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Abstract

A new variant of the so-called “cheap composite scheme” has been purposely de-
veloped for the evaluation of the interaction energy of non-covalent molecular com-
plexes, with its various contributions being tested for a set of 15 systems using the
accurate interaction energies reported in ref. [ﬁezéé, J.; Dubecky, M.; Jurecka, P.;
Hobza, P. Phys. Chem. Chem. Phys. 2015, 17, 19268-19277] as reference val-
ues. The modified scheme, starting from the CCSD(T) method in conjunction with
a triple-zeta-quality basis set augmented by diffuse functions, includes two addi-
tional terms computed at the MP2 level: (i) the extrapolation to the complete basis
set (CBS) limit; (i1) the contribution of core-valence correlation effects (CV term).
Various families of basis sets including diffuse functions have been tested for the
CCSD(T) model as well as for the extrapolation to the CBS limit, with a mean ab-
solute error of about 1% (below 0.2 kJ-mol~! in absolute terms) obtained with the
jun-cc-pVnZ and the jul-cc-pVnZ families. As far as the CV term is concerned,
the cc-pCVTZ and cc-pwCVTZ basis sets provide comparable contributions, which
are non-negligible in several cases. While the benchmark analysis has been carried
out using accurate structures available in the literature, geometrical effects due to
the use of reference B2PLYP(-D3BJ) geometries, optimized in conjunction with a
triple-zeta-quality basis set, have been investigated, thus pointing out their suitabil-
ity. Finally, the modified scheme has been applied to a number of test cases for which
interaction energies were already available in the literature; among these, a number

of molecular complexes bearing second-row atoms have been considered.
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1 Introduction

The quantitative evaluation of non-covalent interactions, the determination of the num-
ber and type of linkages, and the disentanglement of the different contributions ruling the
structure and interaction energy of molecular complexes are of paramount importance for
a number of processes of scientific as well as technological interest. '™ In this connection,
investigations in condensed phases are of limited use due to the concomitant effects of lo-
cal and bulk contributions. Furthermore, two-body and many-body contributions should
be disentangled for a better understanding of the overall description. This has stimulated
in the last years huge efforts and has led to several gas-phase spectroscopic investigations
of non-covalent molecular complexes (see, e.g., refs. 6-10), with rotational spectroscopy
being one of the most promising techniques. While the experimental challenge of gen-
erating and detecting molecular complexes can be overcome with the last-generation mi-
crowave spectrometers (with broadband chirped-pulse spectrometers and laser ablation
vaporization techniques having opened the way to the investigation of molecular adducts
of increasing complexity”!!), more sophisticated approaches and implementations are
required on the computational side in order to exploit the interplay of experiment and
theory at best. Indeed, the qualitative and quantitative description of non-covalent inter-
actions is still a great challenge in computational chemistry, mainly due to the important
role played by dispersion interactions as well as the size of the systems and the flatness of
the potential energy surface (PES) governing intermolecular degrees of freedom. There-
fore, investigating the structure and the spectroscopic properties of these systems might
be non-trivial and several aspects have to be considered.

Aiming at defining a general protocol to exploit the interplay of experiment and theory
in the field of the spectroscopic characterization of molecular complexes (in particular of
biological or prebiotic relevance), our focus will be the interaction energy at the equilib-
rium structure of medium-sized molecular systems containing up to 20-30 atoms (also

belonging to the second row of the periodic table). Rotational spectroscopy is able to



provide accurate information on structural parameters,®' but it requires to be strongly
complemented by theory when moving to the quantitative analysis of interaction ener-
gies. In order to reach our goal, it will be necessary not only to set up a reliable and
accurate model chemistry protocol, but it will be important to define a suitable level of
theory for determining the equilibrium structure with sufficient accuracy, in order to avoid
additional significant errors, at a reduced computational cost.

Since the accuracy obtained for intermolecular interactions should not come at the
price of impairing the results for standard covalent bonds, the starting point for our new

12-14 whose reference is the

developments is the so-called “cheap” composite scheme,
coupled-cluster method including full account of single and double excitations, CCSD, !°
and perturbative estimate of triple excitations (CCSD(T))!® in conjunction with a triple-
zeta quality basis set within the frozen-core (fc) approximation. To improve the accuracy
of this level of theory, the “cheap” scheme requires the incorporation of the extrapola-
tion to complete basis set (CBS), the effect of diffuse functions, and the core-valence
correlation (CV) contribution, with all of them taken into account using Mgller-Plesset
theory to second order (MP2).!7 While this approach was initially developed for accurate
molecular structure determinations'? and then extended to energetic evaluations, 14 when
focusing on the latter, geometry optimizations can be performed —without significantly
worsening the accuracy— using double-hybrid functionals (e.g. B2PLYP'%!%), augmented
by empirical dispersion contributions (e.g. the D3BJ model by Grimme?*23), in con-
junction with partially augmented triple-zeta basis sets (e.g. maug-cc-pVTZ-dH?+2%).
Note that, although more recent functionals provide improved energetic quantities, the
B2PLYP-D3BJ functional remains among the best performers for geometries and second

energy derivatives.?’8

12,13

While the “cheap” scheme is well tested for semi-rigid molecules and also rather

14,29 26,30-33

flexible systems, its extension to molecular complexes cannot be taken for
granted, and indeed the additive inclusion of the effect of diffuse functions has casted

some doubts and led some instabilities when dealing with systems containing second-row



atoms. In this respect, it has been recently claimed that hierarchical basis sets consistently
including diffuse functions (e.g. the aug-cc-pVnZ family**) are mandatory for reaching

the so-called “gold standard” for intermolecular complexes, 3>

also suggesting to avoid
any additivity approximation in this respect. Since in the “cheap” approach the limiting
steps are the geometry optimizations and energy evaluations at the CCSD(T) level of the-
ory, the replacement in this scheme of the cc-pVTZ basis set with aug-cc-pVTZ would
worsen significantly the situation from a computational-cost point of view. Therefore, we
decided to check the performances of the above model in conjunction with basis sets con-
taining a reduced number of diffuse functions, with the final aim of obtaining a balanced
compromise between accuracy and computational cost.

As a matter of fact, although the extrapolation to the CBS limit can be much faster

37.38 reduction of the basis

when using explicitly correlated (F12) coupled-cluster ansatzes,
set below the aug-cc-pVTZ quality reduces the accuracy of the model chemistry down to
the level denoted as “silver standard”.?® Since the MP2 extrapolation to the CBS limit
is quite effective (and can be further fastened by resolution of identity and analogous
techniques *?), the bottleneck remains the CCSD(T) calculation, whose (T) part does not
benefit from current F12 implementations. This aspect will be discussed in some detail
after the derivation of the most effective modified “cheap” scheme. Local correlation
models can become the methods of choice for large systems,*! but the robustness of their
implementation and their general applicability for non-covalent complexes are beyond the
scope of the present study. On the other hand, we will pay special attention to the so-called
basis set superposition error (BSSE), which plagues the calculations of intermolecular
complexes whenever basis sets of limited size are employed. While we mostly resort to
its removal by means of full inclusion of the counterpoise (CP) correction,** non-CP-
corrected (NCP) results will be addressed —for comparison purposes— for both energies
and equilibrium geometries. The partial inclusion of CP corrections (thus leading to half-
CP values) will be also considered.

On the premise that the experimental accuracy reachable for the interaction energy of



molecular complexes is 0.012 kJ-mol~!,* the last point that requires to be addressed is
the definition of the target accuracy for the new model chemistry protocol. Non-covalent
bondings span a huge range of interactions: from the relatively strong electrostatic, hydro-
gen bonds (10-30 kJ-mol™!) to the much weaker dispersion interactions (1-10 kJ-mol™1).
Therefore, discussions based on absolute errors might be questionable: a target error of
0.2 kJ-mol~!, which —according to ref. 43— corresponds to the “gold standard”, is fully
satisfactory in the first case, while it could lead to a large uncertainty for the latter. As
a consequence, we prefer to avoid different thresholds for different kinds of interactions,
resorting instead to percentage errors with a target of ~1%, possibly without any out-
lier above 3% and, in any case, with absolute deviations within 0.2 kJ-mol~!. Indeed, a
mean error of a few percent is generally reachable for molecular complexes of about ten
atoms,* and in refs. 35,44 the mean error of CCSD(T)/CBS values is actually estimated
to be ~1-2% with respect to more accurate computations, such as those used as reference
in the present work.

In the following section, the computational details are provided, starting from a short
description of the dataset chosen for benchmarking interaction energies, moving to the il-
lustration of the original “cheap” scheme and of the different improvements considered in
the present study. Next, case studies involving larger molecules and/or systems contain-
ing second-row elements are analyzed in detail by means of the most promising modified
“cheap” scheme. Additional considerations and conclusions are sketched in the last two

sections.

2 Computational details

In the present study, quantum-chemical calculations have been performed at the CCSD(T), !¢
MP2,'7 and density functional theory (DFT) levels. For the latter, the double-hybrid
B2PLYP® functional including the D3 dispersion correction®* with Becke-Johnson (BJ)

damping function?? has been considered. All calculations have been carried out using the



Gaussian package,* always employing very tight thresholds in both geometry optimiza-
tions and energy evaluations.

Partial or full addition of diffuse functions has been investigated by means of the

99,46 34
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basis sets denoted as “seasona starting from the aug-cc-pVnZ set,”* removal of dif-
fuse functions on H and He atoms leads to the jul-cc-pVnZ basis set (also known as
heavy-augmented basis set, ha); then, successive removal of high-angular momentum
diffuse functions produces the jun-, may-, and apr- sets. Finally, when only s and p dif-
fuse functions are added irrespective of the cardinal number, the minimally augmented
(maug) family of basis sets is obtained, which corresponds to the jun-cc-pVDZ/may-cc-

pVTZ/apr-cc-pVQZ sequence.**

2.1 Interaction energy and dataset

int

By definition, the CP-corrected interaction energy, £/¢p, is computed as follows:

E&b = Eap — (ER° + E5P) (1)

where E,p is the molecular complex energy, while E4" and E4P are the energies of the
monomers, A and B, calculated using the basis set of the molecular complex (AB) at the
geometry they assume in the latter. The corresponding NCP energy value is obtained with
respect to the two fragments in their basis set and at the corresponding geometry in the
molecular adduct (F4 and EE). Straightforwardly, half-CP energies are derived by the
arithmetic mean of CP and NCP energies.

The computational schemes for the determination of accurate interaction energies
presented in this work have been tested against a subset of the A24 dataset,*>** which
includes 24 molecular complexes, covering the most important types of non-covalent in-
teractions: from hydrogen bonds to dispersion-dominated interactions. With the aim to
develop a general and robust scheme able to describe all of them, 15 molecular com-

plexes from the A24 dataset have been selected for a statistical analysis. These systems



are: the dimers of H,O, NH3, HE, HCN, H,CO, CH, and CsH,, together with mixed clus-
ters: NHj- - - H20O, HF- - - CHy, NHjs- - - CHy, HyO- - - CHy, HO- - - CoHy, NH3s- - - CoHy,
CHy- - - CoHy and HoCO- - - CoHy. We have decided not to include the adducts involv-
ing Ar, borane, ethyne, and ethane because the former three systems are not particularly
representative of bio-molecular building blocks, while ethane introduces the problem of
intramolecular flexibility without adding significant additional information with respect
to the methane complexes. Furthermore, as mentioned in the introduction, our interest is
focused on molecular complexes at the equilibrium structure. This led, for instance, to
the exclusion of the systems involving only 7-7 stacking interactions such as the “par-
allel” ethene dimer, which does not present any energy minimum on the corresponding
PES. The selected systems define the A15 dataset and are shown in Figure 1 together with
the corresponding intermolecular distances (evaluated at different levels of theory), which
will be discussed later in the text.

After the most promising model has been defined together with a critical investigation
of the role of the reference geometry, the study has extended to treat four small molecular
complexes containing second-row atoms of interest for biological systems (P, S, and Cl),
namely FH5P- - - NH3, FH,P- - - SHy, FHS- - - OFH and CH3OH- - - HCI, before moving to
address 7 larger test cases, characterized by different types of interactions, also including
the 7-7 stacking. The basis sets used for second-row atoms are analogous to those em-
ployed for first-row elements, but we have adopted the variant including additional tight

d-functions (cc-pV(n+d)Z).4

2.2 The reference: geometries and energies

The reference geometries used in our benchmark analysis are those reported in ref. 35.
These were obtained by means of a composite scheme that starts from the HF-SCF/aug-
cc-pVQZ level of theory and incorporates two corrections: (i) the extrapolation to the
CBS limit at the MP2 level using the two-point formula by Helgaker et al. *® applied to the

aug-cc-pVTZ and aug-cc-pVQZ basis sets and (z2) the high-order contribution, evaluated
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Figure 1: The A15 dataset: the molecular complexes employed in the benchmark analy-
sis. The leading intermolecular distance (in A), evaluated at different levels of theory, is
reported for each molecular complex (see text).

as the difference between CCSD(T) and MP2 when employing the aug-cc-pVDZ basis
set. The electronic energy resulting from this composite scheme is then employed in the
geometry optimization performed using numerical gradients. Furthermore, to rule out the
BSSE effect, the CP correction* is included at each iteration step. The resulting geometry
will be denoted as “CBS-georef” in the following.

The interaction energies, which have been taken as reference for this part of our analy-
sis (and denoted as “ref” in the following), have been taken from ref. 44 and were obtained

by means of a composite approach that incorporates the extrapolation to the CBS limit of

both the fc-CCSD(T) and all-electron (ae) CCSD(T) terms:

1. CCSD(T) correlation energy, within the fc approximation, extrapolated to the CBS

limit taken from the exhaustive analysis performed by Burns et al.*’;

2. core-valence and core-core contributions, calculated as the difference between ae-



and fc-CCSD(T) computations using the aug-cc-pCVTZ and aug-cc-pCVQZ basis
sets, this contribution being extrapolated to the CBS limit with a two-point for-

mula.*®

The reason behind the choice of these energies as reference (denoted in the text and
tables as “ref”) is that reliable computations of quadruple excitations in the cluster ex-
pansion are not available for all the molecules belonging to the A15 dataset and we want
to avoid any further reduction of the number and representativeness of the analyzed sys-
tems. In a later section, however, once the new computational model is set up, to further
investigate the accuracy obtainable, a subset of 13 molecules will be considered using as
reference (denoted as “best-ref”) the scheme that includes, in addition to the two terms

introduced above, the following terms:

3. contribution due to quadruple excitations, computed as the difference between the

ae-CCSDT(Q)>° and the ae-CCSD(T) calculation using the aug-cc-pVDZ basis set;

4. inclusion of the scalar relativistic effects, calculated using CCSD(T) in conjunction
with the aug-cc-pCVQZ-DK?>! basis set and the fourth-order Douglas-Kroll-Hess

(DKH) Hamiltonian.>?

2.3 The ‘““cheap” scheme

As evident from the list above, the two approaches (“ref”” and “best-ref”) include several
extremely expensive computational steps, such as the fc-CCSD(T)/aug-cc-pV5Z and ae-
CCSDT(Q)/aug-cc-pVDZ calculations, and they are therefore affordable only for small
molecular systems. However, the interaction energies provided by both of them repre-
sent high-level references for testing the performances of less expensive computational
methodologies. Indeed, a great effort has been put in the derivation of composite schemes
able to provide similar results, even if relying on a lower scaling of the computational
cost with the basis set. The corresponding strategies usually consider the use of MP2 in

conjunction with small- to medium-sized basis sets, also exploiting the fact that, when

10



the MP2 method is used with such bases, a systematic error compensation occurs in the
case of weakly-bounded compounds and the obtained energy is closer to the CBS limit
than expected.** However, to fulfil the aimed accuracy, composite approaches have to be
considered. The so-called “cheap” scheme has been introduced in this regard, with the
extrapolation to the CBS limit as well as the effect of core-valence correlation and diffuse
functions in the basis set being incorporated at the MP2 level. For the evaluation of ener-
getics, the “cheap” scheme, shortly denoted as ChS in the following, can be summarized

as follows:

e The starting point is the fc-CCSD(T)/cc-pVTZ level of theory.

e The extrapolation to the CBS limit is performed in two steps: the HF-SCF ener-
gies, evaluated in conjunction with the cc-pVTZ, cc-pVQZ and cc-pV5Z basis sets,
are extrapolated using the 3-point exponential formula by Feller >, while fc-MP2
correlation energies, computed employing the cc-pVTZ and cc-pVQZ sets, are ex-
trapolated by means of the n 2 formula by Helgaker et al.*®. This term is denoted
as AES; py. In the present work, AES] b, is however computed in a single step by
extrapolating the MP2 energy with the 2-point formula*® (i.e. without extrapolating
HF and MP2 energies separately). This is to avoid problems related to the cc-
pV5Z basis set for which convergence of the HF-SCF energy can be troublesome,
especially in the case of non-covalent complexes. Furthermore, we have enough
experience to claim that both procedures lead to very similar results, the differences

being negligible.

e The third contribution is the inclusion of CV effects, thus accounting for (z) the
inter-shell correlation, i.e. the core-valence contribution and (¢¢) the intra-shell con-
tribution due to the core-core correlation, with the latter being less important com-
pared to the former. This term is obtained as energy difference between ae- and
fc-MP2 calculations with the cc-pCVTZ basis set. This term is shortly indicated as

AESY,. In this work, the use of the cc-pwCVTZ set>* will be also tested.

11



To this general scheme, a further term is often added to account for the effect of diffuse

functions, which is here denoted as Aq:

e The A« contribution is calculated as the difference between fc-MP2/aug-cc-pVTZ

and fc-MP2/cc-pVTZ energies.

Since this term is not justified by any theoretical consideration when extrapolation to the
CBS limit is performed, a proper analysis of its effects is needed. In the case of structure

determinations, its addition tends to lead to relevant improvements because it compensates

the overestimation of the MP2 extrapolation with small- to medium-sized basis sets, !*!4

while for energy evaluations A« has often been removed because of erratic results. 63
Furthermore, even if the ChS approach has been employed in the characterization of var-

ious non-covalent interactions, 26-30-32

its performance for molecular complexes has never
been thoroughly tested against other accurate computational strategies.
In this work, different families of basis sets have been tested by incorporating their

contribution in the ChS approach using two different strategies:

e Diffuse functions are included directly in the scheme using different diffuse-augmented

basis sets to compute the AES ., term and the CCSD(T) energy: the extrapolation
is carried out using the n=T,Q combination, while the CCSD(T) calculations are

always performed in conjunction with the corresponding triple-zeta set.

e The effect of diffuse functions is introduced by means of the previously mentioned
A« term, the latter being calculated with the aug-cc-pVTZ, the jul-cc-pVTZ, or the
jun-cc-pVQZ basis set. In the case of the fully diffuse-augmented basis set, the

“traditional” ChS approach is obtained.

To remove any potential bias affecting the overall conclusions due to the use of different
equilibrium geometries, the investigation and test of the different approaches and families

of basis sets have been carried out using the “CBS-georef™ structures reported in ref. 35.

12



3 Results and discussion

3.1 Extension of the ‘“‘cheap” scheme to non-covalent interactions

In the following, a new ChS-type scheme able to correctly describe non-covalent interac-
tions is developed. First of all, the most convenient way to introduce diffuse functions in
the ChS approach is analyzed for both the extrapolation to the CBS limit and CCSD(T)
energy calculations. For these initial considerations, the CV term will be set at the value
computed with the cc-pCVTZ basis set, while —later in the manuscript— the results ob-
tained with the cc-pwCVTZ basis set will be also addressed. While initially the reference
geometries employed are the “CBS-georef” structures, the use of B2PLYP-D3BJ struc-
tures will be subsequently addressed. As already mentioned, CP-corrected energies are

mainly considered, but NCP and half-CP results will be also discussed.

3.1.1 Extrapolation to the CBS limit and CCSD(T) calculations: do we need diffuse

functions?

The starting point is the composite approach with the MP2 extrapolation to the CBS limit
carried out using the cc-pV(T,Q)Z basis sets on top of the CCSD(T)/cc-pVTZ calculation,
with the AE(}Y,, term evaluated using the cc-pCVTZ basis. The resulting mean absolute
error (MAE) is 2.92% and, for each molecular complex, the contributions to the interac-
tion energy are detailed in Table 1. It is noted that not only the MAE is well outside our
target accuracy, but also the maximum errors (~9%) are too large. In Table 1, in addition
to relative errors, the absolute errors are also given. The latter are rather small, ranging
—in unsigned terms— from 0.02 kJ .mol~! to 0.76 kJ-mol~!. However, these values are not
satisfactory because more than half of the molecular complexes considered are character-
ized by small interaction energies and, therefore, a discussion in terms of relative errors
is more sound. Furthermore, it is noteworthy that CP results are slightly better than their
NCP counterparts and essentially equivalent to half-CP values.

The first step is the introduction of additional diffuse functions in the extrapolation

13



Table 1: ChS energies (kJ-mol~!) using the cc-pVnZ basis sets.

Complex “ref” fc-CCSD(T)/cc-pVTZ  AER po/cc-pV(T,Q)Z AEE?I‘;Q Energy  Relative Error  Error || Errorncp | Errorpacp
H,0-H,0 -21.0832 -18.3868 -1.9570 -0.1354  -20.4792 -2.86% -0.60 -0.29 -0.44
NH;3-NH;3 -13.2131 -11.3498 -1.6052 -0.0733  -13.0283 -1.40% -0.18 -0.40 -0.29
HF-HF -19.2213 -17.2997 -1.2275 -0.1049 -18.6321 -3.07% -0.59 -0.65 -0.62
H,CO-H,CO || -18.9284 -13.5169 -5.2213 -0.0987 -18.8369 -0.48% -0.09 -0.55 -0.32
HCN-HCN -19.9828 -18.2582 -1.3439 -0.0733  -19.6754 -1.54% -0.31 -0.41 -0.36
CyH4-CoHy -4.5647 -3.0318 -1.5070 -0.0439  -4.5827 0.39% 0.02 0.07 0.05
CH,4-CHy -2.2301 -1.2588 -0.8478 -0.0068 -2.1134 -5.23% -0.12 -0.08 -0.10
H,O-NHj3 -27.3759 -23.5124 -2.9325 -0.1677 -26.6126 -2.79% -0.76 -0.40 -0.58
H,0-CyHy -10.7696 -8.0903 -2.4127 -0.0875 -10.5905 -1.66% -0.18 0.37 0.09
CyH,4-H,CO -6.7948 -4.5478 -2.1112 -0.0600 -6.7190 -1.12% -0.08 -0.36 -0.22
CyH,4-NH; -5.7865 -4.1166 -1.5012 -0.0488  -5.6666 -2.07% -0.12 0.23 0.06
C,H,-CH, -2.1255 -1.4393 -0.5964 -0.0258  -2.0615 -3.01% -0.06 -0.10 -0.08
HF-CH,4 -6.9162 -4.7205 -2.0688 -0.0860 -6.8753 -0.59% -0.04 0.07 0.02
H,0-CH,4 -2.8242 -2.1376 -0.4039 -0.0286 -2.5701 -9.00% -0.25 -0.39 -0.32
NH;3-CHy -3.2175 -2.7172 -0.1872 -0.0352  -2.9396 -8.64% -0.28 -0.19 -0.23
MAE 2.92% 0.25 0.30 0.25

term and, for consistency, also in CCSD(T) calculations. Resorting to the Dunning and
coworkers hierarchical basis sets, namely the aug-cc-pVnZ family,** leads to a large im-
provement, the results being collected in Table 2. Indeed, the MAE, being 1.52% for the
CP-corrected energy, nearly halves with respect to the starting approach. Particularly re-
markable is the reduction of the errors associated to the molecular complexes involving
methane, but a general improvement of the relative discrepancies is observed for most
complexes. This is mainly due to a better balance between the extrapolated CBS energies
and the CCSD(T) term. Also in this case, CP results are significantly or slightly better
than their NCP or half-CP counterparts. However, while the composite scheme based on
the aug-cc-pVnZ family of basis sets can represent an accurate approach to describe any
type of non-covalent interactions, the full inclusion of diffuse functions strongly affects
its applicability to medium- and large-sized systems. Furthermore, for systems like the
HF dimer and the HoCO dimer the absolute deviation is not satisfactory yet, being larger
than 0.2 kJ-mol 1.

It has to be noted that the scheme results in energies that are overestimated for al-
most all complexes, thus suggesting that full inclusion of diffuse functions is not the
best choice for an effective extrapolation. This overestimation is probably due to the
well-known overshooting of intermolecular correlation by the MP2 model. Since, on the

contrary, the interaction energies are systematically underestimated (with the exception
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Table 2: ChS energies (kJ-mol~!) using the aug-cc-pVnZ basis sets.

Complex “ref” fc-CCSD(T)/aug-cc-pVTZ  AEj] p,/aug-cc-pV(T,Q)Z AEﬂ(f}‘IQQ Energy Relative Error  Error || Errornce | Errorpece
H,0-H,O -21.0832 -19.9250 -1.1894 -0.1354  -21.2498 0.79% 0.17 0.44 0.30
NH;-NH; -13.2131 -12.5692 -0.6682 -0.0733  -13.3107 0.74% 0.10 0.12 0.11
HF-HF -19.2213 -17.9928 -1.3570 -0.1049  -19.4547 1.21% 0.23 0.75 0.49
H,CO-H,CO || -18.9284 -17.6285 -1.5474 -0.0987 -19.2746 1.83% 0.35 0.43 0.39
HCN-HCN -19.9828 -19.3043 -0.5778 -0.0733  -19.9554 -0.14% -0.03 -0.11 -0.07
CyH,4-CyHy -4.5647 -4.3068 -0.3787 -0.0439  -4.7294 3.61% 0.16 0.06 0.11
CH,4-CHy -2.2301 -2.0849 -0.1707 -0.0068  -2.2624 1.45% 0.03 -0.02 0.004
H,O0-NH; -27.3759 -26.1081 -1.2329 -0.1677 -27.5087 0.49% 0.13 0.36 0.25
H,0-C,H, -10.7696 -10.1895 -0.6334 -0.0875 -10.9104 1.31% 0.14 0.07 0.11
C,H4-H,CO -6.7948 -6.3544 -0.5124 -0.0600 -6.9268 1.94% 0.13 0.13 0.13
C,H,-NH; -5.7865 -5.4694 -0.3740 -0.0488  -5.8922 1.83% 0.11 -0.06 0.02
C,H,-CHy -2.1255 -1.9806 -0.1742 -0.0258  -2.1805 2.59% 0.06 -0.04 0.01
HF-CH4 -6.9162 -6.4952 -0.4980 -0.0860 -7.0792 2.36% 0.16 0.56 0.36
H,0-CH,4 -2.8242 -2.6011 -0.2057 -0.0286  -2.8354 0.40% 0.01 0.01 0.01
NH;-CH, -3.2175 -3.0165 -0.2344 -0.0352  -3.2861 2.13% 0.07 0.06 0.06
MAE 1.52% 0.13 0.21 0.16

of the ethene dimer) when diffuse functions are completely neglected (see Table 1), the
systematic removal of some sub-shells of diffuse functions present in the aug-cc-pVnZ
basis sets might provide improved results at a reduced computational cost. For this rea-
son, we have investigated systematically the “seasonal” set of bases developed by Papajak
et al.*. In particular, the jul-cc-pVnZ basis sets are commonly used for the description
of weakly-bound compounds (see, e.g., ref. 43). The results obtained by employing the
jul-cc-pV(T,Q)Z combination in the extrapolation to the CBS limit and the jul-cc-pVTZ
set for the CCSD(T) energy evaluations are summarized in Table 3. As expected, this type
of basis sets describes uniformly all the complexes considered, the relative errors being
on average lower than those obtained with the fully augmented basis set (the MAE is as
low as 0.84%). Focusing on methane-containing complexes, which are among the most
challenging systems to correctly describe, an improvement is observed for three of them,
while the relative error worsens for the H,O-CH, adduct and it remains nearly unchanged
for the methane dimer. Inclusion of CP correction delivers once again better results than
the NCP or half-CP alternatives. As a matter of fact, jul-cc-pVnZ basis sets (better known
as heavy-augmented) have become the de facto standard for the most refined composite
methods. > The latest HEAT variant®’ employs the opposite strategy of retaining diffuse
functions on hydrogens, but not on other atoms. Partial inclusion of diffuse functions thus

appears to be preferred with respect to full augmentation.

15



Table 3: ChS energies (kJ-mol~!) using the jul-cc-pVnZ basis sets.

Complex “ref” fc-CCSD(T)/jul-cc-pVTZ  AER] po/jul-cc-pV(TQZ AE! f{‘m Energy Relative Error  Error || Errorycp | Erroryr.cp
H,0-H,0 -21.0832 -19.6966 -1.2103 -0.1354  -21.0423 -0.19% -0.04 0.09 0.02
NH;-NH; -13.2131 -12.2108 -0.9287 -0.0733  -13.2128 0.00% -0.001 0.09 0.04
HF-HF -19.2213 -17.8393 -1.2781 -0.1049 -19.2223 0.01% 0.001 0.17 0.09
H,CO-H,CO || -18.9284 -17.4291 -1.6128 -0.0987 -19.1406 1.12% 0.21 0.33 0.27
HCN-HCN -19.9828 -19.1640 -0.6978 -0.0733  -19.9351 -0.24% -0.05 -0.15 -0.10
C,H,-CoHy -4.5647 -4.0271 -0.5995 -0.0439  -4.6705 2.32% 0.11 0.10 0.11
CH,-CH, -2.2301 -1.8353 -0.3506 -0.0068  -2.1927 -1.67% -0.04 -0.18 -0.11
H,O-NH; -27.3759 -25.6680 -1.5765 -0.1677 -27.4122 0.13% 0.04 0.10 0.07
H,0-C,Hy -10.7696 -9.8531 -0.8998 -0.0875 -10.8404 0.66% 0.07 0.07 0.07
C,H,;-H,CO -6.7948 -6.1293 -0.6630 -0.0600 -6.8523 0.85% 0.06 0.15 0.11
C,H,-NH; -5.7865 -5.1967 -0.5967 -0.0488  -5.8422 0.96% 0.06 0.08 0.07
C,H,-CHy -2.1255 -1.8073 -0.3215 -0.0258  -2.1545 1.36% 0.03 0.01 0.02
HF-CH, -6.9162 -6.1143 -0.7931 -0.0860  -6.9934 1.12% 0.08 0.08 0.08
H,0-CH,4 -2.8242 -2.4392 -0.3136 -0.0286  -2.7814 -1.52% -0.04 -0.03 -0.04
NH;-CH,y -3.2175 -2.7902 -0.4066 -0.0352  -3.2320 0.45% 0.01 0.02 0.02
MAE 0.84% 0.06 0.11 0.08

In view of the promising results obtained using the jul-cc-pVnZ sets and with the
aim of further reducing the computational cost, the jun-cc-pVnZ family of basis sets has
been considered. The modified scheme thus involves the extrapolation to the CBS limit
using the jun-cc-pVTZ/jun-cc-pVQZ combination of bases and CCSD(T) calculations in
conjunction with the jun-cc-pVTZ basis set.

The results are reported in Table 4, where it is noted that the MAE of 1.20% places
the scheme in between the previous one with the jul-cc-pVnZ basis sets (MAE 0.84%)
and the one obtained with the fully augmented aug-cc-pVnZ basis sets (MAE 1.52%).
Furthermore, the so-called “jun-ChS” approach fulfils the target accuracy we set in the
Introduction. However, we note one outlier with a relative deviation larger than 3%,
namely the ethene dimer (4.04%). This suggests the importance of all diffuse functions
on non-hydrogen atoms for pushing the accuracy to the limit when the interaction in-
volves hydrogen atoms on one side and a 7 bond on the other. Interestingly, in absolute
terms the maximum error is below 0.2 kJ-mol~!, with the only exception of the formalde-
hyde dimer (0.37 kJ-mol '), which ~however— has some intrinsic problems (see, e.g., ref.
44). In view of the good accuracy accompanied by a remarkable reduction of the com-
putational cost (due to the decreased number of diffuse functions in the basis sets), the
jun-ChS scheme seems to be the most promising approach for the description of larger

non-covalent molecular adducts. Furthermore, for the methane-containing complexes,
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small relative errors are noted. Although the core-valence correlation contributions are
generally small, they cannot be neglected when aiming at a quantitative accuracy because
their value is larger than the overall absolute error for 8 systems (over a total of 15) within
the jul-ChS approach and for 6 molecular complexes when applying the jun-ChS scheme.

Once again, CP results are better than NCP or half-CP counterparts.

Table 4: ChS energies (kJ-mol~!) using the jun-cc-pVnZ basis sets.

Complex “ref” fc-CCSD(T)/jun-cc-pVTZ  AER] p,/jun-cc-pV(T,Q)Z AE?I‘I,Z Energy Relative Error  Error || Errorncp | Erroryr.cp
H,0-H,0 -21.0832 -19.2986 -1.5414 -0.1354  -20.9754 -0.51% -0.11 0.17 0.03
NH;-NH; -13.2131 -11.8413 -1.3507 -0.0733  -13.2653 0.40% 0.05 0.09 0.07
HF-HF -19.2213 -17.3511 -1.7673 -0.1049  -19.2233 0.01% 0.002 0.23 0.12
H,CO-H,CO || -18.9284 -16.1715 -3.0240 -0.0987 -19.2942 1.93% 0.37 0.56 0.46
HCN-HCN -19.9828 -18.8230 -1.0026 -0.0733  -19.8989 -0.42% -0.08 -0.23 -0.16
C,H,-CyH,y -4.5647 -3.7570 -0.9481 -0.0439  -4.7489 4.04% 0.18 0.24 0.21
CH,4-CHy -2.2301 -1.6317 -0.6187 -0.0068 -2.2572 1.22% 0.03 -0.003 0.01
H,0-NH; -27.3759 -25.2160 -1.9219 -0.1677 -27.3056 -0.26% -0.07 0.07 0.002
H,0-C,H, -10.7696 -9.5029 -1.2704 -0.0875 -10.8608 0.85% 0.09 0.25 0.17
CyH,4-H,CO -6.7948 -5.6830 -1.2112 -0.0600  -6.9543 2.35% 0.16 0.31 0.23
C,H,4-NH; -5.7865 -4.9695 -0.8644 -0.0488  -5.8828 1.66% 0.10 0.20 0.15
CyH,-CH,y -2.1255 -1.7123 -0.4288 -0.0258  -2.1668 1.94% 0.04 0.05 0.05
HF-CH4 -6.9162 -5.8334 -1.0948 -0.0860 -7.0142 1.42% 0.10 0.12 0.11
H,0-CH,4 -2.8242 -2.3273 -0.4490 -0.0286  -2.8049 -0.68% -0.02 || -0.005 -0.01
NH;-CH,y -3.2175 -2.6783 -0.5145 -0.0352  -3.2280 0.33% 0.01 0.01 0.01
MAE 1.20% 0.09 0.17 0.12

In Figure 2, the interaction energies obtained with the different basis-set families con-
sidered are graphically represented for the 5 complexes involving methane in terms of the
relative differences with respect to the corresponding “ref” values (a similar figure based
on absolute errors is reported in the Supporting Information, SI). It is observed that the
schemes based on the use of the jul- and jun-cc-pVnZ basis sets provide similar results
and very close (indeed, the closest) to the reference values. Furthermore, as already men-
tioned above, the lack of diffuse functions in the basis sets leads to underestimated results,
while those obtained by the approach exploiting the fully diffuse-augmented basis sets are
always overestimated.

Going a step further in removing diffuse functions from basis set, one can resort to the
minimal augmented set of bases (maug-cc-pVnZ?*). The composite scheme employing
the latter type of basis has also been tested; however, the results worsen for all complexes,
with a maximum relative error of ~21% in the case of the CH,- - - CH4 complex and

a MAE of 7.1%. The detailed energetic contributions for this scheme can be found in
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Figure 2: Interaction energy differences (%) with respect to the “ref” values for 5
methane-containing complexes from the A24 dataset (see text). Comparison of differ-
ent ChS approaches: green bars refer to the scheme using the cc-pVnZ basis sets (ChS),
blue bars to that employing the aug-cc-pVnZ basis sets (aug-ChS), yellow bars to that ex-
ploiting the jul-cc-pVnZ basis sets (jul-ChS), and pink bars to that using the jun-cc-pVnZ
basis sets (jun-ChS).

Table S1 of the SI. This marked enhancement of relative errors could be due to the fact
that the maug-cc-pVnZ basis sets are not smoothly convergent in the diffuse functions
space (i.e. they cannot be considered a hierarchy of bases), as pointed out in ref. 46.
Indeed, the maug-cc-pVTZ basis is equivalent to may-cc-pVTZ, while maug-cc-pVQZ
corresponds to the apr-cc-pVQZ basis set, but the diffuse space is instead convergent
within the “same month of the calendar” basis sets. In view of these considerations, the
combination may-cc-pVTZ/may-cc-pVQZ has also been tested, with the results being
reported in Table S2. It is observed that the MAE, 2.4%, lowers with respect to the use
of the maug-cc-pVnZ series of bases, with a general improvement of all relative errors
being noted. However, the MAE obtained is larger than that for the schemes that make
use of the jun- or jul-cc-pVnZ combinations. In analogy to the extrapolation with the
maug-cc-pVnZ basis sets, the extrapolation to the CBS limit using the jun-cc-pVTZ/may-

cc-pVQZ combination has also been tested. The results are collected in the SI (Table S3)
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and represent an improvement with respect to those obtained for the maug-cc-pV(T,Q)Z
extrapolation scheme (the MAE is 2.9%). Despite this improvement, the MAE is larger
than our target accuracy and, for three molecular complexes, large relative errors (in the
6-9% range) are noted; therefore, the scheme with the last combination of basis sets has
not been further considered.

Since it has been demonstrated the fundamental role played by diffuse functions in
the accurate description of non-covalent interactions and in order to avoid their use in
CCSD(T) calculations (thus lowering the computational cost), one might also consider
the possibility to include the effect of diffuse functions in a separate contribution (i.e. the
A« term introduced above), thus performing both the MP2 extrapolation to the CBS limit
and CCSD(T) energy evaluations using the cc-pVnZ basis sets. This would thus imply
that the diffuse functions contribution follows the additivity approximation, which is at the
basis of composite schemes. For this purpose, the A« term has been computed using the
aug-cc-pVTZ and jul-cc-pVTZ basis sets, the results of the former scheme being shown

in Table 5, while for the latter they are reported in Table S4.

Table 5: ChS energies (kJ-mol~!) using the aug-cc-pVTZ basis set for the Ao term.

Complex fc-CCSD(T)/cc-pVTZ  AERpylec-pV(T.QZ AE(,  Aa Energy “ref”  Relative Error | Error
H,0-H,0 -18.3968 -1.9570 -0.1354  -1.0176 || -21.4968 -21.0832 1.96% 0.41
NH;-NH;3 -11.3498 -1.6052 -0.0733  -0.9211 || -13.9494 -13.2131 5.57% 0.74
HF-HF -17.2997 -1.2275 -0.1049 -0.0722 || -18.7043 -19.2213 -2.69% -0.52
H,CO-H,CO -13.5169 -5.2213 -0.0987 -3.7534 || -22.5903 -18.9284 19.36% 3.66
HCN-HCN -18.2582 -1.3439 -0.0733  -0.8891 || -20.5645 -19.9828 2.91% 0.58
CyH4-CoHy -3.0318 -1.5070 -0.0439  -1.1774 || -5.7600 -4.5647 26.19% 1.20
CH4-CH,y -1.2588 -0.8478 -0.0068 -0.6666 || -2.7801  -2.2301 24.67% 0.55
H,0-NH;3 -23.5124 -2.9325 -0.1677 -2.1569 || -28.7695 -27.3759 5.09% 1.39
H,0-CyH,y -8.0903 -2.4127 -0.0875 -1.8544 || -12.4449 -10.7696 15.56% 1.68
CyH4-H,CO -4.5478 -2.1112 -0.0600 -1.6154 || -8.3344  -6.7948 22.66% 1.54
CoH4-NH;3 -4.1166 -1.5012 -0.0488 -1.1854 || -6.8521  -5.7865 18.42% 1.07
CyH4-CHy -1.4393 -0.5964 -0.0258 -0.4504 || -2.5119  -2.1255 18.18% 0.39
HF-CH, -4.7205 -2.0688 -0.0860 -1.5040 || -8.3793  -6.9162 21.16% 1.46
H,0-CH,4 -2.1376 -0.4039 -0.0286 -0.2821 || -2.8522  -2.8242 0.99% 0.03
NH;-CHy -2.7172 -0.1872 -0.0352  -0.0938 || -3.0334 -3.2175 -5.72% -0.18
MAE 12.74% 0.90

The relative errors obtained in both cases are considerably higher than those without
the A« term (see Table 1). Focusing on Table 5, the inclusion of the diffuse functions term

decreases —on average— the energy by about 1.2 kJ-mol~!. Particularly sensitive to this
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term is the formaldehyde dimer, for which the relative error increase up to 19%, which
—in absolute terms— corresponds to a deviation of 3.7 kJ-mol~!. Similar large relative
discrepancies (18-26%) are also observed for most of the non-covalent systems for which
dispersion interactions play an important role, with the only exception of the H,O- - - CHy4
and NHj- - - CH, adducts. Rigorous conclusions on the effect of diffuse functions and
on the way to correctly account for them can be obtained from the comparison between
Tables 2 and 5 since in both tables the aug-cc-pVnZ basis sets are used: if large discrep-
ancies are not observed, then the inclusion of the separated A« term can be considered a
powerful alternative to incorporate the effect of diffuse functions at a reduced computa-
tional cost. However, this is not the case and, indeed, large differences are noticed. First
of all, the MAE increases significantly: from 1.52% to 12.74%, with the latter referring
to the composite scheme including the A« term. To conclude, the “A« approach” is thus
not recommended for any application to energies. Very similar results and conclusions are
obtained with the evaluation of the A« term using the jul-cc-pVTZ basis set: the MAE
is as large as 10.6% and for 9 molecular complexes large relative errors (in the range
12-21%) are observed. Furthermore, employing a quadruple-zeta basis set (namely, the
Jun-cc-pVQZ set) leads to a significant but limited improvement. In fact, the MAE lowers
to 3.94% (see Table S5), which is however larger than that obtained without the A« term
(see Table 1).

Once established that the effect of diffuse functions needs to be incorporated in the
evaluation of the CBS extrapolation and coupled-cluster terms, a possible strategy to fur-
ther reduce the computational cost is to develop an effective decomposition of the latter
in order to employ the cc-pVTZ basis set (instead of the jun-cc-pVTZ set) in CCSD(T)
calculations. This leads to a two-step procedure: () CCSD computations using the jun-cc-
pVTZ basis set to incorporate the effect of diffuse functions and (¢7) inclusion of the triple
excitations contribution as difference between CCSD(T) and CCSD energy evaluations
in conjunction with the cc-pVTZ basis set. The detailed contributions of this approach

are reported in Table 6. The results are very promising: the MAE is as small as 1.08%,
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thus lying in between the jul-ChS and jun-ChS schemes. The only outlier is the HyO-CHy
complex, for which the relative error is -3.3%. As last note, we point out that this type of
scheme systematically leads to an underestimation of the energy. If we consider NCP val-
ues, an overestimation is noted instead in most cases, with the MAE worsening to 1.89%.
Based on these considerations, the half-CP values are expected to improve the agreement
with the reference energies. Indeed, moving from CP to half-CP the MAE for the abso-
lute error improve from 0.10 kJ-mol~! to 0.08 kJ-mol~!, which means — in relative terms
— an improvement of the MAE from 1.08% to 0.86%. Therefore, a scaling of the triple
contribution (akin the one usually employed in F12 approaches) could lead to improved
results.

Table 6: ChS energies (kJ-mol~1) with separated evaluation of triple excitations contribu-
tion, A(T)” (see text).

Complex “ref”  fc-CCSD/jun-cc-pVTZ  AE§ po/jun-cc-pV(T.Q)Z  A(T)/ce-pVTZ || AES}),, Energy Relative Error Error || Erroryep  Errornace
H,0-H,0 -21.0832 -18.4548 -1.5414 -0.6543 -0.1354  -20.7859 -1.42% -0.30 0.31 0.007
NH;-NH; -13.2131 -10.9234 -1.3507 -0.7717 -0.0733  -13.1191 -0.71% -0.09 0.18 0.04
HF-HF -19.2213 -16.8437 -1.7673 -0.3872 -0.1049  -19.1031 -0.61% -0.12 0.41 0.15
H,CO-H,CO || -18.9284 -14.5750 -3.0240 -1.2011 -0.0987 -18.8989 -0.16% -0.03 0.44 0.21
HCN-HCN -19.9828 -18.3744 -1.0026 -0.3348 -0.0733  -19.7851 -0.99% -0.20 -0.29 -0.25
CyH,-CoHy -4.5647 -2.5842 -0.9481 -1.0209 -0.0439  -4.5971 0.71% 0.03 0.13 0.08
CH,-CH, -2.2301 -1.1622 -0.6187 -0.4034 -0.0068 -2.1911 -1.75% -0.04 -0.04 -0.04
H,0-NHj; -27.3759 -23.9719 -1.9219 -0.9919 -0.1677 -27.0534 -1.18% -0.32 0.08 -0.12
H,0-CyHy -10.7696 -8.4607 -1.2704 -0.8411 -0.0875 -10.6597 -1.02% -0.11 0.21 0.05
CyH,-H,CO -6.7948 -4.7535 -1.2112 -0.7336 -0.0600 -6.7583 -0.54% -0.04 0.25 0.11
CyH,-NH; -5.7865 -4.1678 -0.8644 -0.6632 -0.0488  -5.7443 -0.73% -0.04 0.16 0.06
C,H,-CH, -2.1255 -1.2402 -0.4288 -0.4094 -0.0258  -2.1042 -1.00% -0.02 0.03 0.004
HF-CH, -6.9162 -5.0638 -1.0948 -0.6432 -0.0860 -6.8878 -0.41% -0.03 0.15 0.06
H,0-CHy -2.8242 -1.9594 -0.4490 -0.2942 -0.0286  -2.7312 -3.29% -0.09 0.04 -0.03
NH;-CHy -3.2175 -2.2244 -0.5145 -0.3913 -0.0352  -3.1653 -1.62% -0.05 0.04 -0.005
MAE 1.08% 0.10 0.18 0.08

@ A(T) term evaluated as the CCSD(T)-CCSD energy difference employing the cc-pVTZ basis set.

3.1.2 The core-valence correlation contribution

After the detailed analysis of the effect of diffuse functions, the investigation of the con-
tribution due to the correlation of core electrons is deserved. Although CV contributions
are often neglected in the models that focus on the characterization of intermolecular in-
teractions, sub-valence correlation effects are by no means negligible for covalent bonds
and/or for atoms belonging to the second and successive rows of the periodic table (vide

infra and ref. 55). Since the aim of the new ChS models is to be applicable to all kinds of
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interactions along the whole periodic table, we think that this contribution (which never
represents the computational bottleneck) should be consistently incorporated in the model.
Due to a fortuitous error compensation, the results obtained using the aug-cc-pVnZ basis
sets for systems containing only first-row atoms (see Table 2) are indeed improved when
neglecting the CV term (see Table S8), the MAE lowering from 1.52% to 0.89%. How-
ever, the results delivered by the jul-cc-pVnZ and jun-cc-pVnZ basis sets (see Tables S9
and S10, respectively) show comparable errors with and without CV contributions: 0.71%
vs 0.84% (see Table 3) and 0.97% vs 1.20% (see Table 4), respectively. It is interesting to
note that if diffuse functions are entirely neglected (see Table 1), the MAE worsens when
the CV term is excluded from 2.92% to 3.65% (see Table S11). Since the additional cost
of full augmented basis sets (which enter the most demanding CCSD(T) computations)
does not justify the ‘ad hoc’ procedure of removing CV contributions, for the sake of
consistency, our models are based on the jul-cc-pVnZ and jun-cc-pVnZ alternatives and
include CV contributions.

While the cc-pCVTZ basis set is typically used, the cc-pwCVTZ set is expected to
provide a better description of the intershell correlation, i.e. the most relevant contribu-
tion to the CV term. The results for the jun-ChS approach when using cc-pwCVTZ for
evaluating AES}%, are reported in Table 7 and should be compared with those of Table
4. It is noted that the two basis sets provide similar terms, with an overall small differ-
ence, about 0.05%, between the respective MAEs. Since the use of the cc-pwCVTZ basis
set does not increase the computational cost with respect to cc-pCVTZ, the former set
should be preferred because the cc-pwCVnZ family of basis sets has been demonstrated
to improve structural and molecular properties with respect to the non-weighted counter-

5458 a5 well as to better describe core-valence effects when second-row atoms are

parts
involved.>*
For completeness, the CV term computed with the cc-pwCVTZ basis set has also

been considered in the composite schemes using the jul-cc-pVnZ basis sets and in the one

considering the separated A(T) term computed with the cc-pVTZ basis set. Comparing
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Table 7: jun-ChS energies (kJ-mol~!) using the cc-pwCVTZ basis set for the CV term.

Complex fc-CCSD(T)/jun-cc-pVTZ  AESS po/jun-cc-pV(T,QZ AES}Y,, | Energy “ref” Relative Error | Error
H,0-H,0 -19.2986 -1.5414 -0.1444 || -20.9844 -21.0832 -0.47% -0.10
NH;-NH; -11.8413 -1.3507 -0.0801 || -13.2721 -13.2131 0.45% 0.06
HF-HF -17.3511 -1.7673 -0.1106 || -19.2290 -19.2213 0.04% 0.01

H,CO-H,CO -16.1715 -3.0240 -0.0895 || -19.2850 -18.9284 1.88% 0.36
HCN-HCN -18.8230 -1.0026 -0.0652 || -19.8908 -19.9828 -0.46% -0.09
CyHy-CoHy -3.7570 -0.9481 -0.0495 || -4.7546  -4.5647 4.16% 0.19
CH,4-CHy -1.6317 -0.6187 -0.0069 || -2.2573  -2.2301 1.22% 0.03
H,0-NH; -25.2160 -1.9219 -0.1814 || -27.3193  -27.3759 -0.21% -0.06
H,0-C,H, -9.5029 -1.2704 -0.0963 || -10.8696 -10.7696 0.93% 0.10
C,H,4-H,CO -5.6830 -1.2112 -0.0656 || -6.9598  -6.7948 2.42% 0.17
C,H,4-NH; -4.9695 -0.8644 -0.0545 || -5.8884  -5.7865 1.76% 0.10
C,H,4-CHy -1.7123 -0.4288 -0.0297 || -2.1708  -2.1253 2.13% 0.05
HF-CH,4 -5.8334 -1.0948 -0.0976 || -7.0258 -6.9162 1.59% 0.11

H,0-CH,4 -2.3273 -0.4490 -0.0323 || -2.8086  -2.8242 -0.55% -0.02
NH;-CHy -2.6783 -0.5145 -0.0401 || -3.2329  -3.2175 0.48% 0.02
MAE 1.25% 0.09

Tables 3 and 6 with Tables S6 and S7 of the SI, respectively, the conclusions already
drawn for the previous scheme can be confirmed. Indeed, the cc-pwCVTZ basis set leads
again to similar errors, with the MAE increasing from 0.84% to 0.89% for the jul-ChS

scheme and decreasing from 1.08% to 1.02% for the A(T) composite scheme.

3.2 The modified ‘“‘cheap” scheme: the jun-ChS approach

Based on the results and discussions reported above, the best compromise between accu-
racy and computational cost for the modified “cheap” scheme is the jun-ChS approach,

which can be summarized as follows:
e The starting term is the fc-CCSD(T)/jun-cc-pVTZ level of theory.

e The extrapolation to the CBS limit of the HF-SCF and MP2 energies is performed
in single step with the 2-point n =2 expression,*® the jun-cc-pVnZ family of basis

sets being employed, with n=T,Q.
e The AES}, term is calculated at the MP2 level using the cc-pwCVTZ basis set.

As well known from the literature (see, e.g. refs. 43,59) and already mentioned, the
MP2 method tends to overestimate the interaction energies. As a consequence, an ef-

fective error compensation can occur, thus —hopefully— leading to a better agreement with
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reference results when they also include the effect of quadruple excitations. To further test
this aspect, the results of the jun-ChS and its analogous employing the jul-cc-pVnZ fam-
ily of basis sets (jul-ChS scheme) have been compared with the best available interaction
energies, which —as mentioned in the Computational Details— include higher excitation
terms (up to CCSDT(Q)) and scalar relativistic corrections. This comparison required
the removal from our A15 set of the formaldehyde and HCN dimers because of the lack
of converged (and thus reliable) post-CCSD(T) contributions. The results are reported
in Table 8. Furthermore, since the scheme that involves the separate contribution of the
perturbative treatment of triples at the CCSD(T)/cc-pVTZ (denoted as A(T)-scheme, see
Table 6) was found to be very promising, this comparison has been carried out also for

this approach, the results being collected in Table 8 as well.

Table 8: jul-ChS and jun-ChS energies (kJ-mol~!) together with those from the A(T)-
scheme.”

» " jul-ChS jun-ChS A(T)-scheme

Complex best-ref’ - - -

Energy Relative Error  Error || Energy Relative Error  Error Energy Relative Error  Error
H,0-H,0 -21.0706 | -21.0513 -0.09% -0.02 || -20.9844 -0.41% -0.09 || -20.7950 -1.31% -0.28
NH;-NH; -13.2591 || -13.2196 -0.30% -0.04 || -13.2721 0.10% 0.01 || -13.1259 -1.01% -0.13
HF-HF -19.1836 || -19.2280 0.23% 0.04 || -19.2290 0.24% 0.05 || -19.1088 -0.44% -0.09
CyH,4-CyHy -4.6442 -4.6761 0.69% 0.03 -4.7546 2.38% 0.11 -4.6027 -0.89% -0.04
CH4-CHy -2.2677 -2.1928 -3.30% -0.07 || -2.2573 -0.46% -0.01 -2.1912 -3.37% -0.08
H,0O-NH; -27.3885 || -27.4259 0.14% 0.04 || -27.3193 -0.25% -0.07 || -27.0671 -1.17% -0.32
H,0-C,Hy -10.8198 || -10.8492 0.27% 0.03 || -10.8696 0.46% 0.05 || -10.6685 -1.40% -0.15
CyH,4-H,CO || -6.8367 -6.8579 0.31% 0.02 || -6.9598 0.92% 0.12 -6.7639 -1.06% -0.08
CyH4-NH; -5.8409 -5.8479 0.11% 0.007 || -5.8884 0.81% 0.05 -5.7499 -1.56% -0.09
CyH,-CH,y -2.1673 -2.1584 -0.41% -0.01 || -2.1708 0.16% -0.004 || -2.1081 -2.73% -0.06
HF-CH,4 -6.9538 -7.0050 0.74% 0.04 || -7.0258 1.04% 0.07 -6.8994 -0.78% -0.05
H,0-CH,4 -2.8493 -2.7851 -2.25% -0.06 || -2.8086 -1.43% -0.04 || -2.7349 -4.02% -0.11
NH;-CHy -3.2593 -3.2369 -0.69% -0.02 || -3.2329 -0.81% -0.03 -3.1703 -2.73% -0.09
MAE 0.73% 0.03 0.73% 0.05 1.32% 0.12

@ The CV term is computed using the cc-pwCVTZ basis set.

It is first of all noted that, for both the jul-ChS and jun-ChS approaches, the MAE
decreases: from 0.89% to 0.73% for the former and from 1.20% to 0.73% for the latter.
These results suggest that, once more accurate interaction energies are used as reference,
the jul-cc-pVnZ and jun-cc-pVnZ families of basis sets lead to nearly equivalent schemes
in terms of accuracy and, moving from the jul-ChS to the jun-ChS approach, only a small,

negligible worsening of the MAE in terms of absolute error (from 0.03 kJ-mol~! to 0.05
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kJ-mol™1) is observed. This outcome further strengthens our choice of proposing the jun-
ChS scheme as accurate model chemistry for treating with high accuracy (at a quite lim-
ited computational cost) non-covalent interactions. Furthermore, the role of the CV term
can be highlighted. If this is neglected, the MAEs of the jun-ChS and jul-ChS approaches
worsen to 1.26% and 0.96%, respectively.

Moving to the A(T)-scheme, a relevant worsening is observed: the MAE increases
from 1.02% to 1.32% and 2 outliers (4 if we lower the threshold to 2%) are present, all
belonging to the methane-containing complexes. However, from the inspection of Tables
6 and 8, it is noted that the interaction energies are systematically underestimated. Since
the A(T) term is always negative, a scaling factor (greater than 1) can be introduced to
correct this behavior when comparing to the “best-ref”” energies. By doing so, a scaling
factor of 1.1825 is obtained, which —in turn— leads to a significant reduction (from 1.32%

to 0.82%) of the MAE.

3.3 B2PLYP-D3BJ geometries and CP corrections

The ChS model for energies is thought to be applied on top of equilibrium geometries
evaluated using the B2PLYP-D3BJ functional in conjunction with a triple-zeta quality ba-
sis set. 263132 To investigate the effect of different reference structures and possible errors
associated to their choice, a comparison has been carried between NCP and CP B2PLYP-
D3BJ/may-cc-pVTZ energies obtained on top of the “CBS-georef” structures and at the

following optimized geometries:
e NCP-B2PLYP-D3BJ/may-cc-pVTZ;
e CP-B2PLYP-D3BlJ/may-cc-pVTZ;
e CP-B2PLYP-D3BJ/jun-cc-pVTZ.
We are fully aware of the limited accuracy of B2PLYP-D3BJ energies, but the focus is

here only on the effect of the reference structures and not on the interaction energies them-
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selves. Indeed, B2ZPLYP-D3BJ interaction energies are not directly used in the models un-
der development and more recent functionals can surely provide better results. However,
B2PLYP-D3BJ energy values are reasonably good in view of discussing the reliability of
computed geometries.

Noted is that all B2PLYP-D3BJ optimized structures belong to the same symmetry
point group as reported in Reza¢ and Hobza, with the comparison of the “CBS-georef”
and B2PLYP-D3BJ intermolecular distances being reported in Figure 1. It is apparent that
the intermolecular distances obtained at the NCP-B2PLYP-D3BJ/may-cc-pVTZ level are
shorter than the “CBS-georef” ones, while CP-B2PLYP-D3BJ geometry optimizations,
employing either the may- or jun-cc-pVTZ basis set, lead to longer distances, sometimes
closer to the reference. In this respect, consideration of half-CP correction could slightly
improve the results, but already the more physically sound CP results, or their cheaper
NCP counterparts, obtained with the relatively small may-cc-pVTZ basis set are close
enough to the reference values to be considered sufficiently reliable. The only exceptions
are the CoH,-CH, and CH,-CH, complexes for which the B2PLYP-D3BJ intermolecular
distances are strongly overestimated irrespective of the basis set and of the counterpoise
correction. However, the PES of these complexes around the equilibrium structure is
rather flat and sensitive to the level of theory; therefore, reference geometries might be
not fully satisfactory as well. To better inspect the intermolecular distance in the methane
dimer, its determination has been carried out by at the CCSD(T)/CBS+CV leve] >-60-62
by using the aug-cc-pVnZ sets (n=T,Q) for the extrapolation to the CBS limit. The CP
intermolecular distance obtained is 3.6431 A, thus being 0.005 A longer than the “CBS-
georef” value and 0.07 A shorter than the NCP-B2PLYP/may-cc-pVTZ distance. This
points out some limitations of current DFT models in accurately describing intermolecular
interactions dominated by dispersive forces. While this issue deserves to be investigated
in the future, all further analyses have been carried out by excluding the CoH4-CH, and

CH,4-CH,4 complexes from the dataset considered.
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The complete list of results is reported in Tables S12-S15, whereas a general sum-
mary is provided by Figure 3, which graphically reports both the CP- and NCP-B2PLYP-
D3BJ/may-cc-pVTZ energy differences with respect to the corresponding “ref” values.
For NCP energies, the MAEs are 3.6%, 3.9%, 3.7%, and 4.0% when using the “CBS-
georef”, NCP-B2PLYP-D3BJ/may-cc-pVTZ, CP-B2PLYP-D3BJ/may-cc-pVTZ, and CP-
B2PLYP-D3BJ/jun-cc-pVTZ references geometries, respectively. These MAEs increase
to 7.6%, 7.6%, 7.4%, and 6.1%, respectively, when CP energies are considered. In gen-
eral, the relative error of NCP and CP energies are of opposite sign (see Figure 3), thus
suggesting that half-CP energies might lead to an improvement. In any case, the worsen-
ing noted when moving from NCP- to CP-energies is clearly due to the limited accuracy of
the B2PLYP-D3BJ/may-cc-pVTZ level, and it should not be used to draw any conclusions
about the importance of CP corrections in energy evaluations. However, these results are
informative because they allow us to conclude that the use of NCP or CP-corrected ref-
erence structures seems to have a negligible effect on the determination of interaction
energies. Furthermore, they also point out that the B2PLYP-D3BJ/may-cc-pVTZ and
B2PLYP-D3BJ/jun-cc-pVTZ structures lead to nearly equivalent results for energetics,
thus suggesting to use the geometries optimized with the smaller basis set in the jun-ChS
scheme, which permits a reduction of the computational cost when large-sized systems are
considered. This outcome is further reinforced by the fact that the MAEs for the “CBS-
georef” structures are very similar to those obtained with the B2PLYP-D3BJ geometries,
the overall conclusion being the suitability of B2PLYP-D3BJ for computing reference

structures.

3.4 The final jun-ChS model

As discussed above (see section 3.3), the use of B2PLYP-D3BJ/may-cc-pVTZ optimized
structures (instead of “CBS-georef”) has a very small effect on the energetics. Further-
more, the jun-cc-pVTZ basis set as well as the may-cc-pVTZ set (and, even, its variant

without d-type functions on hydrogens) are demonstrated to perform well in the predic-
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Figure 3: CP and NCP B2PLYP-D3BJ/may-cc-pVTZ energy differences (full and dashed
bars, respectively) with respect to “ref” values computed at: (¢) “CBS-georef” geome-
tries (green bars), (12) CP-B2PLYP-D3BJ/may-cc-pVTZ structures (blue bars), and (i)
B2PLYP-D3BJ/may-cc-pVTZ geometries (red bars).

tion of molecular proprieties and structures in conjunction with hybrid and double hy-
brid DFT functionals.*®3 For all these reasons, the jun-ChS scheme has been applied
to both the CP-B2PLYP-D3BJ/jun-cc-pVTZ and CP-B2PLYP-D3BJ/may-cc-pVTZ ref-
erence geometries and compared to the “best-ref” values, the results being collected in
Table 9. While similar trends are observed for both reference structures, it has to be noted
that CP-B2PLYP-D3BJ geometries lead to a slight worsening of the MAE: from 0.73%
(see Table 8; “geo-ref”) to 0.95% and 0.87% for CP-B2PLYP-D3BJ/jun-cc-pVTZ and
CP-B2PLYP-D3BJ/may-cc-pVTZ reference geometries, respectively. In terms of abso-
lute errors, the MAE increases from 0.05 kJ-mol~! to 0.08/0.09 kJ-mol~!, uncertainties

still well within our target accuracy.

3.4.1 The jun-ChS approach at work: Case studies

The A24 set does not include molecular complexes containing second-row atoms and,

more generally, accurate interaction energies for this class of systems are very limited in
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Table 9: jun-ChS energies (kJ-mol~') at the CP-B2PLYP-D3BJ/jun-cc-pVTZ and CP-
B2PLYP-D3BJ/may-cc-pVTZ geometries.

Complex “best-ref” CP-B2PLYP-D3BJ/jun-cc-pVTZ geometry CP-B2PLYP-D3BJ/may-cc-pVTZ geometry
fc-CCSD(T) AE§Sp, AE{}Y, Energy Relative Error || fc-CCSD(T) AESS,, AES),, Energy Relative Error

H,0-H,0 -21.0706 -19.4234 -1.5614  -0.1457 -21.1305 0.28% -19.4081 -1.5543  -0.1453 -21.1077 0.18%
NH;3-NH; -13.2591 -11.9003 -1.3133  -0.0768 -13.2904 0.24% -19.9066 -1.3264 -0.0770 -13.3100 0.38%
HF-HF -19.1836 -17.5817 -1.8116  -0.1129 -19.5062 1.68% -17.5628 -1.7959 -0.1131 -19.4718 1.50%
CyHy-CoHy -4.6442 -3.7742 -0.8809 -0.0458  -4.7009 1.22% -3.7847 -0.8614 -0.0448  -4.6909 1.01%
H,O-NH; -27.3885 -25.4564 -1.9690 -0.1861 -27.6115 0.81% -25.4307 -1.9506 -0.1842 -27.5655 0.65%
H,0-C,H, -10.8198 -9.4814 -1.2440 -0.0951 -10.8205 0.01% -9.4793 -1.2400 -0.0948 -10.8141 -0.05%
C,H4-H,CO || -6.8367 -5.7133 -1.1033  -0.0595 -6.8761 0.58% -5.7124 -1.0807 -0.0584 -6.8515 0.22%
C,H4-NH; -5.8409 -4.9671 -0.8372  -0.0533 -5.8576 0.29% -4.9768 -0.8282  -0.0525 -5.8576 0.29%
HF-CH4 -6.9538 -5.9098 -1.0851 -0.0972  -7.0921 1.99% -5.9039 -1.0786 -0.0964 -7.0789 1.80%
H,0-CH, -2.8493 -2.3397 -0.4301 -0.0310 -2.8008 -1.70% -2.3388 -0.4291 -0.0309 -2.7988 -1.77%
NH;-CH, -3.2593 -2.6717 -0.4964 -0.0388 -3.2069 -1.61% -2.6707 -0.4948  -0.0387  -3.2042 -1.69%
MAE 0.95% 0.87%

the literature. 3549 For these reasons, we have decided to study four small non-covalent
complexes bearing at least one second-row element for which reasonably accurate compu-
tations are available, namely FH5P- - - NH3, FH5P- - - SH, FHS- - - OFH and CH3OH- - - HCl
(see Figure 4). Their investigation paves the way for subsequently addressing two larger
systems containing one and two sulfur atoms (the thiouracil-water and dimethylsulfide-
sulfur dioxide adducts, respectively). Even if not explicitly stated, as mentioned in the
Computational Details section, for second-row elements the tight d-functions-augmented
jun-cc-p-V(n+d)Z sets*’ are used. Furthermore, the CP correction is always incorporated.
To compare our results with those reported in the literature when dissociation energies
(D.) are provided, the jun-ChS interaction energies (computed using B2PLYP-D3BJ/jun-
cc-pVTZ optimized structures) have to be corrected for the deformation contribution,

A% which is defined as:
Adel _ Eﬁ,A + EBB _ pAAB _ Eg,AB 2)

where the superscript “Basis,Geo” indicates the basis set and the geometry used, respec-
tively, while the subscript refers to the monomer considered. Therefore, to give an exam-
ple, Eg A8 is the energy of the monomer B computed using its basis set at the geometry
the monomer assumes in the complex. Needless to say, the energy of the isolated frag-

ments has been computed using the jun-ChS scheme at the B2PLYP-D3BJ/jun-cc-pVTZ
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Figure 4: Test cases containing second-row atoms: (a) FHyP- - - NHs, (b) FH5P- - - SHs, (c)
FHS. - - OFH, (d) CH30H- - - HCI, (e) thiouracil-water, (f) dimethylsulfide-sulfur dioxide
complexes. The intermolecular distances (in A) reported in the literature (see text) are
in black, while in green are those optimized at the CP-B2PLYP-D3BJ/jun-cc-pV(T+d)Z
level.

optimized geometry. Once the deformation energy is computed, the equilibrium dissoci-
ation energy is straightforwardly derived as D, = E& — A%f the detailed results being
reported in Table 10.

The first three complexes (FH5P- - - NH3, FHyP- - - SHy, and FHS- - - OFH) are rep-
resentative of pnicogen/chalcogen bonds with linear arrangements, whose interaction is
ruled by electrostatic rather than dispersive forces. Reference values for geometries and
interaction energies have been obtained at the CCSD(T)/aug-cc-pVTZ level, and reported
in ref. 65. The B2PLYP-D3BJ intermolecular distances (in green in Figure 4) are in close
agreement (within 0.01 A) with the CCSD(T)/aug-cc-pVTZ counterparts (in black in Fig-
ure 4) for the first two complexes, whereas the difference increases to about 0.05 A for
FHS- - - OFH. Moving to energetics, it is noted that our results lie in between the CP and

NCP binding energies reported in ref. 65, with deviations from the corresponding half-CP
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Table 10: Case studies: jun-ChS energies (kJ-mol~!) at the CP-B2PLYP-D3BJ/jun-cc-
pVTZ reference geometries.

Complex fc-CCSD(T)/jun-cc-pVTZ  AESSpofjun-cc-pV(T.QZ AES(Y,, — EN At D, Literature
D, E™
FH,P-NH; -24.8311 -4.4465 -0.2669 -29.5445 -2.1238 -27.42 || -28.49%; -25.52°
FH,P-SH, -10.7386 -3.9130 -0.2836 -14.9352 -0.5120 -14.42 || -15.40%; -12.89"
FHS-OFH -11.3921 -2.6460 -0.0930 -14.1311 -0.3666 -13.36 || -15.15% -12.55"
CH30H-HC1 -23.7406 -3.1925 -0.3500 -27.2831 -1.3241 -25.96 -26.61¢
Bz-Bz -8.8894 -2.5160 -0.1859 -11.5913 - - -11.44¢
Formamide dimer -62.5877 -4.9149 03146 -67.8172 -5.6435 -62.17 || -61.7¢ (-62.347)
py-H,O -27.4756 -2.1073 -0.1938  -29.7767 -1.0866 -28.69 -28.997 (-29.167)
TBA-DFM -16.1906 -1.3903 -0.1220  -17.7029 -0.6170 -17.09 -17.2"
NE-TMA -25.0525 -2.5467 -0.1668 -27.7660 -0.2523 -27.51 -27.1°
ThioUra-H,O -43.2283 -4.1817 -0.3261 -47.7361 -2.5989 -45.14 -41.06'
DMS-SO, -25.3454 -8.1692 -0.5300 -34.0446 -2.9672 -31.08 -28.51™

a 12\151? lrzeesgltgof'r(znm 155?' 3615'. b CP results from Ref. 65. © Ref. 55. IRef. 56. © Ref. 66. f Ref. 67 9 Ref. 68 " Ref. 32. * Ref.
values smaller than 0.5 kJ-mol~!. The differences increase when our results are compared
with either NCP or CP values, with discrepancies of about 1.5-1.9 kJ .mol~! for the lat-
ter. This first example tends therefore to support the idea that half-CP results provide
the most reliable estimates when quantum-chemical calculations do not account for the
convergence to the CBS limit. For FHS- - - OFH, a more accurate value, 13.56 kJ-mol !
at the CP-DLPNO-CCSD(T)/aug-cc-pV5Z level, is available in the literature (see supple-
mentary material of ref. 65), which is in nice agreement with our jun-ChS result (13.36
kJ-mol~1), the difference being only 0.2 kJ-mol~* and thus well within the error bar of
about 0.4 kJ-mol~! introduced by the DLPNO approximation. In any case, we can con-
sider the present results as the most accurate and reliable among those available in the
literature and they suggest that improved benchmark values should be compiled for non-
covalent interactions involving second-row atoms (possibly using the jun-ChS approach).
The last note concerns deformation energies; they are always non-negligible (even ~7%
for FH,P- - - NH3) and therefore should be included in any quantitative study aiming at the
accurate evaluation of binding energies.

For the CH30H- - - HCI adduct, the reference interaction energy, -26.61 kJ-mol~? (to
be compared with our value of -27.28 kJ -mol~1), is taken from ref. 55 and was obtained
by means of the composite approach defined as “Gold2”, which assumes as best result

the half-CP corrected MP2-F12/cc-pV(T,Q)Z-F12 value combined with a high-order term
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derived from the difference between conventional, half-CP corrected CCSD(T) and MP2
results extrapolated to the CBS limit using the jul-cc-pVTZ and jul-cc-pVQZ basis sets.>>
Taking into account that the core-valence correlation correction amounts to about -0.35
kJ-mol~! (a value not negligible in view of the aimed accuracy) and the effect of the tight
d-functions leads to contribution of ~0.06 kJ-mol~! (see discussion later in the text), a
remaining difference of about 0.4 kJ -mol ™! is noted, which can be ascribed to the intrinsic
limits of our scheme, to the fact that we consider CP-corrected energies (and not half-
CP), and to possible differences in the reference geometries. Indeed, the CP-B2PLYP-
D3BJ/jun-cc-pVTZ intermolecular distance (in green in Figure 4) is 0.037 A shorter than
the CCSD(T)/CBS% reference value (in black in Figure 4) used in ref. 55. Furthermore,
the missing effect of diffuse functions in the MP2-F12 CBS extrapolation can also play a
role, as demonstrated in ref 69. To move from the interaction to dissociation energy, the
A%f term should be added, which is not negligible at all (-1.32 kJ-mol~!, i.e. ~5%).

A note is deserved on the effect of tight d-functions-augmented jun-cc-p-V(n+d)Z
sets for second-row elements, which can be derived by comparing the results of Table 10
with those collected in Table S16. It is apparent that, in absolute terms, the differences in
the interaction energy are small and nearly negligible: ~0.11, ~0.02, ~0.02, and ~0.06
kJ-mol~! for FH,P- - - NH3, FH,P- - - SH,, FHS- - - OHF and CH3OH- - - HC, respectively.
However, it has to be noted that such basis sets do not significantly affect the computa-
tional cost, while their employment is important in view of defining a general composite
scheme for energetics of molecular systems involving both covalent and non-covalent in-
teractions.

To further test the performance of the newly developed jun-ChS model for systems
larger than those of the benchmark set, seven case studies have been selected from pre-
vious works reported in the literature. These are: the benzene and formamide dimers,
the pyridine-water (py-H>O) complex, the difluoromethane-tertbutylalcohol (DFM-TBA)
complex, and the molecular adduct formed by nitroethane and trimethylamine (NE-TMA)

(see Figure 5) together with systems containing second-row elements already mentioned,
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Figure 5: Test cases containing first-row atoms: (a) nitroethane-trimethylamine complex,
(b) pyridine-water complex (the intermolecular distance is given for two different levels of
theory in A, see text), (c) benzene dimer, (d) difluoromethane-tertbutylalcohol complex,
(e) formamide dimer.

i.e., the thiouracil-water (ThioUra-H;O) complex and the adduct formed by dimethylsul-
fide and sulfur dioxide (DMS-SO,) (see Figure 4). If different isomers are possible, only
the most stable one has been investigated in the present study (see Figures 4 and 5). As
above, for all these systems, the reference geometry in the jun-ChS approach has been op-
timized at the CP-B2PLYP-D3BJ/jun-cc-pVTZ level, with the only exception being the
benzene dimer, for which the structure reported in the literature has been used. In the case
of the py-H»O adduct, the geometries reported in refs. 70,71 have also been considered to
further address the effect of the reference structure.

The parallel displaced benzene dimer (Bz-Bz) can be considered the prototype of the
m-m stacking interaction. Among the several results available in the literature, we selected
as reference that reported in ref. 56, which has been obtained from a composite approach
that accounts for the MP2-F12 extrapolation to the CBS limit (cc-pVnZ-F12; n=T,Q) and

a contribution for higher order excitations from CCSD-(F12*)/cc-pVDZ-F12 calculations

33



to which a scaled (T*) factor, computed with the cc-pVDZ-F12 set, was also added. The
latter interaction energy, -11.40 kJ-mol~?, agrees well with our value of -11.59 kJ-mol .
The resulting discrepancy, ~0.2 kJ-mol~?, is completely recovered if the CV term (-0.19
kJ-mol~! at the MP2/cc-pwCVTZ level), which is missing in the reference value of ref.
56, is taken into account. Indeed, in view of the target accuracy such a contribution cannot
be neglected. Overall, this example demonstrates the reliability and accuracy of the jun-
ChS approach in describing also the 7-7 stacking interaction.

The second system considered from the set of larger case studies is the formamide
dimer for which the dissociation energy at the CCSD(T)/CBS+CV level was reported in
ref. 66. The latter composite scheme is entirely based on CCSD(T) calculations, with the
extrapolation to the CBS limit performed using the two-step procedure already mentioned
in the Computational Details section (with cc-pVTZ and cc-pVQZ basis sets employed for
the CCSD(T) correlation energy) and the CV contribution evaluated at the CCSD(T)/cc-
pCVTZ level. CCSD(T)/CBS+CV energies were computed at the corresponding opti-

mized geometry. According to ref. 66 and the literature on this topic, 774

the equilib-
rium CCSD(T)/CBS+CV dissociation energy, -61.7 kJ-mol~, is expected to have an ac-
curacy of about 1-2 kJ-mol~. The jun-ChS value (-62.17 kJ-mol ') is in good agreement
with this result, the observed discrepancy of 0.5 kJ-mol~! being well within the statis-
tical error affecting the CCSD(T)/CBS+CV scheme, which is — however — considerably
more expensive than the jun-ChS model. Furthermore, the present result is in extremely
good agreement with the benchmark value of ref. 67, -62.34 kJ-mol~!. The latter value
was obtained as the average between the CP and NCP dissociation energies computed by
extrapolating the MP2 energy (aug-cc-pVDZ, aug-cc-pVTZ and aug-cc-pVQZ basis sets
employed for a three point extrapolation) and a CCSD(T) correction computed with the
aug-cc-pVTZ basis set.

The third molecular complex of this series is the py-H>O adduct. For this system,

different interaction energies were reported in literature: starting from the original work

in the S66 database,’”’! which predicted a value of -28.59 kJ-mol~!, a revised interac-
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tion energy of -29.16 kJ-mol~! was later obtained.®® In addition, in ref. 56 a value of
-28.99 kJ-mol~! was derived as described above. Our value, computed using the jun-ChS
scheme (CP-B2PLYP-D3BJ/jun-cc-pVTZ optimized geometry depicted in Figure 5), is
-29.78 kJ-mol~!, which agrees within 0.8 kJ -mol~! with the most accurate value reported
in the literature. However, if one computes the jun-ChS interaction energy at the geom-
etry reported in the literature’®’! (CCSD(T)/CBS value, in black in Figure 5), then the
discrepancy reduces to 0.22 kJ-mol~!, which is within the uncertainty affecting the F12-
composite scheme of ref. 56 and the error essentially vanishes if one considers the fact
that our CV term leads to an additional correction of -0.19 kJ-mol !,

By further increasing the complexity of the system, the next case study considered is
the M1 isomer of the TBA-DFM adduct (see ref. 32 for all details on stable isomers). The
dissociation energy reported in the literature®? was computed at the B2PLYP-D3BJ/may-
cc-pVTZ-dH optimized geometry using the “cheap” scheme, which means that the cc-
pVnZ basis sets were employed and the A« term was not taken into account. From the
inspection of Table 10, it is noted that the present result and dissociation energy from ref.
32 are in good agreement, with the jun-ChS model predicting the molecular complex to
be less stable by about 0.1 kJ-mol™! (~0.58% in relative terms). To further discuss this
outcome, it is necessary to recall that the M1 isomer of the TBA-DFM cluster involves
the formation of one O-H- - -F and two C-H- - - O weak hydrogen bonds. With this in
mind, the good agreement between the ChS and jun-ChS results suggests that, when the
molecular complex is characterized by an interaction dominated by electrostatic forces,
the effect of diffuse functions is less important.

The subsequent molecular complex considered is the NE-TMA adduct, which has
been recently studied by means of a joint experimental-computational investigation that
led to the first characterization of a nitrogen-nitrogen non-covalent interaction.?¢ Also in
this case, the dissociation energy was computed by means of the traditional ChS scheme,
as above for the TBA-DFM complex. However, for this system, the discrepancy between

the ChS and jun-ChS results is more pronounced, with the new composite scheme predict-
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ing the molecular complex more stable by about 0.4 kJ-mol~!, which means —in relative
terms— a difference of 1.5%. This worsening is in line with the preceding discussion con-
cerning the proper inclusion of the effect of diffuse functions when dispersive forces are
involved. In fact, according to ref. 26, the intermolecular interaction is equally ruled by
electrostatic and dispersive forces.

The two last complexes involve second-row atoms. The first one is the thiouracil-
water complex previously studied employing the original ChS model including the A«
correction for diffuse functions and neglecting tight d functions on the sulfur atom.>°
First of all, the comparison between the ChS and B2PLYP-D3BJ equilibrium geome-
tries (see columns 2 and 4 of Table 1 of ref. 30) confirms the reliability and accuracy of
B2PLYP-D3BJ structural parameters. However, the new jun-ChS dissociation energy is
—in absolute terms— about 4 kJ-mol~! (i.e. roughly 10%) larger than the value given in
ref. 30, thus confirming the unsuitability of the A« term for incorporating the effect of
diffuse functions and pointing out the significant improvement brought by a more consis-
tent treatment of diffuse functions (also including the use of tight d functions for sulfur).
Noted is that the discrepancy in relative term (~10%) is in line with the MAE (12.7 %)
obtained for the ChS approach with the separated A« term (see Table 5).

The last complex is the prototype of chalcogen interactions recently studied by means
of a joint microwave-theoretical investigation.*' The result issuing from the traditional
ChS approach without the A« term shows a relevant discrepancy from the jun-ChS value,
the latter D, being nearly 10% larger. In the present case, the difference in the reference
geometries can contribute significantly to the slight disagreement noted. The intermolec-
ular distances, obtained at the ChS and CP-B2PLYP-D3BJ/jun-cc-pV(T+d)Z levels, are
reported in Figure 4, thus showing that the ChS value is about 0.024 A longer than the

B2PLYP-D3BJ one.
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4 Additional Aspects

Having defined and validated the new jun-ChS model, in this section we address three
additional aspects, namely () explicitly correlated (F12) models, (z¢) the computational
cost of the jun-ChS model with respect to the original ChS approach and its aug-ChS
variant, and (2:¢) many-body effects.

Although the F12 ansatz is very effective in reducing the number of high angular mo-
mentum basis functions for converged calculations, it requires specific F12 basis sets,”
which are significantly larger than the corresponding (i.e. same cardinal number) con-
ventional basis sets. Furthermore, diffuse functions must be included for an effective
treatment of non-covalent complexes irrespective of the presence or not of F12 terms (see
ref. 69) and intermolecular correlation benefits from explicit correlation significantly less
than short-range intramolecular correlation. At the level of triple-zeta basis sets, diffuse
functions on hydrogen atoms have a marginal role and have been neglected in all the most
sophisticated composite approaches.>>>® Therefore, since explicit correlation increases
the computer cost, requires specifically optimized basis sets, and is of no real benefit for
the contribution of triple excitations, the trade-off between accuracy and basis-set dimen-
sion is different for conventional and explicitly-correlated approaches.

Table 11 reports in the first three columns the number of basis functions for some
selected basis sets as well as, in the last two columns (for naphthalene and anthracene),
their relative computer time, calculations being carried out at the CCSD(T) level for stan-
dard basis sets and at the CCSD(T)-F12b level for the others.”® Table 11 clearly shows
that the aug-cc-pVDZ-F12 and jun-cc-pVTZ (or jul-cc-pVTZ) basis sets are comparable
in terms of both dimensions and computer times. Therefore, a ChS approach based on
CCSD(T)-F12/aug-cc-pVDZ-F12 does not improve the computational cost (while proba-
bly worsening the contribution of triple excitations) with respect to the jun-ChS (or even
jul-ChS) protocol, thus not justifying, in our opinion, the replacement of conventional

approaches in favor of their explicitly correlated counterparts. On the other hand, a com-
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posite approach based on CCSD(T)-F12/aug-cc-pVTZ-F12 would increase significantly
the cost and, in view of the accuracy of the jun-ChS model, such a worsening in terms
of computational requirement does not seem to be justified. On the other hand, for large
systems a better solution can be represented by local correlation treatments, as briefly
addressed in the Introduction.

Table 11: Selected (conventional and F12) basis sets: number of basis functions and
relative computer time.

Basis set H® first-row® second-row® | naphtalene’ anthracene®
aug-cc-pVDZe 9 23 27 1 1
aug-cc-pVDZ-F12¢ | 13 35 44 31 20
jun-cc-pVTZe 14 39 48 25 22
jul-ce-pVTZe 14 46 55 25 2
aug-cc-pVTZ-F12¢ | 27 65 74 191 138

@ Number of basis functions. b Relative timings without diffuse functions from ref. 76. © Refs. 34,77. d Ref. 69. © Ref. 46.

Having addressed the size of the conventional basis sets with with respect to those pur-
posely tailored for the F12 method and the computer time of the latter, it is now important
to compare the computational cost of the jun-ChS model with respect to the original ChS
approach and the fully augmented aug-ChS variant. A straightforward way to perform
such comparison is to analyze the computer time required for the bottleneck step, which
is the CCSD(T) computation in conjunction with the triple-zeta basis sets required by
the different schemes, i.e cc-pVTZ, jun-cc-pVTZ and aug-cc-pVTZ. In detail, Table 12
reports the computer time needed to evaluate the CCSD(T) energy of the pyridine-water
complex with the basis sets mentioned above. Furthermore, the total running time (includ-
ing the CCSD(T) energies for the two monomers, both of them using their basis set, as
well as that for the complex) is also reported. The results collected in Table 12 show that
the computer time required for the CCSD(T)/jun-cc-pVTZ calculation nearly doubles that
at the CCSD(T)/cc-pVTZ level. However, this increase is counterbalanced by the gain in
terms of accuracy of the scheme: MAE of 1.2% for jun-ChS vs 2.9% for ChS. The use of

a fully augmented basis set leads to a significant increase of the computational cost (about
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eight and four times higher with respect to the cc-pVTZ and jun-cc-pVTZ basis sets, re-
spectively) which is, however, accompanied by a decrease in accuracy with respect to the
jun-ChS scheme. This result gives further support to our choice of using the jun-cc-pVnZ
family as the best compromise to account for diffuse functions without any huge increase
of the computational cost while retaining a fully satisfactory accuracy in the description

of non-covalent systems.

Table 12: Pyridine-water complex: computer time for the CCSD(T) calculation in con-
junction with triple-zeta basis sets.

Basis set Number of basis functions Running time®
Pyridine H;O  Total Total Complex
cc-pVTZ 250 58 308 7h 47min 53s  4h OOmin 11s

jun-cc-pVTZ 304 67 371 16h 12min 42s  8h 03min 32s
aug-cc-pVTZ 391 92 483 5%h 52min 24s  28h 49min 12s

@ Computed using a node with 64 cpus and 120GB of memory.

Although the present study is devoted to bi-molecular complexes, a comment is de-
served for more complex situations, i.e. molecular adducts containing more than 2 frag-
ments. A recent study on water clusters,”® including up to six molecules, allows for es-
timating the deviations between the jul-ChS approach and the “platinum” CCSD(T)/CBS
composite scheme (see ref. 78). The root mean square (RMS) deviation of the MP2/CBS
contribution issuing from the extrapolation of heavy-augmented triple- and quadruple-zeta
(i.e. jul-cc-pVnZ) basis sets amounts to 0.12 kJ-mol !, irrespective of the inclusion or not
of counterpoise corrections (see Table 1 of ref. 78), whereas the corresponding RMS er-
ror for the CCSD(T) - MP2 difference contribution computed with the heavy-augmented
triple-zeta basis set (i.e. jul-cc-pVTZ) is below 0.1 kJ-mol~* (see Table 5 of ref. 78). As a
matter of fact, both these contributions are of the same order of magnitude as the CV cor-
rection (neglected in ref. 78) and show that the performance of the jul-ChS (or jun-ChS,
which delivers equivalent results for the water dimer, see Tables 3 and 4) model does not

worsen significantly for complexes containing more than two fragments. Moreover, the
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total energy of a cluster containing 7 individual fragments can be conveniently expressed
in terms of a many-body expansion. The corresponding analysis of water complexes indi-
cates that high-level (post-MP2) contributions are essential for three-body terms, desirable
for four-body terms and negligible for higher terms. Therefore, the jun-ChS approach can

be considered fully adequate also for treating n-molecular fragments (with n > 2).

5 Concluding remarks

By employing the benchmark CCSD(T)/CBS+CYV interaction energies* for a set of 15
non-covalent molecular complexes and the CCSDT(Q)/CBS+CV+rel (‘rel’ standing for
scalar relativistic effect) interaction energies* for a subset of 13 molecular complexes,
taken from the A24 dataset,® the so-called “cheap” composite scheme has been inves-
tigated in great detail with the final aim of deriving an improved model for accurately
describing non-covalent interaction without any huge increase of the overall computa-
tional cost with respect to the original approach.!?~'* Our work confirms the need of in-
corporating diffuse functions in quantitative studies and introduces a modified version of
the “cheap” composite scheme, here denoted as jun-ChS, as a very good compromise
between accuracy and computational cost.

While it has been demonstrated that the inclusion of a separate term (Ac) is not able
to properly recover such an effect, the employment of the “seasonal” basis sets developed
by Papajak et al.*® in the MP2 extrapolation to the CBS limit as well as in CCSD(T)
energy evaluations leads to encouraging results. Once employed in conjunction with the
CCSD(T)/CBS reference structures from ref. 35, the jun-ChS model provides results that
show an average deviation of ~0.73% from the benchmark CCSDT(Q)/CBS+CV+rel in-
teraction energies. A limited worsening in its accuracy has been observed when CP-
B2PLYP-D3BJ (in conjunction with triple-zeta quality basis set) optimized geometries are
used as reference structures, the MAE however remaining below 1%. The obtained results

are therefore fully satisfactory, also because —in terms of absolute errors— the agreement
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is well within 0.2 kJ-mol .

By applying the jun-ChS model chemistry to small complexes including second-row
atoms, we have shown that previous benchmark studies are not sufficiently accurate and
reliable, also because of the lack of extrapolation to the CBS limit and/or core-valence
correlation effects. Seven larger complexes have also been investigated leading to reliable
results and confirming the effectiveness of the jun-ChS model.

Finally, it has to be noted that the approach accounting for a separate contribution
of triple excitations was found to be very promising. In fact, if the CCSD(T)/CBS+CV
energy is taken as reference, this scheme, with a MAE of 1.08%, meets our target accu-
racy. Furthermore, it has been observed that the inclusion of higher order terms in the
CC expansion can be improved using a scaling factor, which allows for reproducing the
CCSDT(Q)/CBS+CV-+rel interaction energies with a MAE of 0.82%. These results are
particularly encouraging in view of extending the “cheap” protocol to larger systems than

those considered as test cases. Work along this direction is under consideration.
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