!'), DSD-PBEP86-D3(BJ) (MAD = 1.46 kcal mol™!; MD = —1.46 kcal mol™!) and
DSD-BLYP-D3(0) (MAD = 1.30 kcal mol™!; MD = —1.30 kcal mol™!) with MADs even

larger than for a large number of rung 2-4 DFAs.

6.4.3 The CHAL-X subset

For the CHAL-X subset, the average MAD values are significantly lower for double hybrids
than the other rungs; for instance, average MADs are 1.95 kcal mol~! for GGAs, 1.42 kcal
mol~! for meta-GGAs, 1.18 kcal mol~! for hybrids and 0.70 kcal mol~! for double hybrids.
We see similar trends for average RMSDs (Fig. S2).

According to Table [10, BP86-D3(0), revPBE-D3(BJ) and PBE-D3(0) yield the best
MADs for this category with MAD (MD) values of 1.05 (—0.16) kcal mol™!, 1.18 (0.50)

38



keal mol™!, and 1.26 (—0.78) kcal mol™!, respectively. Interestingly, the DFT-D3(BJ) and
-D4 versions of XLYP overestimate the interactions in this section: their MADs (MDs) are
3.56 (—2.78) kcal mol™! and 3.62 (—3.17) kcal mol™!, respectively. Contrary to that, XLYP-
D3(0) underestimates the interactions (MAD = 2.53 kcal mol™'; MD = 2.38 kcal mol™!).
B97M-D4, TPSS-D3(0), and B97M-V are the best meta-GGAs for the CHAL-X subset with
MAD (MD) values of 0.84 (—0.06) kcal mol™', 0.85 (—0.21) kcal mol™!, and 0.94 (—0.17)
kcal mol~!, respectively. We observe a large gap when moving to the fourth-best meta-GGA
TPSS-D3(BJ) (MAD = 1.22 kcal mol™'; MD = —0.98 kcal mol™').

The best hybrids for this subset are PW6B95-D3(BJ), MPW1B95-D3(0) and BHLYP-D4
with MAD (MD) values of 0.52 (—0.08) kcal mol™!, 0.54 (0.08) kcal mol™!, and 0.60 (0.35)
kcal mol™!, respectively. Interestingly, PW6B95-D4 strongly overestimates the interaction
energies (MD = —2.39 kcal mol™!) and is the worst of the tested hybrids. The second-
and third-worst performing hybrids—wB97M-D3(0) and wB97M-D3(BJ)—underestimate
chalcogen-halogen interactions with MDs of 2.28 and 2.10 kcal mol™!, respectively.

revDSD-PBEP86-D3(BJ) ranks as the best DFA for chalcogen-halogen interactions with
MAD = 0.37 kcal mol™! and a nearly perfect MD of 0.08 kcal mol~!. This is closely
followed by the two DFT-D3 variants of B2NCPLYP. While both B2NCPLYP-D3(0) and
B2NCPLYP-D3(BJ) have an MAD value of 0.38 kcal mol™!, the latter shows slightly better
MDs (0.06 vs 0.12 kcal mol™!, respectively). Again, DSD-BLYP-D3(BJ), DSD-PBEPS6-
D3(BJ) and DSD-BLYP-D4 overestimate the interaction energies with MDs of —1.58, —1.05,
and —0.87 kcal mol~!, respectively. Moreover, they are also outperformed by a large number

of lower-rung DFAs.

6.4.4 The CHAL-N subset

Interestingly, the average MADs of the tested four rungs of Jacob’s Ladder are smaller than
1 kecal mol~! with rungs 3-5 being very close to one another: the average MADs are (.88

(GGASs), 0.64 (meta-GGAs), 0.63 (hybrids) and 0.67 kcal mol~! (double-hybrids). According
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to Table[10] OLYP-D3(BJ), revPBE-D3(BJ) and PBE-D3(BJ) are the best GGAs with MAD
(MD) values of 0.40 (0.16) kcal mol™!, 0.50 (0.18) kcal mol™!, and 0.54 (—0.02) kcal mol~*,
respectively. Among the worst-performing GGAs, we find XLYP-D4, XLYP-D3(BJ) and
OLYP-D3(0) with MAD (MD) values of 1.80 (—1.46) kcal mol™, 1.77 (—1.47) kcal mol ™!,
and 1.44 (1.44) kcal mol™!, respectively. In fact, XLYP-D4 and XLYP-D3(BJ) were listed
as the least accurate methods for the previous subsets as well; clearly showing that these
methods are not ideal for CB interactions. Among the meta-GGAs, TPSS-D3(BJ) ranks in
first position (MAD = 0.45 kcal mol™!; MD = —0.11 kcal mol™!). It is interesting to see
that SCAN-D4 (MAD = 0.50 kcal mol™!; MD = —0.22 kcal mol™!) and SCAN-D3(0) (MAD
= 0.51 kcal mol™'; MD = —0.12 kcal mol™!) rank as the next best meta-GGAs, while they
were among the worst-performing DFAs for the CHAL-X subset. This indicates a lack of
robustness for them. Among the assessed hybrids, we recommend wB97M-V (MAD = 0.42
kcal mol™'; MD = 0.23 kcal mol™!), MPW1B95-D3(BJ) (MAD = 0.46 kcal mol™'; MD =
0.39 kcal mol™') and wB97X-D3(BJ) (MAD = 0.46 kcal mol™!; MD = —0.45 kcal mol™),
whereas PW6B95-D4 (MAD = 1.16 kcal mol~'; MD = —1.16 kcal mol™!), wB97X-D4 (MAD
= 1.05 keal mol™'; MD = —1.05 kcal mol™!) and wB97M-D4 (MAD = 0.80 kcal mol~'; MD
= 0.72 kcal mol™!) rank as the worst-performing hybrids (Table S13).

Despite the double-hybrid MADs covering a larger range than rungs 2-4 (Fig. , the best
methods for this subset are SOS0-PBEO0-2-D3(BJ), revDSD-PBEP86-D3(BJ), B2NCPLYP-
D3(0), and B2NCPLYP-D3(BJ) with MADs of 0.21, 0.26, 0.30 and 0.32 kcal mol™!, respec-
tively. DSD-BLYP-D3(BJ), DSD-BLYP-D4, and DSD-BLYP-D3(0) are the worst double
hybrids in this section with MADs larger than for the worst meta-GGAs and hybrids due
to large overestimation of interaction energies, as can be seen from their MDs (—1.63 kcal

mol ™!, —1.24 kcal mol~! and —1.22 kcal mol™!, respectively).
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6.4.5 Final analysis of the entire CHAL336 database

So far, we have discussed the different categories of the CHAL336 benchmark set separately
and gave individual recommendations and warnings for them. However, we also saw that
the best methods for one category may not be the best for another. While this may not
be a problem if a user is interested in a very specialized problem that falls into one of
the four categories, answering a more general question around CB interactions warrants
the application of a reasonably robust and accurate DFA that works well across the entire
benchmark set. We end the discussion of our results with such an analysis.

The Jacob’s Ladder scheme is well reproduced for the entire CHAL336 set and that of
the worst methods for a particular rung have larger MADs than the worst of any lower rungs.
The average MAD for GGAs is 1.75 kcal mol™!, which is closely followed by meta-GGAs
(1.33 keal mol™!) and hybrids (1.12 kcal mol™!). Double hybrids have the lowest average
MAD with 0.72 kcal mol™!. Again, the same trend can be observed for average RMSDs (see
Fig. S2)

Fig. [0 shows the final ranking of all tested dispersion-corrected DFAs according to their
MADs. The best method of the entire study is surprisingly the non-empirical double hybrid
SOS0-PBE0-2-D3(BJ) (MAD = 0.38 kcal mol~! and MD = 0.12 kcal mol~!; see Table [10]).
While this particular DFA has been found to be the best non-empirical double-hybrid and
also the best method for the calculation of reaction energies and barrier heights in enzy-
matically catalyzed reactions, 418 a broad study on GMTKN55 showed it to be surpassed
by six other semi-empirical double hybrids.*!® Our hypothesis is that the latter may suffer
from a larger density errors, which is why SOS0-PBE0-2-D3(BJ) appears to perform so well
for CHAL336. That being said, SOSO0-PBE(0-2-D3(BJ) is closely followed by the two semi-
empirical double hybrids revDSD-PBEP86-D3(BJ) and B2NCPLYP-D3(BJ), with MADs
(MDs) of 0.39 (—0.07) keal mol~! and 0.40 (0.04) kcal mol~?, respectively (Table [L0). The
first of those two is a recently developed method and one of the best for the GMTKNb55

database,¥ while the latter has been developed for the treatment of NCIs. The DFT-D3(0)
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Figure 9: Overview of the MADs (kcal mol™') of all 72 tested dispersion-corrected DFAs for
the CHAL336 benchmark set. The best three DFAs are highlighted in green, the worst three
in red.

version of B2NCPLYP competes with its DFT-D3(BJ) variant and the two methods only
differ in their MDs with the latter having a slightly better value (MD = 0.11 vs. 0.04 kcal
mol~!). We also note that a total of seven additional semi-empirical double hybrids follow
before the first hybrid DFA appears in the overall ranking, showing once again the general
superiority of double hybrids.

As mentioned in the introduction, MP2 has been a popular method to treat CB inter-
actions in the past and while it is computationally similar to double hybrids, the results in
Table [11] clearly show that it does not outperform the latter in either of the four subsets nor
the entire benchmark set. Its MAD of 1.39 kcal mol~! is even worse than seven of our assessed
dispersion-corrected GGAs, namely BP86-D3(0), BLYP-D4, PBE-D3(0), revPBE-D3(BJ),
BLYP-D3(BJ), revPBE-D3(0) and OLYP-D4 (Fig. [0). Allowing for a more balanced treat-
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Table 11: MADs (in kcal mol™!) for MP2 and SCS-MP2 approaches for CHAL336 and its
four subsets.

CHAL-CHAL CHAL-r CHAL-X CHAL-N ALL

MP2 0.88 2.65 1.44 1.51 1.39
MP2-D3(BJ) 0.77 2.29 1.27 0.78 1.07
MP2-D3(0) 0.79 2.29 1.29 1.05 1.16
SCS-MP2 1.80 0.39 1.07 0.49 1.07
SCS-MP2-D3(BJ)  0.45 0.83 0.73 0.86 0.69
SCS-MP2-D3(0) 0.56 0.65 0.59 0.77 0.64

ment of same and opposite spin electron correlation in SCS-MP2 reduces the MAD to 1.07
kcal mol™!, which can be further reduced to 0.69 kcal mol~! when combined with the DFT-
D3(BJ) dispersion correction (Table [L1)). This makes SCS-MP2-D3(BJ) competitive with
some hybrid DFAs, but it is still worse than many double hybrids (Fig. E[) Consequently,
we do not see any reason why MP2-based methods should be used to treat CB interactions.

The best rung-4 methods for CB interactions are the range-separated hybrid wB97M-V,
and the global hybrids PW6B95-D3(0) and PW6B95-D3(BJ) with MADs (MDs) of 0.69
(0.26) kcal mol™!, 0.72 (0.14) kcal mol™!, and 0.78 (—0.21) kcal mol™', respectively (Table
. These results align well with the general recommendations for the GMTKN55 database
and confirm the overwhelming robustness of those functionals.?"#% Even when corrected
with DFT-D3(BJ), the popular B3LYP functional only ranks in 27th position of all tested
methods with an MAD of 0.95 kcal mol™!, and we do not recommend its usage.

The recommended hybrid functionals are good alternatives to double hybrids if the latter
cannot be applied due to system size or other computational bottlenecks. Generally, it is

L9200 which is why we do not discuss them

not advised to use lower-rung methods in NClIs,
any further. The interested user can obtain the relevant information from Fig. [9 Table [10]
and Table S13.

Finally, we would like to draw a comparison with the related halogen interactions. As
reported in Refs 109 and [119, a number of dispersion-corrected approaches showed system-

atic overestimation of halogen-bonding interactions as well. It is worthwhile to point out

that the best performers for the HAL59 set in GMTN55 were found to be OLYP-D3(BJ)
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(GGA), B9TM-D4 (meta-GGA), wBITM-V (hybrid), as well as BANCPLYP-D3(BJ) (double
hybrid).2#208218 Our work therefore shows similarities with halogen-interactions for some
methods, but also unique differences for others, which further justifies the development of

CHAL336.

7 Summary and conclusions

We presented the—to our knowledge—largest benchmark set for chalcogen-bonding (CB)
interactions (CHAL336) and used it in one of the most comprehensive DFT benchmark
studies for such interactions. CHAL336 consists of 336 dimers and for each tested method,
the user has to conduct 1008 single point calculations. The 336 dimers range from being
small (4 atoms) to being relatively large (49 atoms) and are divided into four main categories:
chalcogen-chalcogen, chalcogen-m, chalcogen-halogen, and chalcogen-nitrogen interactions.
Most systems are stabilized by o-hole interactions, while about 19 % are formed completely
or partially by m-hole interactions.

We first obtained reliable geometries at an adequate level of theory that properly ad-
dresses London-dispersion interactions before we proceeded with a detailed analysis on how
to obtain reference values with the best possible accuracy-cost ratio. When feasible, we
used the accurate W1-F12 composite scheme to obtain reference values for CHAL336. We
opted to use the efficient DLPNO-CCSD(T) method with TightPNO settings as an alterna-
tive to W1-F12. In this case, we obtained CBS-limit results from two-point extrapolations
conducted with triple- and quadruple-( basis sets. After careful consideration of different
basis-set combinations we used the minimally augmented Ahlrichs-type basis sets ma-def2-
TZVPP and ma-def2-QZVPP. For larger systems for which that approach was not feasible,
we used a composite scheme that estimated DLPNO-CCSD(T)/CBS numbers from lower-
level DLPNO-SCS-MP2/CBS results that were combined with a triple-(-based correction for

any shortcomings in the description of correlation energies. The latter strategy turned out
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to be a reliable alternative to properly extrapolated DLPNO-CCSD(T)/CBS results with
the exception of chalcogen-fluoride interactions.

The subsequent DFT benchmark study provided useful insights for both method de-
velopers and users. Unsurprisingly, London-dispersion corrections provided a significant
contribution to the total binding energy, and as such, CB interactions should not be cal-
culated without them. However, for some density functional approximations (DFAs), a
dispersion-corrected result turned out to be worse than for the pure DFA due to significant
overestimation of interaction energies. Inspired by earlier work in Ref. 119, we showed such
behavior does not reflect negatively on the dispersion correction itself but indicated that
the underlying DFA suffers from a large density-driven error. Further analysis of density-
corrected DFT (DC-DFT) results corroborated that hypothesis and showed that DC-DFT
results paired with dispersion corrections had the expected improved behavior. Therefore,
CHAL336 may be useful for the development and assessment of new DFAs with smaller
density-driven errors.

As DC-DFT is not a technique for routine applications, we investigated conventional
DFAs to provide method users with an overview of how current methodologies perform for
CB interactions. For this purpose, we assessed 98 variations of dispersion-corrected and
-uncorrected DFAs and performed a detailed analysis of 72 of them to identify robust and
reliable approaches. These 72 approaches cover rungs 2-5 of Jacob’s Ladder and were 22
GGAs, 11 meta-GGAs, 21 hybrids and 18 double hybrids.

We first discussed those DFAs that performed well for the four different categories of the
CHAL336 benchmark set before concluding with a comprehensive analysis of the entire set.
We reproduced the Jacob’s Ladder picture for the entire set and double-hybrid DFAs were
on average more accurate than the lower rungs. They also turned out to be by far more
accurate than the equally expensive MP2 and SCS-MP2 approaches, even when those had
been combined with London-dispersion corrections. While MP2 has been used frequently

to calculate CB interactions in the past, we see no reason why such a strategy should be
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continued in the future.

The best method for the entire study was the non-empirical double hybrid SOS0-PBEO-
2-D3(BJ). It was closely followed by the semi-empirical double hybrids revDSD-PBEP86-
D3(BJ) and B2NCPLYP-D3(BJ), which also showed more robust performance in other con-
texts. 218224 Iy general, double hybrids should be the method of choice and one should refer
to lower rung methods only if double hybrid calculations are computationally not feasible.
In such a scenario, we can recommend the range-separated hybrid wB97M-V and the global
hybrids PW6B95-D3(0) and PW6B95-D3(BJ). We do not advise to use the popular B3LYP
functional nor any other lower-rung DFAs for CB interactions. However for completeness
reasons we mention in passing that the best meta-GGAs were B97TM-D4, B97TM-V, and
TPSS-D3(0), while the best GGAs turned out to be BP86-D3(0), PBE-D3(0), and BLYP-
DA4.

The recommended methods, particularly the double hybrids, can be used with any stan-
dard quantum-chemical code even if they have not been implemented via a keyword; see
original references for details. As such, there is no technical roadblock from adopting our
recommendations. In fact, we hope to inspire a change in computational protocols sur-
rounding CB interactions that leads away from the commonly used methods, to the more
robust and accurate ones recommended herein. Users and developers alike can set up their
own calculations easily with the information provided in this manuscript and the SI. As
such, we hope that the CHAL336 benchmark set will make a valuable contribution to future

developments and applied studies.
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