Optimization of damping function parameters for -D3 and -D4 dispersion
models for Hartree-Fock based symmetry-adapted perturbation theory
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Symmetry-adapted perturbation theory (SAPT) directly computes an intermolecular interaction energy in
terms of electrostatics, exchange-repulsion, induction/polarization, and London dispersion components. In
SAPT based on Hartree—Fock (“SAPTO0”) or based on density functional theory, the most time-consuming
step is the computation of the dispersion terms. Previous work has explored the replacement of these ex-
pensive dispersion terms with simple damped asymptotic models. We recently examined [J. Chem. Phys.
154, 234107 (2021)] the accuracy of SAPTO when replacing its dispersion term with Grimme’s popular -D3
correction, reducing the computational cost scaling from O(N®) to O(N?). That work optimized damping
function parameters for SAPT0-D3/jun-cc-pVDZ using estimates of the coupled-cluster complete basis set
limit [CCSD(T)/CBS] on a 8299 dimer dataset. Here we explore the accuracy of SAPT0-D3 with additional
basis sets, along with an analogous model using -D4. Damping parameters are rather insensitive to basis set,
and the resulting SAPTO0-D models are more accurate on average for total interaction energies than SAPTO.
Our results are surprising in several respects: (1) improvement of -D4 over -D3 is negligible for these systems,
even charged systems where -D4 should in principle be more accurate; (2) addition of Axilrod-Teller-Muto
(ATM) terms for three-body dispersion does not improve error statistics for this test set; (3) SAPTO0-D is even
more accurate on average for total interaction energies than the much more computationally costly density
functional theory based SAPT [SAPT(DFT)] in an aug-cc-pVDZ basis. However, SAPTO0 and SAPT0-D3/D4
interaction energies benefit from significant error cancellation between exchange and dispersion terms.

The interaction energy (A iyt ) between two monomers
measures the strength of their attraction or repulsion at
a fixed dimer geometry. It may be computed in a “super-
molecular” approach as in Eq. |1} where I and J designate
monomers and IJ symbolizes the dimer.

AEint:EIJ_EI_EJ. (1)

Alternatively, AFEj, can be directly computed using
symmetry-adapted perturbation theory (SAPT), which
provides not only the total quantum AFE;,, but also
its physical components: electrostatics (Fest), exchange
(Fexch), induction/polarization (Ej,q), and dispersion
(Eaisp) energies ™ Unfortunately, even the least compu-
tationally expensive variant of SAPT, sometimes called
SAPTO, scales as O(N®), limiting the applicability to
a few hundred atoms at most. This level of SAPT
computes the intermolecular interactions to second-
order based on a Hartree-Fock (HF) description of the
monomers (i.e., intramolecular electron correlation is ne-
glected):
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The superscripts [E(“w)] designate v as the intermolec-
ular interaction perturbation order and w as the per-
turbation order for intramolecular electron correlation.
To simplify the analysis, our group counts the exchange-
induction cross term as part of the induction energy FEinq,
and the exchange-dispersion cross term as part of the dis-
persion energy Fqisp. Also, the 5%2 term accounts for
the difference in energy between the HF interaction en-
ergy and the sum of the SAPTO electrostatics, exchange,
and induction components, which are all captured at the
Hartree-Fock level; this largely corrects for higher-order
induction contributions beyond second order. Therefore,
the 51({? is pulled into Fi,q term when describing the en-
ergy in terms of four components. The correction dgp
itself is infinite-order (as it incorporates a Hartree—Fock
interaction energy that is fully self-consistent), but the
(2) superscript is a reminder that the correction is meant
to be applied to SAPT energetics that are at most 2nd-
order in v. We may group the SAPTO contributions as
shown in Eq. Blfd] and Eq. [f] emphasizes that Egapro is
equivalent to the HF interaction energy plus a dispersion
correction.
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= EII;IItF + Edisp- (5)

Dispersion is the most computationally expensive com-
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ponent in a SAPTO calculation. Excluding this term re-
duces the scaling of SAPTO to O(N3) in our density-
fitted atomic orbital based implementation,®? which
makes computations on large systems more feasible. For-
tunately, the two-body (2B) dispersion may be computed
rather accurately in the asymptotic limit through a sim-
ple series of the form

CAB
FEdisp,oB = — Z Z — (6)

A<B n=6,8,10... RAB

where the summation can be over unique pairs of
molecules (using molecular coefficients CAZ) or unique
pairs of atoms (using atomic coefficients CA%). Here we
consider a sum over pairs of atoms. Such an expression,
usually truncated at n = 6, is commonly used to cap-
ture dispersion interactions between non-bonded atoms
in the popular force fields used in molecular dynamics.
Such expressions can also provide a reliable model of dis-
persion interactions at intermediate and short ranges,
although in the latter case, it is important to multiply
them by suitable damping functions to avoid divergence
of the dispersion energy as R4p becomes small. These
kinds of functional forms have a long history of use in
quantum chemistry, dating back to “Hartree—Fock plus
dispersion” (HFD) models,® " and then the very pop-
ular density functional theory plus dispersion (DFT-D)
models™ 9 and newer semi-empirical models like HF-
3¢t and PBEh-3c -

Such dispersion corrections have also been applied in
the context of SAPT, which might be broadly called
“SAPT-D” models. In a test for Hey, Misquitta and
Szalewiczl® found that a damped asymptotic expan-
sion for dispersion worked well in conjunction with the
SAPT(KS) method, which is analogous to SAPTO except
that Kohn—Sham orbitals are used, and the exchange-
correlation functional must be made to have the proper
asymptotic limit*¥ SAPT(KS) seemed to work well for
first-order energies but not second-order energies (induc-
tion and dispersion), and this was attributed to the KS
virtual orbital energies, which appear in the sum over-
states expressions for those two energy components, be-
ing underestimated™ this was the motivation for Mis-
quitta and Szalewicz to examine damped multipolar ex-
pansions of the dispersion as a replacement for the sum-
over-states expression for this term1®

In 2010, Szalewicz and co-workers?! revived and im-
proved the HFD method by adding first-order elec-
tron correlation corrections to the electrostatics and ex-
change terms as computed by DFT-based SAPT, also
called SAPT(DFTY2!' or SAPT-DFT,?? which is an im-
provement over the original SAPT(KS) scheme. When
using damped asymptotic dispersion terms (including
C&P /RS p and C{B/RS, terms), they denote their
scheme as HFD,sc(!). In 2011, Hesselmann?? used a
set of 22 van der Waals dimers, each at five geometries,
to test the accuracy of DFT-D and a SAPT(DFT) ap-
proach in which the dispersion terms were replaced by

a damped asymptotic correction. For the SAPT-D ap-
proach, a single term in the expansion was used, scaled
by a factor of 0.67, with an interatomic distance depen-
dence of R;%‘m. A customized damping function, based
on an error function, was developed specifically for this
SAPT-D approach. Although it suffices to damp the dis-
persion correction to zero at short distances in DFT-D
(because some short- and intermediate-range dispersion-
type interactions are thought to be captured by the su-
permolecular DFT computation), the correction needs
to remain finite in SAPT-D-type approaches because the
entirety of the dispersion interaction is being modeled
by the -D correction?3 Cg dispersion coefficients and
atomic van der Waals radii (used in the damping func-
tion) taken from Grimme’s DFT-D2 approacht® The re-
sult was roughly similar accuracy for SAPT-D and the
DFT-D approach tested (B97-D2 with Becke’s original
parameterization of the B97 functional).

In 2012, Lao and Herbert?# adopted this -D correction
to replace the expensive sum-over-states dispersion term
in their explicit polarization plus symmetry-adapted per-
turbation theory approach, yielding a method referred
to as XSAPT(KS)+D or XPS(KS)+D:#¥ This approach
gave promising results for the $22A%% and S664" test sets,
along with several other individual test cases. In 2013
these authors updated the form of the -D correction®28
to that used by Szalewicz and co-workers?’ in their
HFD,.c") approach. In 2015, to address occasional over-
estimation of dispersion in 7-stacked systems, they in-
troduced their third-generation dispersion correction /2?
later dubbed aiD3, for use with XSAPT(KS). This dis-
persion correction used the same damped Cg and Cg
form as their previous iteration (with Tang-Toennies
damping) 2% but now the damping parameters and
atomic CZ' and C%' coefficients were all fit to high-
level SAPT dispersion values (atom-pair coefficients are
obtained using the common combining rule C/B =
VCACE). Except of the special case of hydrogen, where
its bonding partner was taken into account, the fit-
ted atomic coefficients C1 were dependent only on the
atomic number, and not the chemical environment. In
2019, Herbert and co-workers3? examined an alterna-
tive approach of using the many-body dispersion (MBD)
method of Tkatchenko and co-workers®*># rather than
@iD3 in conjunction with their XSAPT(KS) method.
MBD includes all higher-order dispersion effects, but only
the dipole-dipole type response terms; thus, it was sup-
plemented by short-range damped Cg terms to represent
dipole-quadrupole response terms.?? The XSAPT+MBD
method, as well as XSAPT+aiD3 plus an Axilrod-Teller-
Muto (ATM)?240 treatment of three-body dispersion,
showed significant improvement over XSAPT+aiD3 for
the L7 test set3®58 of large van der Waals dimers.

In 2017, Sedlak and Rezad®? updated Hesselmann’s
SAPT -D correction for SAPT(DFT) based on Grimme’s
third-generation (-D3) dispersion correction** The form
of this correction (and the newer -D4 correction )42 ig



given by

D3/D4
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which now includes Cg terms. sg is fixed to 1 to provide
physically correct long-range behavior, but sg is allowed
to be a fitted parameter. Sedlak and Reza¢ obtained pa-
rameters suitable to use in conjunction with SAPT(DFT)
by fitting to SAPT(DFT) dispersion energies of 66 van
der Waals dimers, each in 8 different geometries, from the
S66x8 dataset.2%43 They considered a generalized form
of Hesselmann’s damping function, as well as the Tang-
Toennies damping function, and found that the latter
worked better on average.

Use of the newer Grimme-type dispersion corrections
has a number of advantages. The model includes both
Cs and Cg contributions, it uses the physically-correct
R~ functional form at long distance, it damps contri-
butions at short range, parameters are already available
for most elements, and the dispersion coefficients are ad-
justed based on the local chemical environment (as de-
scribed fully below). In addition, the corrections are al-
ready available as an independent software component
that is readily interfaced to other software. 4442

For these reasons, in 2021 our group optimized the
global damping parameters in -D3 for use with Hartree—
Fock-based SAPT, i.e. SAPTO, which is equivalent for
interaction energies to HF-D3 (the SAPT approach of
course retains the energy component decomposition,
which can provide significant chemical insight).# The D3
approach already provides damping parameters suitable
for use with Hartree—Fock, but our study refitted them
to a much larger set of 8299 van der Waals dimers. We
chose to fit SAPTO0-D3 to benchmark interaction en-
ergies computed by coupled cluster through perturba-
tive triples, CCSD(T) 2% in the complete-basis-set (CBS)
limit. CCSD(T)/CBS reference energies have been em-
ployed in some of the previously mentioned studies on
fitting -D corrections, while other studies have chosen to
fit high-level SAPT dispersion energies, so that the cor-
rection does not absorb contributions not related to dis-
persion. We prefer CCSD(T)/CBS interaction energies,
as this choice minimizes the total error in the interaction
energies. Moreover, because we are using a functional
form developed to model dispersion, which has the cor-
rect asymptotic form, it seems to us that the resulting
fitted function is prevented from behaving in a way that
is significantly unphysical, although the dispersion ener-
gies will admittedly be adjusted to be larger or smaller as
needed to provide better error cancellation for the overall
total interaction energy.

The damping of short-range interactions in -D3 serves
a role analogous to the exchange-dispersion cross term in
SAPTO. Thus, we can replace the entirety of the SAPTO
Egisp with the -D3 model of the dispersion interaction
energy, EP3 to yield

int »
Esapro-p3 = B + ED3. (8)

Details on how we compute ED2 are provided in the The-
oretical Methods section below.

Our previous study examined several damping func-
tions for use in SAPTO0-D3: Becke-Johnson (BJ)37
zero-damping/Chai-Head-Gordon (CHG),* and modi-
fied CHG (mCHG),*) and the BJ damping function
yielded the lowest errors (this is perhaps not surprising,
as the CHG damping function damps dispersion con-
tributions too quickly at short range®V is thus not ap-
propriate for use in SAPT applications, where unlike in
DFT-D applications, the short-range dispersion contri-
butions need to be captured by the -D correction). The
resulting approach was referred to as SAPT0-D3M(BJ)—
the M in D3M refers to modification of the damping
parameters from the original recommended HF param-
eters (determined for a smaller training set). At the
time, we focused exclusively on the jun-cc-pVDZ basis
aug-cc-pVDZ basis®! that deletes diffuse functions on H
atoms and diffuse d functions on heavy atoms),>253 due
to favorable error cancellation between this basis and the
SAPTO method** SAPT0-D3M(BJ) in this modest ba-
sis set resulted in a mean absolute error (MAE) of 0.488
kcal mol~!, root-mean-square-error (RMSE) of 0.833
kcal mol~! and a maximum absolute error (MaxAE) of
14.070 kecal mol~! on the 8299-dimer dataset.*"

More recently, Villot and Lac® produced a dataset of
nearly 10,000 SAPT interaction energies at the reliable
SAPT2+(3)(CCD)/aug-cc-pVTZ level, and used them to
perform a similar reparameterization of the three global
parameters in Grimme’s -D3 model, for use in (X)SAPT
models. They also performed a similar reparameteriza-
tion of the MBD model, as supplemented by Cg terms.
They then further improved the model by developing
a machine-learning-based correction to address remain-
ing discrepancies between the reparameterized D3/MBD
model and the reference SAPT dispersion energies. For
their test set, the D3-ML model exhibits mean absolute
errors for dispersion energies of only 0.14 kcal mol~! vs
high-level SAPT.

Although these recent works have focused on Grimme’s
third-generation -D3 model, the fourth-generation model
-D4, has been reported as far back as 20174%42 This
begs the question of whether significant improvements
could be had by replacing -D3 with -D4 in schemes such
as those just described. Our current interest is in its use
together with SAPTO, i.e.,

Esapro-ps = Eiyy + Eiy - 9)

Presumably, -D4 should improve overall error statistics
vs -D3, and in particular one would expect it to improve
errors for systems with large partial atomic charges due
to updates in -D4 allowing it to take atomic charges into
account when computing Cg values 4t

Grimme recommends?? adding three-body dispersion
corrections to -D4 by default, using an Axilrod-Teller-
Muto (ATM) formula®?#% for atom triplets.

C3'*BC (3cosfdpactacpbcopa + 1)

[ABC _
(RapRacRpc)? '

(10)



where A, B, and C to refer to atoms. Thus, it is also of
interest to see how error statistics behave when this term
is included or not.

In the present paper, we revisit our 2021 study?? to see
how much improvement is afforded by using -D4 instead
of -D3 to model dispersion in SAPTO, again using our
large 8299-dimer test set. We also remedy a deficiency
of the previous study, namely, its focus on only one ba-
sis set (jun-cc-pVDZ). Here we consider SAPT0-D3 and
SAPTO0-D4 with seven basis sets, and we examine the
sensitivity of the of the optimized damping parameters
to the basis set chosen. We also examine how the error
statistics change whether or not the ATM model of three-
body dispersion is used. Finally, we compare the result-
ing models to the popular SAPT(DFT) approach?*42 to
address their relative accuracy.

Il. THEORETICAL METHODS

Before describing the test sets and optimization proce-
dures, we first discuss the details of how we compute the
-D3/-D4 contributions to the interaction energy, EE? / D4,
and then we review the -D3/-D4 approaches and discuss

the improvements made in the -D4 model.

D3/D4
int

A. Details on Computing E
In the -D3 and -D4 models, the Cg and consequently
Cy coefficients are partially dependent on the atomic en-
vironment, and so they change slightly when computed in
the dimer versus when they are computed in a monomer,
hence necessitating computation via a “supermolecular”
approach:
BRI = BRI (PP VY.
As a practical matter, when interfacing to external soft-
ware to compute the -D correction, such as Grimme’s
DFTD3 or DFTD4 programs 445 the supermolecular com-
putation according to Eq. [11]is very straightforward.
After choosing this supermolecular approach in our
previous work?Y we came across a cautionary note in
the previously-mentioned work of Sedlak and Rez4c 32
Those authors also preferred a supermolecular approach,
due to the simplicity of implementing it. However, they
commented that “The resulting difference in the Cg co-
efficient” (from the monomer to the dimer geometry) “is
negligible, but it propagates into the Cg coefficient, which
is derived from it ... Because of the steep slope of the
Cg/r® term at short distances, even this small difference
may lead to a large change in the interaction dispersion
energy. This effect is hidden by the damping in DFT-D3
but becomes large when no or less aggressive damping
is used, such as in this case. We have fixed this issue
by using integer valence numbers that are the same in
the dimer and in the monomers. This approximation is

perfectly valid in the context of DFT-SAPT calculations
where only the intermolecular dispersion between well-
defined molecular species is calculated (i.e., no covalent
bonds are being broken). In such cases, rounding the va-
lence numbers to integers does not affect the accuracy of
the Cg coefficients but removes the unwanted artifacts.”

Based on these comments, we performed some tests
in which we alternatively defined the dispersion interac-
. D3/D4 . ) .
tion energy E, ; in an intermolecular sense, i.e., we
restricted the sum over atom pairs to those in which
one atom comes from monomer I, and the other comes
from monomer J (in the limit that changes in the chem-
ical environment upon dimerization are small enough to
not change the Cg coefficients, this becomes an equiva-
lent definition, because intramolecular dispersion contri-
butions will cancel). This alternative definition should
be another way to circumvent the numerical issues men-
tioned by Sedlak and Reza¢. Upon reoptimization of
global damping parameters with this alternative defi-
nition, our error statistics were very slightly improved
(Supplemental Material Figure S4). However, the im-
provement did not seem large enough to warrant a change
in procedure. Additionally, we examined the challenging
potential curves of doubly hydrogen-bonded dimers in
the HBC6 test set 2927 to make sure the supermolecular
approach yielded smooth interaction energy curves. The
result, shown in Supplemental Material Figure S4, is in-
deed smooth (the intermolecular definition is also smooth
and gives very similar although not identical results).
Thus, we cannot rule out that there are any problem-
atic aspects to the supermolecular definition, but we did
not find any obvious evidence of them. Another reason
to prefer the supermolecular definition, besides its ease
of implementation, is that switching to an intermolecular
definition would mean that SAPT0-D would no longer be
equivalent to HF-D for interaction energies; however, the
solution of Sedlak and Rez4¢ sidesteps this problem and
would maintain their equivalence (if it were also applied
to HF-D).

B. Differences Between -D3 and -D4

The -D3 and -D4 dispersion corrections are similar,
with small differences for constructing the Cg'Z values
that are required by Eq. Both corrections simply re-
quire a molecular geometry as input to compute Cé43
by interpolation of tabulated data’#4’ The -D3/-D4
models utilize tables of reference molecular imaginary
frequency-dependent dipole polarizabilities, a(iw), that
are used to estimate corresponding reference atomic val-
ues o (iw). Those values, in turn, are used to estimate
reference coefficients, Cé“f;f, between every pair of atoms
A and B in the molecule )using a modified Casimir-Polder
formula 1458

3 o0
Crer = = /O at (iw)a Bt (jw)dw.  (12)



Finally (as discussed in more detail below), these coeffi-
cients Céﬁf are used to compute the final C§'¥ through
a scaling procedure that accounts for the local chemical
environment around atoms A and B.

Due to atom-in-molecule dynamic polarizabilities be-
ing impossible to compute directly, the -D3/-D4 ap-
proaches have a scheme for estimating them using refer-
ence molecules A, X,. A reference atomic polarizability
a?ref for atom A within the reference molecule can be
acquired by subtracting a hydrogen or halogen contribu-
tion from the reference system and dividing by m to get
back to a single atom’s polarizability2°

1
aA,ref(Z-w) _ fC(ZA’ref,ZA)[OéAmX"(Z'w)

— S o (w)¢(x¥ 4, X)) (13)
For -D4, ( rescales atomic polarizabilities based on ef-
fective nuclear charges (24 = Z4 + ¢*, where ¢*
are atomic partial charges calculated by default by the
electronegativity equilibration technique*) and chemi-
cal hardness®? 44. Note that 2z is the atomic charge
of atom A in the target molecule of interest, whereas the
other z values pertain to the reference molecules in the
internal database. No such scaling is applied in -D3 241
Thus,

C(ZA’mf, ZA) — 1 Aret ,-D3

exp[3{1 — exp[y*(1 — — )}, -D4.

(14)

This is one of the major differences in Cg construction
between -D3 and -D4.

The final C{'B values needed by Eq. [7 can be com-
puted from the reference values C4'5, by scaling them to
account for the local electronic environment around each
atom; this is represented by a coordination number (CN),
which is allowed to be a fractional number. -D3 computes
the CN for atom A by summing covalently bonded close
contacts through using scaled covalent radii (R4 cov and
R A cov) in the following equation:

Natoms 1
CN* =

, 15
B#A 1 4+ e ki(ka(Ra cov+RB,cov) /Rip) (15)

Here, k1 = 16 and ky = %. CN’s are then used to scale the

Cs ret’s to acquire the final Cg’s to use in Eq. |Z|, according
to

Na N
Zi . Zz . OégfLij
Na —N .
D 20 P Ly

with N4 the number of reference molecules for atom A
(likewise for B), and L;; is given by

CAB(CNA,CNP) = (16)

Ly = e ksl(CNA—CN#)?+(CNP-CON7)?] (17)
We note that the -D4 correction can dynamically use
multiple exponentials in L;; to help distinguish between

reference systems with similar coordination numbers, as
explained in Ref. 41

The -D4 correction computes the CN’s using elec-
tronegativities (EN) to discern between covalent and
ionic bonding, thus requiring additional reference

systems:40

Natoms
X (kyexp[|ENa — ENg| + ko]?)
NA _ ( 1
C > o

Ras —Ribyy (g
RAB

B#A

x[1+ erf(—ko(

Additionally, CN equations in -D4 use an error func-
tion instead of an exponential. The resulting two-body
Cs’s have improved, shifting their mean relative devia-
tion from 4.7% (-D3) to 3.7% (-D4) with respect to ex-
perimental dipole-dipole dispersion coefficients 2V

(s coefficients are estimated from Cg coefficients in
both -D3 and -D4 31460661

O3 = —3C{PVQAQP, (19)

where Q4 and Q depend on multipole-type expectation
values ((r*) and (r?)) derived from atomic densities*2

QA = S42\/Z7A<T4>A (20)

()4

and s4p is a constant fit to ensure that C{'4 values for
He, Ne and Ar are reasonable for -D3; in -D4, s45 is set
to 144

In -D3, the Becke-Johnson (BJ) damping
functiont™U6263 hecame the preferred one to damp the
two-body dispersion terms from Eq. [7/8¥ and this is the
only one implemented in the Grimme’s DFTD4 program
directly.

)

oo, (Rap) = .
dampns RX% + (alR()“B + ag)(”)

(21)

The BJ damping function depends on Rap as the dis-
tance between atom A and atom B and Rég g =
\/C'é“B/C'é“B. The damping parameters a1, as, and sg in
-D3 and -D4 are optimized and tabulated for each density
functional and wavefunction method independently.
A damped ATM equation is used to account for three-
body dispersion effects in -D3/-D4 according to
ABC 9 (= ABC
E = > fin(Fasc)C
A<B<C
3costpactlacplcpa +1
(RapRacRpc)?

(22)

The dispersion coefficient can be approximated as

CHBC ~ —\/CEBCACCPC M using the already ac-
quired pairwise Cg’s. ATM is typically disabled when



using -D3. Meanwhile, -D4 enables ATM by default us-
ing a damping function inspired by the CHG form for 2B
dispersion: 41443

1

o) Rapc) = ———— 23
fdamp,BB—CHG( ABC) 1+ 6(RABC)_16 ’ ( )

with Rapc defined as

RapRacRBc )1/3
AB pAC pBC :
Ry %Ry Ry B

Rapc = ( (24)

Although the two-body Cg’s are charged scaled (Eq.
in -D4, the Cg’s used to estimate Cg’s for ATM are
not adjusted similarly/42

C. Datasets and Computations

Previous work by Caldeweyher et al*! selected inter-
molecular interaction energies to fit their -D4 BJ and
ATM damping function parameters. Their dataset con-
sists of S66x8 /99 §22x5 66 and NCIBLIND10 /% providing
718 benchmark datapoints for fitting damping param-
eters to intermolecular interaction energies*! Because
SAPTO-D4 total interaction energies are equivalent to
HF-D4 total interaction energies (SAPT0-D4 providing
the additional benefit of the energy components), we can
use the HF-D4 damping parameters of Caldeweyher et al.
(see Table [l) as an initial guess for SAPT0-D4 damping
parameter optimization for our larger training set.

The present work uses a dataset that is larger by an or-
der of magnitude, assembled from previous work*Y to op-
timize damping function parameters. The larger dataset
should help ensure that the damping parameters are gen-
erally applicable across a wide range of non-covalent in-
teractions. The dataset for all optimizations herein is
composed of the ACHC %8 C,H, - NH4 2% CO4 - NPAC 62
CO, - PAHSY CO, - NTS CH, - NT ) HBC6 20T
NBC10x 29560701 9997 HMGEITI  §66x10,2649 X 31x10/72
BBI/ SSI% and Water2510740 test sets, amounting
to a total of 8299 dimers with reference data at the esti-
mated complete-basis-set (CBS) limit for coupled-cluster
through perturbative triples, CCSD(T)4Y% These esti-
mates were obtained using focal-point computations 8
at the MP2/CBS + ACCSD(T)/aug-cc-pVDZ level or
better, where ACCSD(T) denotes the difference between
MP2 and CCSD(T).

The component analysis is performed on a dataset that
contains high-level SAPT energies computed in another
work,™ using the aug-cc-pVDZ and aug-cc-pVTZ ba-
sis sets. This dataset consists of 4558 van der Waals
dimers, pulling together geometries from the SSI/
S66x8.2649 HBCE 2657 NBC10ext 2242050 X371 0 20072
and Tond3°U 80 test sets. Then, a smaller subset with
high-level SAPT up to the aug-cc-pVQZ basis contains
358 dimers obtained by combining HBC6, Ion38, and a
subset of S66x8.

To compute SAPTO0-D4 interaction energies, the
SAPTO interaction energies for the 8299 dimers are com-
puted with seven basis sets (cc-pVDZ, jun-cc-pVDZ,
aug-cc-pVDZ, cc-pVTZ, may-cc-pVTZ, jun-cc-pVTZ,
and aug-cc-pVTZ) using the newly developed hrcl_jobs
python library®! to execute Psi4 calculations®? in a dis-
tributed parallel manner. Additionally, we also com-
pare to results from density functional theory based
SAPT, called SAPT(DFT) or DFT-SAPT,21:22583084 55
ing a recent implementation in Psi48% Due to quanti-
tative errors and incorrect generalized gradient approxi-
mation exchange-correlation potential decay as exponen-
tial instead of 1/r, SAPT(DFT) utilizes the gradient-
regulation asymptotic correction (GRAC) scheme to im-
prove accuracy 5987 This scheme requires the computa-
tion of an energy shift for the GRAC, which is the dif-
ference between the ionization potential and the Kohn-
Sham highest occupied molecular orbital (HOMO) en-
ergy. The ionization potential for each monomer is esti-
mated here by subtracting the energy of the cation form
of the monomer from the neutral monomer. As is cus-
tomary for SAPT(DFT), the PBEO functional®**¥ was
employed, and the aug-cc-pVDZ and aug-cc-pVTZ basis
sets were used. For simplicity, in the following, the ba-
sis set names are abbreviated like aTZ for aug-cc-pVTZ,
etc., where “a” is replaced with “j” or “m” for truncated
jun-cc-pVXZ or may-cc-pVXZ basis sets, respectively 2

Parameter optimizations are performed using scipy’s
optimize submodule?? The Powell method is used be-
cause it is a gradient-free minimization algorithm 21*2
and we use the RMSE between SAPT0-D4 and
CCSD(T)/CBS as the loss function (or error metric),
consistent with the previous SAPT0-D3 study®! To ac-
celerate optimization of damping function parameters,
the Cg’s from DFT-D3 and DFT-D4 are stored for each
dimer system to avoid re-computing these values for each
set of new parameters during minimization. Further-
more, functions for computing the two-body and three-
body dispersion terms are written in C++ and made ac-
cessible to scipy through pybind11¥ The code is ac-
cessible on GitHub and provides options to optimize pa-
rameters for two-body dispersion and three-body (ATM)
dispersion with different ATM damping functions?4 To
ensure the code operates correctly, pytest tests?” were
written to match DFT-D4 output 2B and 3B dispersion
energies.

Interaction energies are computed according to Eq.
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where the damping function parameters that are opti-
mized (sg, Sg, a1, az, as, and ay) are indicated in bold
type. The two-body -D4 optimizations only vary sg, aj,
and ag, with sg = 0. For models including three-body
ATM corrections, denoted -D4(ATM), we explored the
possibility of independently varying the parameters in
the ATM damping function, ag and a4. Some tests also
allow sg to vary from the usual value of 1, but this did
not appear to lead to any significant improvement and
is not theoretically well justified. In the original HF-D4,
the ATM damping terms ag and a4 were set equal to the
Cs damping terms a; and ag, respectively4!

11l. RESULTS AND DISCUSSION
A. Basis Set Effects

The present work optimizes parameters for SAPT(0-D3
and SAPTO0-D4 for different basis sets to see if parame-
ters have a large basis set dependence. The optimized
damping parameters for 2B SAPT0-D3 and 2B SAPTO0-
D4 are tabulated in Table [l Figure [T] displays errors for
optimized SAPT0-D3 and conventional SAPTO, for sev-
eral basis sets, versus CCSD(T)/CBS reference values.

One can quickly deduce that SAPTO errors often get
worse as the basis set becomes larger, especially with
MaxAE. The SAPT0 MAE does improve by adding the
jun and aug diffuse functions to cc-pVDZ, but the added
diffuse functions for cc-pVTZ do not exhibit a similar
benefit. In fact, the MAE values increase as more diffuse
functions are added. Similarly, the error statistics also
become worse when going from double-( to triple-(. In
SAPTO, the dispersion term is an intermolecular analog
of MP2, meaning that it can lead to substantial overbind-
ing of polarizable systems, such as complexes with 7 — 7-
stacking in which the error amplifies with larger basis
sots 7310698

This failure of SAPTO surprisingly can be cleaned up
by the -D3 model, supporting the notion that the dis-
persion term is the cause of these errors worsening with
larger basis sets. Comparing error statistics between
SAPTO0/aDZ versus SAPT0-D3/aDZ, the MAE decreases
by approximately 0.15 kcal mol~! and MaxAE drops by

TABLE I. The SAPT0-D3 and SAPTO0-D4 Becke-Johnson
(BJ) damping parameters

Method S8 a as
HF-D3(BJ)/def2-QZVP* 0.917 0.339 2.883
HF-D3/jun-cc-pVDZ® 0.713 0.080 3.628
HF-D4/def2-QZVP® 1.617 0.450 3.357
SAPTO0-D3/cc-pVDZ 0.768 0.097 3.643
SAPTO0-D3/jun-cc-pVDZ 0.714 0.079 3.633
SAPTO0-D3/aug-cc-pVDZ 0.738 0.095 3.637
SAPTO0-D3/cc-pVTZ 0.786 0.114 3.653
SAPTO0-D3/may-cc-pVTZ 0.764 0.107 3.645
SAPTO0-D3/jun-cc-pVTZ 0.762 0.109 3.646
SAPTO0-D3/aug-cc-pVTZ 0.763 0.111 3.648
SAPTO0-D4/cc-pVDZ 0.820 0.628 1.440
SAPTO0-D4/jun-cc-pVDZ 0.800 0.694 1.108
SAPTO0-D4/aug-cc-pVDZ 0.831 0.706 1.124
SAPTO0-D4/cc-pVTZ 0.868 0.717 1.145
SAPTO0-D4/may-cc-pVTZ 0.859 0.716 1.132
SAPTO0-D4/jun-cc-pVTZ 0.857 0.717 1.135
SAPTO0-D4/aug-cc-pVTZ 0.856 0.718 1.137

¢ HF-D3(BJ) parameters from fitting to an intermolecular and

intramolecular dataset 1% ® Two-body HF-D3 (equivalently
SAPTO0-D3) parameters from Schriber et al®®Y fit to interaction
energies. ¢ Caldeweyher et al.’s HF-D4(ATM) parameters fit to
interaction energies/4!

over 6 kcal mol~! for SAPT0-D3. The differences be-
tween SAPTO0/aTZ and SAPT0-D3/aTZ error statistics
are more stark, with the MAE dropping by about half
(0.44 kcal mol~!) and a MaxAE reduction of nearly 20
kcal mol~!. SAPTO0-D3 also tends to reduce variations
between basis sets (because non-dispersion terms are cap-
tured at the Hartree-Fock level, and Hartree-Fock is not
so sensitive to the basis set). Thus, the very slight fur-
ther improvements in error statistics when going from
SAPT0-D3/aDZ to SAPT0-D3/aTZ do not seem to war-
rant the increased computational costs for most applica-
tions.

The sensitivity of the damping function parameters to
basis set for SAPTO0-D3 is explored in Figure S1 of the
Supplemental Material. The error statistic improvement
in using fully optimized parameters versus keeping fixed
aDZ parameters is negligible, even though the parameters
themselves do change somewhat as can be seen in Table
L

Similarly to SAPTO0-D3 parameterization, SAPT0-D4
damping function parameters are optimized separately
for each basis set (Figure. The accuracy of SAPT0-D4
is improved by adding diffuse functions to both double-(
and triple-¢ basis sets. Once again, there is not a signif-
icant improvement in MAE or RMSE upon going from
aDZ to any augmented TZ basis set, although there is
a reduction in the maximum error. Ultimately, the er-
ror statistics for SAPTO0-D4 improve slightly over the
SAPTO0-D3 results across every basis set; however, prac-
tically speaking, these models have about the same level
of accuracy. The most noticeable difference is a typical
reduction in the maximum error of the test set by around
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FIG. 1. Error of SAPTO and SAPTO0-D3 versus estimated CCSD(T)/CBS interaction energies for the 8299-dimer test set.

SAPT0-D3 BJ damping parameters are optimized separately for each basis set. SAPTO is labeled as “0” for simplifying the
x-labels. The error statistics for each level of theory are tabulated above the violin plot.
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Just like in the SAPTO0-D3 case, SAPT0-D4 parame-
ters optimized at the SAPTO0-D4/aug-cc-pVDZ level of
theory yield very similar error statistics as the fully op-
timized parameters for each basis set (Figure S2). In
general, the SAPT0-D4 damping parameters are quite
consistent across basis sets, with somewhat larger dif-
ferences for the cc-pVDZ basis set (Table . As such,
we recommend using the SAPT0-D3/aDZ and SAPTO-
D4/aDZ parameters universally for other basis sets and
not performing additional optimizations.

The marginal difference in error statistics between 2B
SAPTO0-D4 and 2B SAPTO0-D3 was surprising to us; we
expected the more advanced -D4 model to provide a
noticeable improvement. However, it is also true that
the -D4 model is largely similar to the -D3 model, with
slightly improved accuracy for Cg coefficients, and one
might have expected it to handle charged systems bet-
ter due to its newly introduced charge scaling. Since
the improvements of -D4 over -D3 should affect charged
systems the most, we examine charged systems in more
detail below.

Based on previous works favoring the TT damping
function, the present work performed similar optimiza-
tions of damping function parameters and compared re-
sults with the BJ damping function (Supplemental Ma-
terial Figure S3). The error statistics are slightly more
favorable towards BJ for 2B dispersion across every basis
set.

B. ATM

Because the original -D4 model was designed to be
used together with an ATM model of three-body dis-
persion, a proper investigation into SAPTO0-D4 should
also consider what happens when ATM terms are in-
cluded, which we denote SAPT0-D4(ATM). Thus, ad-
ditional optimizations were performed to obtain opti-
mal damping parameters for this model (see Eq. .
First, before moving on to parameter optimization, we
consider what improvement the ATM terms might make
when we utilize SAPT0-D4(ATM) with Grimme’s origi-
nal HF-D4(ATM) parameters. Figure |3 compares these
results versus 2B SAPT(0-D4 with our optimized damp-
ing parameters. For some system types like CO9 with the
partial nanotubes, nitrogren-doped polyheterocyclic aro-
matics (NPHAC’s), or polycyclic aromatic hydrocarbons
(PAH’s), the addition of ATM does shift the error distri-
bution in the correct direction, showing some merit for
using ATM. Notably, these are among the largest sys-
tems in the present dataset, which would be in agree-
ment with previous work suggesting that ATM contri-
butions are more important for larger systems 2299 How-
ever, methane interacting with the partial nanotubes and
PAH’s does not show a clear benefit from using ATM.
The Grimme parameters for the ATM term seem to fail
for the close-range systems in S22x7 and S66x10, with
large maximum errors. These results seem to imply that
the parameters for the 3B-CHG damping function used
in the ATM term require re-optimization on the larger
dataset to account for these closer contact situations.



MAE 080 0.50 0.61 049 056 0.40 0.60 043 0.61 0.40 070 039 0.83 0.39
RMSE 1.12 0.88 0.93 0.80 1.14 0.71 1.29 0.74 1.32 0.69 1.47 0.68 1.66 0.68
MaxE 9.95 13.20 8.09 13.25 3.51 10.24 6.39 7.27 441 7.65 3.30 7.64 3.17 7.64
MinE -11.70 -5.15 -12.02 -5.34 -17.49 -5.26 -20.63 -4.73 -21.56 -4.93 -23.96 -4.94 -27.22 -4.89
—
i e e +1 kcal - mol ™!
o) ] — 5-95th Percentile
A Lo 4
E ‘ _l_ ] "l‘ | ‘l‘ - -]
© J t * * * * ] ] b -
g 0
= I { 1 T i T
o) |
s, ]
L
1 1 1 1 1 1 1 1 1 1 1 1 1 1
N N N N N N N N N N N N N N
o o a A0 ‘Qu % - IE IE = = I‘—u G
° &8 ° 8 5 % o s 5 ° 8 ° 3
] - L] a . -
o = Y o 2 " o
FIG. 2. Error of SAPTO and SAPTO0-D4 versus estimated CCSD(T)/CBS interaction energies for the 8299-dimer test set.

SAPT0-D4 BJ damping parameters are optimized separately for each basis set. All -D4 corrections included only two-body
terms. SAPTO is labeled as “0” for simplifying the x-labels. The error statistics for each level of theory are tabulated above
the violin plot. SAPT0-D4/aDZ has approximately the same RMSE and MAE as SAPT0-D4 using the augmented triple-¢

basis sets.

Several different schemes for optimizing the ATM
damping function parameters were explored with the
aug-cc-pVDZ basis set, because we anticipate that the
damping parameters are probably insensitive to the ba-
sis set, by analogy to our findings to the 2B damping
parameters as seen in Supplementary Material Figures
S1 and S2. The first scheme was to use common damp-
ing parameters for both 2B and 3B terms, by optimizing
ai, az, and sg (setting a3 = az and az = a4 from Eq.
[25)). This approach is labeled SAPT0-D4(ATM) and ac-
tually yielded slightly worse results than the optimized
2B -D4, as can be seen in Figure [4] Next, a strategy
we label SAPT0-D4(ATMu) optimizes separate damping
terms for the 2B and 3B terms, effectively unrestricting
the constraint of a; = a3 and as = a4. This approach
allows optimization of sg, a1, a2, a3, and a4 individually;
however, the optimized values of the as and a4 terms
make the denominator of the damping function to grow
drastically larger than the numerator, effectively turning
off the ATM portion. Thus, for these small dimers (with
an average of 18 atoms, and a maximum of 42 atoms),
the ATM terms do not appear to be helpful in improving
agreement versus our benchmark CCSD(T)/CBS inter-
action energies. It would appear that the 2B -D4 terms
can effectively capture the 3B terms implicitly, for these
smaller systems at least. More improvement might be
expected for larger systems 3299

C. SAPTO0-D4 versus SAPT(DFT)

Figure [4 also compares 2B SAPT0-D4 to results
from the significantly more sophisticated (and computa-
tionally costly) SAPT(DFT) method 55 SAPT0-D4/aDZ
outperforms SAPT(DFT)/aDZ in terms of MAE and
RMSE by 0.23 and 0.22 kcal mol ™!, respectively. This is
remarkable given that SAPT0-D4 in our implementation
is an O(N?) model, whereas depending on the implemen-
tation, SAPT(DFT) scales as O(N*) with a large pref-
actor, or as O(N®) (with the latter algorithm actually
faster than the former for many molecules of interest) 53
Table [[] demonstrates timings on two systems from
the parameterization dataset and two truncated protein-
ligand systems based on protein databank (PDB)X0Y en-
try SACX U SAPT(0-D4/aDZ shows about a 9% to 19%
reduction in compute time versus SAPT0/aDZ for dimer
systems of 22 to 157 atoms. Due to the reduced scal-
ing, the savings will clearly only increase as the system
sizes increase. Furthermore, SAPT0-D4/aDZ demon-
strates 76% and 95% reductions in compute time versus
SAPT(DFT)/aDZ and SAPT(DFT)/aTZ, respectively,
on the 22 atom system, and these differences grow to
78% and 97% on the 42 atom system.

These massive reductions in compute time of SAPTO-
D4 compared to SAPT(DFT) make an argument for
preferring the more inexpensive model, especially after
considering the error statistics. In the case of SAPTO0-
D4/aDZ versus SAPT(DFT)/aDZ, the more inexpen-
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Errors [versus CCSD(T)/CBS] for optimized SAPT0-D4/aDZ using only two-body terms, compared to the same

level of theory when ATM is enabled [denoted SAPT0-D4(ATM)] using the original recommended HF-D4 parameters:® shown
in Table [l Violin plots are shown for each database within the overall dataset of 8299 dimers. The original HF-D4 damping
parameters, fit to a smaller dataset, fail to sufficiently damp very close contact interactions featured in some of the datasets,
drastically overbinding and causing large maximum negative errors.

sive model at roughly a quarter of the cost actually
exhibits superior MAE and RMSE statistics, by 0.23
and 0.22 kcal mol™!, respectively. SAPT(DFT)/aTZ
does remain the most accurate in Figure On aver-
age, SAPT(DFT)/aTZ is about 0.14 kcal mol~! more
accurate than SAPTO0-D4/aDZ. This places SAPTO-
D4/aDZ as a model between SAPT(DFT)/aDZ and
SAPT(DFT)/aTZ in accuracy, while it is about 17 and
26 times faster than SAPT(DFT)/aTZ for systems as
small as 22 and 42 atoms respectively. This factor will
only grow for larger systems.

Thus, SAPT0-D4/aDZ appears to be a very promising
model for accurate yet relatively rapid computation of
interaction energies. We do note, however, that the good
performance of SAPT0-based models for interaction en-
ergies benefits substantially from error cancellation be-
tween the individual energy components™ and that we
expect SAPT(DFT) to provide more accurate component
energies /3

D. Analysis of charged systems

Lastly, due to -D4 having charge-scaled Cg’s, it should
theoretically perform better on charged systems than its
-D3 predecessor. Therefore, SAPT0-D3 and SAPTO-
D4 error distributions are compared directly in Fig-
ure [5| for a subset of charged systems from the total
dataset. Ultimately, most of the MAFE’s are similar,
around 0.6 kcal mol~!, except for SAPT(DFT) and reg-
ular SAPTO. Surprisingly, SAPT(DFT)/aDZ struggles
the most with handling these charged systems on aver-
age, even though the MaxAE is smaller. Also surpris-
ingly, SAPT0/aDZ and SAPT(DFT)/aTZ perform very
similarly, with nearly the same MAE and RMSE, even
though SAPT(DFT)/aTZ does have a better MaxAE.

Based on the percentiles, SAPT0-D4/jDZ exhibits a
tighter error distribution than SAPT0-D3/jDZ. Simi-
larly, SAPT0-D4/aDZ’s distribution is tighter than the
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FIG. 4. Errors [vs. CCSD(T)/CBS] for SAPTO0, SAPT0-D3, SAPT0-D4, SAPT0-D4(ATM), and SAPT(DFT) for the 8299-

dimer dataset are compared with different damping function parameters and two damping functions. (ATM) denotes inclusion
of ATM terms, with the 3B-CHG damping function. -D4(ATM) refers to sharing the a1 and a2 damping function parameters
for 2B and 3B terms, while ATMu denotes separate damping parameters for 2B and 3B terms. “0” stands for SAPTO.

TABLE II. Timings (s) on (A) fragments of alanine and
glycine protein-backbone interactions (22 atoms), (B) a par-
tial carbon-nanotube interacting with ethylene (42 atoms),
(C) 3ACX truncated system (83 atoms), and (D) 3ACX trun-
cated system (157 atoms). These timings are acquired using
18 cores on an Intel(R) Core(TM) i9-10980XE with a modi-
fied Psi4 version 1.9. SAPT(DFT)/aTZ is not computed on
C because it required more memory than available on the ma-
chine at 256 GB. Notably, the large memory demand comes
from the SAPT(DFT) dispersion.

SAPT0-D4 SAPTO SAPT(DFT) SAPT(DFT)

Sys- Atoms . pyy (aDZ)  (aDZ) (aTZ)
A 22 37 41 153 699
B 42 267 292 1215 7654
C 83 1485 1724 7145 -
D 157 28549 35377 - -

SAPT0-D3/aDZ distribution, but the difference is more
minor. Compared to SAPT0-D3/aDZ, SAPT0-D4/aDZ
reduces the RMSE by 0.05 kcal mol~! and the MaxAE
by 2.13 kcal mol~! at the cost of 0.1 kcal mol~! MAE in-
crease. Hence, the new -D4 improvement does not seem
as impactful as one might hope for charged systems.

Surprisingly, nearly all the SAPT(DFT) results for
aDZ and aTZ are consistently overbinding for these

charged systems, even though the MaxAFE’s are among
the lowest of the models compared. The RMSE of
SAPT0-D4/aDZ is nearly 0.26 kcal mol~! lower than
that of the much more expensive SAPT(DFT)/aTZ
method for the charged systems. Overall, SAPTO-
D3 is the best if MAE is the most important metric,
but SAPT0-D4/aDZ and SAPT(DFT)/aTZ are better if
MaxAE is more valued.

E. Component Analysis

A key reason to perform a SAPT computation is
to obtain the energy components, which can provide
more physical insight into an intermolecular interaction®
Hence, we have also examined the errors in the
SAPTO0-D3/D4 energy components, compared to high-
level SAPT SAPT2+3(CCD)éMP2 data from Ref.
SAPT component errors vs SAPT2+3(CCD)dMP2/aug-
cc-pVTZ reference values for a large set of 4558 dimers
are presented in Figure [f] For comparison purposes, the
Figure includes results for a handful of wavefunction-
based SAPT methods, as well as SAPT(DFT) (based on
the PBEQ functional).

For both SAPTO and SAPT(DFT), the electrostatics,
exchange, and induction terms do not significantly im-
prove from going from aDZ to aTZ, suggesting that these
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FIG. 5. Errors [versus CCSD(T)/CBS] for SAPT0-D3, SAPT0-D4, SAPT0-D4(ATM), and SAPTO are compared for charged
systems totaling 777 dimers in the dataset. The charged-scaled polarizabilites would be expected to provide an improvement
in -D4 versus -D3. SAPTO is labeled as “0” for simplifying the x-labels.

terms are converged much faster with respect to basis set
size compared to the dispersion. This is consistent with
the general findings of Refs. [79 and Wavefunction-
based SAPT including intramolecular correlation (i.e.,
SAPT?2 and higher) show more variation in the compo-
nent error statistics with respect to basis set, but are also
not very sensitive to basis for these three energy compo-
nents.

In general, the dispersion components show more vari-
ation with respect to basis, which is not surprising, be-
cause it is heavily dependent on electron correlation ef-
fects. An exception is the small basis set variations in
the SAPTO0-D3/D4 dispersion error statistics. The rea-
son there is any basis set variation in these terms at all
is that we used the damping parameters optimized for
each basis set separately. As previously discussed, these
damping parameters are not very different, and so very
similar error statistics are the result. We note that the
SAPT(DFT) dispersion component is much more sensi-
tive to basis than the other SAPT(DFT) energy compo-
nents, and the basis set improvement from aDZ to aTZ
reduces the MAE by more than half.

Figure[f]further suggests that the accuracy of SAPTO0’s
total energies does rely on favorable error cancellation ™2
The SAPTO errors in exchange are on average negative
(and very slightly negative for electrostatics and induc-
tion), leading to a need for a positive dispersion error

to acquire better total interaction energies. The SAPTO0
dispersion errors in the aug-cc-pVDZ basis do tend to be
positive, by about the right amount to effectively cancel
out the average negative exchange errors. In the aug-cc-
pVTZ basis, this error cancellation between components
is less effective, because the errors in electrostatics, ex-
change, and induction are not much changed, but now
the errors in dispersion are improved and become less
positive on average.

As shown in Figure [6] replacement of SAPTO disper-
sion with -D3 or -D4 models and fitting the parameters to
CCSD(T)/CBS energies promotes larger positive disper-
sion errors to more effectively cancel the negative errors
of the other components, and thus yield smaller errors
in total interaction energies. It is disappointing to see
that both the MAE and also the RMSE of the SAPTO-
D3/D4 dispersion energies are larger than those of the
base SAPTO model itself; apparently, in order to obtain
good error cancellation in the total interaction energy,
this is necessary to offset the significant negative errors
(and significant spread in errors) in the SAPTO exchange
values.

Figure [7] provides a similar analysis for a subset of 358
dimers for which SAPT2+3(CCD)dMP2/aug-cc-pVQZ
components are available as reference values. The er-
ror statistics show very little change for non-dispersion
terms as one progresses from aTZ to aQZ; about the
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FIG. 6. SAPT component errors [versus SAPT2+3(CCD)éMP2/aug-cc-pVTZ] for SAPT0-D3, SAPT0-D4 and SAPT(DFT)

with aug-cc-pVDZ and aug-cc-pVTZ on a 4558 dimer dataset.
terms are placed on the same line with a comma separating method names. Note that SAPT0 and SAPT0-D3/D4 are identical

for electrostatics, exchange-repulsion, and induction terms.

only noticeable difference is a correction of some small
positive exchange errors for SAPT2+ and related meth-
ods. For the dispersion term, again the basis set improve-
ment leads to improved error statistics for SAPTO and
SAPT(DFT), although the improvements are more mod-
est than they were for the change from aDZ to aTZ. These
findings are in agreement with a previous study on the
XSAPT method in which the non-dispersion terms were
shown to converge faster with respect to basis set than
the dispersion termT2 In agreement with the analysis
of Figure [6] there are significant errors in the SAPTO-
D3/D4 dispersion components compared to high-level
SAPT, apparently necessary to offset significant negative
errors in SAPTO0 exchange.

IV. CONCLUSIONS

The present work extends an earlier exploration of us-
ing Grimme’s semi-empirical -D3 dispersion correction’

Some levels of SAPT share the same components, so these

to replace the dispersion term in Hartree—Fock based
symmetry-adapted perturbation theory (SAPT0)50
Whereas that study optimized damping parameters
specifically for the truncated jun-cc-pVDZ basis set, this
work examines a wider range of seven basis sets. Opti-
mizing damping function parameters vs CCSD(T)/CBS
estimates of the interaction energies of 8299 small van
der Waals dimers, we find that SAPT0-D3/aug-cc-pVDZ
reduces the mean absolute error on the test set by 0.08
kcal mol™! vs SAPT0-D3/jun-cc-pVDZ, and that opti-
mal damping function parameters are quite similar across
the basis sets considered.

We also considered an analogous model, SAPT0-D4,
based on Grimme’s newer -D4 correction®@#2 Both
SAPT0-D3 and SAPT0-D4 show significant improve-
ments over conventional SAPT0, while also substan-
tially reducing computational cost. Like SAPTO0-D3, the
damping function parameters in SAPT0-D4 are quite
transferable across basis sets. The accuracy of SAPTO0-
D4 is very similar to that of SAPT0-D3, regardless
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FIG. 7. SAPT component errors [versus SAPT2+3(CCD)dMP2/aug-cc-pVQZ] for SAPT0-D3, SAPT0-D4 and SAPT(DFT)
on a 358 dimer subset that has aug-cc-pVQZ results in addition to aug-cc-pVDZ and aug-cc-pVTZ: 79 Some levels of SAPT
share the same components, so these terms are placed on the same line with a comma separating method names. Note that
SAPTO and SAPT0-D3/D4 are identical for electrostatics, exchange-repulsion, and induction terms.

of basis set. The error distribution in total interac-
tion energies is somewhat tighter for SAPTO0-D4/aug-
cc-pVDZ than SAPT0-D3/aug-cc-pVDZ for charged sys-
tems, where SAPTO0-D4 might be expected to show more
of an improvement, but the mean absolute error is not
improved. Regardless, we recommend SAPTO0-D4 over
SAPTO0-D3 because of its slightly lower maximum errors
over the dataset.

SAPTO0-D3 and SAPT0-D4 both use only two-body
dispersion terms. None of the attempts to include three-
body dispersion through damped Axilrod-Teller-Muto
(ATM) terms provided any benefit for this test set, pos-
sibly because the systems included here are too small to
benefit from ATM 3299

Finally, SAPTO0-D4 is actually more accurate on av-
erage for total interaction energies than the much more
sophisticated SAPT(DFT) approach, at least in the aug-
cc-pVDZ basis (although not in the aug-cc-pVTZ ba-
sis). This is quite surprising, as the computational cost
of SAPTO0-D4 is much lower, as demonstrated for a few
test systems (SAPTO0-D4 offers a 4.8X speedup for one
83-atom test case). However, the individual energy com-
ponents from SAPTO0-D4 are not as accurate as those
in SAPT(DFT). Optimization of -D3/-D4 damping pa-
rameters to minimize errors in total interaction energies
vs CCSD(T)/CBS benchmarks causes the dispersion en-
ergy errors to become more positive than they are for
SAPTO, and the RMSEs also become larger. This is ap-



parently necessary to compensate for significant negative
errors (with significant RMSEs) in the SAPTO exchange
component. Thus, the more accurate total interaction
energies in SAPT0-D3/D4 vs SAPTO come at the cost
of larger errors in the dispersion energies. If the accu-
racy of total interaction energies is of prime interest, and
components are wanted only for a qualitative or semi-
quantitative analysis, then SAPT0-D3/D4 seem to be a
helpful improvement over SAPTO0, applicable to larger
systems. On the other hand, if accurate energy compo-
nents are needed, then SAPT(DFT) or a higher-order
wavefunction-based SAPT approach remains preferable,
despite the larger computational cost.

SUPPLEMENTARY MATERIAL

See the supplementary material for additional plots
of SAPTO0-D3 and SAPTO0-D4 accuracy when optimiz-
ing parameters for a specific basis set versus using pa-
rameters for the aug-cc-pVDZ basis set. Additionally,
Cartesian coordinates are provided for all timings tests,
and a pandas dataframe for accessing all geometries and
energies for the 8299 dimer dataset.
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