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ABSTRACT

We introduce the concept of Kohn-Sham fragment localized molecular orbitals (KS-FLMOs), which are Kohn-Sham molecular orbitals
(MOs) localized in specific fragments constituting a generic molecular system. In detail, we minimize the local electronic energies of various
fragments, while maximizing the repulsion between them, resulting in the effective localization of the MOs. We use the developed KS-FLMOs
to propose a novel energy decomposition analysis, which we name Kohn-Sham fragment energy decomposition analysis, which allows for
rationalizing the main non-covalent interactions occurring in interacting systems both in vacuo and in solution, providing physical insights
into non-covalent interactions. The method is validated against state-of-the-art energy decomposition analysis techniques and with high-level

calculations.

© 2024 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution-NonCommercial-
NoDerivs 4.0 International (CC BY-NC-ND) license (https://creativecommons.org/licenses/by-nc-nd/4.0/). https://doi.org/10.1063/5.0216596

I. INTRODUCTION

Understanding intermolecular interactions is fundamental for
shedding light on various chemical and biological phenomena.’
Non-covalent interactions drive various metabolic pathways and
influence many physicochemical properties of materials and liquids,
including their response to light.”  To investigate embedded sys-
tems, most theoretical approaches rely on a chemically intuitive,
hierarchical breakdown of the system under study,””" under the
assumption that the properties of interest, ranging from energetics to
spectroscopy, are generally localized to specific system components,
as in the case of localized electronic excitations.” ' To conceptual-
ize these localized properties, localized molecular orbitals (LMOs)
are often exploited,'”'**” serving as a conceptual bridge between
chemical intuition and theoretical frameworks.”"** >’

In this work, we present a novel category of LMOs, specifically
designed to be localized within specific fragments of molecular sys-
tems, as rooted in density functional theory (DFT) frameworks. We
refer to these as Kohn-Sham fragment localized molecular orbitals
(KS-FLMOs). This theory builds upon the same principles as our
previously introduced FLMOs defined at the Hartree-Fock (HF)**”’

level but translated in a KS-DFT picture. The method is based on
the reformulation of the DFT energy for a system composed of mul-
tiple fragments. The local electronic KS energy of each fragment
is then minimized while maintaining the total energy of the sys-
tem constant. The minimization process inherently maximizes the
repulsion between the fragments, thus resulting in molecular orbitals
(MOs) that are substantially localized to individual fragments.”” Our
methodology adopts a top-down variational approach, which local-
izes canonical KS MOs through an energy-based procedure, thus
differentiating from other fragment localization techniques.”” ™
KS-FLMOs enable the calculation of local properties and
energetics of interacting fragments. Here, they are exploited to
introduce a novel energy decomposition analysis, which we name
Kohn-Sham fragment energy decomposition analysis (KS-FEDA).
The development of EDA methods has attracted much inter-
est in the literature because decomposing the interaction energy
in terms of physically consistent quantities allows for an in-
depth investigation and rationalization of the dominant contribu-
tions regulating many chemical and biological phenomena.'”"*
EDA methods can be categorized into variational-," %7 °
perturbation-,”* *° or real-space-based”’ ®* approaches. Varia-
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tional methods have been pioneered by Kitaura-Morokuma-EDA
(KM-EDA),”” which decomposes the interaction energy at the HF
level, by considering electrostatic, exchange, polarization, charge-
transfer, and mixed terms. Many EDA techniques belong to this
group, differing in how the self-consistent energy components
are determined. Led by symmetry-adapted perturbation theory
(SAPT),””*% perturbation methods analyze intermolecular inter-
actions using perturbation theory, under the assumption of their
small magnitude. Real-space methods partition the physical space
into domains based on interacting electron densities.” Similar to
KS-FEDA, some EDA techniques, such as the local energy decompo-
sition (LED)""**"% and LMO-EDA"***" methods, exploit localized
MOs to decompose the interaction energy. LED is based on the
DLPNO approach for CCSD(T) and permits the decomposition of
the entire interaction energy, by localizing the MOs with standard
procedures (such as Boys®’ or Pipek-Mezey’!) and assigning them
to the interacting fragments. LMO-EDA is a method merging varia-
tional EDA with perturbation theory, adaptable to both HF and KS
localized orbitals.*

KS-FEDA decomposes the self-consistent DFT energy by first
localizing the MOs on the specific fragments by means of the KS-
FLMOs procedure. The interaction energy is dissected in terms
of electrostatics, exchange, correlation, and electronic-preparation
energies, the latter accounting for the energy spent to bring the
monomers into the final electronic configuration of the super-
molecule. Dispersion energy is also accounted for by resorting to
the charge-dependent London-dispersion correction D4 model;”" "
however, the method is general and can be coupled to more sophisti-
cated dispersion approaches, such as Tkatchenko-Scheffler,”* many-
body dispersion,”” non-local functionals, or double hybrids."(’“»'" The
KS-FEDA partition is conceptually similar to that proposed in the
LED technique (at the SCF level),’* but defined in a KS-DFT for-
malism. For this reason, we label this novel EDA KS-FEDA(LED).
The KS-FEDA energy decomposition is performed by using KS-
FLMOs, which are orthogonal by definition.”” This is similar to
other energy decompositions (e.g., LED) but differs from most EDA
techniques, in which the MOs belonging to different fragments
are generally non-orthogonal. This implies that the interactions are
computed with relaxed, distorted molecular densities.”® This is also
similar to absolutely localized MO-EDA."**"** As a consequence,
the multipoles that reproduce the electrostatic interaction vary as a
function of the intermolecular distance. To properly compare our
approach to conventional EDA methods, we thus introduce a further
partitioning of the KS-FEDA(LED) energetic terms by introduc-
ing frozen (derived from the monomers’ undistorted densities) and
induced energy contributions, which are divided into two parts:
one arising from imposing the proper antisymmetry of the total
wave function and one arising from the self-consistent orbital relax-
ation. The resulting partitioning defines the KS-FEDA technique.
KS-FEDA energetic contributions can be directly compared to
conventional EDA techniques, also offering the possibility of
investigating the effects of antisymmetry on each energetic com-
ponent. Similar to other EDAs, such as extended transition
state combined with natural orbitals for chemical valence (ETS-
NOCV)-based approaches,”* KS-FEDA allows the dissection of
the interaction energy into meaningful components represent-
ing different steps toward the dimer formation from the isolated
fragments.
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Finally, we extend the KS-FLMO procedure and the related
KS-FEDA method to study non-covalent interactions of molecular
systems in solution, by exploiting the polarizable continuum model
(PCM)* ™ in its integral equation formalism (IEF).*° In KS-FEDA,
the solvent modifies the density and the KS-FLMOs of monomers,
thus indirectly affecting all the energetic components, as well as
providing an explicit solvation term due to mutual solute-solvent
polarization.

The paper is structured as follows: first, the KS-FLMOs theory is
developed for a generic hybrid functional, followed by the derivation
of the KS-FEDA technique both in vacuo and in solution. Follow-
ing this, we briefly summarize the computational details, and we
evaluate the novel KS-FEDA scheme on widely exploited datasets
for non-covalent interactions, such as A24,%” §22,%% and IHB15.%”
Conclusions and future perspectives end the manuscript.

Il. THEORETICAL MODEL
A. Kohn-Sham fragment localized molecular orbitals

The DFT energy of a molecular system for a generic DFT
functional reads

E[D] = Tr hD + | Tr DJ(D) - . Tr DK(D)

+(1_Cx)Ex[D]+Ec[D]’ (1a)

~ TrhD + % Tr DJ(D) - % Tr DK(D)

+ (1 -c)(E:[D] - E™*[D]) + E.[D], (1b)

where h,], and K are the one-electron, Coulomb, and exchange
matrices, respectively. D is the one-particle density matrix expressed
in the atomic orbitals (AO) basis {XH}’ while p(r) is the DFT den-
sity function. The DFT functional is specified by E, and E. exchange
and correlation energy functionals, while E”™[D] is the exact HE
exchange. The coefficient ¢x defines whether pure DFT (¢ = 0)
or hybrid DFT functionals (¢, # 0) are used. It should be noted
that Eq. (1b) is well-defined in a generalized Kohn-Sham (GKS)
formalism,”””" which is flexible enough to account for nonlocal
functionals, including hybrid, double hybrid, and range-separated
types.”! The Ex[D] and E.[D] energies introduced in Eq. (1) can be
written as

(1-)E[D] = (1- ) [ p(x)es(p(m))dr

- g Tr DK'*(D), (2a)

ED] = [ p(r)ec(p(r))dr, (2b)

where ¢, and ¢, are the exchange energy densities per unit particle,
respectively. K® accounts for DFT long-range (LR) correction in
terms of the HF exchange integral using the erf(wr;;)/rij operator.
B and w parameters define the specific range-separated
functional.”” ** The correlation energy functional is generally
written in terms of the correlation energy density per unit particle
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&, however, for double-hybrids and non-local functionals, can
also account for MP2 and non-local corrections.”””” The present
approach is general enough to consider such energy terms, but
will not be explicitly considered in the following derivation. By
considering Eq. (2), we can rewrite the total energy defined in

Eq. (la) as
E[D] = Tr hD + % Tr DJ(D) - %cx Tr DK(D)

+(1-c) fp(r)sx(p(r))dr— gTr DK™ (D)
+ [ pmeclp()ar

1 1
=Tr hD + 3 Tr DJ(D) - 26 Tr DK(D)

+ / p(r)exe(p(r))dr - gTr DK™ (D), 3)

where the exchange and correlation energy functionals per unit par-
ticle are collected in ex. Let us now consider a system that can be
decomposed into two closed-shell fragments A and B, e.g., two non-
covalently interacting molecules. Such a fragment partitioning can
be obtained by decomposing the density matrix of the whole sys-
tem D into the density matrices of the two fragments (D* and D?),
reflected into an equivalent decomposition on the density functions
p(r),
D=D"+D" = p)=p"'()+p"(). @

The decomposition in Eq. (4) can be performed using different
methods. In this work, we use a partial Cholesky decomposition of
the total density matrix for the A and B occupied molecular orbitals
(MOs), from which the density matrices D” and D® are calculated
(vide infra).”>” """ In this way, we ensure that A and B MOs remain
orthogonal in the subsequent SCF procedures.”

Equation (3) can be rewritten by using the partition in
Eq. (4),10010!

E=Tr hD* + %Tr D*J(D*) - %cx Tr D*K(D*)
+ pr(r)sxc(pA(r))dr— gTr D K"*(D")
+ Tr hD” + %Tr D’j(D?) - %cx Tr D’K(D”)
¢ [ Oelp(0)de - £ e PRI (D)

+ [P Wenlp"@)dr+ [ (Des(p (0)dr
+ Tr D*J(D?) - ¢, Tr D*K(D”) - BTr D*K"*(D”)
+ nfn—add + hnuC~ (5)

The last term EAZ __, originates from the non-linearity of &, and e,
energy functionals per unit particle, and it is defined as'”’

Enoreaia = [p@ex(p(0)dr= [ p(r)esc(p’ ())dr
- [e@eclp ()ar ©
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As can be seen from Eq. (5), the energy of the total system is
formally equivalent to the DFT energy if the decomposed density
D corresponds to the fully converged DFT density.

Equation (5) can be partitioned into three terms, the energy of
the fragments and their interaction energy, by separating the one-
electron terms into the kinetic T and electron—nuclear interaction
V4 and V3 with the A and B nuclei, respectively. Such three energy
contributions read

E= E?AB) + EI(BAB) + irf,(AB)) (7a)
1 1
E{apy = Tr W'D + 5T D*J(D*) - SeTr D*K(D*)

+ f oM ()exe(p” () dr - gTr DK™(DA) + ke, (7D)

Elapy = Tr h°D” + %Tr D")(D") - %cx Tr D’K(D")
+ /pB(r)exc(pB(r))dr - g Tr D’K"™(D®) + hes  (70)

map = Tr VAD® + Tr VPD* + Tr D*J(D?)
- & Tr D*K(D?) - gTr D*K"*(D?)
+ [ e’ @)dr s [p (e’ (1)) dr

B AB
+ LEnon—add + hnuo (7d)

where h?,. and K2, are the nuclear repulsion of the A and B frag-
ments, respectively, while A% is the nuclear repulsion between the
A and B nuclei. In Egs. (7b) and (7¢), we have introduced the frag-
ment one-electron Hamiltonian h* = T + V¥, X = {4, B}. It should
be noted that we have introduced the (AB) label, indicating that all
the energies are computed by using fragment densities relaxed in the
dimer electronic structure.

The partitioning in Eq. (7a) provides the basis for an energy-
based localization of the MOs on the specific fragment regions
(A and B). In fact, a rotation among the occupied MOs does not
change the total energy. Thus, by minimizing the sum of the frag-
ment energies (E* + E°) in the space spanned by the occupied MOs,
their interaction energy (Efr), and thus their repulsion, is maxi-
mized while keeping the total energy E constant.””””'"* Therefore,
the resulting MOs are confined to the pre-defined A and B spatial
regions and those are maximally localized within the fragment space
because they are obtained by maximizing the interaction between
the two fragments. For this reason, by recalling the nomenclature
introduced in Ref. 27 at the Hartree-Fock level, we name them
Kohn-Sham Fragment Localized Molecular Orbitals (KS-FLMOs).
In physical terms, the minimization of the local electronic energies
of the fragments is carried out at the cost of maximizing the repul-
sion between them. A similar idea has also been proposed in Ref. 103
to separate the frozen density into isolated fragment contributions.
We recall that by a rotation in the occupied MO space, the total
density matrix D = D4 + Dp remains constant. Thus, the sum of
the fragment energies [E* + E® defined in Eqs. (7b) and (7¢)] can be
reformulated in terms of the total and A fragment density matrices
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and functions by using Eq. (4) [D® = D - D4 p°(r) = p(r) - p*(r)],
yielding

EY+EP = Tr (V' - VHD* + Tr DYJ(D?) - . Tr D*K(D?)
+ [5 (elp’ (1)dr - pTr DR (DY)

+ [(p@) = )ewlp(x) - p* ()
- Tr D*J(D) + ¢ Tr D*K(D) + S Tr D*K"*(D)

1 1
+ Tr h’D + 5 Tr DJ(D) - - Tr DK(D)

- g Tr DK™ (D) + hipye + hie. (8)

Since the total density matrix, and consequently, the total den-
sity function p(r), remains constant, we can calculate the Fock
matrix elements in atomic orbital basis (AO, {Xﬂ}) by functionally

differentiating the energy in Eq. (8) with respect to D*and p(r),

Fuy = Vi = Vi, + 2Jun(D*) = 26K,y (D)
+ [unclp (D) (1) dr - 28K (DY)

= [uslp(e) - P (D0 ()
= Jur(D) + Ky (D) + B (D), ©)

where vy =ve+ (1 -cx)vy is the exchange-correlation potential
density. It should be noted that the last two terms are one-electron
terms entering the Fock matrix since the total density matrix (D)
remains fixed during the SCF localization optimization.

In this work, the formulation of KS-FLMOs is presented for
the particular case of two interacting fragments, which is used in
the following for the numerical applications. However, the method
is general and can be formulated to the general case of N interact-
ing fragments, even covalently, similar to what we have previously
reported in the HF framework.””

Summarizing, the KS-FLMOs are obtained by using the
following computational protocol.

1. Partitioning of a given idempotent AO density matrix of a
dimer into A and B density matrices, using Cholesky decom-
position for the A and B occupied orbitals. """ To
obtain the guess orthogonal orbitals, other methods can also
be exploited, for instance, by resorting to MO localization pro-
cedures.” However, the Cholesky decomposition is unique if
the same pivots are used and guarantees the potential energy
surface continuity as compared to other localization proce-
dures.”® Generally, the density matrix of the dimer is obtained
by minimizing the total DFT energy defined in Eq. (1). How-
ever, different density matrices can be exploited, as it is done
in multilevel methods.””'"" The Cholesky decomposition is
performed by selecting the diagonal elements corresponding
to the AO basis functions centered on the pre-defined A and
B atoms.”*””!'"’ In particular, D" is calculated in the AO basis
{u, v} by a partial Cholesky decomposition of the total density
matrix D as’’

ARTICLE pubs.aip.org/aipl/jcp
> Dubyj'Dy = Y. LuLu = D)), (10)
i 1

where I and J are the diagonal elements (selected among
the AOs centered on the pre-defined A and B atoms), which
are Cholesky decomposed, D is the submatrix of D contain-
ing the selected diagonal elements, and L, are the resulting
Cholesky orbitals of the A fragment. The number of D diago-
nal elements that are selected corresponds to the number of
occupied orbitals of the A fragment (n{). This means that
the largest 15 diagonal elements are selected. The B density
matrix D® = D — D* is then Cholesky decomposed by consid-
ering the nf largest diagonal elements belonging to B atoms.°
As a result of the decomposition, the A and B Cholesky MOs
are obtained, and the A and B density matrices D", D are con-
structed [see Eq. (10)]. It should be noted that both fragment
MOs and density matrices are defined in the full AO basis set.

2. From the two Cholesky decompositions, A and B occupied
MOs are obtained, and the space spanned by the occupied
MOs is thus defined. The local energy of the two fragments
is minimized [see Egs. (8) and (9)] in the MO space defined.
The equations are solved in the reduced occupied space by
transforming the AO basis through the A and B MO coeffi-
cients. The KS-FLMOs are the MOs obtained at convergence.
The whole computational cost of the localization procedure
is generally lower than that associated with a DFT energy
minimization on the whole system.

B. Energy decomposition analysis based on KS-FLMOs

The KS-FLMOs provide a valuable basis for decomposing the
interaction energy of two fragments into diverse energetic com-
ponents. We name the resulting EDA Kohn-Sham fragment EDA
(KS-FEDA) to highlight its grounds on KS-FLMOs. The interaction
energy can be written as

int
E™ = E~ E(o) - E(o)
= E‘;}ftg,(AB) + E?AB) — E?O) + El(;AB) - El(;()), (11)

where E is the full DFT-optimized energy, whereas E?o) and EI(BO) are
the energy of isolated A and B fragments in the gas phase. In this
work, the basis set superposition error (BSSE) is reduced by means
of the counterpoise correction proposed by Boys and Bernardi,'*
ie., E‘E‘O) and El(go) are computed in the full AO basis set. By using the

definition of Eﬁfz( ag) [see Eq. (7d), readjusted in a GKS framework]

and E*E .\ [see Eq. (6)], Eq. (11) can be rewritten as
int _ el HF, I—prep
E™ = E(an) + E(apy + ECib) + Eapy > (12a)

Elis) = Tr D{apyJ(D{agy) + Tr V*Dlup) + Tr VED{up)+ hi,

(12b)

E(y = = Tr D{apK(D{ap)), (120)

E@is) = EGasy — (1 ) E (i), (12d)
I—

EEAg;EP = E?AB) - E?o) + E?AB) - E?O)’ (12e)
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where
Efiy = [p@esc(p(r)dr = [ pla) (Desclplan) (0)dr

- f Piary (1)exc(pagy (r))dr - BTr DK™ (D?)
= E..[D] - E.[D"] - E..[D"]. (13)

In Eq. (12a), the electrostatic ?ZZB), the HF exchange Egg‘), the

correlation E{%,, and electronic preparation E4? prep EDETGiES are
introduced. It should be noted that we have used the same nota-
tion introduced in Eq. (7a); the subscript (AB) indicates that the
electrostatic energy, exchange, and correlation terms are calculated
by using the fragment densities as in the relaxed dimer electronic
structure. The electrostatic energy comprises four terms: the elec-
tronic and nuclear repulsion energies and the nuclear—electron
attraction contributions. The exchange—correlation energy term is
decomposed according to a GKS framework [see also Eq. (1b)] in
terms of a purely HF exchange and the correlation contribution
of the specific DFT functional, similar to what has been proposed
in Ref. 69. The electronic preparation energy represents the energy
needed to deform the electron density of the two fragments from
the vacuo to the supramolecular structure (AB) and is repulsive
(positive) by construction. It is worth remarking that the decompo-
sition presented in Eq. (12) represents the DFT extension of the LED
approach presented in Ref. 64 defined at the HF/DPLNO-CCSD(T)
level. For this reason, the energy partitioning in Eq. (12) is labeled
KS-FEDA(LED).

Since the energetic contributions in Eq. (12a) are calculated
using the relaxed fragment densities, they are not directly related
to the energetic contributions that are commonly exploited in other
EDA techniques, such as KM-EDA"" and SAPT.”””® As an exam-
ple, in most EDA schemes, the electrostatic energy is classically
computed by considering the unperturbed isolated fragment den-
sities (classical limit).”® For this reason, in the following, we provide
an additional partitioning of the KS-FEDA(LED) energy terms that
physically describe how the intermolecular interaction terms change
as the frozen fragment densities evolve into those within the dimer.
The resulting energy decomposition terms, which properly define
the KS-FEDA technique, will be directly compared to established
EDA methods.

The fragment densities (D}, p§ and D, p5) obtained by mini-
mizing the energy of the two isolated fragments can be exploited to
compute the frozen interaction energy components,

E(y) = E@) + Eoy + E() (142)

% = Tr DAJ(DE) + Tr V DS+ Tr VPD{ + 12, (14b)
Egy" = - Tr DyK(Dy), (14c)

E@) = Ex[Do] - Ex[Dg] - Ex[Dg] - (1- c)Epy"s  (14d)

where the electronic preparation energy is zero by definition
and Dy =D{ +DE. As also pointed out by Head-Gordon and

ARTICLE pubs.aip.org/aipl/jcp

co-workers,”'"” these quantities are properly defined only if the two
fragment densities do not overlap. To get a more physically consis-
tent picture, the antisymmetry of the total wave function needs to
be taken into account. This can be imposed by first minimizing the
energy of the two isolated fragments and then ortho-normalizing the
MOs of the dimer (i.e., ¢, = (/>0A ® (/)5 ) by means of a Lowdin proce-
dure!'’ (‘Z’ASN = S%qbgB , where § is the overlap matrix). The density
matrix and the density function associated with the antisymmetrized
(ASN) wavefunction can then be calculated as

Dasy = 2CS7'C, (15a)
pasn(r) = Dasnyuu(£)xv(x), (15b)
wv

where C are the MO coefficients of the isolated monomers. It should
be noted that Dasy represents the physically valid single determi-
nant density matrix belonging to the frozen fragment orbitals. The
related energy E*" is computed by substituting D*N and p**N in
Eq. (1). As a result of applying the antisymmetry operator, a delocal-
ized wavefunction is obtained. A KS-FLMO localization procedure
is thus performed to obtain the density matrices (D4sy, DRgy) and
energies (E4sn> EBgy) of the fragments in the electronic structure of
the antisymmetrized dimer. In this way, the ASN energy E**N can
be decomposed into the electrostatic, HF exchange, correlation, and
electronic preparation energies as

int ele HFx corr el—prep
Easn = Easn + Eashy + Easn + Eqgy > (16a)

Eféx = Tr DisyJ(DAsx) + Tr VADRey + Tr V'Disy + h?e];

(16b)
Efgff =-Tr DQSNK(DIKSN)» (16¢)

E3S = Exe[Dasn] — Exe[Dhsn] — Exe[Dasn] — (1 - cx) Eqexs
(16d)

|—pr
E " = Exsx - E?o) + Exsx - (0)- (16e)
By combining Egs. (14) and (16), E%N can be rewritten as
i ] HF,

Exsn = E(g) + Ey" + E(g) + AEasn. (17)

Here, AEssn represents the energy variation due to the antisym-
metrization of the dimer wavefunction. It can be decoupled into
electrostatic, HF exchange, and correlation contributions,

ele HF,x el—pre; corr
AEasn = AEjen + AExsk + Efl'™ + AEXen

= AEjsx + AERE, (18a)
AE3x = Eaén — E(Gy» (18b)
AELS = Exsi — E(gy (18¢)
AES = B — EQ. (18d)
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Using Eq. (18), we can introduce in Eq. (17) the electrostatic
(E% = E?Zg) ), exchange (E* = EzF)‘x), and repulsion (E™ = AEM
quantities that are commonly exploited in other EDA techniques,

Eftn = B + B + E + EX% (19)

Equation (19) highlights that the repulsion energy is associated with
the energy increase resulting from the antisymmetrization of the
total wavefunction, i.e., by the inclusion of Pauli repulsion.

By combining Egs. (12) and (19), we can decompose the total
interaction energy [see Eq. (11)] as follows:

E™ = E" + B + E + B3 + AEow, (20)

where AE,y, accounts for the interaction energy due to the orbital
relaxation and reads

l,
AEort, = AESS, + AEFY + AE P 1 AESY

orl

= AET 4 AT, (21a)

AEg, = ) — Exén (21b)
MEgy” = E(iz — Easx 219
AR = BB — By, (21d)
AEgy = E(ip) — Eask- (21e)

As for the other energy components, the total orbital relaxation

energy can be decomposed in the variations of electrostatic (AE,),

HF exchange (AEF™), correlation energy (AEYY), and electronic

preparation energy (AEZ;P "P). These components capture the ener-

getics associated with the relaxation of the electronic structure as the

orbitals relax to their new equilibrium minimum following the mini-

mization of the dimer energy. In passing, we note that similar orbital

relaxation energy terms have been introduced for the LED method

at the HF level.”” Equation (20) can thus be rewritten by inserting
2%3) = E“" [see Eq. (12d)], yielding a five-term EDA,

Eint _ Eele - L L AE{;{.};, (22)

where E*and E"” can also be combined together as it is done in most
EDA schemes, such as KM-EDA and SAPT.

Our decomposition also allows for an equivalent 11-term EDA
decomposition that can be obtained by combining Eq. (22) with
Egs. (18) and (21),

i 1! I HF, 1—
E™ = E™ + E¥ + By + AEasy + AExek + Exgl'™ + AESSS

]—

+ AESS, + AESR + AES P 1 AES. (23)

orb
Such an expansion is particularly useful because it allows for
an in-depth investigation of the physicochemical origin of the
E = AERE, and AE™ energy terms, which differentiates the
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proposed EDA technique from most other EDA methods. Equa-
tions (22) and (23) represent the final KS-FEDA partitioning, which
physically takes into account how the interaction energy terms
change as the densities of the monomers evolve as the adduct is
electronically formed. In such a picture, the energy contributions
defined at the KS-FEDA(LED) level [Eq. (12)] represent the interac-
tion terms for monomers’ densities in the final electronic structure
of the dimer. In other words, by exploiting Eq. (23) (which defines all
the terms defined in KS-FEDA) KS-FEDA(LED) energy terms have
been decomposed into their frozen, ASN, and orbital-relaxation
contributions as

Eilfus) = " + AESy + AESS,, (24a)
Eym = B + MBS + AEQ,™, (24b)
E(iny = E(0y + AERsK + AEqh,, (24¢)
B =BGl + AEGT™. (24d)

Finally, it is known that most DFT functionals cannot prop-
erly describe dispersion interactions. In this work, the dispersion
interaction is treated by using the empirical D4 method, an effective
parameter-dependent approach that does not depend on molecular
densities. The interaction dispersion energy E*P reads

Edisp _ Eizép _ EZiS‘D _ Egisp) (25)

where Ei’sP and EZ”P are the dispersion energies of the A and B
monomers, respectively, while Ef\l;p is that of the dimer. It should
be noted that the dispersion contribution can also be introduced
by exploiting more sophisticated, yet additive, approaches, such
as the mothod by Tkatchenko-Scheffler’* or many-body disper-
sion.”” In addition, dispersion-corrected density functionals can be
used,’® which will include the dispersion energy contribution in the
correlation term.

By inserting EP in Egs. (12), (22), and (23), the KS-
FEDA(LED) and the 6- and 12-term KS-FEDA are obtained

E™ = Elig) + B4y + ECipy + E‘j;g;ef’ + B, (26a)

E™ = B% 4 B 4+ E + E 4 AERE 4 FP (26b)
Eint _ Eele L E¥ 4 EEC(')T)V

E 1—
+ AESN + AENEY 4 B PP o ARSI,

ASN
N .
+ AESS + MBS + AESP 4 AEST + M. (26¢)

The energetic components defined in Eq. (26b) can be directly com-
pared to most EDA techniques and closely recall GKS-EDA,* with
a different procedure to calculate repulsion and orbital-relaxation
energy terms.

We remark that the energetic components in Eq. (26) are
defined for a generic hybrid DFT functional. However, the method
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is general and can thus be also applied to an HF wavefunction
by imposing & = 0; ¢ = 1. In this case, all E” contributions
vanish.

In summary, the density evolution from frozen isolated frag-
ments to the final electronic structure of the dimer is computed by
performing the following steps, which provide all KS-FEDA energy
terms:

1. Minimization of isolated A and B DFT energies (EY and EB)
in the full AO basis set to minimize the BSSE.

2. Calculation of the interaction frozen energy terms through
Eq. (14) by using the obtained A and B density matrices
D and DE.

3. Antisymmetrization of the total wavefunction using the
Lowdin procedure and construction of the ASN density
matrix [Dasny — Eq. (152)].

4. KS-FLMO localization using the ASN density matrix
(see Sec. II A) to obtain the fragment density matrices
(Disn» DEgy) and energies (E4gy, Exgy) in the electronic
structure of the ASN dimer.

5. Calculation of the interaction energy terms related to the
antisymmetrization of the dimer wavefunction by exploiting
Eqgs. (16) and (18).

6. Minimization of the total system DFT energy E [see Eq. (1)].

7. KS-FLMO localization of the total system density matrix
D (see Sec. II A) to obtain the fragment density matrices
(D?AB),D?AB)) and energies (E’(A‘AB),E?AB)) in the relaxed
electronic structure of dimer.

8. Calculation of KS-FEDA(LED) interaction energy terms in
Eq. (12) and those related to the orbital relaxation by using
Eq. (21).

It is worth remarking that for computing KS-FEDA(LED) terms in
Eq. (26a), steps 1, 6, 7, and 8 are only required.

C. Solvent effects in KS-FEDA

Similar to most electronic properties, interaction energies are
affected by the surrounding environment.”®”"""""'"* In this work,
such effects are included by means of the polarizable continuum
model (PCM),” * which models the environment as a continuum
dielectric characterized by a static dielectric constant (¢) and is gen-
erally applied to solutions. The total system is thus divided into a QM
part (the solute), which is accommodated into a molecular-shaped
cavity, interacting with the external solvent treated as a continuum.
A surface density on the cavity arises as a response to the electrostatic
potential generated by the QM density. Such density then perturbs
the QM density in a mutual polarization fashion. Numerically, the
cavity surface meshes into surface elements, called tesserae, and the
surface density is discretized in a set of charges placed at the centers
of each tesserae.

The interaction between the DFT and PCM parts is expressed
in terms of the electrostatic interaction between the QM poten-
tial [V;(D) calculated by the QM density at the position of the ith
charge] and the PCM charges ¢,*

N,
Eprr/pem[D] = Z 0i(D) Vi(D). 27)

ARTICLE pubs.aip.org/aipl/jcp

In Eq. (27), we have made explicit that the PCM charges depend on
the QM density D. In fact, the PCM charges are obtained by solving
the following set of linear equations (in a vector notation):*

To = -RV(D), (28)

where the matrices T and R depend on the cavity geometrical factors
and the dielectric constant ¢ of the considered solvent.”” The solva-
tion energy is calculated as half the electrostatic interaction energy
between the QM density and the PCM charges as®*’

E'M[D] = %G(D)V(D). (29)

The KS-FLMO localization procedure for a DFT/PCM calculation
does not require any modification because the PCM term defined
in Eq. (27) depends on the total density matrix D. Thus, such a term
remains constant during the localization procedure to obtain the KS-
FLMOs. Therefore, Eqgs. (8) and (9) are not directly affected by the
presence of the environment, which only modifies the MOs and the
associated densities.

Differently, the interaction energy E™ between two QM frag-
ments varies due to the presence of the surrounding PCM layer via
an explicit solvation energy term [Eq. (29)]. The proposed KS-FEDA
is thus modified by inserting three additional terms related to the
solvation contributions,

E™ = % + E* + E + E + AEIY 4 BV 4 EUP, (30a)
E™ = E* + B + B} + E(Qy

+ A + AERSq + Eqol + AERE + B

+ AESS + MBS + AESP 4 AES + AEsR + EF, (30D)

where E“", E (Sgl)v, AES, and AEZ read [using Eq. (29)]

B = oy + AERS + AEGY, (31a)
ESy = E'M[D} + D] - E*M[D3] - E*M[Dg ), (31b)
AE = E"M[Dasx] - E"M[D§ + D§), (31¢)
AEYY = E"M[D] - E"™[Dasx]. (31d)

To account for the solvent effects, the computational protocol
sketched in Sec. IT B is thus modified by including the defined frozen,
ASN, and orbital relaxation energy terms associated with solvent
effects in steps 2, 5, and 8. As specified in Sec. II B, the DFT energy
of the isolated fragments is minimized in the full AO basis set to
reduce the BSSE. In a DFT/PCM calculation for a dimer system in
the equilibrium geometry, this means that the PCM cavity used in
the monomers calculation is the same as in the dimer case. As a
consequence, similarly to Ref. 113, cavitation effects associated with
the formation of the dimer cavity are not taken into account in our
approach.

We finally remark that in addition to the direct solvation con-
tributions to the interaction energy defined in Eq. (31), the inclusion
of solvent effects also perturbs the fragment densities, MOs and
FLMOs, thus indirectly affecting all energetic terms in Eq. (30). It
is worth noting that this is close to what has been proposed in the
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context of ALMO-EDA,'"* which provides a similar ASN solvation
energy (Ei% = E(Sgl)v + AES®), which also accounts for cavitation

effects related to the formation of the dimer cavity.

I1l. COMPUTATIONAL DETAILS

The procedure to obtain KS-FLMOs and the associated KS-
FEDA is implemented in a development version of the electronic

structure code e7 . To showcase the method, we select two datasets
widely exploited to study non-covalent interactions in molecular
systems. In particular, we use the A24 and S22 datasets, two sets of
bimolecular systems consisting of 24 (A24)*” and 22 (S22)* dimers.
The A24 dataset is a set of non-covalent complexes specifically
designed to benchmark computational methods against highly accu-
rate calculations.”” It encompasses various types of non-covalent
interactions, making it suitable for testing the accuracy of novel
theoretical approaches such as KS-FEDA. In particular, in Ref. 87,
the 24 dimers are partitioned into three families: five hydrogen-
bonded (HB), ten mixed electrostatics/dispersion interactions (MX),
and nine dispersion-dominated (DD, including 7 — 7 stacking). In
Fig. 1, we show a graphical depiction of the A24 dataset, with a color

e Y Foy oy
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6, 7 8 9 10
mvg@wv?_‘#
IR VD G e S
R EE e
L T ve »a
L A e
= F oy
.2021 22H23 24
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map depending on the classification of Ref. 87 (blue, HB; green,
MX; and salmon, DD). All the A24 geometries are recovered from
Ref. 87.

The S22 dataset®® comprises 22 complexes characterized by
HB, DD, and MX non-covalent interactions. This dataset has been
amply exploited in testing and benchmarking the accuracy of var-
ious computational methods for non-covalent interactions.””''>''®
The S22 dataset is composed of systems of larger size than A24,
up to 30 atoms (thymine-adenine S15). Similar to A24, we pro-
vide a graphical depiction of S22 dimers shown in Fig. 2, where the
same color code introduced above is used according to the classifica-
tion proposed in Ref. 88. All the S22 geometries are recovered from
Ref. 88.

To further investigate the performance of KS-FEDA, we also
consider the IHB15 dataset,” which is composed of 15 complexes
characterized by ionic hydrogen bonding non-covalent interac-
tions. Tonic HB systems are studied for the different nature of
the non-covalent interactions''” compared to neutral A24 and S22
datasets. The IHB15 dataset covers charged acetate, methylam-
monium, guanidinium, and imidazolium, interacting with water,
methanol, methylamine, and formaldehyde. Such a dataset has been
specifically constructed to represent charged molecular systems that
can be found in biomolecules, such as proteins.*” Similar to A24 and
S22, we provide a graphical depiction of IHB15 dimers in Fig. 3,
where we color the dimers according to their total charge follow-
ing the classification in Ref. 89, from which IHB15 geometries are
recovered.

For each system, the B3LYP''®'"” and PBE0'%" hybrid func-
tionals combined with the aug-cc-pVDZ and aug-cc-pVTZ basis
sets are exploited to highlight the dependence of the computed
energy components on the choice of basis sets and DFT function-
als (Secs. S3-S8 in the supplementary material). For all systems,
dispersion energies are calculated at the D4 level.”" " For the sake

e A A g
i R
| TrERE
| B

JAREAARN, 3.

FIG. 1. Graphical representation of the A24 dataset. The dimers are grouped
according to the classification provided in Ref. 87.

FIG. 2. Graphical representation of the S22 dataset. The dimers are grouped
according to the classification provided in Ref. 88.
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FIG. 3. Graphical representation of the IHB15 dataset. The dimers are grouped
according to the classification provided in Ref. 89.

of comparison, the interaction energy is also decomposed at the
SAPT(DFT) for the neutral couples (A24 and S22), using both
B3LYP and PBEO functionals, and SAPT2+(3)0MP2 levels (for all
dimers) in combination with aug-cc-pVDZ and aug-cc-pVTZ basis
sets. SAPT2+(3)6MP2/aug-cc-pVTZ is selected as it is considered
the golden standard for SAPT methods.*” All the SAPT calculations
are performed by using Psi4 1.9."*"'** For SAPT(DFT) calculations,
we compute the ionization potential shift by subtracting the HOMO
energies of each monomer and reference data recovered from the
NIST database'*’ (see Secs. S3-S6 in the supplementary material,
where raw data are reported).

To showcase how solvent effects can affect intermolecu-
lar interactions and their components, we select water as sol-
vent (e =78.39) described using IEFPCM*® as implemented in

ARTICLE pubs.aip.org/aipl/jcp

PCMSolver, ”*'** which is interfaced to e7 114 The PCM cavity
is constructed by using UFF radii.'”® For each dimer, the dimer
geometries are kept frozen to those of the gas phase; thus, solvent
effects only affect the electronic structure of the dimers.

IV. NUMERICAL APPLICATIONS

In this section, we first analyze the dependence of KS-FEDA
energy contributions on the basis set and the DFT functionals (GGA,
hybrid, and range-separated). The distance dependence of the KS-
FEDA energy terms is then analyzed for a water dimer (structure
2 of the A24 dataset). Finally, KS-FEDA is exploited to study
the non-covalent interactions of the A24, S22, and IHB15
datasets, and the quality of the method is assessed by compar-
ing it to established EDA approaches, such as SAPT(DFT) and
SAPT2+(3)MP2.

A. KS-FEDA dependence on basis set and DFT
functional

We start our discussion by first analyzing the dependence
of KS-FEDA energy terms on the basis set. KS-FEDA is based
on counterpoise-corrected energies; thus, the BSSE is substantially
reduced. However, the energy contributions might still be influ-
enced by basis set incompleteness error (BSIE). To examine the
BSIE impact on KS-FEDA energy contributions, we consider the
water-ammonia and methane dimers (structures 1 and 19 of the A24
datasets), as previously done in Ref. 64 at the LED level. Such systems
are chosen as representative of weak interactions, such as hydro-
gen bonding (water-ammonia) and dispersion (methane dimer).
The KS-FEDA(LED) energy terms computed by using the B3LYP
functional are provided in Table I as combined with cc-pVXD and
aug-cc-pVXD basis sets (X = D, T, Z). All the KS-FEDA energy

TABLE 1. Dependence of KS-FEDA(LED) energy terms on the basis set.

CH4-CH4
Basis-set E™ E‘EI,ZB) E?féx) () E?;g;@ﬁ
cc-pvDZ 0.45 -1.11 -0.62 -0.11 2.29
cc-pVTZ 0.46 -1.14 -0.69 -0.08 2.37
cc-pvVQZ 0.47 -1.14 -0.69 -0.08 2.38
aug-cc-pVDZ 0.47 -1.11 -0.69 -0.06 2.33
aug-cc-pVTZ 0.46 -1.15 —-0.69 -0.09 2.39
aug-cc-pvVQZ 0.46 -1.15 -0.69 -0.09 2.39

NH;-H,O
cc-pvVDZ -5.81 -35.90 -7.74 -2.57 40.40
cc-pVTZ -5.81 -35.68 ~7.54 -2.52 39.92
cc-pvVQZ -5.92 -35.72 -7.52 -2.51 39.83
aug-cc-pVDZ -5.96 -35.25 -7.60 -2.53 39.42
aug-cc-pVTZ -6.05 -35.87 -7.54 -2.50 39.86
aug-cc-pvVQZ -6.06 -35.91 -7.53 -2.50 39.87
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terms [see Eq. (26¢)] are presented in Table S1 in the supplementary
material.

Table I presents the KS-FEDA(LED) basis set convergence
behavior for these systems. The interaction energy and its con-
stituent components rapidly converge with increasing basis set
size, especially when augmented basis sets are exploited. Further-
more, the qualitative trends remain consistent across all tested
basis sets. For the weakly interacting methane dimer, the maximum
change from the cc-pVDZ to cc-pVQZ basis set is 0.09 kcal/mol

for Ezlgg;@ , which reduces to 0.06 kcal/mol when augmented basis
are considered. For the strongly interacting water-ammonia sys-
tem at the cc-pVXZ level, the convergence behavior is slightly
less favorable for both AEj, and its components, although the
results remain stable with the maximum variation (0.57 kcal/mol)
reported for the AEEZ‘Z;EP term. Such findings are consistent with

what has been reported at the LED level in Ref. 64. A much bet-
ter convergence is achieved by using aug-cc-pVXZ basis sets, for
which converged results of all energy components are displayed
by using the aug-cc-pVTZ basis set [maximum discrepancy of
0.04 kcal/mol for EEljB)]. For this reason, in all the following calcu-
lations, we exploit the aug-cc-pVTZ basis-set, for which the BSIE is
negligible.

We now move to study KS-FEDA(LED) energy terms depen-
dence on the DFT functionals. To demonstrate the flexibility of
the KS-FEDA scheme, we select GGA (B97'”), hybrid (B3LYP,
PBEO), and range-separated (CAM-B3LYP,” wB97xD"?) function-
als. Dispersion interactions are considered by using D2 (wB97xD?),
D3 (B97), or D4 (B3LYP, PBEO, CAM-B3LYP) corrections. The
KS-FEDA(LED) energy terms computed by using the aug-cc-
pVTZ basis set are presented in Table I. All the KS-FEDA
energy terms [see Eq. (26c)] are reported in Table S2 in the
supplementary material.

As expected, Table II shows that the computed interaction
energy for the two considered dimers depends on the chosen func-
tional. For the weakly interacting methane dimer, B97 reports

ARTICLE pubs.aip.org/aipl/jcp

the largest absolute interaction energy; the opposite holds for the
water-ammonia case. B3LYP predicts the most repulsive interac-
tion energy for the methane dimer, while the most attractive energy
for the HB system is reported by CAM-B3LYP. Although such
differences are also reflected in the KS-FEDA(LED) energy con-
tributions, the qualitative description provided by all functionals
is very similar, especially when combining together the correla-
tion and dispersion contributions (E(3) + E")_ In fact, while for

EEI/‘;B), Eg;‘), and E‘El;g;ep , a qualitative agreement between all func-
tionals is obtained, E{’j) reflects the physical differences between
the functionals in describing correlation effects. This is partic-
ularly evident by moving from B97 (GGA) to hybrid function-
als for both systems. The underestimation of correlation effects
is generally compensated by the empirical dispersion correction,
which, as expected, is again dependent on the DFT functional
exploited.

B. Distance dependence of KS-FEDA energy terms

In this section, we discuss the dependence of the KS-
FEDA(LED) energy terms on the intermolecular distance (d). To
this end, we consider a water dimer (structure 2 — A24 dataset)
following the analysis reported in Ref. 128 at the LED level. The KS-
FEDA is performed at the B3LYP-D4/aug-cc-pVTZ level, and the
resulting KS-FEDA(LED) energy terms as a function of the O---H
distance are shown in Fig. 4 (from 1.5 to 6 A, step 0.05 A, raw
data provided in Table S3 in the supplementary material). In the

el—prep
(AB)

, and E* are given in the right panel.

left panel, E‘Elf‘ ) and E

HF,
)

In the long range (d>3.5 A), the only significant KS-
FEDA(LED) term is the electrostatic energy. As expected due to

are reported, while the remaining E(}3,

the strong dipole moment of water, in this region, EIZB) exhibits
a slow polynomial decay with the distance. This can be further

TABLE II. Dependence of KS-FEDA(LED)/aug-cc-pVTZ energy terms on the DFT functional.
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CH4-CHy
Functona A
B97-D3 -0.63 -1.16 -0.69 0.05 2.43 -1.26
B3LYP-D4 -0.41 -1.15 -0.69 -0.09 2.39 -0.87
PBEO0-D4 -0.56 -1.07 -0.66 -0.57 2.30 -0.56
CAM-B3LYP-D4 —0.48 -1.12 -0.68 -0.49 2.37 -0.58
wB97xD -0.56 -1.02 -0.63 -0.30 2.23 -0.84

NH3-H,0
B97-D3 -6.41 —38.00 -8.14 -1.38 42.45 -1.35
B3LYP-D4 —-6.80 -35.87 -7.53 —-2.50 39.86 -0.76
PBE0-D4 -7.11 -34.86 -7.25 —2.88 38.32 -0.43
CAM-B3LYP-D4 -7.14 -34.79 -7.16 -3.34 38.59 -0.43
wB97xD -6.76 —34.46 -7.09 -2.06 37.46 -0.61
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FIG. 4. KS-FEDA(LED) energy terms of water dimer as a function of the inter-

molecular distance. The log-log (Ef’js)) and semi-log (E'(fg)) plots are given as

insets. The equilibrium distance is indicated by the dotted vertical line at ~1.95 A.

appreciated by inspecting the log-log plot provided as an inset
in Fig. 4, left. In the short-range region (d < 3.5 A), the repulsive
el—prep
Ean)
librium position (~1.95 A), such an energy term (28.89 kcal/mol)

almost entirely counteracts the sum of the attractive E‘EljB) and

rapidly becomes the dominating contributions. At the equi-

P (—26.7 kcal/mol). At this position, the remaining term, i.e.,
the exchange-correlation energy, amounts to —7.26 kcal/mol, which
is close to the overall B3LYP-D4 contribution to the interaction
energy (—5.07 kcal/mol), thus providing a fundamental stabilizing
component. As expected, the exchange term decays exponentially
with intermolecular distance, as indicated by the linear relation
in the semi-log plot shown in the inset of Fig. 4, right panel.
Remarkably, our findings agree with those reported in Ref. 128 at
the LED level.

To conclude this section, it is worth pointing out that in the
short-range region (d < 3.5 A), the log-log plot of the electrostatic
interaction does not follow a linear trend (see inset in Fig. 4, left
panel). As commented in Sec. II B, this is due to the fact that in this
region, the dimer densities overlap and, thus, the localized fragment
densities (and the associated multipoles) change as a function of the
intermolecular distance. As a result, such energy terms cannot be
directly compared to common EDAs, such as KM-EDA or SAPT.
For this reason, in the following, we discuss the results obtained by
using the KS-FEDA formulation in Eqgs. (26b) and (26¢).

C. A24 dataset
1. KS-FEDA in vacuo

We first start our analysis from the A24 dataset in the gas
phase by considering the energetic components calculated at the
KS-FEDA/aug-cc-pVTZ level of theory using B3LYP as the DFT
functional. All KS-FEDA energy terms expressed in Eq. (26¢) are
graphically shown as a bar plot in Fig. 5 for all 24 dimers (raw data
are provided in Table S17 in the supplementary material). The bars
are colored according to the color palette introduced in Fig. 1 (blue:
HB; green: MX; and salmon: DD).

An attractive interaction energy characterizes all dimers, except
for 22-24 dimers, for which a small yet positive (~1 kcal/mol)
interaction energy is obtained. Examining the different types of
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interactions, HB complexes (1-5) generally display the largest inter-
action energies, ranging from approximately -3 to -7 kcal/mol. In
contrast, DD dimers (16-24) report the lowest E™, ranging from
around —1.5 to 1.5 kcal/mol. As expected, MX complexes (6-15)
demonstrate significant variability in interaction energies, ranging
from about -5 to —0.5 kcal/mol.

The frozen interaction energy terms (E%, E®, (0y) are char-
acterized by similar trends for all dimers. In particular, electrostatic
and exchange interactions are attractive, while the opposite holds
for frozen correlation energy. The magnitude of the interactions
varies depending on the specific complex considered. The largest
and lowest absolute values of E* are reported for HB (average —6.30
kcal/mol) and DD dimers (average —0.36 kcal/mol), respectively.
Some notable cases are reported for MX couples, such as formalde-
hyde dimer (structure 9), for which a large E* is calculated (-6.82
kcal/mol). The same trend is obtained for E* [largest and lowest
absolute values reported on average for HB (-6.30 kcal/mol) and
DD (—4.37 kcal/mol) respectively]. However, it should be noted
that large absolute E* energies are also observed by some DD com-
plexes, as, for instance, structures 22-24, which show a particularly
low absolute E* (<0.8 kcal/mol), highlighting the role of quantum

interactions. E(Gy almost exactly follows the same trend calculated

for E, but opposite in sign. In particular, E(g) values are about

half E” for all dimers, yielding a negative, attractive total DFT
exchange-correlation contribution, which is obtained by summing
the two terms [see Eqs. (14c¢) and (14d)].

We now move to the energy variations associated with the
antisymmetrization of the dimer wavefunction (ASN), which can
be grouped into the purely repulsive contributions E*” associated
with the Pauli principle [E™? = AEFL, see Eq. (18a)] and the vari-
ation in the correlation energy (EXsy )- Differently from most EDA
techniques, KS-FEDA allows for dissecting E" “? into the electrostatic,
HF exchange, and electronic preparation contributions. Such three
energy terms display a similar behavior for all 24 complexes: in fact,
the antisymmetrization of the total wavefunction is characterized
by a stabilizing electrostatic interaction energy (AES%y), which is
particularly significant for HB complexes (average —5.24) and also
non-negligible for DD dimers (especially for structures 22-24). Sim-

ilar trends, but opposite in sign, are reported for AEZIS\’]‘ and Eigﬁre‘u R
for which a significant energy destabilization is obtained (up to ~24

kcal/mol for Eil;f]mp of structure 1). The largest average absolute val-
ues of such interactions are calculated for HB complexes, following
the same trend reported above for frozen terms. However, in this

case, the differences between DD and MX energy components are

attenuated. In fact, AE%%y and AEfngf average values differ by about

0.3 kcal/mol, while for Ei;ﬁmp , a larger, yet small, discrepancy is
reported (6.33 vs 5.1 kcal/mol for MX and DD dimers, respectively).
The total repulsive energy E'®, given by the sum of the three terms,
is almost twice the absolute values of the exchange energy computed
by using the frozen energy (E™) for all dimers. In particular, their
ratio (|E"|/|E®]) varies from an average of 1.6 for DD complexes
to 1.75 for HB dimers. Their sum is thus positive and represents
the so-called exchange-repulsion interaction energy, which is com-
puted in other EDA techniques. While for HB dimers the absolute
value of such energy term is almost equal (or less) to the electrostatic

energy (E°), for MX and DD couples, it is larger than E for all
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dimers. The last energetic contribution associated with the antisym-
metrization of the dimer wavefunction is Eyqy, which is attractive
for all 24 complexes and follows similar trends discussed above
for the other interactions. In fact, the average Eysy for HB dimers
(—4.41 kcal/mol) is almost twice the average corresponding values
computed for MX and DD complexes (—2.30 and —2.02 kcal/mol,
respectively).

By obtaining KS-FLMOs using the SCF-converged density
matrix, we access the orbital relaxation energy components, which,
similar to ASN energy terms, can be grouped into HF energy
components [electrostatics, HF exchange, and electronic prepara-
tion — AELY, see Eq. (21a)] and the orbital relaxation correlation
energy (Egyy ). Discordantly from the energy terms discussed above,

AE® AEZ;P P and AE?Y differ in sign depending on the con-

orb> orb
sidered dimers, while AE"* is always negative. In particular, the
sign change is associated with very low absolute energy contribu-
tions and is reported for DD dimers (structures 22-24). Indeed,
for DD complexes, the orbital relaxation contributions are gener-
ally negligible, except for structure 16. The largest energy variation

for all components is reported for structure 9 (MX set), followed
ele

by HB dimers. The average values of AE ] highly vary as a func-
tion of the dataset, ranging from —9.12 kcal/mol (HB) to —3.95
kcal/mol (MX) and 0.08 kcal/mol (DD). A similar trend, but oppo-

site in sign, is reported for the average values of AES"? (HB:
8.84 kcal/mol; MX: 4.47 kcal/mol; DD: —0.11 kcal/mol). Gener-
ally, AE® P and AEY almost counterbalance for HB and MX
dimers, while for DD complexes, the former is about 50% larger
than the latter (absolute value). When the two terms are summed
together with AEgF *, the total HF relaxation energy is obtained,
which is attractive for all dimers following the same trend discussed
above (on average, HB: —2.08 kcal/mol; MX: —0.64 kcal/mol; DD:
—0.11 kcal/mol). Finally, the correlation energy variation associ-
ated with orbital relaxation is generally negative and small, above
—1 kcal/mol, except for structures 1 (—1.04 kcal/mol) and 9 (-1.12
kcal/mol).

The last KS-FEDA energy component is the dispersion energy
E*?, which is negative and attractive for all dimers, as expected. E?
follows the opposite trend commented above for all the other ener-
getic components. In fact, the largest and lowest absolute values are
reported for DD (average: —1.12 kcal/mol) and HB dimers (average:
—0.61 kcal/mol), respectively.

We finally comment on the classification proposed in Ref. 87,
which has been used to classify the A24 dimers into HB, MX, and
DD families. The analysis provided by KS-FEDA highlights that such
partitioning of MX and DD structures should be slightly modified
in light of the relative ratio between electrostatics and dispersion
(|Ede|/ |Edis"7 |) terms. In particular, structure 16 (ratio = 1.2) can
be assigned to the MX family (1.0 < ratio < 4.0), while structures
14 (ratio = 0.66) and 15 (ratio = 0.7) instead better belong to DD
dimers for which the considered ratio is lower than 1.0. It should be
noted that similar findings have also been reported in Ref. 129 based
on SAPT2+3(CCD)"'*"/aug-cc-pVTZ results.

2. Comparison with reference data

Among the many EDA techniques that have been proposed
in the literature, SAPT has been particularly successful due to the
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decomposition of the interaction energy in a few physically mean-
ingful energy terms. In particular, within SAPT, the intermolecu-
lar interaction is treated as a perturbation to the energies of the
monomers. Various SAPT methods exist depending on the trunca-
tion level of the perturbation series and the level of theory used to
describe the isolated monomers.*> Generally, the SAPT interaction
energy Efipy is decomposed as™ %!

int ele exch ind disp
Esapr = Esapr + Esapr + Esapr + Egppr (32)

where E&,. is the electrostatic E&E. is  the

exchange-repulsion term, E’s',’{ipT is the induction contribution,

energy,

and Eg;fff,T is the dispersion energy. Here, we focus on two SAPT
variants, namely, SAPT(DFT) and SAPT2+(3)0MP2. The former is
based on a DFT treatment of the monomers’ electronic structure,
including short-range correlation effects, while dispersion interac-
tions are obtained by computing time-dependent DFT (TD-DFT)
response functions.””"*>"*” SAPT2+(3)0MP2 is a wavefunction-
based SAPT method, which introduces a more accurate treatment
of electron correlation and uses HF as the reference wavefunction
for monomers. SAPT(DFT) is a cost-effective EDA method that
provides accurate results without introducing many terms as accu-
rate wavefunction-based SAPT methods, such as SAPT2+(3)0MP2.
The latter is selected because, when combined with the aug-cc-
pVTZ basis, it is considered the “gold standard” among SAPT
variants.*

Comparing the KS-FEDA method and SAPT requires estab-
lishing a correspondence between the energy terms expressed in
Eq. (26) (reduced KS-FEDA) and Eq. (32) (SAPT). In this work, the
following relationship is proposed:

Epr — E°, (33a)
Eipr < E*+E', (33b)
E&or < AEDS, (33¢)
disp corr disp
E o B 4 g, (33d)

The electrostatic terms can be directly compared, while End
can be related to the HF-like energy variation due to the orbital
relaxation (AE™L) proposed in KS-FEDA. As commented in
Sec. IV C 1, the sum of E** and E¥ KS-FEDA terms represents the
exchange-repulsion contribution and can thus be related to E&
in Eq. (32). Finally, SAPT dispersion energy can be related to the
sum of KS-FEDA E“" and E**? to account for the correlation effects
in dispersion interactions. In fact, it should be noted that disper-
sion energy computed by using D3 and the D4 corrections adopted
here are generally smaller than the corresponding SAPT energy
term'*® because part of the dispersion energy is accounted for by the
correlation functional.””

In Fig. 6, the four SAPT(DFT) energy components
(B3LYP/aug-cc-pVTZ) in Eq. (32) are correlated with the
corresponding KS-FEDA (B3LYP/aug-cc-pVTZ) terms. The
electrostatic component is almost equally described by the two
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FIG. 6. Correlation plots between KS-FEDA and SAPT(DFT) energy components
of the A24 dataset in the gas phase (B3LYP/aug-cc-pVTZ). All the energies are
reported in kcal/mol.

methods, showing a linear coefficient and R? close to 1. The average
and maximum discrepancies between the two approaches are, in
fact, negligible, being 0.05 and 0.15 kcal/mol, respectively. Similar
findings are also valid for the exchange-repulsion energy term, for
which a linear coefficient and an R* close to 1 are obtained, reporting
slightly larger differences than in the electrostatic term (-0.13 and
—0.56 kcal/mol). In addition, induction and dispersion SAPT(DFT)
energies well-correlate with the corresponding KS-FEDA terms.
However, while for the dispersion energy, KS-FEDA predicts less
attractive interaction energies, especially for MX and DD dimers
(linear coefficient < 1), for induction, the opposite holds (KS-FEDA
generally predicts more attractive interaction energies—on average
9%). By comparing KS-FEDA with SAPT2+(3)0MP2 reference
data (see Fig. S8 in the supplementary material), such a linear fit,
and in general all the correlation plots, displays an almost perfect
agreement between the two methods, with all the linear coefficients
between 0.97 and 1.02.

The excellent agreement between KS-FEDA and the refer-
ence SAPT2+(3)0MP2 compared to SAPT(DFT) suggests that the
approaches provide different total interaction energy. To deepen
this point, we compare the three approaches with the reference
CCSD(T)/aug-cc-pV5(6)Z data interaction energies reported in Ref.
129. It is worth noting that the KS-FEDA interaction energy is equal
to that calculated at the B3LYP-D4/aug-cc-pVTZ level of theory by
definition.

In Fig. 7, the correlation plots between SAPT(DFT),
SAPT2+(3)0MP2, and KS-FEDA with the reference CCSD(T)
data are graphically shown. The data yield a linear dependence
with R®>0.99 for all methods. SAPT(DFT) provides a fitted
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computed at the B3LYP/aug-cc-pVTZ. All the energies are reported in kcal/mol.

linear coefficient (0.912) and a mean absolute error (MAE = 0.196
kcal/mol), which, as expected, is the worst among the selected
EDA methods. SAPT2+(3)6MP2 provides the best agreement
with the reference data (MAE = 0.098 kcal/mol). However, an
excellent agreement is also obtained by using KS-FEDA, but at a
much lower computational cost. Finally, it should be noted that
such a good agreement is preserved by performing KS-FEDA at
the B3LYP/aug-cc-pVDZ. On the contrary, using such a basis set
in combination with SAPT(DFT) and SAPT2+(3)0MP2 generally
worsens the agreement with the reference data (see Figs. S5 and S9
in the supplementary material).

3. KS-FEDA in solution

In this work, we also introduce a description of solvent effects
by means of the implicit PCM approach.®® As stated in Sec. I C,
in KS-FEDA, there are three explicit solvation contributions
[see Eq. (31)], which can be summed up in a solvation interac-
tion energy E*". Moreover, including solvent effects in the KS Fock
matrix indirectly modifies all the other energy components through
the variation of the solute MOs.

To analyze the effect of solvation, we graphically show in Fig. 8
the variation of the energy components defined in Eq. (30a), which
are calculated as

AEX E}s(olv E1)/(ac) (34)

where EX, and Ej, are the specific energy decomposed terms as
computed in solution (water) or in vacuo, respectively. It should
be noted that dispersion energy as computed at the D4 level is not
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affected by the presence of the solvent. All raw data are presented in
Tables S21-S24 in the supplementary material.

The data depicted in Fig. 8 shows that the inclusion of solvent
effects non-trivially affects all the energetic components, yielding
an increase or a decrease in the energies depending on the specific
structure. The largest total energy variation is reported by struc-
ture 9 (formaldehyde dimer), for which a large percentage variation
(~35%) is also given. On average, solvent effects yield about 10%
absolute variation of the total interaction energy, with the largest
destabilization reported for structure 5 (ammonia dimer - 51%). As
stated above, the total energy variation is due to the modification
of all energetic components and the explicit solvation energy E*".
While solvent effects generally make the electrostatic and correlation
energies more negative, the opposite holds for the orbital relax-
ation terms (AE' ). Exchange and repulsion terms instead provide
diverse trends depending on the dimer and display the opposite
behavior, except for structure 3, for which both terms destabilize the
interaction. The explicit contribution E" follows the same trend as
the total interaction energy variation. Compared to the other energy
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FIG. 8. KS-FEDA (B3LYP/aug-cc-pVTZ) interaction energy shifts induced by the
solvent (water, ¢ = 78.39) of the A24 dataset [see Eq. (30a)]. All the energies are
reported in kcal/mol.
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terms, the largest absolute values are reported by E*", which yields a
stabilization or destabilization of the dimer depending on the spe-
cific considered system. Finally, it is worth pointing out that the
explicit and implicit solvent effects are generally opposite in sign,
and KS-FEDA allows for an in-depth analysis of such differences in
terms of the diverse energetic contributions as shown in Fig. 8.

D. S22 dataset
1. KS-FEDA in vacuo

We now move to study the S22 dataset interaction energies
in vacuo. As for A24 dimers, all the energetic components are com-
puted at the KS-FEDA/aug-cc-pVTZ level using the B3LYP hybrid
DFT functional. All the following analyses are also performed at the
PBEO/aug-cc-pVTZ, as well as by using the aug-cc-pVDZ basis set
in combination with both hybrid DFT functionals (see Secs. S5-S6
in the supplementary material). In Fig. 9, all KS-FEDA energy terms
[see Eq. (26¢)] are graphically shown as a bar plot, colored according
to the color palette introduced in Fig. 2 (blue: HB; green: MX; and
salmon: DD).

An attractive interaction energy is computed for all couples.
For HB complexes (1-5), the interaction energies display a signif-
icant variation, with an average value of about —14.43 kcal/mol.
As expected, these complexes exhibit the most negative E™, with
dimer 5 (uracil dimer) reporting the lowest interaction energy
(—21.40 kcal/mol). In contrast, DD dimers demonstrate consider-
ably less negative interaction energies ranging from —0.41 kcal/mol
(structure 8) to —12.51 kcal/mol (structure 15), averaging around
-4.92 kcal/mol, while for MX complexes, the highest average E™
is reported (—3.72 kcal/mol).

By first considering the frozen energy components, for HB
complexes, E* is highly variable (from —4.95 to —33.27 kcal/mol)
and averages at ~—22.45 kcal/mol, indicating strong attractive forces,
as expected considering the HB character of the intermolecular
interaction. The exchange energy E™ for these complexes shows gen-
erally larger absolute values, averaging at about —31.86 kcal/mol,
remarkably reflecting the significant covalent contribution at short
distances for HB interactions. The correlation energy E(q is instead
repulsive (average of 15.02 kcal/mol) for all HB dimers. DD com-
plexes, in contrast, report an average E° of —4.18 kcal/mol, reflecting
the overall weaker electrostatic interactions compared to HB dimers,
although some notable exceptions are reported (structure 13 and
15). Similarly, the exchange and correlation energies are also signif-
icantly smaller (in absolute value), averaging at about —13.05 and
6.06 kcal/mol, respectively. However, while for HB complexes, E*is
40% larger than E, for DD dimers; E* is significantly larger (up to
~500% for structure 8). MX complexes exhibit the smallest absolute
values for the frozen components: the average electrostatic energy,
E™, is —3.50 kcal/mol, and E* averages at —7.70 kcal/mol, while
correlation energy at 3.47 kcal/mol.

The analysis of ASN contributions reveals an overall signif-
icant repulsive energy, particularly noticeable in HB complexes
resulting from a delicate balance between interactions of different
natures. The average AES%, for HB dimers is stabilizing (average
—15.31 kcal/mol), as well for DD and MX complexes (average —5.94
and -3.71 kcal/mol, respectively). Similarly, the average AE3y for
HB complexes stabilizes the interaction (average —17.72 kcal/mol),
substantially more attractive than those observed for DD (-6.81
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kcal/mol) and MX (-4.05 kcal/mol) dimers, reflecting the stronger
electrostatic interactions and correlation readjustments occurring
in HB complexes as a consequence of the antisymmetrization of
the total wavefunction. In contrast, HF exchange and electronic
preparation contributions to the ASN energy variation are destabi-
lizing for all complexes. In addition, in this case, HB dimers report
the most destabilizing interaction energy components (on average,
49.74 and 23.40 kcal/mol for AELS, and Efgf\’,‘, respectively). We
remark that the ASN energy contributions associated with the Pauli
repulsion principle can be grouped into the purely repulsive term
E™ = AELS\, which is large for all dimers (especially HB, for which
it reaches 91.46 kcal/mol) and follows the same trend described
above for ES7". Such huge repulsive interactions highlight the
substantial electronic reorganization associated with the studied
dimers upon imposing antisymmetry.

The total contribution arising from orbital relaxation energy
components stabilizes the interaction in all S22 dimers, highlighting
the attractive forces resulting from electronic structural relaxations.
HB complexes demonstrate significant variations, with an average
AE% of ~39.41 kcal/mol, while for DD and MX dimers, such an
energetic component is almost one order of magnitude lower on
average (—4.88 and —5.67 kcal/mol, respectively). In this case, both
AEI and AE are attractive and stabilize the dimer interaction.
While for DD and MX complexes, their magnitude is compara-
ble with the electrostatic relaxation term, for HB couples, they are
much lower in absolute value (—6.47 and —1.98 kcal/mol on aver-
age). This indicates that HB interactions, compared to the other
dimers, are generally characterized by a substantial lowering of the
electrostatic energy upon relaxation of the electronic structure of

the dimer. The electronic preparation component, AEZ;" "P is pos-
itive for all dimers, taking into account the energy spent to bring
the monomers from the ASN electronic configuration to the fully
optimized electronic structure. HB complexes require significant
average reorganization energy of 35.26 kcal/mol, whereas DD and
MX dimers need less energy on average (5.91 kcal/mol). The energy
variation in electrostatics, HF-exchange, and electronic preparation
summed together represent AE% [see Eq. (21a)], which is attractive
for all dimers. For HB complexes, such an energy term is gener-
ally large in absolute value (average —10.62 kcal/mol), especially for
structure 3 (urea dimer: —19.53 kcal/mol). For both DD and MX
dimers, it is instead much smaller (in absolute value), on average
—0.93 and —1.28 kcal/mol, respectively, coherently with the different
nature of the interactions involved.

To end the discussion, we move to the dispersion energy term.
For HB complexes, the dispersion energy generally shows small
absolute values, averaging around —2.65 kcal/mol. Such a finding
indicates that while dispersion forces contribute to the overall stabil-
ity, they play a less dominant role compared to the stronger electro-
static and bonding forces prevalent in these complexes. In contrast,
DD complexes exhibit significantly higher average dispersion ener-
gies, around —6.51 kcal/mol. MX complexes display intermediate
dispersion energy values, averaging —2.79 kcal/mol. This indicates
a balanced contribution from dispersion alongside other stabilizing
forces, reflecting the hybrid nature of their interactions.

We finally remark that in the present study, we have used
the assignment in HB, MX, and DD couples provided in Ref. 88.
However, similar to the A24 dataset, also in this case, the KS-
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FEDA decomposition suggests that the definition of the MX and DD
groups should be modified by considering the ratio between electro-
statics and dispersion (|Eeze| / |EdisP |) In particular, if the dimers that
are characterized by a ratio lower than 0.75 are assigned to the DD
group, structures 13 (uracil dimer) and 15 (adenine-thymine) should
be moved to the MX subset, while the T-shaped benzene dimer
(structure 20) should be moved to DD one. This is in agreement with
the SAPT2+(3)/aug-cc-pVTZ findings.”®

2. Comparison with reference data

In this section, we first assess the KS-FEDA quality by compar-
ing with SAPT(DFT) and SAPT2+(3)0MP2 levels variants for the
S22 dataset, by using the same assignment in Eq. (33).

In Fig. 10, the four SAPT(DFT) energy components
(B3LYP/aug-cc-pVTZ) in Eq. (32) are correlated to the corre-
sponding KS-FEDA (B3LYP/aug-cc-pVTZ) terms (also see Sec.
$6.2 in the supplementary material). The electrostatic component is
almost equally described by the two methods, showing an R? equal
to 1 and a fitted linear coefficient close to 1 (1.003). The average
and maximum discrepancies between the two approaches are, in
fact, negligible, being 0.03 and 0.27 kcal/mol, respectively. For
the exchange-repulsion energy term, an R* close to 1 is obtained,
while the linear coefficient is about 0.96, showing that KS-FEDA
predicts smaller repulsive interactions. The discrepancies between
the two methods are in this case larger than in the electrostatic
term. In fact, the average difference is 0.69 kcal/mol, displaying
a maximum deviation for structure 5 of about 2.02 kcal/mol. On
average, KS-FEDA repulsive interactions are 7% larger than those
computed at the SAPT(DFT) level.
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FIG. 10. Correlation plots between KS-FEDA and SAPT(DFT) energy components

of the S22 dataset in the gas phase (B3LYP/aug-cc-pVTZ). All the energies are
reported in kcal/mol.
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Induction and dispersion SAPT(DFT) energies also well-
correlate with the corresponding KS-FEDA terms (R* > 0.99).
As also reported for the A24 dataset, for induction, KS-FEDA
generally predicts more attractive, interaction energies, especially
for the HB dimers (1-7) (on average 9%). The agreement for
the dispersion energy component is in this case similar to that
reported for the frozen terms: KS-FEDA predicts more attrac-
tive interaction energies, especially for DD complexes (on average
5%, —0.28 kcal/mol).

By comparing KS-FEDA with SAPT2+(3)dMP2 reference data
(see Fig. S17 in the supplementary material), the linear fit, and in
general all the correlation plots, displays a general better agreement
between the two methods, with all the linear coefficients between
0.95 (dispersion) and 1.08 (induction).

We finally compare the total interaction energies as computed
at the KS-FEDA, SAPT(DFT), and SAPT2+(3)6MP2 levels with the
reference best estimate interaction energies reported in Ref. 139. As
for the A24 dataset, we remark that the KS-FEDA interaction energy
corresponds to that computed at the B3LYP-D4/aug-cc-pVTZ
level.

In Fig. 11, the correlation plots between the various EDA
techniques and the reference CCSD(T) data are shown. For all

SAPT techniques. It is also worth remarking that for the S22 dataset,
the computed KS-FEDA MAE and trend are consistently produced
by changing the DFT functional (PBEO) or the basis set (aug-cc-
pVDZ), demonstrating the method stability. It should be noted that
the same trend is not reported by SAPT methodologies, for which
the change in the basis set or DFT functional, for SAPT(DFT), gen-
erally deteriorates the agreement with the reference data (see Secs.
$5-S6 in the supplementary material).

3. KS-FEDA in solution

In this section, we study how solvent effects, as modeled by
the implicit PCM model, affect the interaction energy components
of the S22 as solvated in water. As for the A24 dataset, in Fig. 12,
the interaction energy shifts [see Eq. (34)] for the energy com-
ponents defined in Eq. (30a) are graphically shown for all S22
dimers. All raw data are presented in Tables S47-S50 in the
supplementary material.

The data presented in Fig. 12 shows that including solvent
effects significantly influences all energetic components, resulting in

methods, we report a linear dependence with R? > 0.99. Similar to 5.0 A

A24, SAPT(DFT) yields the worst fitted linear coefficient (0.860) kS

and a mean absolute error (MAE = 0.968 kcal/mol), while the u<.]| 231 IIIII I I
SAPT2+(3)6MP2 method yields the best agreement with the refer- 0.8 -I. — = — A= =

ence data (MAE = 0.161 kcal/mol). For KS-FEDA, an MAE of about
0.4 kcal/mol is computed, highlighting the overall good performance
of the DFT-D4 method, at a much lower computational cost than
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FIG. 11. Correlation plots between KS-FEDA, SAPT(DFT), SAPT2+(3)0MP2, and
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reference interaction energies (recovered from Ref. 139) of the S22 dataset in the
gas phase. KS-FEDA and SAPT(DFT) energies are computed at the B3LYP/aug-
cc-pVTZ. All the energies are reported in kcal/mol.

FIG. 12. KS-FEDA (B3LYP/aug-cc-pVTZ) interaction energy shifts induced by the
solvent (water, e = 78.39) of the S22 dataset [see Eqg. (30a)]. All the energies are
reported in kcal/mol.
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either an increase or decrease in the energies, depending on the spe-
cific molecular structure. The most substantial total energy change
of about 5.8 kcal/mol is reported in structure 5 (uracil dimer), which
also exhibits a considerable percentage change of about 30%. Similar
to the A24 dataset, solvent effects, on average, lead to a 13% absolute
change in the total interaction energy, with the largest destabilization
occurring for structure 1 (ammonia dimer - 51%).

The total energy change arises from variations in all energetic
components coupled with the explicit solvation energy E*". Typi-
cally, solvent effects tend to make the electrostatic and correlation
energies more negative, whereas they have the opposite effect on the
orbital relaxation terms (AESL ). The exchange and repulsion terms
show varying trends across different dimers, generally exhibiting
opposite behaviors. The explicit contribution E°" directly resembles
the trend depicted for the total interaction energy variation. Indeed,

Eint

Eele

ex

corr
E@

as for the A24 dataset, E*" records the largest absolute values among
the various energy terms, leading to a destabilization of the dimer in
HB and DD complexes, while it tends to stabilize MX complexes.
Interestingly, E*" is mainly determined by E%, while ASN and
relaxation solvation terms [see Eq. (30b)] are generally substantially
lower in absolute value (see Secs. S5 and S6 in the supplementary
material). Remarkably, KS-FEDA provides a detailed examination of
these variations, highlighting that explicit and implicit solvent effects
are typically opposite in sign, non-trivially affecting the interaction
energies as shown in Fig. 12.
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1. KS-FEDA in vacuo

We now move to study the IHB15 dataset interaction energies
in the gas phase. As for A24 and S22 dimers, all the energetic com-
ponents are computed at the KS-FEDA/aug-cc-pVTZ level using the
B3LYP hybrid DFT functional. All the following analyses are also
performed at the PBEO/aug-cc-pVTZ, exploiting the aug-cc-pVDZ
basis set in combination with both hybrid DFT functionals (see Secs.
§7-S88 in the supplementary material). In Fig. 13, all the KS-FEDA
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energy terms [see Eq. (26¢)] are graphically shown as a bar plot, col- oo
ored according to the palette introduced in Fig. 3 (salmon: anions Ig

and blue: cations). '
An attractive, large interaction energy (E™) is computed for all

. Q
complexes. For anionic dimers (1-3), E™ varies between —11.64 and £
—21.10 kcal/mol, with an average value of about —17.64 kcal/mol. ?',g
Cationic complexes (4-15) display a wider range of interaction ener- 4

gies, from —16.94 kcal/mol (structure 11) to —29.94 kcal/mol (struc-
ture 13), with an average interaction energy of —20.66 kcal/mol.
Overall, the computed E " values for IHB15 dimers are substantially
larger than those computed for A24 and S22 dimers, highlighting the
different nature of the non-covalent interactions characterizing this
dataset.

To deepen into the nature of the interactions, we first con-
sider the frozen energy components. For complexes 1-3, E® varies
significantly (from —13.11 to —28.21 kcal/mol) and averages at
—22.29 kcal/mol, indicating strong attractive electrostatic forces. The
exchange energy E for anions has larger absolute values, averag- Structure
ing at —27.32 kcal/mol, reflecting significant covalent contributions
at equilibrium distances. For all anions, exchange energy is larger
than electrostatics (in absolute values). As also reported for both

corr
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FIG. 13. KS-FEDA (B3LYP/aug-cc-pVTZ) of the IHB15 dataset in the gas phase
[see Eq. (26c)]. All the energies are reported in kcal/mol.
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A24 and S22, the frozen correlation energy EE‘(’,')V is repulsive for

all dimers, averaging at about 12.42 kcal/mol for complexes 1-3.
Cationic dimers (4-15) report an average E* of —23.37 kcal/mol,
reflecting generally larger attractive electrostatic interactions com-
pared to anions (1-3). The exchange and correlation energies in
complexes 4-15 are instead smaller (in absolute value), averaging
—22.90 and 11.00 kcal/mol, respectively. While for complexes 1-3,
E* overcomes E°* (in absolute value - up to 55% for structure 1), for
complexes 4-15, E” is generally less stabilizing, except for structures
5, 9, 13 (ions interacting with MeNH,), and 10, for which the two
interactions are almost equivalent.

Analysis of ASN contributions reveals significant repulsive
energy, resulting from a delicate balance between interactions of
diverse natures. The average AEff’gN for complexes 1-3 is stabiliz-
ing (average —15.23 kcal/mol), as is the case for complexes 4-15
(average —7.93 kcal/mol). The correlation contribution AERSy sta-
bilizes the interaction with a similar extent (average —14.66 and
—12.92 kcal/mol for the anions and cations, respectively). In con-
trast, HF exchange and electronic preparation contributions to the
ASN energy variation act as destabilizing terms for all complexes.
As expected, Ei;ﬁnp represents the most destabilizing interaction
energy component, which accounts, on average, 42.10 and 34.13
kcal/mol for the two subsets, respectively. The sum of the two desta-
bilizing energy terms and the electrostatic variation results in the
ASN energy contributions associated with the Pauli repulsion [E"?
= AE; see Eq. (18a)]. Such energy term is large for all com-
plexes (on average 44.07 kcal/mol), reaching the maximum for
dimer 9 (82.16 kcal/mol). Such huge repulsive interactions highlight
the substantial electronic reorganization associated with the studied
complexes upon imposing antisymmetry.

Opposite to the destabilization provided by the antisym-
metrization, the total contribution arising from orbital relaxation
energy components stabilizes the interaction in all complexes. This
again arises from a delicate balance between the various inter-
actions, the most substantial being electrostatic, followed by the
electronic preparation, exchange, and finally correlation. Anionic
complexes (1-3) demonstrate significant inductive contributions
(average AE®% -28.15 kcal/mol); for cationic complexes 415, such
an energetic component is even more stabilizing (on average —44.13
kcal/mol). In addition, AE 5" and AEYy are attractive and stabi-
lize the complex interaction. For all complexes, their magnitude is
considerably lower in absolute value with respect to the electro-
static relaxation term by almost one order of magnitude (-5.80 and
—1.70 kcal/mol on average, respectively). The electronic prepara-
tion component, AE®#"®, accounting for the energy spent to bring
the monomers from the ASN electronic configuration to the fully
optimized electronic structure, destabilizes the interaction for all
complexes. Its magnitude is comparable with the electrostatic vari-
ation (on average, 22.94 and 38.05 kcal/mol for anions and cations,
respectively). The energy variation in electrostatics, HF-exchange,
and electronic preparation summed together represent AESS which
is attractive for all complexes, stabilizing the interaction of about
—11.77 kcal/mol on average.

To conclude, we consider the dispersion energy term. For all
dimers, E*? displays small absolute values, ranging from —1.12 to
—2.32 kcal/mol. This indicates that while dispersion forces con-
tribute to the overall stability, they play a less dominant role in
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determining the global interaction energy contributing by less than
9% on average. For both anionic and cationic dimers, the importance
of electrostatic, exchange, and orbital relaxation terms compared to
dispersion energy confirms the HB nature of the considered dimers.

2. Comparison with reference data

In this section, we first assess the KS-FEDA quality by compar-
ing it with the SAPT2+(3)6MP2 variant for the IHB15 dataset, by
using the same assignment in Eq. (33).

In Fig. 14, the four SAPT2+(3)6MP2 energy compo-
nents in Eq. (32) are correlated with the corresponding
KS-FEDA (B3LYP/aug-cc-pVTZ) terms (also see Sec. S8.2 in
the supplementary material). The electrostatic component is almost
equally described by the two methods, showing an R* and a fitted
linear coefficient close to 1, with an average discrepancy between the
two approaches of just —0.04 kcal/mol. For the exchange-repulsion
energy term, an R? close to 1 is obtained, while the linear coefficient
is about 1.010, showing again the good agreement between the
two methods. KS-FEDA generally predicts repulsive interactions
slightly larger than those computed at the SAPT2+(3)6MP2 level
(on average, 0.13 kcal/mol).

Induction SAPT2+(3)6MP2 energies also well-correlate with
the corresponding KS-FEDA terms (R* > 0.99). As reported for
the A24 and S22 datasets, KS-FEDA induction energies are more
attractive (about 3%). The fitted linear coefficient for dispersion con-
tributions is lower than that computed for the induction term (1.033
vs 1.040). However, the qualitative agreement for the IHB15 dataset
is less satisfactory compared to that obtained for A24 and S22. It is, in
fact, worth noting that KS-FEDA dispersive interactions are gener-
ally less attractive than the reference (0.89 kcal/mol on average) for
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FIG. 14. Correlation plots between KS-FEDA (B3LYP/aug-cc-pVTZ) and
SAPT2+(3)0MP2 energy components of the IHB15 dataset in the gas phase. All
the energies are reported in kcal/mol.
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anion complexes, while the opposite holds for the cationic dimers
(—0.46 kcal/mol on average).

We finally compare the total interaction energies, as com-
puted at the KS-FEDA and SAPT2+(3)6MP2, to the reference
CCSD(T)/complete basis set (CBS) interaction energies reported in
Ref. 89. We remark once again that KS-FEDA interaction energy
corresponds to that computed at the BALYP-D4/aug-cc-pVTZ level.

In Fig. 15, the correlation plots between the two EDA tech-
niques and the reference CCSD(T) data are shown. For both meth-
ods, we report a linear dependence with R* ~ 0.99. Similar to A24
and S22, the SAPT2+(3)0MP2 method yields the best agreement
with the reference data (MAE = 0.160 kcal/mol). For KS-FEDA, an
MAE of about 0.5 kcal/mol is computed, highlighting the overall
good performance of the DFT-D4 method. It is worth remark-
ing that also for the IHB15 dataset, the computed KS-FEDA MAE
and trend are consistently produced by changing the DFT func-
tional (PBEO) or the basis set (aug-cc-pVDZ), demonstrating the
method stability (see Secs. S7-S8 in the supplementary material).
Such results show that KS-FEDA has the potential to be applied to
complex cases, such as ionic HB complexes.

3. KS-FEDA in solution

We finally investigate solvent effects on the interaction energy
components of the IHB15 as solvated in water. As for the A24
and S22 datasets, shown in Fig. 16, the interaction energy shifts
[see Eq. (34)] for the energy components defined in Eq. (30a) are
graphically depicted for all IHB15 dimers. All raw data are presented
in Tables S69-S72 in the supplementary material.

Figure 16 shows that solvent effects substantially affect all ener-
getic components, resulting in an overall destabilization of the global
interaction energies for all ionic dimers. This is in agreement with
what has been previously reported for HB dimers in A24 and S22
datasets. The largest energy variation of about 10.6 kcal/mol is
reported in structure 12, which also exhibits the largest percentage
change of about 53%. On average, solvent effects destabilize the non-
covalent interactions by about 38%, reporting the most considerable
variation compared to the other two datasets. This indeed highlights
how solvent effects can crucially determine the interaction between
ionic species.

To deepen the analysis, we investigate how solvent effects influ-
ence the energetic components. For all dimers, solvation enhances
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electrostatic interactions as calculated in vacuo, which become more
attractive for all dimers, with a contribution ranging from -0.58
to —2.53 kcal/mol. Interestingly, depending on the charge of the
ionic dimers, exchange and repulsion terms behave in an oppo-
site way. For instance, for anionic complex, E” increases, while
E' decreases. Solvent effects act in the opposite direction also for
the exchange-repulsion term, given by the sum of the two contri-
butions, stabilizing or destabilizing the non-covalent interaction for
anions (1-3) and cations (4-15), respectively. A similar outcome
is also reported for the influence on correlation energy, for which,
however, the anionic complex 1 displays a destabilizing contribu-
tion. For all dimers, instead, solvent effects destabilize the orbital
relaxation terms (AEYF ) interaction energy.

The global variation provided by summing all the energetic
terms is generally small in absolute value, varying from -0.31 to
0.47 kcal/mol. Finally, as reported for both A24 and S22 datasets,
E*" shows the largest values among the various energy terms, lead-
ing to a destabilization of all dimers, correlating particularly well
with the total energy variation AE™. Interestingly, while for A24
and S22 dimers, E*" is mainly determined by the frozen contribu-
tion, for IHB15 complexes, a large contribution (on average, 21.42%)
of AESY is reported. This again highlights the different nature
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FIG. 16. KS-FEDA (B3LYP/aug-cc-pVTZ) interaction energy shifts induced by the
solvent (water, ¢ = 78.39) of the IHB15 dataset [see Eq. (30a)]. All the energies
are reported in kcal/mol.
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of the interactions governing the electronic structure of the ionic
complexes.

V. SUMMARY AND CONCLUSIONS

We have introduced the Kohn-Sham fragment energy decom-
position analysis (KS-FEDA), which is a novel EDA technique
based on the developed KS-FLMOs. FLMOs are obtained through
a variational minimization of the local energies of the fragments
constituting a molecular system. This is equivalent to maximiz-
ing their electronic repulsion energy: as a consequence, FLMOs
are maximally localized in the pre-defined fragment regions. In
the resulting KS-FEDA, the interaction energy is decomposed into
electrostatics, exchange, and correlation. Dispersion has been con-
sidered by employing empirical corrections (such as the D4 model);
however, the approach is general and can be coupled with more
sophisticated methods and non-local approaches. To validate our
method, we study the dependence of KS-FEDA(LED) energy con-
tributions on the basis set and DFT functional, as well as the decay
of the energetic contributions as a function of the intermolecular
distance for a water dimer. Detailed assessments on the KS-FEDA
dependence on the DFT functionals will be the topic of future
communications.

The energy contributions of KS-FEDA(LED) are further
dissected into frozen, antisymmetry, and orbital relaxation con-
tributions, permitting to analyze the interactions between unper-
turbed, antisymmetrized, and self-consistently relaxed densities.
This not only provides novel physical insights into the inter-
molecular interactions but also facilitates the comparison with
traditional EDA techniques. In this paper, this is demonstrated
by comparing the final KS-FEDA energetic components with
SAPT methods, based on DFT—SAPT(DFT)—or wavefunction
theory—SAPT2+(3)0MP2—for two datasets (A24 and S22) that are
widely exploited for non-covalent interactions. The method has also
been challenged to calculate the intermolecular interactions of ionic
hydrogen bonding dimers (IHB15 dataset), showing the potential
to study such systems. By properly comparing the energetic com-
ponents, a very good agreement between KS-FEDA and the golden
standard SAPT2+(3)6MP2 is reported for all datasets, demonstrat-
ing the validity and robustness of the developed approach. It is
worth remarking that SAPT dispersion interactions have been com-
pared to the sum of KS-FEDA correlation and dispersion terms.
To further dissect correlation and dispersion terms in KS-FEDA,
the definition of a suitable dispersionless functional, as proposed
in Ref. 103, would be ideal. Such an aspect will be investigated in
future communications. Furthermore, the extension to analyze non-
covalent interactions in solution, as modeled by using the PCM
approach, highlights the versatility of our method, allowing for
studying both direct and indirect solvent effects on intermolecular
interactions.

To conclude, KS-FLMOs and KS-FEDA have been applied to
non-covalently interacting molecular systems. However, the devel-
oped theory is general enough to also be applied to covalently
bonded fragments, differently from perturbation-based EDA meth-
ods. Furthermore, the developed KS-FLMOs can be potentially
exploited for diverse applications other than KS-FEDA, ranging
from reactive chemistry and spectroscopy to studying local phe-
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nomena taking place in vacuo or solution, possibly described at the
atomistic level in a polarizable QM/MM fashion.'*"
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