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Abstract

Over the past 25 years there has been remarkable progress towards accurate
description of nonbonded interactions within the context of density functional theory
(DFT). Various methods have been devised to capture London dispersion, which is the
most exacting contribution to noncovalent interactions; these strategies include both
new functionals as well as ad hoc dispersion corrections to existing functionals. At
present, it is possible to compute interaction energies for small van der Waals
complexes (containing ~20 atoms) to an accuracy of ~ 0.5 kcal/mol, using a range of
dispersion-inclusive DFT methods that are reviewed here. Systematic tests reveal
remarkable consistency across different methods, at least for small dimers. At the
same time, the magnitude of the ad hoc dispersion corrections are systematically
smaller than benchmark dispersion energies because some dispersion resides within
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the semilocal exchange-correlation functional, in a manner that is difficult to disen-
tangle. Despite impressive results for small systems, the best contemporary DFT
methods afford larger errors in systems with > 100 atoms, approaching 3-5 kcal/mol
for total interaction energies, as compared to ab initio benchmarks, although the
benchmarks themselves have larger uncertainties in systems of this size. Errors for
larger systems vary widely from one DFT method to the next, with no discernible
systematic trend. Nanoscale van der Waals complexes thus represent the new frontier
in development of DFT for noncovalent interactions.

1. Overview of dispersion in DFT

Sanibel Symposia at the dawn of the 21st century were, in the hazy
memory of one author, characterized by an obsession with potential energy
curves for rare-gas dimers, computed using density functional theory
(DFT) (1-3). Already by 1995 there was evidence of problems for dis-
persion-bound systems (4,5) and a growing recognition of semilocal DFT’s
failure to describe long-range electron correlation and with it, dispersion
interactions. This led to early efforts to describe dispersion using coupled
Kohn-Sham response theory (6-8), and to incorporate those ideas into an
exchange-correlation (XC) functional that would be applicable to van der
Waals (vdW) complexes (9—15). (This history has been reviewed elsewhere
(16)). These efforts would eventually bifurcate, with one coterie con-
tinuing the quest for a universal density functional to describe dispersion
while others pursued near-term practical solutions based on ad hoc dis-
persion corrections to existing XC functionals. The former approach is
exemplified by the so-called “van der Waals density functional” (vdW-DF)
of Langreth and Lundqvist (17-20), along with the simplified VV10
functional of Vydrov and Van Voorhis (21-24). Each of these is a nonlocal
correlation functional that contains the correct ingredients to describe
long-range dispersion between non-overlapping charge densities. VV10
has since been incorporated into a new generation of XC functionals
(25-29) that perform remarkably well for nonbonded interactions (30).

An alternative to finding a universal density functional is to build a
model for dispersion that can be incorporated into (or added onto) an
existing XC functional (31-34). Among these, Grimme’s dispersion cor-
rections have become ubiquitous (34-37). In practice, these amount to
atom—atom potentials of the form —Cy/ R’ and —Cg/R®, along with three-
body (triatom) corrections (36—38), added to a semilocal or hybrid func-
tional in the spirit of much earlier “Hartree-Fock plus dispersion” methods



Density functional theory for van der Waals complexes 3

(39-43). Short-range damping functions forestall any catastrophes as R — 0
and also mitigate potential double-counting of electron correlation in
regions of space where the monomer densities still overlap (34). In this
dispersion-corrected “DFT+D” approach, the double-counting issue has
important ramifications for how the +D correction should be interpreted.
This is a main point of discussion in the present chapter.

Other dispersion corrections use the self-consistent field (SCF) electron
density to obtain in situ (“atoms-in-molecules”) Cq, Cg, ... coefficients that
reflect the manner in which an atom 1s both confined and polarized by its
environment (31,32). The exchange dipole moment (XDM) model of
Becke and Johnson is one such approach (44-50), as is the Tkatchenko-
Scheffler (TS) model (51), sometimes called “vdW-TS” (52). Both
methods incorporate what Dobson has dubbed “type A” dispersion non-
additivity (53), meaning that free-atom C, coefficients are modified by the
molecular environment. Separate from that effect, Dobson designates “type
B” nonadditivity to reflect the fact that atom—atom dispersion interactions
are screened by the presence of polarizable centers on other atoms (53).
These effects become larger with molecular size, leading to a breakdown in
the pairwise atom—atom approximation (54-56). To correct for this,
explicit three-body dispersion corrections can be added, typically of
the Axilrod-Teller-Muto (ATM) “triple-dipole” wvariety (38,54-57),
which is the leading three-body dispersion correction from third-order
perturbation theory (58,59). Alternatively, implicit nonadditivity can be
incorporated by means of a density-dependent many-body dispersion
(MBD) model, as pioneered by Tkatchenko and co-workers (60-63). For
density-based dispersion corrections, it is important to choose a (mostly)
dispersion-free XC functional, lest there be substantial double-counting
(64), and to balance the range of the semilocal functional against that of the
dispersion correction (65).

The culmination of sundry efforts to incorporate dispersion into DFT
can be seen in (Fig. 1) for two archetypal dispersion-bound systems,
namely, a rare-gas dimer (Kry) and the face-to-face or “sandwich” con-
figuration of (CgHg),, which is a typical example of a —stacking interaction
(67=70). Figure 1A juxtaposes potential energy curves for the latter,
computed using a variety of dispersion corrections applied to the Perdew-
Burke-Ernzerhof (PBE) functional (71), a semilocal generalized gradient
approximation (GGA). In the absence of any ad hoc dispersion correction,
this functional affords a potential energy profile that is strictly repulsive, and
in that way it is representative of the early 21st-century state of affairs with
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Fig. 1 Potential energy curves for dispersion-bound systems: (A) face-to-face “sand-
wich” configuration of benzene dimer in its Dg, geometry, and (B) krypton dimer. All
DFT calculations use the def2-QZVPD basis set. CCSD(T)/CBS benchmarks for (CgHs)
are taken from Ref. (66).

regard to nonbonded interactions in DFT. Addition of various dispersion
corrections affords a reasonably accurate potential energy curve, as com-
pared to a benchmark calculation at the CCSD(T) level (66). (For a recent
review of ab initio benchmarks for noncovalent systems, see Patkowski
(72)). Interaction energies for the benzene dimer obtained using these
dispersion-corrected PBE methods (PBE+D3, PBE+MBD, and PBE
+XDM) lie in the range 1.5-1.9 kcal/mol, as compared to a complete
basis-set (CBS) CCSD(T) benchmark value of 1.7 kcal/mol (66). Equili-
brium separations (in the Dg;, geometry) range from 3.9-4.0 A for dis-
persion-corrected PBE methods, as compared to the CCSD(T)/CBS value
of 3.9 A.

Hybrid DFT results for Kr, are presented in Fig. 1B. The B3LYP
functional (73,74) affords an unbound potential curve, whereas results
obtained using either M06-2X (75) or @B97M-V (26) are reasonably
accurate. Both of these functionals are meta-GGAs, according to the
classification scheme known as Jacob’s Ladder (76-78), and are examples of
methods designed to capture dispersion from first principles. Both func-
tionals work rather well for this example, despite its extremely small
interaction energy.

Together, these results are emblematic of the fact that in 2023, thirty
years after hybrid functionals were shown to afford thermochemical
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accuracies good enough to make chemists notice DFT (73,79-82), non-
covalent interactions now seem to have similarly been brought into the
fold. Total interaction energies for small vdW complexes (§3—89), and
relative conformational energies for larger organic molecules (90-92), can
now be predicted within <1 kcal/mol of benchmark values, using a variety
of DFT-based strategies (31,32). Geometries for small noncovalent dimers
are also predicted accurately (93). That said, for the dispersion-dominated
interactions that are characteristic of small nonpolar molecules, the total
interaction energy may itself be <1 kcal/mol. Perhaps it is simply the case
that DFT cannot meaningfully distinguish these weakest interactions from
zero, although the data for Kr, (Fig. 1B) provide reason for optimism.
There, the benchmark interaction energy is smaller than 0.3 kcal/mol yet
the best-performing functionals yield qualitatively correct potential energy
profiles and total interaction energies |Ej,] = 0.2—0.3 kcal/mol.

To determine whether statistically encouraging DFT results in small-
dimer data sets are somehow a fluke, it is necessary to extend these
benchmarks to much larger systems where even dispersion-dominated
interaction energies greatly exceed 1kcal/mol. For vdW complexes with
2 100 atoms, dispersion interactions alone may exceed 50 kcal/mol in
magnitude in some cases (94,95). Meanwhile, the role of dispersion in
predicting conformational energies of bonded molecular systems is better
recognized now than it was three decades ago (31,90-92,96,97), to the
point where it is clear that dispersion forces cannot be ignored by the
practicing organic chemist, as they may compete with steric repulsion and
other nonbonded forces (98-101,102,103). Dispersion forces are also
critically important in liquids (104-107,108,109) and solids (52,110-116).

Nevertheless, most benchmarking of dispersion-inclusive DFT methods
has been limited to small nonbonded dimers. The uracil dimer, along with
hydrocarbons up to pentane dimer, represent some of the larger systems in
standard data sets (72,117-126), for which reliable CCSD(T)/CBS
benchmarks are available without additional approximations. There are a
few larger ab initio benchmarks (127-134), as surveyed recently (130), and
DFT results for some of these larger systems will be scrutinized herein.
Meanwhile gas-phase experiments, based on cryogenic ion vibrational
predissociation spectroscopy (135), suggest that small-dimer benchmarks
may not provide a representative picture of the situation in systems with
2 150 atoms (136—138). At the same time, most experimental binding
affinities for noncovalent complexes are measured in solution, and although
these have occasionally been used as benchmark tests for quantum
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chemistry (55,56,94,139-143), the largest source of uncertainty is the
solvation correction (139-141). Solution-phase benchmarks thus make for
less incisive tests of how well dispersion is described by DFT, and will not
be considered here.

The present chapter summarizes both the success of contemporary
dispersion-inclusive DFT methods for small noncovalent dimers, as well as
unresolved discrepancies for larger complexes. For smaller systems, we
show that the best DFT methods offer not only sub-kcal/mol accuracy but
also reasonable consistency amongst themselves (Section 2), a conclusion
that is echoed in other recent work (144). Interpretative issues with DFT
dispersion corrections are more subtle and are tackled in Section 3, where
we address the extent to which a genuine dispersion energy can be
extracted from a DFT calculation. Comparison to benchmark data for
larger systems (Section 4) paints a rather different picture of DFT for vdW
complexes, manifesting larger errors and clear differences between
methods, albeit not necessarily systematic ones. We conclude with a look
to the future in Section 5.

2. Present state-of-the-art in noncovalent DFT

In Section 2.1 we provide an overview of various strategies to
augment DFT with dispersion interactions. We also describe the func-
tionals that are used in the present chapter to provide a broad survey of the
performance of contemporary DFT. The accuracy of these methods for
small dimer benchmarks is reviewed in Section 2.2.

2.1 Strategies for dispersion interactions

2.1.1 Dispersion-inclusive XC functionals

Construction of dispersion-inclusive XC functionals has been reviewed
elsewhere (16,31,32,145). How this is accomplished will not be discussed
in the present work, although we will make a few remarks about the
functionals that are available.

When it comes to nonlocal electron correlation, as required by the
physics of dispersion, there are only a few functionals to be found in the
literature. The first among these was vdW-DF04 (17), sometimes called
vdW-DF1 (32), which was later reformulated into an improved version
known as vdW-DF2 (19). It has since spawned other variants that use the
same nonlocal correlation model (20,146—152). That model employs a
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numerically tabulated kernel, which delayed the self-consistent imple-
mentation of vdW-DF (153—155). A simpler nonlocal correlation func-
tional, with an analytic construction, was developed later by Vydrov and
Van Voorhis and is known as VV10 (23), superseding a predecessor called
VV09 (22), and with a revision called rVV10 that is better suited for plane-
wave basis sets (156). The analytic construction of VV10, combined with
poor performance of vdW-DF04 when paired with hybrid XC functionals
(154), likely accounts for the more widespread adoption of VV10 in
molecular applications, although rVV10 has been incorporated into func-
tionals designed for the solid state (157-160). For molecules, which are the
focus of the present chapter, a notable use of VV10 is its incorporation into
the highly successful B97-based (161) functionals developed over the past
decade by Mardirossian and Head-Gordon (25-29).

Some meta-GGA functionals that lack nonlocal correlation have also
been advocated as DFT solutions for noncovalent problems, particularly
those in the “Minnesota” class of meta-GGAs (162—164), and especially
MO05-2X (165) and M06-2X (75). As meta-GGAs, the Minnesota func-
tionals include a dependence on both the density Laplacian and the kinetic
energy density (166), and as a result their (still local) kernels may extend
farther from the nuclei as compared to functionals on lower rungs of
Jacob’s Ladder. The practical result is that semilocal meta-GGA XC effects
are nonzero at vdW contact distances, therefore some attractive interac-
tions are built into their parameterization, mimicking dispersion at typical
vdW separations even if true long-range dispersion is missing (86). This
contrasts what is observed for PBE and B3LYP in Fig. 1, where interaction
potentials for (C¢Hg)> and Kr, are strictly repulsive. Notably, the Min-
nesota functionals are highly parameterized even as compared to other
empirical XC functionals (30).

For the present overview, we selected a small set of XC functionals that
perform especially well for noncovalent interaction energies according to a
recent comprehensive review (30). The best-performing functionals are mostly
(though not exclusively) meta-GGAs. The smallest overall root-mean-square
error (RMSE) for noncovalent interaction energies is 0.2 kcal/mol for the
wB97M-V functional (26), but several other meta-GGAs also have RIMSEs
below 0.5 kcal/mol including @B97X-V (25), M06-2X (75), TPSSh (167),
and B97M-rV (28). These are functionals that are designed to capture dis-
persion from first principles, without the use of ad hoc corrections, although a
variety of functionals that include such corrections have error statistics that are
equally impressive (30). Double-hybrid functionals (168—171), which include
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a fraction of the correlation energy from second-order Moller-Plesset (MP2)
perturbation theory, will not be considered because they fundamentally alter
the cost and thus the efficacy of DFT calculations. Moreover, finite-order
MPn theory affords troubling divergences for nanoscale vdW complexes that
may be inherited by double-hybrid functionals (172). The performance
of double-hybrids for noncovalent interactions is discussed elsewhere
(88,169,173-176).

It is important to note that meta-GGA functionals often exhibit more
acute dependence on the numerical integration scheme as compared to
functionals on lower rungs of Jacob’s Ladder. Noncovalent interactions are
especially sensitive in this regard because they depend on small oscillations
in the tails of the electron density, characterized by large values of the
reduced density gradient (177-179),

Vo)l
(371.2)1 /3p (r)4/3 .

s(6) == 1)

Minnesota meta-GGAs are especially problematic in terms of how results
for noncovalent interactions depend on the quadrature grid (180-184) and
sometimes behave erratically in the CBS limit (185-187). We use the SG-3
quadrature grid for Minnesota functionals and the SG-2 grid for other
meta-GGAs (183). (Consistent with previous testing (188), we find that the
SG-2 grid is sufficient for the SCAN functional despite its well-docu-
mented grid sensitivity (189)).

We will also use the PBE, PBEO (190), B3LYP, and SCAN (191)
functionals as starting points for adding dispersion corrections that are
discussed in more detail in Section 2.1.2. With the exception of SCAN,
these functionals perform quite poorly for noncovalent interactions, to the
point of affording strictly repulsive potentials for systems where dispersion
1s qualitatively important (Fig. 1). However, they can still serve to set a
baseline for the eftectiveness of dispersion corrections. Many other func-
tionals could be found whose errors for noncovalent data sets are much
larger, but it is not our intention to provide a broad survey of poor choices.

2.1.2 Dispersion-corrected approaches

We next elaborate the various ad hoc dispersion corrections that have been
developed to augment semilocal and hybrid DFT. Empirical dispersion
corrections in DFT+D can be written in generic form as
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atoms atoms Cn ab
Eprrepo) = Eprr =50 X X X f,Ra)——
n=6,8,... a b>a ab (2)
+D(0)

where Eppr represents the DFT energy and the rest is a dispersion correction.
Only the Cg and Cg terms in Eq. (2) are included in Grimme’s popular D3
and D4 models (36,37), as higher-order terms are found to engender
numerical problems while providing little improvement (36). Parameters s, < 1
are functional-specific and the damping functions f, are chosen such that f,
(R) — 0 faster than R", so that the correction is damped to zero as R — 0. This
has been called the “zero-damping” form of DFT+D (192), and that is the
meaning of the notation DFT+D(0) in Eq. (2). Various damping functions f,
have been considered (125,192—194).

An alternative to D(0) damping is the “D(BJ)” correction scheme (192),
first introduced by Becke and Johnson (BJ) in the context of the XDM
model (45-47). In DFT+D(B]), one corrects the DFT energy according to

atoms atoms Cﬂ ab
Eprrspm) = Eper =5 X X Y ——awar-
n=68.. a b>a Rg+ Ry ") 3)
+D(BJ)

This is similar to Eq. (2) but uses pairwise vdW radii (R;Zdw) to prevent
divergence as R,, — 0, in place of damping functions f,. These radii are
parameterized according to

Ravde = mq Rﬁ, + an (4)

where a; and a5 are empirical parameters. In principle, RY, might also be an
empirical parameter, equal to the sum of vdW radii of atoms a and b. In
practice, the choice works well (192).

Raob = (CS,ab/C(),ab)l/2 (5)

Regardless of the particulars of the dispersion damping, at a funda-
mental level the atom—atom Cg coefficients come from the Casimir-Polder
relation (31,195,196)

Coap = % j: &, (iw) &, (w) dw. ©

Here, the isotropic polarizability &, for atom x is evaluated at imaginary
frequency iw. In the D3 model (36), values for Cg, that depend on
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coordination numbers of atoms a and b are obtained by applying Eq. (6) to
model compounds, with polarizabilities computed using time-dependent
(TD-)DFT. In the D4 model (37), these polarizabilities are further scaled
based on Mulliken charges obtained from the SCF density, which provides
additional dependence on the molecular environment. Higher-order C,
coeflicients, representing higher-order multipolar contributions to disper-
sion, can be approximated in terms of Cg coefticients (36,48,197,198).
The DFT+D3 and DFT+D4 models both incorporate Dobson’s type-
A nonadditivity (meaning C, coefficients that depend on the molecular
environment) but neglect type-B nonadditivity (screening of the pairwise
interactions by other polarizable centers) (53). As a result, the pairwise-
additive approximations in Egs. (2) and (3) break down for larger molecules
(54-56,128). To correct for this, an ATM correction can be added,
representing the leading-order contribution to three-body dispersion
(58,59). In the D3 model, for example, this correction takes the form (36)

atoms atoms atoms C R )
ATM __ g b 9,ab[][3]3 ( abc
Eg' ==Y Y Y 75357 )
a b>a >b Rab Rac Rb[

where g, is a geometric factor and fy; (Rg,) is a damping function that

depends on the mutual three-body distance, R, (56). The requisite Co
coefficients can be estimated from the Cg coefficients (36),

C9,ah( = (C(v,ab C6,hc C6,ac)1/2~ (8)

Separate from Grimme’s D3 and D4 corrections, other formulations of
DFT+D aim to incorporate type-A nonadditivity using the full SCF
density rather than the density for a model compound or density-derived
point charges. These alternatives include the XDM (46,48), MBD (60,61),
and vdW-TS (51) dispersion corrections, each of which computes in situ
Cs coefficients in similar ways that take advantage of the relationship
between polarizability and volume (199-201). Specifically, one may
determine an effective atom-in-molecule polarizability for atom a (&) by

= free

scaling the free-atom polarizability (&

a

) by a ratio equal to how the
volume of a is compressed in its molecular environment (46):

3
C_C“Cff = ((f;)fz‘;ﬁ )dﬂﬁcc‘ (9)

The quantity (r*), may be interpreted as the volume occupied by atom a

within the molecular environment, and it is computed via Hirshfeld
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partition of the SCF density (46,48,202—204). The Hirshfeld technique
(205), which 1is more often associated with atomic partial charges
(143,206-209) integrates the molecular SCF density p(r) using a weighting
function w,(r) for atom a. This function is obtained by considering where
(in space) atom a contributes to the superposition of free-atom densities,

free

Xy P,  (r), and is given by

w (r) = Ao (10)
Y
The volume needed in Eq. (9) is computed according to (46)
()= [ Pu(e) pe) dr. (1)

Using effective polarizabilities @ obtained from Eq. (9), Becke and
Johnson proposed a model for Cg ,, that is expressed in terms of the dipole
moment of the exchange hole, d(r). That quantity depends on position,
because the hole is a function of the position of a reference electron, but
the exchange-hole dipole moment enters the Becke-Johnson model as its
spherically averaged second moment, (df) The model for Cg  is (46,48).

yo_ ot @ (A2 (dd)
ST A, + &),

(12)

Additional theoretical and numerical support for this model were provided
later (204,210). With the help of recursion relations for the higher-order
dispersion coefficients (46,48), Eq. (12) forms the basis of a DFT+D model
of the form in Eq. (3) and consisting of Cg, Cg, and Cj terms where each
C, coeflicient reflects the molecular environment. This is the Becke-
Johnson XDM approach. Parameters for R} in Eq. (4) have been
determined for a variety of XC functionals (271).

In the vdW-TS scheme (51), a relationship analogous to Eq. (9) is
assumed for the effective atomic Cg coefficients,

V3 a ree
Ceft = (i)caﬂ , (13)

<r3>free
a

with free-atom coefficients C(ffje taken from TDDFT calculations (212).

Pairwise Cy coefficients are then obtained according to
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eff —eff
CTS _ 2 C6,a C6,b (14)
6,ab — ~ _ — _ — .
a (O(bfree/aafree) Ceﬁ” + (O(afrce/abfrent) C(iﬁl;

6,a

This form for Cg ,;, can be derived from Eq. (6) based on a single-frequency
model for the isotropic atomic polarizabilities (51,213),

s &free
a”liw) = —+——.
o () 1+ (ww,) (15

Here, w, is a characteristic excitation frequency whose value is set at
4C.,
3 (@)

a

(16)

This choice recovers London’s formula (213),

3w, &, &y 3L LA,
Cé,ab = = (17)
2(w, + @) 2(I, + )

starting from Eq. (6) (51). For small molecules, the characteristic fre-
quencies in Eq. (17) are typically further approximated by ionization
energies (I, and 1), as indicated, which affords the textbook result (745).

The single-frequency model in Eq. (15) is tantamount to the Unsold
approximation (214-218), in which energy denominators are replaced by a
single effective excitation energy so that a sum-over-states expression for
the polarizability reduces to a single term (218). This approximation enters
London’s second-order treatment of dispersion (32) and is found to work
well (217,218), hence there is a natural consistency to its use in the present
context. It is worth noting that a single-frequency or “plasmon-pole”
approximation for the inverse dielectric function is used to construct both
the vdW-DF and VV10 nonlocal correlation functionals (14,22,37).

The vdW-TS scheme uses Cg, in Eq. (14) within the DFT+D(0)
model of Eq. (2), although it has also been implemented as a self-consistent
functional based on a Cg ,[p(r)] functional (219). Like XDM, the vdW-TS
approach affords pairwise Cg coefficients that depend on the molecular
environment, meaning that type-A nonadditivity is included in the model.
We will not consider the vdW-T'S scheme in the present work because it is
largely superseded by the MBD model developed subsequently by
Tkatchenko and co-workers (60,61). Starting from the vdW-TS polariz-
ability model in Eq. (15), the MBD approach further accounts for type-B
nonadditivity based on self-consistent screening (SCS) of the atomic
polarizabilities. These many-atom dispersion effects may be especially
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important for large, conjugated molecules and in materials having
numerous polarizable centers (220-224). In nanoscale materials, many-
body effects lead to deviations from R™® behavior in the long-range
interactions (225-227).

Development of the MBD method starts from the atomic polarizability
model in Eq. (15), arranged as a vector &> of dimension N, (In
polarizable force fields, even anisotropic molecular polarizabilities are
found to be well described by isotropic atom-centered distributed polariz-
abilities (228-231), as the short-range damping that is necessary to avoid
divergence also has the effect of reducing the polarizability along the
direction of covalent bonds (232)). Allowing for mutual dipole—dipole
interactions between the atomic centers, which is consistent with a model
that includes only dipole polarizabilities, leads to a self-consistent screening
(SCS) ansatz (61),

@SS (i) = &TS — @S T @€ (iw). (18)

Here, Tsp_ is a short-range version of the dipole-interaction tensor (61),
consistent with the idea that short-range correlation will be captured by
semilocal DFT leaving only the long-range component for the dispersion
model. To that end, and noting that a single, isotropic quantum harmonic
oscillator can capture Cg (32), the MBD model consists of a 3N,oms
dimensional harmonic oscillator Hamiltonian, with a three-dimensional
(but isotropic) oscillator on each atom. Polarizabilities are determined by
self-consistent solution of Eq. (18) (60). Unlike other dispersion-corrected
DFT methods described in this section, MBD does not use either of the
DFT+D formulas in Egs. (2) and (3). Instead, the correction to conven-
tional DFT emerges as the ground-state energy of the harmonic oscillator
Hamiltonian, eigenmodes of which provide information about collective
or many-body contributions to dispersion (70,223).

2.2 Benchmarks for small noncovalent dimers

Many comprehensive assessments of modern DFT are available, based
upon small noncovalent dimer data sets (§3—-89). In Section 2.2.1, we
briefly consider the performance of selected methods for the S66 set (119),
in order to establish that sub-kcal/mol accuracy is a reality in contemporary
DEFT for small vdW complexes. Section 2.2.2 considers the role of basis-set
superposition error (BSSE).

Except in our discussion of BSSE, where some smaller basis sets are
examined for demonstrative purposes, all of the DFT calculations reported
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here are performed near the CBS limit, in order to ascertain the true
performance of DFT for noncovalent interactions. Unless stated otherwise,
all DFT calculations use the def2-QZVPD basis set (233), except that
DFT+XDM calculations use the aug-cc-pVTZ basis set (234), following a
literature recommendation (235). All DFT interaction energies include
Boys-Bernardi counterpoise (CP) correction (88,236,237) Benchmarks
tests establish that quadruple-( basis sets are sufficient to obtain the DFT/
CBS limit for noncovalent interactions (88,185,238), except for a few
especially problematic Minnesota functionals (88,185). At the DFT/def2-
QZVPD level, CP correction typically modifies E;,; by ~0.1 kcal/mol,
which establishes that the DFT/CBS limit has been reached. The use of
DFT/CBS interaction energies prevents basis-set artifacts from clouding
the discussion.

XC functionals were introduced in Section 2.1. Following the
recommendation of Grimme et al. (192), all of the DFT+D methods in this
work use the D(BJ) damping scheme of Eq. (3) except in the case of
dispersion-corrected M06-2X. Per other recommendations (30), we use
MO06-2X+D(0) in that case.

2.2.1 Error analysis for the S66 data set

The S66 dimers range in size from (H,O), up to pentane dimer and are
divided into three subsets based on the ratio of the electrostatic energy
(Eas) to the dispersion energy (Egp), as determined using symmetry-
adapted perturbation theory (SAPT). Dimers where |Eqq|>2|Eg;p| are
classified as hydrogen-bonded, those where |Eg;gp| 2 2| Eci| are categorized
as dispersion-dominated, and if neither of these condition is met then the
system is regarded as having mixed-influence interactions (119). Although
SAPT is used to classify the dimers, benchmark interaction energies have
been determined at the CCSD(T)/CBS level (119).

Figure shows the calculated S66 interaction energies for a wide variety
of functionals, plotted alongside the reference values. These DFT results
include “baseline” functionals that lack any dispersion correction and thus
fail to bind most of the dispersion-dominated dimers. Even for the
hydrogen-bonded subset of S66, however, these baseline functionals sys-
tematically underestimate the interaction energies, by 2 1kcal/mol in
many cases. (Errors are considerably larger for the other subsets of S66.) In
contrast, results obtained using dispersion-inclusive functionals track the
reference values exceedingly well, to the point that we have not attempted
to break out the performance of individual functionals in Fig. 2.
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Fig. 2 Interaction energies for the S66 data set determined using DFT/def2-QZVPD
calculations, except for DFT+XDM where the aug-cc-pVTZ basis set was used. CCSD
(T)/CBS reference values are also shown (779). Functionals without a dispersion cor-
rection are shown in orange and are typically unbound for the dispersion-dominated
complexes. Dispersion-inclusive DFT methods are shown in blue and purple,
with purple used for B97+D3 and B97+MBD where the mean absolute error exceeds
1 kcal/mol.

Error statistics for individual functionals appear in Fig. 3. Throughout
this work, we define

error = EDFT - Ebenchmarks (19)

which establishes our sign convention. Of all the functionals that we tested,
only the ones lacking dispersion corrections afford mean absolute errors
(MAEs) larger than 1kcal/mol, with the exception of B97+D3 and
B97+MBD. In the absence of any dispersion correction, average signed
errors (Fig. 3B) range up to 3.5 kcal/mol (for BLYP), which is quite large
considering that the average CCSD(T)/CBS interaction energy for the S66
complexes is only 4.8 kcal/mol.

It is interesting that all of the dispersion-inclusive approaches over-
estimate the interaction energies. Unlike the underbinding observed in the
absence of dispersion corrections, which is entirely predictable, over-
binding by dispersion-inclusive approaches would not seem to be built in
by design but emerges nonetheless. The effect is rather small, however.
Setting aside B97+D3 and B97+MBD, the differences in error statistics
from one functional to the next are smaller than the statistical errors with
respect to the reference values, and in that sense the accuracy of these
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Fig. 3 (A) Mean absolute errors (MAEs) and (B) mean errors (signs included) for DFT-
based interaction energies averaged over the S66 data set. These statistics correspond
to the data plotted in Fig. 2. Error is measured relative to CCSD(T)/CBS reference
values [Eq. (19)], with £ 1 kcal/mol indicated by the colored region. M06-2X exhibits
the lowest MAE in this data set and that value is indicated by the horizontal line in (A).

dispersion-inclusive hybrid and meta-GGA functionals is statistically
indistinguishable. Consistent with other statistical assessments (§3—-89) these
results demonstrate unequivocally that DFT provides interaction energies
of sub-kcal/mol accuracy for small vdW dimers.

2.2.2 BSSE and counterpoise correction
Results presented above were computed near the CBS limit but quadruple-
{ basis sets may not be feasible for nanoscale vdW complexes, not only for
reasons of cost but also due to numerical linear dependencies that neces-
sitate increasingly tight thresholds as molecular size increases, especially in
the presence of diffuse basis functions (239). Fortunately, CP correction
can substantially mitigate the need for large basis sets, according to a
comprehensive analysis of CP-corrected DFT calculations (88), and
CP-DFT/double-{ interaction energies are found to be comparable to
DFT/CBS values.

Convergence to the DFT/CBS limit is illustrated in Fig. 4 using the
S66 data set. The CP-corrected and uncorrected interaction energies
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Fig. 4 Convergence errors (with respect to the DFT/CBS limit) for S66 interaction
energies, using the B3LYP+D3(BJ) functional in (A) Dunning basis sets and (B)
Karlsruhe basis sets. The gray rectangles delineate errors of + 0.25 and + 0.50 kcal/mol.
Reproduced with permission from Gray, M.; Bowling, P. E.; Herbert, J. M. Systematic
Evaluation of Counterpoise Correction in Density Functional Theory. J. Chem. Theory
Comput. 2022, 18, 6742-6756; copyright 2022 American Chemical Society.

Table 1 BSSE in sizable vdW complexes, computed using wB97M-V with various basis
sets.”
Complexb Natoms BSSE (kcal/mol)

def2-SVPD def2-TZVPD def2-QZVPD

(CasH12)s 72 115 0.8 0.3
(PT)5(CssHa2) (pT)s 134 36.0 2.7 —
(PpT)s(Cs9Ho0) (pT)s 153 43.4 3.2 —
(pT)7(CyeHoe) (pT)7 174 47.3 3.3 —

“Data taken from Gray, M.; Bowling, P. E.; Herbert, J. M. Systematic Examination of Counterpoise
Correction in Density Functional Theory. J. Chem. Theory Comput. 2022, 18, 6742—6756. b(pT)n is an
n-unit polythiophene oligomer.

approach the CBS limit in opposite directions but CP-corrected results do
so more quickly. With CP correction, an augmented double-{ basis set is
sufficient to get within 0.5 kcal/mol of the DFT/CBS limit, whereas in its
absence an augmented triple-{ basis set is needed to obtain a similar result.

BSSE is essentially a form of charge transfer between neighboring
atoms, which grows with system size because so does the number of
neighbors (meaning nearby pairs of atoms). This form of extensivity is
illustrated in Table 1, which quantifies the BSSE for sizable vdW com-
plexes in various basis sets. Here, BSSE is defined as

BSSE = Ecp-prr — EDFT- (20)
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The complexes in Table 1 include the coronene dimer, (Cy4H5),, and
several trimers involving layered materials in which a graphene nanoribbon
such as Cs9Hjyg is sandwiched between polythiophene oligomers, (pT),
(240,241). Each of these layered composites exceeds 100 atoms and the
BSSE computed at the @B97M-V/def2-SVPD level exceeds 30 kcal/mol,
approaching 50 kcal/mol for the largest example. This is 10-20X larger
than the BSSE for any of the S66 complexes at the same level of theory
(88). For (Cy4H15),, the BSSE is reduced below 1 kcal/mol when def2-
TZVPD is used, but that is not true for the larger complexes considered in
Table 1. In those cases, residual BSSE of about 3 kcal/mol persists in the
def2-TZVPD beasis set. For large vdW complexes, where basis sets beyond
double-{ quality may not be feasible, CP correction is thus critically
important in order to obtain results that are even qualitatively reasonable.
In addition, CP correction can partially mitigate the need for diftuse basis
functions (88).

g 3. Understanding dispersion in DFT calculations

Having established the accuracy of dispersion-inclusive DFT for
noncovalent interactions, at least in small systems, we next use small-dimer
data sets to examine the nature of the dispersion corrections themselves. A
question arises as to what should constitute a benchmark dispersion energy,
since DFT add-ons such as D3, D4, XDM, and MBD are defined as
asymptotic corrections for long-range correlation, whereas middle-range
correlation effects are contained within the XC functional. We will use
the SAPT formalism to provide dispersion benchmarks, as described in
Section 3.1, to which we compare the aforementioned ad hoc corrections
in Section 3.2. Finally, in Section 3.3, we document the remarkable
consistency of these ad hoc corrections for small dimers (144).

All calculations in the present work are confined to the ground state.
Recent benchmarks on noncovalent excimers (242), considering rela-
tively small systems ranging from benzene dimer to naphthalene and
pyrene dimers, suggest that the ad hoc D3 and D4 dispersion corrections
are less consistent for excited-state calculations using TDDFT. For
excited states, specialized dispersion models may be required (243), and
this represents an avenue for future development. Excited-state SAPT
methods, which might provide benchmark data, are only beginning to
be developed (244,245).
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3.1 Dispersion benchmarks

The SAPT formalism has been reviewed elsewhere (246-250). It provides
a means to compute BSSE-free interaction energies (E;,,,) and to separate
those quantities into physically meaningful components,

Eint = Eelst + Eexch + Edisp + Eind 5 (21)

providing a form of energy decomposition analysis (EDA). The compo-
nents in Eq. (21) include electrostatics (E,), exchange or Pauli repulsion
(Eexch)» dispersion (Egisp), and induction (Ej,q), the latter of which contains
both polarization and charge transter (251). The elementary physics of
these components is described elsewhere (252-254). For the present dis-
cussion, it suffices to note that Egy, is cleanly separable from the remaining
components, identifiable as a subset of the excitations in the perturbation
series. This is different from the situation in methods such as DFT+D or
DFT+MBD, where long-range dispersion is shouldered by the ad hoc
correction but middle-range dispersion arises from the XC functional. The
details of that separation depend sensitively on the length scale of the
semilocal functional, which is difficult to assess a priori (65).

In traditional SAPT, dispersion is defined in terms of simultaneous
excitations on two individual monomers that create fluctuations in the
charge density, leading to long-range multipolar interactions beyond those
associated with any permanent multipole moments (254). Equivalently,
these fluctuations engender transient changes in the frequency-dependent
polarizability (252), and in either conceptual picture the dispersion inter-
action arises strictly from electron correlation (254). At second order in
intermolecular perturbation theory, which defines a variant known as
“SAPTO” (246,249), the total dispersion energy is a sum of second-order
dispersion and exchange-dispersion terms (249):

SAPTO _ 17(20) (20)
Edisp — disp + Eexch—disp‘ (22)
Superscripts (mn) indicate mth-order perturbation theory with respect to
the intermolecular Coulomb operator and nth-order in the Moller-Plesset
fluctuation potentials for the monomers. The fact that n=0 in Eq. (22)
means that this approach is based on uncorrelated (Hartree-Fock) wave

functions for the monomers. The exchange-dispersion term Eéigzl—disp

in
Eq. (22) arises from the operator that enforces permutational antisymmetry
between the monomer wave functions (248,249).

The SAPTO method affords a —Cy/R® dispersion effect, albeit not a

quantitative one (246,255-258), as it is generally too attractive (68,255).
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An improved approach that includes monomer electron correlation is
SAPT2+ (246,249), tor which the dispersion energy is
SAPT2 SAPTO 21 22
Edlsp T = Edlsp + Ec(iisp) + Ec(lisp)' (23)
Partial third-order calculations (m = 3) can provide CCSD(T)-quality
interaction energies, via methods known as SAPT2+(3) and SAPT2+3
(246,249). The corresponding dispersion energies are

SAPT2+(3) _ 1-SAPT2+ (30)
Edisp - Edisp + Edmp (24)

and

SAPT2+43 _ 1;SAPT2+(3) 30)

E disp Edlsp © Eéxch disp* (25)

The third-order exchange-dispersion term in Eq. (25) is typically
negligible unless the monomer separation is smaller than the vdW contact
distance, or where ions are involved (123); in other cases, SAPT2+(3)

exhibits accuracy on par with CCSD(T) (256,259). As such, Eexch disp

is
sometimes omitted from benchmark dispersion energies (255). Note that
SAPT2+ and SAPT2+(3) both exhibit @ (N) complexity (249,256), just
like CCSD(T), which limits these methods to small systems.

An alternative approach is SAPT(DFT), which uses coupled Kohn-
Sham response theory to obtain Eg;, and is also found to agree well with
the best wave function benchmarks (247-249). By exploiting density fit-
ting, the computational scaling of SAPT(DFT) calculations with hybrid
XC functionals can be reduced to @ (N®) (260), albeit with a much larger
prefactor as compared to fifth-order methods such as MP2. SAPT(DFT)
calculations on systems with 200 atoms have been demonstrated (261), but
few systematic benchmarks are available.

As a low-cost alternative that can yet provide well-defined dispersion
energies, our group has developed a specialized form of the MBD
Hamiltonian that is suitable for use with SAPT (142,143,250). Because
SAPT dispersion is defined at all length scales, this entails modifications to
extend MBD to shorter length scales where the conventional MBD energy
would be damped away; this is accomplished by incorporating dipole—
quadrupole dispersion via screened Cg coefficients (142). The dispersion is
still damped as R — 0 but on a much shorter length scale as compared to
the conventional version of MBD that is designed for use with DFT. The
resulting SAPT+MBD approach affords excellent agreement with disper-
sion energies obtained from SAPT2+(3) (262), despite a completely
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different formalism, thus we deem it appropriate to use this version of
MBD to provide dispersion benchmarks. These are easily obtainable
for large systems as all that is required is diagonalization of a (3N,ioms)
X (BN,toms) harmonic oscillator Hamiltonian matrix, as described in
Section 2.1.2.

3.2 Interpretative issues in dispersion-corrected DFT

3.2.1 Does the +D correction have physical meaning?

To demonstrate that the numerical value of corrections such as D3 cannot
be equated with genuine dispersion energies, Shahbaz and Szalewicz
examined this corrections in comparison to a variety of SAPT benchmarks
(263,264) (Fig. 5) plots several D3(B]) corrections for Ar,, as parameterized
for several different XC functionals, alongside SAPT2+ dispersion energies.
The D3(BJ) potential curves exhibit significantly shifted minima relative to
ESS;TH (R). The former behave better asymptotically, because they are
based on isolated-atom polarizabilities and should recover long-range dis-
persion, up to any intrinsic error associated with polarizabilities obtained
from TDDFT. For a fixed value of R (say, the equilibrium separation

3.76
0 3 T T T
——D3(BJ), BBLYP —— D3(BJ), TPSS
——D3(BJ), PBE ——D3(BJ), rPW86-PBE
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2
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2
R (A)
Fig. 5 D3(BJ) dispersion corrections and SAPT2+ dispersion energies for Ar,, multi-
plied by R®. The vertical line indicates the equilibrium separation when all of the
energy components are considered. Adapted with permission from Shahbaz, M.,
Szalewicz, K. Do Semilocal Density-Functional Approximations Recover Dispersion

Energies at Small Intermonomer Separations? Phys. Rev. Lett. 2018, 121, 113402; copy-
right 2018 American Physical Society.
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R = 3.76 A that is indicated in Fig. 5), the D3(BJ) corrections exhibit a
wide range of numerical values that may be larger or smaller than the
SAPT2+ dispersion energy. Clearly, the numerical value of the D3(BJ)
correction cannot be equated with dispersion and may not have physical
meaning (35). Others have reached the same conclusion in more systematic
comparisons of D3(B]) to SAPT (265).

To avoid the inevitable intermingling of semilocal correlation and long-
range empirical dispersion in the “middle-range” region (which is the
length scale of typical vdW contact distances) (34), Pernal et al
(266) developed a “dispersionless” density functional (dIDF) by repar-
ameterizing M05-2X using a data set from which benchmark-quality
SAPT dispersion energies had been subtracted from the data. Empirical
corrections can be added to that functional (dIDF+D, using Grimme’s D2
form) (35), without concern about double-counting correlation. Fig. 6A
demonstrates that this approach provides an accurate potential energy curve
for Ar -+ Ne, much more so than the original M05-2X functional or the
MO06-2X functional, and also more accurate than B97+D (266).

A similar approach has been used to develop empirical dispersion
potentials to replace second-order dispersion in SAPTO. If a dispersion
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Fig. 6 Potential energy curves for Ar --- Ne computed with various methods. (A)
Comparison of dIDF+D with other dispersion-inclusive DFT methods, along with a
CCSD(T) benchmark. The dIDF+D,s method includes additional SAPT dispersion data
but is barely distinguishable from dIDF+D. (B) Comparison of XSAPT+aiD2 with DFT
and CCSD(T). (A) Adapted with permission from Pernal, K.; Podeszwa, R.; Patkowski, K.;
Szalewicz, K. Dispersionless Density Functional Theory. Phys. Rev. Lett. 2009, 103, 263201;
copyright 2009 American Physical Society. (B) Adapted with permission from Lao, K. L.;
Herbert, J. M. An Improved Treatment of Empirical Dispersion and a Many-Body Energy
Decomposition Scheme for the Explicit Polarization Plus Symmetry-Adapted Perturbation
Theory (XSAPT) Method. J. Chem. Phys. 2013, 139, 034107; copyright 2013 American
Institute of Physics.
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correction developed for DFT is used for this purpose, then its damping
function must be adjusted in order to extend the range of the correction to
shorter distances (267,268), since there is no middle-range compensation
from any XC functional. Alternatively, an empirical dispersion correction
can be parameterized wholly from benchmark SAPT2+(3) or SAPT2+3
dispersion energies, to obtain an ab initio dispersion correction (269-273).
A method developed along these lines is SAPT+aiD (56,250), where the
nomenclature emphasizes that the dispersion correction is faithful to ab
initio dispersion energies. SAPT+aiD is a cubic-scaling method with much
better accuracy as compared to conventional SAPTO (258,272,273), which
is a @(N°) method, and it is demonstrated in Fig. 6B for the Ar -+ Ne
system.

3.2.2 Energy decomposition analysis

We introduced the SAPT version of EDA in Section 3.1 as a means to
obtain well-defined dispersion energies that are consistent with total
interaction energies of CCSD(T) quality. There are numerous other EDA
schemes within the quantum chemistry universe (274-278) however, and
it 1s illuminating to ask whether any of them might clarify the physical
nature of empirical dispersion corrections to DFT. That said, the inherent
non-uniqueness of EDA models has led to controversy (251,279-287),
which is perhaps inevitable given that these models go beyond prediction
of physical observables. To some extent, every EDA is a model that
engages the question: “how many kJ/mol can dance on the head of a pin?”.
In what follows, we examine results using two common EDAs that are
popular for DFT calculations: the second-generation EDA based on
absolutely localized molecular orbitals (ALMO-EDA?2) (288-290), and the
Ziegler-Rauk EDA (291) popularized by Bickelhaupt and Baerends (292).

SAPT2+(3) dispersion benchmarks (255,256) are presented in Fig. 7A
for the S22 data set (117), plotted alongside ALMO-EDA2 and SAPT+
MBD dispersion energies. The latter agree very well with the benchmarks,
with a maximum difference of 0.9 kcal/mol and a MAE of 0.35 kcal/mol
or 5%. As such, we will take the SAPT+MBD value of Eg;, as a surrogate
benchmark for the dispersion energy in large systems.

ALMO-EDA?2 dispersion energies are quite different from benchmark
values and typically much more attractive, so it is worth considering how
these are computed. The original ALMO-EDA separates polarization in a
well-defined way, leaving a “frozen” contribution to Ej,, that is comprised
of the remaining energy components,
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Fig. 7 (A) Dispersion energies for the 522 data set computed using various methods.
(B) Difference between the SAPT+MBD (262) or ALMO-EDA2 dispersion energy and
the SAPT2+(3)/aug-cc-pVTZ benchmark (256). ALMO-EDA2 dispersion energies are
computed using Eq. (27), with PBEO+D3 as the target functional and either HF or HF-
PBE as the dispersionless functional, as indicated.

AEFRZ = Eelst + Eexch + Edisp~ (26)

To extract Eg, from AEgpy, it is suggested to use a functional that is
(approximately) “dispersionless” (289,290). Then, the dispersion energy
for the target functional is estimated as the difference in AEgpy from two
different calculations, one with the target (dispersion-inclusive) functional
and one with the dispersionless functional:

ALMO—-EDA2 _ target disp'less
Egip AEppz — AEpz (27)

There could be various choices for the dispersionless functional, which
creates some ambiguity. One might use the dIDF functional that was
described in Section 3.2.1, although that seems not to have been tested.
Instead, we follow literature recommendations (289,290), which suggest
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using Hartree-Fock (HF) exchange (without correlation) to compute the
dispersionless value of AEgp z when a hybrid functional is the target, as for
PBEO+D3 in Fig. 7. The dispersion energy estimated using Eq. (27) also
contains any differences in how electrostatics and Pauli repulsion are
described at these two levels of theory (PBEO+D3 versus HF), including
any correlation effects in Eg, and E..p. Other comparisons between
SAPT and DFT-based EDA schemes suggest that correlation reduces Eqycy,
an effect that may mimic dispersion (293). Whatever the reason, the
aforementioned ALMO-EDA2 prescription for Egg, overshoots the
SAPT2+(3) benchmark for every single S22 dimer (Fig. 7B), with a MAE
of 14.0 kcal/mol or 209%.

The extent of this overestimation gives pause, and causes us to
reconsider the choice of dispersionless functional. To prevent correlation
effects in Egy + Eexen from contributing to Egigp, We consider using the
HF-PBE functional,

EHF-PBE — pHF | pPBE (28)
to compute AEinzpzlless. In conjunction with the same target functional
(PBEO0+D3), this choice significantly reduces the ALMO-EDA?2 dispersion
energies for the S22 dimers, bringing them closer to SAPT2+(3) bench-
marks as shown in Fig. 7.

Linear regressions Fig. 8 demonstrate good correlation between
SAPT+MBD dispersion energies and benchmark SAPT2+(3) values, with
R*=0.99 and a slope of 0.97. The ALMO-EDA? dispersion energies also
correlate with SAPT2+(3) values, using either HF or HF-PBE as the
dispersionless functional, although they are systematically more attractive.
Overall, HF-PBE works much better as the dispersionless functional as
compared to the recommended choice of HF only. Using HF-PBE to
define EQ?SIE,MO_EDAZ, the dispersion energies extracted from PBEO+D3
exhibit a MAE of 3.6 kcal/mol (54%) as compared to SAPT2+(3) reference
values, albeit with significantly more scatter (R> = 0.70) as compared to
SAPT+MBD dispersion energies. The primary difterence between using
HF or HF-PBE to compute AEY* Jies in whether semilocal correlation
effects are included in the dispersion energy (when HF is used), or whether
they are removed (via HF-PBE). That the latter approach aftords better
agreement with benchmark dispersion energies suggests that semilocal
correlation plays more of a role in electrostatics and Pauli repulsion than it
plays in dispersion.
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ALMO-EDA?2, two different “dispersionless” XC functionals are used to separate Egp
from AEggz via Eq. (27). These are the same data as in Fig. 7A.

Energy components obtained from the Ziegler-Rauk EDA (291,292),
applied to DFT+D calculations, also correlate well with energy compo-
nents from SAPT(DFT) (265). These correlations are illustrated in Fig. 9
for the S66 dimers and they are quite remarkable in most cases, with the
only exceptions being dispersion energies for hydrogen-bonded complexes
(R* = 0.706) and induction energies for dispersion-dominated complexes
(R2 = 0.565). In those two cases, however, the energy component in
question is quite small, and correlations improve significantly if Eg, and
Ej.q are summed, as suggested elsewhere (294). Most importantly in the
present context, the correlation between the D3(BJ]) correction and the
SAPT(DFT) dispersion energy is very strong for both the dispersion-
dominated and mixed-influence subsets of S66, with R*> 0.9 in both
cases, while the same is true for total interaction energies across all three
subsets of S66 (265). In these DFT+D calculations, which were performed
using BLYP+D3(BJ), the authors simply equate Eg;y, with the numerical
value of the D3(BJ) correction, which is compared in Fig. 9 to a scaled
SAPT(DFT) dispersion energy computed in a double-{ basis set. (The
scaling is a correction for basis-set incompleteness (295)).
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Fig. 9 Correlations between SAPT(DFT) energy components and those obtained from
the Ziegler-Rauk EDA applied to BLYP+D3(BJ), for subsets of S66 including (A)
hydrogen-bonded dimers, (B) dispersion-dominated complexes, and (C) mixed-influ-
ence dimers. The D3(BJ) correction is taken to represent Eg;s, in the DFT+D calcula-
tions. Adapted with permission from Stasyuk, O. A.; Sedlak, R.; Guerra, C. F.; Hobza, P.
Comparison of the DFT-SAPT and Canonical EDA Schemes for the Energy Decomposition
of Various Types of Noncovalent Interactions. J. Chem. Theory Comput. 2018, 14,
3440-3450; copyright 2018 American Chemical Society.

The remarkable correlation between D3(B]) and a genuine dispersion
energy is reminiscent of ALMO-EDA2 when the HF-PBE functional is
used to extract Eg, from a PBEO+D3(BJ) calculation. Together, these data
suggest that not much of PBE or BLYP correlation actually accounts for
dispersion, which is consistent with the purely repulsive potential energy
profiles that these functionals often afford for dispersion-bound complexes
(Fig. 1). Weaker interrelation between SAPT(DFT) dispersion and the
D3(B]J) correction for hydrogen-bonded complexes reflects the fact that
hydrogen bonds are associated with reduced intermolecular separation as
compared to dispersion-dominated complexes (at equilibrium geometries),
thus D3(BJ) is more strongly damped in hydrogen-bonded geometries and
the XC functional must account for dispersion to a more significant extent
than is required at the larger intermolecular separations representative
of purely dispersion-bound complexes. At large separation, D3(BJ]) does
resemble genuine dispersion.

3.3 Consistency across different strategies

In view of the undeniable relationships between empirical dispersion cor-
rections and genuine dispersion energies, as documented in Section 3.2.2,
we embarked upon a more thorough comparison. Figure 10 examines
SAPT+MBD dispersion energies for the S66 data set in comparison to D3,
D4, XDM, and MBD corrections. Mirroring what was observed for the S22
data set, each of these corrections is systematically smaller (less attractive) as
compared to SAPT+MBD dispersion. However, the corrections are rather
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Fig. 10 Dispersion corrections (D3, D4, MBD, and XDM) for the PBEO functional,
evaluated for the S66 data set. Reference dispersion energies from SAPT+MBD are also
shown. The S66 data set is separated into the usual subsets: (A) hydrogen-bonded
complexes, (B) dispersion-dominated systems, and (C) dimers with mixed-influence
interactions, and the same legend applies to all three panels.

consistent with one another, even if XDM is slightly less attractive than D3,
D4, or MBD. The dispersion corrections are smaller for the hydrogen-
bonded systems (defined by the condition |Egy| > 2|Egyp|) as compared to
the dispersion-dominated systems (where |Egg| > 2|Eqgl), suggesting less
long-range dispersion in the former.

The dispersion corrections do not afford (nor did we expect) quanti-
tative agreement with genuine dispersion energies, represented here by
SAPT+MBD, but qualitative correspondences are clear as demonstrated in
Fig. 11. Very similar correlations are obtained using parameters appropriate
for either PBE or PBEO, although the correlations are only qualitative
(R? ~ 0.6) and there are several significant outliers. Linear regression affords
slopes ranging from 0.33—0.45, consistent with the much smaller values of
the long-range dispersion correction as compared to a genuine dispersion
energy, underscoring the conclusion that the numerical value of a +D or
+MBD dispersion correction should not be equated with Eg;gp,. These are
simply corrections to the DFT energy that improve the quality of potential
energy surfaces for nonbonded systems, and are no less important simply
because their numerical values do not have a direct physical interpretation
at typical vdW contact distances.



Density functional theory for van der Waals complexes 29

-6 y=0.45x + 0.14
. R2=0.61

° R2=0.61 ° R2=0.53

dispersion correction (kcal/mol)

y=043x+0.15 | -5 y=0.40x-0.01 | s y =0.32x0.05
41, R2=059 . R2=059 o R2=053
-2 -0 -8 % -4 2 12 10 -8 -6 -4 -2 -2 10 -8 ) -4 2

SAPT+MBD dispersion (kcal/mol)

Fig. 11 Correlations between SAPT+MBD dispersion energies and DFT dispersion
corrections (D3, D4, XDM, or MBD). The corrections are evaluated using PBE para-
meters in (A—C) and PBEO parameters in (D-F). Blue lines are linear regressions and
best-fit equations are indicated. These fits include the five outliers shown in red, each
of which corresponds to a system containing two hydrogen bonds and a short
intermolecular distance: (acetic acid),, (acetamide),, (uracil), in its base-pair geometry,
(uracil) --- (acetic acid), and (uracil) --- (acetamide).

Johnson and co-workers recently published a comprehensive compar-
ison of dispersion-corrected DFT methods (D3, D4, XDM, and MBD)
(144), using a database of 15,000 CCSD(T)/CBS noncovalent interaction
energies, which is itself a subset of a larger database (7124). Both neutral and
ionic complexes were considered and results are presented in (Fig. 12) in
the form of histograms of errors in total interaction energies. The key take-
home message is that a variety of correction schemes (as applied to the
PBEO functional in this case) afford very consistent results.

Examining the data for neutral systems first, MAEs are very consistent (at
0.49-0.50 kcal/mol) for all of the methods except vdW-TS, but even in that
case the MAE is only 0.61 kcal/mol. RMSEs range from 0.8-0.9 kcal/mol
for each method. Errors are larger for the ionic species but still quite con-
sistent amongst methods, with MAEs ranging from 1.3—1.5 kcal/mol and
RMSEs ranging from 1.75 kcal/mol (vdW-TS) to 2.09 kcal/mol (MBD).
Maximum errors range from 7.85kcal/mol (XDM) to 17.20 kcal/mol
(MBD). Larger errors for ions are not surprising (123), and the fact that the
total spread of the RMSEs amongst these methods is only 0.3 kcal/mol is a
remarkable measure of consistency, even if the maximum errors do span a
range of about 9 kcal/mol. The mean variations between functionals are well
within the intrinsic accuracy of any of them.
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Fig. 12 Histograms of errors in dispersion-corrected DFT interaction energies as
compared to CCSD(T)/CBS benchmarks, for the DEST5K data set consisting of 15,000
noncovalent interaction energies (724). Negative errors represent overbinding with
respect to the benchmark. Adapted with permission from Nickerson, C. J.; Bryenton, K. R.;
Price, A. J. A.; Johnson, E. R. Comparison of Density-Functional Theory Dispersion Cor-
rections for the DES15K Database. J. Phys. Chem. A2023, 127, 8712-8722; copyright 2023
American Chemical Society.

Returning to the S66 data set, examination of the DFT dispersion cor-
rections for individual systems illuminates an additional layer of consistency
that cannot be gleaned from mere histograms of errors; see Fig. 13A.
Comparing D3, D4, XDM, and MBD, as parameterized for the PBE
functional in each case, we find that all four methods afford very similar
corrections on a system-by-system basis. The largest differences are observed
for the dispersion-dominated systems, whereas for the hydrogen-bonded
dimers the variations are < 0.5 kcal/mol; see Fig. 13B. The XDM approach
affords dispersion corrections at most variance to the other corrections but
even so, these differences are no larger than 1.4 kcal/mol for any of the S66
dimers. The MAE between XDM and D3 is 0.4 kcal/mol, in systems where
the magnitude of the total correction ranges up to 7 kcal/mol. This level of
consistency is reassuring although perhaps not surprising, as the description of
these models in Section 2.1.2 emphasized similarities in the construction
of each. In the next section, however, we will find that this consistency does
not extend to larger vdW complexes.
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Despite DFT’s somewhat poor reputation for noncovalent interac-

4. Results for large systems

tions, the present work showcases that dispersion-inclusive and dispersion-

corrected functionals achieve MAEs < 0.5 kcal/mol as compared to CCSD

(T)/CBS benchmarks, for total interaction energies in small noncovalent

dimers. Errors are larger, yet equally consistent, when those dimers are

Dispersion corrections are not genuine dispersion energies in

ijonic.

themselves yet they correlate quite well with benchmark dispersion ener-

gies from SAPT calculations.

case scenario for DFT. We next examine

ranging up to nanoscale vdW complexes (Section 4.1), com-

These results prove to be a best

larger systems,

paring DFT to what benchmarks are available. As for the smaller systems, we

use CP-corrected DFT/def2-QZVPD interaction energies where feasible, in

order to reveal the inherent performance of each functional. For the very
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largest complexes, we will use CP-corrected DFT/def2-TZVPD calculations,
which should still lie close to the DFT/CBS limit (88). Following this
comparison of DFT interaction energies to reference values, we will examine
the magnitude of the dispersion corrections for these systems (Section 4.2) and
the size of the CP corrections (Section 4.3). This discussion will paint a rather
different picture as compared to what we have seen in small dimers.

4.1 Comparison to benchmarks

Within quantum chemistry, detailed investigation of noncovalent inter-
actions in larger systems began about a decade ago with the introduction of
the L7 (127) and S12L (55,94) test sets. The L7 complexes are depicted in
(Fig. 14), to which we have added a 132-atom buckyball-in-a-ring system
(Coo@][6]CPPA). The latter was taken from a recent study (13 1), in which
several of the complexes in (Fig. 14) are found to be problematic for
methods well beyond DFT, affording disagreements amongst the best ab
initio benchmarks. For Cgo@[6]CPPA, guanine—cytosine on circumcor-
onene (C3GC), and the parallel-displaced coronene dimer (C2C2PD),
benchmark interaction energies obtained from fixed-node diffusion Monte
Carlo (FN-DMC) calculations disagree with CCSD(T)/CBS results (131).
The CCSD(T) calculations were performed using a local-orbital approx-
imation, in this case localized natural orbital (LNO-)CCSD(T) (296-299),
and such approximations are not without sources of error (299-304).
Those errors can be estimated, however, and the discrepancies with respect
to FN-DMC interaction energies lie outside of the combined error bars of

Guanine Trimer

Tt

Guanine—-Cytosine Phenylalanine Trimer Circumcoronene
Tetramer (GCGC) (PHE) Guanine—-Cytosine (C3GC)

Octadecane
Dimer
(CBH)

Circumcoronene- Coronene E;imer
on-Adenine (C3A) (C2C2PD) Buckyball-in-a-Ring
(C60@[6]CPPA)

Fig. 14 Larger vdW complexes considered herein. The first seven systems comprise
the standard L7 data set (727) and the Cg,@[6]CPPA buckyball-in-a-ring complex is
from Ref. (1317).
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the two calculations (131). As such, we will not compare DFT calculations
directly to one of these benchmarks or the other, but will instead consider
both benchmarks side-by-side.

We do this in Fig. 15, comparing both benchmarks (with estimated
error bars) to a variety of DFT results. The latter do nothing to elucidate
the nature of the discrepancy between the benchmarks, as the DFT values
vary widely and do not seem to hew any more closely to one set of
benchmarks as compared the other. Moreover, errors are much larger than
the ~ 0.5 kcal/mol accuracy that has been documented for small, charge-
neutral dimers. Whereas dispersion-inclusive DFT methods systematically
(albeit slightly) overbind small dimers, as compared to CCSD(T)/CBS
calculations, no such trend is observed for these larger systems and the
errors seem equally likely to have either sign. This is more apparent from
Fig. 16, which also includes baseline results for functionals that do not
describe dispersion at all: B97, BLYP, PBE, PBEO, and B3LYP. As
expected, the no-dispersion functionals systematically underbind these
complexes, by =10 kcal/mol in every case except for the phenylalanine
trimer that contains multiple hydrogen bonds. In other cases, these baseline
functionals predict that the complex is unbound.

We next focus on two systems for which the FN-DMC and LNO-CCSD
(T)/CBS benchmarks are statistically equivalent within error bars: adenine-on-
circumcoronene (C3A) and the guanine—cytosine tetramer (GCGC). In both
cases, we find that most of the dispersion-inclusive and dispersion-corrected
DFT methods exhibit absolute errors larger than 1 kcal/mol. Many errors are
larger than 2 kcal/mol and do not appear to skew towards over- or under-
binding in any systematic way. This is interesting given the rather different
nature of these two complexes, with hydrogen bonds present in GCGC that
are absent in C3A. In the dispersion-dominated octadecane dimer and in the
hydrogen-bonded phenylalanine trimer, for which the two benchmarks also
agree within error bars, we find that most DFT methods overestimate the
interaction energy for the former but mostly underestimate it for the latter.
These errors are also larger than 1kcal/mol. Of the larger complexes in
Fig. 14, the only one for which the DFT errors are consistently smaller than
1 kcal/mol is the guanine trimer, but it has the smallest interaction energy at
about 2 kcal/mol.

For C2C2PD, G3GC, and Cy,@|6]CPPA there is not yet one unassailable
benchmark because the difference between the FN-DMC and LNO-CCSD
(T)/CBS interaction energies lies outside of the mutual error bars of either.
Examination of DFT errors is informative, nevertheless. For C2C2PD, most
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Fig. 15 DFT interaction energies for large vdW complexes, in comparison to LNO-CCSD
(T)/CBS benchmarks (orange horizontal lines) and FN-DMC benchmarks (blue horizontal
lines). Shaded regions in orange and blue indicate the uncertainty associated with
either benchmark (737), and dashed horizontal lines indicate the average of the two
benchmarks. DFT calculations were performed using aug-cc-pVTZ for XDM and def2-
QZVPD for other methods, except that def2-TZVPD was used for Cs,@[6]CPPA. All DFT
interaction energies are CP-corrected. Data points and functional names are color-
coded according to the manner in which dispersion is described. Where certain DFT
values are missing (for M06-2X+D3 and for several DFT+XDM methods applied to
Cso@[6]CPPA), it means that E;,. does not appear on the scale that is shown.

DFT methods afford errors larger than 1 kcal/mol, no matter which of the two
benchmarks is used, and in many cases these errors are 3—4 kcal/mol. Errors
range from 2-4kcal/mol for C3GC, and for Cg@[6]CPPA they are
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Fig. 16 DFT interaction energies for the systems in Fig. 14, as compared to reference
values obtained from either (A) LNO-CCSD(T)/CBS or (B) FN-DMC calculations (737).
DFT calculations were performed using aug-cc-pVTZ for XDM and def2-QZVPD for
other methods, except that def2-TZVPD was used for Cso@[6]CPPA. All DFT interaction
energies are CP-corrected.

2-6 kcal/mol. As with cases for which the reference energy is more certain,
DFT errors vary widely and there is no systematic trend toward over- or
underestimation of the interaction energy.

The S12L data set (55,94) provides another set of large-system bench-
marks, with reference energies that were originally extracted from solution-
phase binding affinities (by subtracting estimated solvation energies and
vibrational entropy corrections) (94). Several of these complexes were later
tackled using FN-DMC (729) and these are depicted in Fig. 17. More
recently, CCSD(T)/CBS benchmarks became available (734), using a
domain-based localized pair natural orbital (DLPNO) approximation
(305-308). These benchmarks were obtained at the DLPNO-CCSD(T)/
CBS level (134) where T, denotes a semicanonical triples correction (306).
Benchmarks were reported at the same level of theory for a ligand—protein
complex consisting of indinavir bound to a model of HIV-II protease (309),
and for an intercalation complex of the anti-tumor agent ellipticine bound to
double-stranded DNA (310), for which a FN-DMC benchmark is also
available (371). The ellipticine@DNA and indinavir@HIV systems, which
are also depicted in Fig. 17, have become standard noncovalent benchmark
systems of pharmacological interest (133,134,143,250,273,311-314) The
eight complexes in Fig. 17 are larger than the ones in Fig. 14 and range in
size from 86 atoms (for the “tweezers” complex 2b) (315) up to 323 atoms
for indinavir@HIV. Due to their size, DFT calculations for these systems
employ the def~TZVPD basis set, which should still lie close to the CBS
limit once CP correction is applied (88).
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Fig. 17 Six of the 12 complexes in the S12L data set (2a, 2b, 4a, 5a, 6a, and 7b) (94),
for which both FN-DMC (729) and DLPNO-CCSD(T,)/CBS (734) benchmarks are avail-
able, along with an ellipticine@DNA intercalation complex and an indinavir@HIV
ligand-protein complex.

Interaction energies for these complexes are plotted in Fig. 18. Once
again, FN-DMC interaction energies are systematically less attractive than
DLPNO-CCSD(T()/CBS wvalues, with differences that lie outside of the
mutual uncertainties in the putative benchmarks. Errors in the DLPNO
approximation have been shown to be vanishingly small when tight
thresholds are combined with extrapolation to the canonical limit
(301-304), even in sizable vdW complexes (304), and the origin of the
discrepancies with respect to FN-DMC remains unresolved.

DFT results for these systems fall into two categories. In one category are
complexes 4a, 7b, and ellipticine@DNA, for which many of the DFT values
lie between the two reference energies so there can be no consensus as to the
sign of the DFT errors. On the other hand, for 2a, 2b, 5a, and 6a the DFT
results are mostly characterized by systematic overbinding as compared to
either benchmark, by up to 6.6 kcal/mol (BLYP+D3) for 2a, 4.9 kcal/mol
(@B97X-D) for 2b, or 8.3 kcal/mol (B97 +D3) for 6a. (Quoted numerical
errors reflect the DLPNO-CCSD(T()/CBS reference value.) The M06-2X
functional, however, consistently performs very well and is within about
1 kcal/mol of DLPNO-CCSD(T()/CBS for all four of these complexes,
although it performs poorly for 4a (error = 14.1 kcal/mol) and 7b (error =
7.4 kcal/mol). All functionals overbind the amide macrocycle complex 5a
(316), by at least 3.5 kcal/mol with respect to the DLPNO-CCSD(T)/CBS
reference. The indinavir@HIV complex is the largest system examined herein,
with a benchmark E;,; = —121.50 kcal/mol computed at the DLPNO-CCSD
(To)/CBS level (134). Some functionals come close to this although results
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Fig. 18 CP-corrected DFT/def2-TZVPD interaction energies for the complexes in
Fig. 17 compared to DLPNO-CCSD(T,)/CBS reference values (734) (in orange) and FN-
DMC reference values (729,371) (in blue). The dashed line represents the average of
the two reference values and shaded regions indicate estimated uncertainties. A PBE
+MBD value for indinavir@HIV was not computed due to SCF convergence problems.

overall are varied, with errors as large as 15kcal/mol for M06-2X and
27 kcal/mol for B97 +MBD.

The PBE+MBD interaction energy for indinavir@HIV is missing from
Fig. 18 due to convergence problems that warrant discussion. Molecular
electronic structure calculations using atom-centered Gaussian basis func-
tions typically employ diagonalization-based SCF solvers rather than
minimization-based solvers, as the former are generally more efficient
when direct diagonalization is feasible. In our experience, however, this is
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problematic for GGA calculations in large systems, especially in high-
quality basis sets and in the presence of anionic functional groups. Ironi-
cally, we often find that a good way to converge a “low-cost” GGA cal-
culation is to use a more expensive hybrid functional to generate a guess, as
this tends to open up the HOMO/LUMO gap, but this trick did not work
for PBE+MBD applied to indinavir@HIV. Severe convergence problems
engendered by vanishing HOMO/LUMO gaps have also been noted
when GGAs are applied to ionic liquids (317) and to proteins (318-324).
Some have suggested that these difficulties are artifacts of vacuum boundary
conditions (322,324), as convergence problems are often mitigated by
means of dielectric boundary conditions (322-326). (A classical point-
charge environment may also help (3719,320,327)). That said, hybrid
functionals typically alleviate convergence problems (317,320-322), even
in the presence of vacuum boundary conditions, suggesting that GGAs are
not altogether innocent in this regard. In our view, the issue is artificial
charge delocalization due to self-interaction error, which is especially
severe in systems containing anionic moieties (326). Minimization-based
solvers may avoid this problem by finding a local minimum that localizes
charge (328), whereas diagonalization-based solvers afford the (delocalized)
global minimum, leading to charge sloshing during the SCF iterations that
may hamper convergence.

In summary, DFT errors across nanoscale vdW complexes are highly
varied, with few discernible systematic trends toward over- or under-
binding behavior. This much can be stated even without resolving the issue
of whether FN-DMC or local-orbital CCSD(T) provides the more reliable
benchmark in the not-infrequent cases where the two disagree for large
systems. However that question may ultimately be resolved, it is sobering
to realize that DFT calculations in larger noncovalent systems do not aftord
the same level of accuracy that one can now expect from DFT for small
vdW complexes. It is true that the interaction energies are simply larger in
these larger systems, with |Ej,| ranging up to 42 kcal/mol for the systems in
Fig. 14, according to LNO-CCSD(T)/CBS calculations (131), and from
21-122 kcal/mol for the systems in Fig. 17, according to DLPNO-CCSD
(T)/CBS calculations (134). For comparison, the S66 interaction energies
range up to |Ey,| = 19 kcal/mol, but many of them are much smaller (7179).
The largest systems considered here represent the present frontier for
first-principles description of vdW interactions, where results with con-
temporary dispersion-aware DFT methods are promising but not yet
quantitative.
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4.2 Dispersion corrections

In (Fig. 19) we examine D3, D4, XDM, and MBD dispersion corrections
for the L7 complexes, in comparison to SAPT+MBD values. The latter
are taken to be benchmark dispersion energies, per the discussion in
Section 3.1. As in smaller systems (Fig. 10), but at greatly expanded scale
in these larger systems (Fig. 19), dispersion corrections for DFT are
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Fig. 19 Dispersion corrections (D3, D4, XDM, and MBD) for various density functionals,
evaluated for the L7 data set and compared to SAPT+MBD/def2-SVPD benchmarks.
The dispersion corrections for SCAN+D4 are not shown as they are too small to appear
on this scale.
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systematically smaller than true dispersion energies. This is expected, but
the scale is noteworthy: more than 10 kcal/mol difference in some cases,
underscoring that DFT dispersion corrections should not be equated with
dispersion energies. Interestingly, BLYP+D3 is the lone functional (of
those considered here) that bucks this trend, as its D3 correction is larger in
magnitude than SAPT+MBD dispersion, in 5 of 7 cases, and is the largest
among the DFT dispersion corrections in 6 of 7 cases. Other patterns
emerge amongst the various dispersion-corrected methods, as seen from
the very similar pattern of data points from one complex to the next,
despite significant differences in the energy scale. The D4(BJ) correction
for SCAN+D4 ranges from —2.5 to —23.1 kcal/mol for these systems and
is off-scale in every case that appears in Fig. 19. This is notable given that
SCAN+D4 performs reasonably well for the L7 complexes, with MAEs
of 1.4kcal/mol versus LNO-CCSD(T)/CBS or 0.9kcal/mol versus
FN-DMC. This suggests that a significant amount of middle-range dis-
persion is captured by the semilocal SCAN functional.

4.3 Counterpoise corrections

For interaction energies, larger system sizes equate to larger errors in DFT,
even after accounting for uncertainty in the benchmarks. All of the large-
system DFT calculations reported in this work were performed using basis
sets no smaller than def2-TZVPD or aug-cc-pVTZ, and many of them use
def2-QZVPD. Boys-Bernardi CP correction is used in every case. These
interaction energies ought to lie close to the DFT/CBS limit (88).

The magnitude of the BSSE grows with system size and in vdW
complexes with 2 100 atoms, DFT/double-{ interaction energies may err
by 10-50 kcal/mol or more, simply due to BSSE, unless CP correction is
applied; see Table 1. Additional large-system examples are provided in
Fig. 20, illustrating how CP-corrected and uncorrected interaction energies
converge to the CBS limit for large protein—ligand complexes (§§). Two of
these examples involve small ligands (benzene and phenol) while two
others contain larger ligands: 81 atoms for RU85052 and 92 atoms for
indinavir. In all four cases, the protein model is large by quantum chemistry
standards, up to 235 atoms, and these tests are part of ongoing efforts to
obtain quantum-chemical results for enzymes that are converged with
respect to the size of the model system (326,329-331).

There is a tendency to avoid diffuse basis functions in large DFT cal-
culations, as they dramatically increase the cost by hampering integral
screening and may slow SCF convergence due to linear dependencies
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Fig. 20 Convergence to the M06-2X/CBS limit for interaction energies of large pro-
tein-ligand complexes, showing both CP-corrected and uncorrected results. The CBS
limit, which is indicated by the horizontal black line and whose numerical value is
provided in kcal/mol, is estimated using the average of CP-corrected and uncorrected
MO06-2X/def2-ma-QZVPD interaction energies. Reproduced with permission from Gray,
M.; Bowling, P. E.; Herbert, J. M. Systematic Evaluation of Counterpoise Correction in
Density Functional Theory. J. Chem. Theory Comput. 2022, 18, 6742-6756; copyright
2022 American Chemical Society.

unless very tight thresholds are used (239). For the protein—phenol and
protein—benzene complexes in Fig. 20A and 20B, calculations at the
MO06-2X/def2-SVP level engender =~ 6 kcal/mol of BSSE, as measured by
the magnitude of the CP correction, but for the indinavir@1HSG complex
in (Fig. 20D) that difference is more than 40 kcal/mol! These differences
persist even when diffuse functions are added, yet a single set of diffuse
functions in combination with CP correction significantly improves each
of the ligand—protein interaction energies in Fig. 20. M06-2X(CP)/def2-
SVPD results are within 1kcal/mol of M06-2X/CBS values. In the
absence of CP correction, that level of convergence is not reached for the
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large-ligand systems unless the def2-TZVPD basis set is used. As such, CP
correction should be considered mandatory in all noncovalent calculations
that use Gaussian basis sets.

5. The future of noncovalent DFT

In part, this chapter serves to document how far DFT has evolved in
its description of noncovalent interactions, as compared to early days of
unbound rare-gas dimers and convoluted discussions of which (ultimately
inappropriate) semilocal XC functional should be used for weak interac-
tions (332,333). For small noncovalent dimers, sub-kcal/mol accuracy is
now achievable by means of a wide variety of different functionals, some of
which include dispersion effects natively while others are explicitly dis-
persion-corrected. These dispersion corrections cannot and should not be
equated to true dispersion energies, because the ad hoc correction is
intermingled with semilocal XC effects at typical vdW contact distances,
yet there are clear correlations with respect to genuine dispersion energies.
Interpretative issues aside, the performance of DFT+D3, DFT+D4,
DFT+XDM, and DFT+MBD is extremely promising and in small systems
the accuracy of these methods is also rather similar. This is hardly surprising
given the common physical underpinnings of each model, in the form of
the Casimir-Polder relation between atomic polarizabilities and pairwise
Cs coefficients Eq. (6).

The “small” systems considered here have up to ~ 20 heavy atoms, which
is certainly not a hard limit on good performance but represents the largest
dimers in standard small-molecule data sets such as S22 and S66, for which
DFT methods have been exhaustively vetted. Significantly larger systems with
2 100 atoms pose both a challenge and a conundrum. The quality of the
reference data can be difficult to assess for systems of this size (176), and indeed
the best-available ab initio benchmarks for nanoscale vdW complexes difter
from one another in a few noteworthy cases (131,134). Nevertheless, the
analysis presented herein makes it clear that the sub-kcal/mol accuracy of
dispersion-aware DFT does not extend to systems of this size, uncertainties in
the benchmarks notwithstanding. For the largest systems examined here
(containing up to 323 atoms), DFT errors exceed 4 kcal/mol in many cases,
with considerable variation amongst different methods, even when the
comparison set is limited to methods that perform very well for small non-
covalent dimers. BSSE can be very large in systems of this size (~50 kcal/mol
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or more in double-{ basis sets) (88), although this is handled rather easily with
the standard Boys-Bernardi CP scheme, avoiding the need for triple-{ basis
sets in large systems. There has sometimes been an odd resistance to using CP
correction, as detailed elsewhere (88), but benchmark assessments provide no
support for such recalcitrance.

Nanoscale vdW complexes represent the current frontier in the con-
tinuing development of DFT for noncovalent interactions. Large variations
amongst the best-performing methods suggest that new functionals may be
required, fto improve upon the pairwise-additive foundation of the VV10
functional (16), for example. Experimental data for gas-phase conforma-
tional energies in systems with 2 150 atoms are starting to become available
(136-138), and these make for much cleaner benchmarks as compared to
solution-phase data where solvation modeling is a major source of error
(140,334). Based on these emerging experiments, it is suggested that
existing DFT methods may overstabilize compact molecular conforma-
tions, relative to experiment (136). Calorimetry measurements in medium-
sized organic molecules can also be used to make contact with noncovalent
interactions (335), shedding light on the interplay between steric effects and
dispersion in large molecules, or what has been called “steric attraction”
(99,100). These efforts should be further pursued in order to extend the
threshold system size below which one may confidently state that non-
bonded interactions are a solved problem in modern quantum chemistry.

Notes

New XDM damping parameters R [Eq. (4)] were added to
Q-Chem v. 6.1.1 as part of this work, based on an implementation of the
XDM model by Kong et al. (338). These parameters were taken from
Otero-de-la-Roza and Johnson (211).
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