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ABSTRACT

Dimer interaction energies have been well studied in computational chemistry, but they can offer an incomplete understanding of molecular
binding depending on the system. In the current study, we present a dataset of focal-point coupled-cluster interaction and deformation
energies (summing to binding energies, D.) of 28 organic molecular dimers. We use these highly accurate energies to evaluate ten density
functional approximations for their accuracy. The best performing method (with a double-{ basis set), B97M-D3B], is then used to calculate
the binding energies of 104 organic dimers, and we analyze the influence of the nature and strength of interaction on deformation energies.
Deformation energies can be as large as 50% of the dimer interaction energy, especially when hydrogen bonding is present. In most cases, two
or more hydrogen bonds present in a dimer correspond to an interaction energy of —10 to —25 kcal mol™", allowing a deformation energy
above 1 kcal mol™ (and up to 9.5 kcal mol™). A lack of hydrogen bonding usually restricts the deformation energy to below 1 kcal mol™" due

to the weaker interaction energy.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0155895

. INTRODUCTION

The interaction energy of a dimer is defined as the energy
difference between a dimer, AB, and its two monomers, A and B,

AEin(AB) = E(AB) - E(A) — E(B). (1)

Calculating interaction energies between molecules has led to
advances in many areas, such as materials science and medicine.'
For example, knowledge of how a potential drug molecule engages
a target protein can be leveraged to optimize its strength of binding
and therapeutic activity.”’ Often, interaction energies are calculated
by Eq. (1). This is referred to as the supermolecular approach and
is typically used due to the flexibility in the choice of methods. Any
quantum chemical method (density functional or wavefunction) can
be used for the three energy calculations, depending on the size of
the system and the desired accuracy. Another approach is to com-
pute the interaction energy directly with the Symmetry-Adapted
Perturbation Theory (SAPT).” ® An advantage of this method is that

it returns not only the interaction energy but also its four physi-
cally relevant components: dispersion, electrostatics, exchange, and
induction.

There is often a trade-off between accuracy and computational
cost, and computing interaction energies is not an exception. A
number of studies have produced highly accurate interaction ener-
gies on small systems, and there now exist a handful of datasets
such as $22,7 $66," X40,” SSI,' HSG,'" HBC6,'” and NBC10."" "
These datasets consist of small, organic dimers with both hydrogen
bonding and van der Waals intermolecular interactions. In addi-
tion to calculating accurate interaction energies, many groups have
analyzed the performance of approximate, lower cost methods with
these datasets.* " These studies inform chemists of the best lower
cost method to use for their system and the confidence they can hold
in their answer.

Strictly speaking, an interaction energy is defined by evaluating
E(A) and E(B) at the geometries monomers A and B take within
the dimer. In many cases, monomers deform their geometries (to
a less energetically favorable state relative to their isolated, relaxed
geometries) in order to achieve a stronger intermolecular interaction
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in the dimer. The energy due to this change in geometry is often
referred to as the “deformation energy,”

AE4ef(A) = Eap(A) — E4(A), (2)

where the symbol in parentheses denotes the system considered,
and the subscript denotes the geometry. AEq4f must be included if
one wishes to compute the entire energetic change as two isolated
monomers form a dimer.

If we include the deformation energy, we obtain the electronic
binding energy,

D = ~[AEint(AB) + AEger(A) + AEges(B)]. 3)

Note that the electronic binding energy D, is considered to be a
positive quantity. Because the interaction energy for a favorable
interaction in Eq. (1) is negative, a minus sign is required in Eq. (3).
The electronic binding energy is an energy that must be overcome
to dissociate the dimer; therefore, it can also be considered to be
the electronic component of the dissociation energy. To match an
experimental dissociation energy at 0 K, we must also include the
contribution from the change in the zero-point vibrational energy
(ZPVE) caused by dissociating the dimer into monomers. Adding
this contribution AZPVE to the electronic binding energy D, yields
the ZPVE-corrected dissociation energy,

Do = D, + AZPVE, (4)
where
AZPVE = ZPVE(A) + ZPVE(B) — ZPVE(AB). (5)

Note that AZPVE has been defined from the point of view of the
dissociation process (i.e., the final state is the dissociated products
and the initial state is the dimer), whereas the interaction energy is
defined in the opposite sense in Eq. (1), consistent with AEjn and Dy
having opposite signs.

The Cremer group highlighted the case of a formic acid dimer,
where the most accurate experimental dissociation energy (Dy) dif-
fered from the best theoretical interaction energy (AEi) by as
much as 4.5 kcal mol™' because of the lack of deformation and
AZPVE terms.”’ Consequently, they calculated a binding energy
using coupled-cluster with single, double, and perturbative triple
excitations [CCSD(T)]*' and an extrapolation using augmented,
correlation-consistent quadruple and pentuple-( basis sets, aug-cc-
pVQZ and aug-cc-pV5Z, using geometries and frequencies obtained
from CCSD(T) with basis set extrapolation. In addition, anharmonic
corrections were computed with density functional theory (DFT) at
the B3LYP/aug-cc-pVTZ level. Their resulting value was within the
error bars of the best experimental value.”’

Theoretically determined dissociation energies (Dy) have been
published for a number of other dimers, such as H,O:HF, (HF),, 1-
napthol complexes, (H,S),, and HCN:HF.””~*° Dimers such as these
are chosen as test cases because they include some interesting inter-
action motifs, like hydrogen bonding, while their small size allows
the use of highly accurate levels of theory. While high-accuracy
studies are useful and important, other methods that are lower
cost should be tested, especially on larger systems. Very recently,
Czernekova and co-workers studied mid-sized organic dimers and
found that CCSD(T) energies [within the complete basis set (CBS)
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limit] of structures optimized with second-order Moller—Plesset per-
turbation theory (MP2)”’/aTZ produced dissociation energies, Dy,
within 0.36 kcal mol™" of the experiment for most cases studied.”®
Dissociation energies were assessed with DFT methods and DFT-
based SAPT (DFT-SAPT).”""" The DFT-SAPT/a[TQ|Z interaction
energies with MP2/aTZ AZPVE and deformation energies produced
results in reasonable agreement to experiment—the maximum
error was 0.26 kcal mol™'.”® In addition, Haldar ef al. published
CCSD(T)/CBS dissociation energies (Do) of 11 hydrogen-bound
and 11 dispersion-bound dimers with up to 23 atoms. Dissocia-
tion energies of the hydrogen-bound dimers were also calculated
with a resolution of the identity (RI)-MP2, and the mean relative
error, relative to the experiment, was 12.3%, compared to 6.2%
with CCSD(T)/CBS. For the dispersion-bound systems, using B97-
D3 returned a mean relative error of 7.7%, slightly worse than
6.2% with CCSD(T)/CBS.”! Among the conclusions, it was rec-
ommended that calculating the AZPVE is absolutely necessary to
compare computational results to experimental measurements.”’

Unfortunately, the AZPVE term is the most computation-
ally expensive step in calculating Dy, if geometries and vibrational
frequencies are obtained using the same level of theory as the
interaction energy. Because AEj, itself can be difficult to com-
pute accurately, due to significant electron correlation and basis set
requirements,'’ numerous theoretical studies have considered AEiy
only, not D, or Dg. Such studies (e.g., Refs. 7, 10, 17, and 32-37)
have shed light on the accuracy of various theoretical methods for
computing the AEi,; component of Dy, which one might expect to
be the most theoretically demanding component: in computational
quantum chemistry, it is a common practice to obtain geometries
and vibrational frequencies at lower levels of theory than that used
to obtain electronic energy differences. Numerous studies focus-
ing primarily on AEi, have also provided insight into the relative
strength of different types of intermolecular interactions, """
how they depend on intermolecular geometry,'”'******’ and how
they are affected by substituent effects and heteroatoms.”* *’ Despite
these advances and insights, however, direct comparison against
experiment remains elusive in the absence of a consideration of
deformation energies and ZPVEs.

By comparison to the many theoretical studies focusing on
AEiy, very few studies of van der Waals dimers have explored
what theoretical methods perform well for computing geometries
of van der Waals clusters, deformation energies, and ZPVEs, and
how large the latter two quantities are for typical dimers or how
they depend on the chemical nature of the monomers. Regarding
geometry optimization of van der Waals dimers, Rez4¢ and Hobza
used a high-level CCSD(T)/CBS scheme to optimize 24 dimers that
were either hydrogen bound, dispersion dominated, or a mixture of
the two, and had up to four heavy atoms.”* Following the publica-
tion, a subset of 21 of these dimers (excluding three non-equilibrium
geometries) was used to evaluate approximate DFT methods with
aDZ*” and aTZ" basis sets. B97-D3/aDZ’* and wB97X-V/aTZ"
provided the lowest average root-mean squared deviations (RMSDs)
for this dataset, relative to the many other density functional approx-
imations (DFAs) tested. Datasets that include larger systems have
also been studied.'””* These studies agree that while some DFAs
yield reasonable geometries compared to reference values, there
is no one DFA that most accurately optimizes dimers of various
system sizes and interactions.'”””" Beyond these studies, Haldar
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et al. have shown that dispersion-corrected DFT (DFT-D) can pro-
vide reasonable values for D, at a relatively low computational cost
for a quantum chemistry method.”!

The aim of this work is to better understand the accuracy of
various quantum chemistry methods for geometry optimization of
van der Waals complexes by computing highly accurate geometries
and binding energies for 28 organic dimers with up to 28 atoms.
With these reference values, we examine many density functional
approximations for their ability to optimize geometries and calcu-
late interaction and deformation energies accurately and efficiently.
Finally, using one of the well-performing DFAs, we obtain defor-
mation energies for a diverse set of 104 van der Waals dimers and
analyze the results to identify structural properties that result in
larger deformation energies.

1. ANALYSIS OF DENSITY FUNCTIONAL
APPROXIMATIONS FOR BINDING ENERGIES

A. Reference calculations
1. Focal-point methods

High-accuracy data, to be used as a reference when evaluat-
ing the density functional approximations, was obtained for the 28
dimers shown in Fig. 1. This dataset is composed of subsets of the
$22,7 S66,° and X40’ datasets.

Initially, dimers were optimized with a focal-point’° (FP)
scheme meant to approximate coupled-cluster with single, dou-
ble, and perturbative triple excitations [CCSD(T)]*! in the com-
plete basis set (CBS) limit. This technique has been successful ‘with
correlation-consistent basis sets for noncovalent interactions.'””"”*
CCSD(T) in a large basis set may be approximated by

E(CCSD(T)/Large) ~ E(MP2/Large) + 65" /Small, ~ (6)

because smaller basis sets are often sufficient to capture higher order
electron correlation effects. In Eq. (6), “large” and “small” refer to
the relative sizes of the basis sets, and the delta term is

S /S mall = E(CCSD(T)/Small) — E(MP2/Small).  (7)

A two-point extrapolation of the correlation energy typically
provides a sufficient estimate of the CBS limit.”” The large basis
in Eq. (6) uses a two-point extrapolation of Dunning’s augmented,
correlation-consistent quadruple and pentuple-( basis sets, aug-cc-
pVQZ and aug-cc-pV5Z,""°" abbreviated aQZ and a5Z, respectively.
We tested two small basis sets for 61(\:4?21)(”/ Small: aug-cc-pVDZ
(aDZ) and cc-pVDZ (DZ). For brevity, we will refer to these spe-
cific CCSD(T)/CBS schemes as CCSD(T)/CBS(a[Q5]Z; §:aDZ) and
CCSD(T)/CBS(a[Q5]Z; 8:DZ).

After dimers were optimized with an FP scheme, inter-
action energies were calculated directly with a high-level
symmetry-adapted perturbation theory, SAPT2+(3)6MP2,"’ in
Dunning’s aug-cc-pVTZ basis set. SAPT2+(3) is usually reliable
for dispersion-bound complexes, but for electrostatically bound
systems, an MP2 correction (§MP2) is added to account for higher
order coupling of induction and dispersion. This correction is
defined as

OEmps = Eit” — Epi' . (8)

ARTICLE scitation.org/journalljcp

SAPT2+(3)6MP2/aug-cc-pVTZ has previously been described as
the “gold-standard” of SAPT.®” This level of SAPT, similar in qual-
ity to CCSD(T) for intermolecular interactions,” uses an aTZ basis
set and, thus, should be of similar or possibly better quality than
the focal point approaches used for geometry optimization because
the coupled-cluster part of those computations was limited to the
DZ or aDZ basis sets. Although not analyzed in detail here, SAPT
has the advantage over CCSD(T) of providing physically meaningful
energy components, such as electrostatics, induction/polarization,
etc.

After optimizing the dimers and calculating their interaction
energies, the deformation term for each monomer was calculated
according to Eq. (2). The starting geometries for the monomer
relaxations were the monomer geometries in the optimized dimer
configuration. Thus, the optimized, relaxed monomers are in a
nearby local minimum, which might not be the global minimum,
and the resulting deformation energies may be underestimates. The
same focal-point CCSD(T)/CBS scheme that was used for the dimer
optimization was used for all parts of the monomer deformation
calculation.

As mentioned previously, two FP schemes were used. We
initially tried to optimize the dimer geometries with CCSD(T)/
CBS(a[Q5]Z; §:aDZ) and the counterpoise (CP) correction of Boys
and Bernardi.””** This high-level method was extremely compu-
tationally expensive, and we could only calculate binding ener-
gies of 22/28 dimers. Thus, we calculated binding energies (and
optimized geometries) with a slightly cheaper level of theory:
CCSD(T)/CBS(a[Q5]Z; §:DZ), without CP correction. The omission
of augmented basis sets in the coupled-cluster correction term and
lack of CP correction during the dimer optimization allowed for
the calculation of binding energies for all 28 dimers. Then, inter-
action energies were calculated with SAPT2+(3)dMP2/aTZ. Finally,
the deformation terms were calculated with CCSD(T)/CBS(a[Q5]Z;
8:DZ). A development version of Psi4 1.4° was used for all
computations.

2. Results: Comparing the two focal-point schemes

To compare the dimer geometries optimized via CCSD(T)/
CBS(a[Q5]Z; 6:DZ) without CP correction vs CCSD(T)/CBS
(a[Q5]Z; §:aDZ) with CP correction, root-mean squared deviations
(RMSDs) were calculated by aligning heavy atoms and polar hydro-
gens. The optimal RMSDs are listed in the supplementary material.
The RMSDs are generally quite low (<0.02 A). Methylamine:peptide
dimer is representative, wherein the geometries are nearly identical
and the RMSD is 0.02 A (Fig. 2). The largest RMSD is observed for
the benzene:hydrogen cyanide dimer (0.09 A), reflecting deviations
in the intermolecular distance (0.6 A) and the NHC angle (20°).

Figure 3 shows how these differences in geometry translate
to errors in binding energies and SAPT interaction energies when
the interaction energy part of the binding energy is computed
at the fixed SAPT2+(3)6MP2/aTZ level of theory. The absolute
errors in the binding energies when using CCSD(T)/CBS(a[Q5]Z;
8:DZ) (without CP) are less than 0.06 kcal mol™' relative to
CCSD(T)/CBS(a[Q5]Z; 8:aDZ) (with CP) in all cases and gener-
ally less than 0.02 kcal mol ™. The largest errors are for acetic acid
(0.05 keal mol™), formic acid (0.06 kcal mol™!), and formamide
(0.06 kcal mol™). Compared to the other dimers in the dataset,
these have relatively large binding energies, given in Table I. For
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FIG. 1. Dataset of 28 dimers, composed of subsets of S22, S66, and X40, used to analyze the ability of different density functionals to compute binding energies accurately

and efficiently.

each dimer, the errors in the binding energies result mainly from
the errors in interaction energies caused by using different dimer
geometries.

Due to only slight differences in binding energies and
geometries between the two focal-point schemes, we elected to
omit the counterpoise correction and augmented basis functions
(for 81?4(;52]3(”) for geometry optimizations and binding energy cal-
culations. The reduced computational cost enabled us to expand our
dataset from the initial set of 22 dimers to 28. Table I reports the
interaction energies (FP and SAPT), along with the deformation and

binding energies for each of the 28 dimers. For a breakdown of the
SAPT components, see the supplementary material.

B. Density functional approximations
1. Methods

A variety of density functional approximations was ana-
lyzed regarding their ability to obtain accurate binding energies
relative to high-quality reference data for the 28 dimers in
Fig. 1. This reference data, as discussed in the prior section, is
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FIG. 2. Overlay of dimers optimized with CCSD(T)/CBS(a[Q5]Z; 4:DZ) with-
out counterpoise correction (opaque) and CCSD(T)/CBS(a[Q5]Z; &:aDZ) with
counterpoise correction (transparent). Largest changes in the geometries are
noted.

the combination of a SAPT2+(3)0MP2/aTZ interaction energy
and CCSD(T)/CBS(a[Q5]Z; 6:DZ) deformation energies, with
all geometry optimizations at the latter level of theory. No
counterpoise correction is used. The density functional approxima-
tions considered were mainly chosen based on existing studies
that revealed reasonable results for binding or conforma-
tional energies.”” ’' In this study, we include B3LYP-D3MB]J,””
B97-D3MBJ,”* B97M-D3BJ,”* M06-2X,”> PBE0,”® PBE0-D3MB], ®
wB97M-D3BJ,”” wB97X-D3BJ,’*”" wPBE,”""" and wPBE-D3MB]J.
An M appended to a standard functional denotes a meta-GGA,
and an X represents a hybrid functional. A prefix of w symbolizes
range-separation of exact (Hartree-Fock) and density functional
exchange. D3BJ is the D3 dispersion correction of Grimme et al.
that includes the Becke-Johnson damping function.”” D3MBJ
modifies D3BJ by fitting the parameters using an expanded training
set that includes more interaction types and a more balanced
coverage of intermolecular distances.”> M06-2X is the only method
for which a dispersion correction has not been included. Adding a
dispersion correction to Minnesota functionals (the family to which
MO06-2X belongs) can lead to, and sometimes worsen, overbinding
in hydrogen-bound systems.** It has also been shown that adding a
dispersion correction (D3) to PBEO can sometimes produce greater
errors in conformational and interaction energies than using PBEO
alone.'”*” Therefore, PBEO and wPBE are included with and without
dispersion corrections.

Dunning’s correlation-consistent augmented double and
triple-{ basis sets (aug-cc-pVDZ and aug-cc-pVTZ) have been
used with each functional, and these will be abbreviated aDZ and
aTZ, respectively. A development version of PS14 1.4 was used for
all computations, as well as Ps14’s default grid (75 radial and 302
spherical points).

2. Results: Performance of the density functionals

Figure 4 reports the wall times of calculating single-point ener-
gies of pyridine polymers with each approximate level of theory.
B97, PBEO, and B3LYP are the three fastest methods with both basis
sets, and wB97M, MO06-2X, and B97M are the most computation-
ally expensive. The results are not too surprising as the three cheaper
methods are GGAs and hybrid GGAs, whereas the three most expen-
sive are meta-GGAs. The range-separated functionals appear to be
more sensitive to basis set size than other DFAs. wPBE-D3MBJ
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FIG. 3. Errors in interaction and binding energies. Interaction energy errors are
of SAPT2+(3)6MP2/aTZ // CCSD(T)/CBS(a[Q5]Z; §:DZ) (without counterpoise
correction) relative to SAPT2+(3)dMP2/aTZ /| CCSD(T)/CBS(a[Q5]Z; 4:aDZ)
(with counterpoise correction). Binding energies include deformation energies
calculated with the method of optimization.

behaves similarly to GGAs with an aDZ basis set, but similar to meta-
GGAs with an aTZ basis set. wB97M-D3BJ is the most expensive
method for both basis sets, and the use of aTZ seems to promote
especially poor timings.

Absolute errors in binding energies calculated with the var-
ious density functional approximations, relative to the reference
method, are shown in the top left panel of Fig. 5. To compute each
point, the DFT method was used to optimize each dimer, calculate
the interaction energy, then optimize each monomer and calcu-
late the deformation energies. After summing the interaction energy
and deformation energies, the difference between this DFT bind-
ing energy and the reference binding energy was plotted. Individual
errors for each of the 28 dimers are represented by dots, and squares
show mean absolute errors. For a comprehensive list of errors, see
the supplementary material.

Especially large errors in the binding energy occur when using
PBEO and wPBE without dispersion corrections. More surprising
is that both the maximum and mean absolute errors increase for
these functionals when aTZ basis sets are used rather than aDZ.
These DFAs return mean absolute errors of 0.84 and 1.11 kcal mol ™
with aDZ basis sets and MAEs of 1.11 and 1.47 kcal mol™" with
aTZ basis sets. The maximum magnitude errors for PBEO/aDZ and
PBE0/aTZ are —3.25 and —3.67 kcal mol™", respectively. These both
occur for pyrazine. Similarly, the largest errors for wPBE are due
to pyrazine. This is especially concerning as pyrazine has a binding
energy of just 4.55 kcal mol™; these large errors will be explored fur-
ther later. Other large errors are present, and for PBEO, the absolute
errors greater than 1.5 kcal mol™" are mainly for dispersion-bound
dimers, but the phenol dimer (hydrogen-bound) does incur an error
around —2 kcal mol™" for both basis sets. wPBE/aDZ produces abso-
lute errors greater than 1.5 kcal mol ™" for mainly dispersion-bound
dimers, but using an aTZ basis set causes errors above 1.5 kcal mol ™
for both dispersion and electrostatically bound dimers. Adding the
dispersion correction D3MB]J to PBEO reduces the errors for aTZ
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TABLE |. Reference energy data for the dimers (and monomers) optimized with CCSD(T)/CBS(a[Q5]Z; §:DZ): interaction energies with CCSD(T)/CBS(a[Q5]Z; §:DZ) and no CP
correction, interaction energies with SAPT2+(3)dMP2/aug-cc-pVTZ, monomer A and B deformation energies with CCSD(T)/CBS(a[Q5]Z; §:DZ), and binding energies using the

SAPT interaction energies. All energies are in kcal mol~".

Dimer AEER AESAPT AES AER D,

Acetic acid dimer -19.18 -19.45 1.35 1.35 16.75
Ammonia dimer -2.93 -3.00 0.01 0.01 2.99
Benzene dimer (parallel) -3.06 -2.66 0.01 0.01 2.65
Benzene dimer (T-shaped) -2.78 -2.77 0.00 0.00 2.77
Benzene:ammonia -2.29 -2.25 0.00 0.00 2.25
Benzene:hydrogen cyanide -4.49 -4.57 0.01 0.01 4.56
Benzene:methane -1.49 -1.38 0.00 0.00 1.38
Benzene:water -3.16 -3.27 0.00 0.01 3.26
Ethene dimer -1.38 -1.41 0.00 0.00 1.41
Ethene:ethyne -1.43 -1.48 0.00 0.00 1.48
Ethyne dimer -1.49 -1.53 0.00 0.00 1.53
Formic acid dimer -18.21 -18.48 1.17 1.17 16.14
Formamide dimer —-15.78 -15.92 0.55 0.55 14.82
Indolebenzene dimer (stacked) -5.10 -4.90 0.02 0.08 4.81
Indolebenzene dimer (T-shaped) -5.55 -5.81 0.01 0.02 5.78
Methane dimer —-0.50 -0.49 0.00 0.00 0.49
Methanol:peptide -8.35 -8.57 0.12 0.12 8.33
Methylamine:peptide -5.31 -5.49 0.04 0.06 5.39
Peptide:methanol -6.01 -6.24 0.07 0.03 6.15
Peptide:methylamine -7.23 -7.38 0.18 0.02 7.18
Phenol dimer -7.06 -7.26 0.07 0.09 7.11
Pyrazine dimer —4.58 -4.57 0.01 0.01 4.55
Pyridoxine:aminopyridine -16.84 -17.08 0.76 0.88 15.44
Trifluorochloromethane:formaldehyde -2.28 -2.05 0.02 0.00 2.04
Uracil dimer (H-bonded) -20.54 -21.21 0.85 0.85 19.51
Uracil dimer (stacked) -10.39 -10.62 0.52 0.52 9.57
Water dimer -4.74 -4.92 0.03 0.00 4.89
Water:pyridine —6.74 —-6.85 0.11 0.03 6.72

only, but using D3MB] for wPBE reduces the errors for both basis
sets. For the PBE family of functionals tested, wPBE-D3MB]/aTZ
proved to be the most accurate functional for calculating binding
energies.

Some of the more expensive methods, wB97M-D3B]J, wB97X-
D3BJ, M06-2X, and B97M-D3B]J, do result in accurate answers
that are competitive with wPBE-D3MBJ/aTZ, and B97-D3MB]/aTZ
produces surprisingly low errors for its reduced cost. The best-
performing methods with aTZ are B97M-D3B]J, wB97M-D3B]J, and
wB97X-D3BJ. Their mean absolute binding energy errors are 0.24,
0.26, and 0.26 kcal mol ™!, respectively.

In the case of 2-pyridoxine:2-aminopyridine, a dimer with
two hydrogen bonds and a focal-point binding energy of
15.44 kcal mol ™!, maximum errors in binding energies are observed
for half of the DFT methods with the aDZ basis set: BALYP-D3MB]J
(3.3), B97-D3MBJ (3.1), PBE0-D3MBJ (3.3), wB97X-D3BJ (1.4), and
wPBE-D3MBJ (2.1). Maximum errors for the stacked uracil dimer
(reference D, = 9.57 kcal mol™") are observed for M06-2X (1.2)
and B97M-D3BJ (1.3). Finally, with a triple-( basis set, the bind-
ing energy of the hydrogen-bonded uracil dimer (D, = 19.51 kcal
mol™!) is the hardest to calculate for B97M-D3BJ (=0.8), M06-2X
(-1.3), @B97M-D3BJ (~0.8), and wB97X-D3BJ (~0.9).

The aTZ basis set generally leads to more accurate results
than the aDZ basis set but at a significant cost (Fig. 4). The
double-( level of theory with both the lowest maximum and mean
absolute binding energy errors is BO7M-D3BJ/aDZ. Its maximum
absolute error, 1.3 kcal mol™', occurs for uracil (stacked), and its
mean absolute error is 0.5 kcal mol™' out of an average refer-
ence binding energy of 6.4 kcal mol™ across all dimers. Other
dimers with binding energy errors greater in magnitude than 1 kcal
mol ™! include benzene (parallel, 1.2 kcal mol™) and indole benzene
(stack, 1.3 kcal mol™!).

To further analyze each level of theory, the absolute errors in
binding energies have been separated into absolute errors in interac-
tion and deformation energies. Additionally, we calculated RMSDs
to compare the dimers that were optimized with DFT vs geometries
from the focal-point method.

PBEO and wPBE geometry optimizations result in RMSDs
between 0.6 and 2.0 A for two or three dimers (depending on the
method/basis set) in the bottom left panel of Fig. 5, whereas all
other methods return RMSDs below ~0.5 A. The stacked uracil
dimer optimized with PBEO and wPBE has an RMSD approach-
ing 2 A, and this is due to the stacked dimer optimizing into the
hydrogen-bonded uracil dimer. (Images of this and the following
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FIG. 4. Wall times (seconds) of single-point energy calculations of pyridine poly-
mers (one, two, and three pyridine subunits) on two cores of an Intel Xeon E7-8867
v4 processor @ 2.40 GHz with Psi4 1.4. PBEO and wPBE are also methods
used, but their timings can be considered equivalent to those of PBE0-D3MBJ
and wPBE-D3MBJ.

examples are provided in the supplementary material.) The non-
dispersion corrected PBEO and wPBE also return RMSDs above
0.5 A for the parallel-displaced benzene and methylamine:peptide
dimers. In the parallel-displaced benzene dimer, the benzene rings
remain parallel but move farther away from each other. In methy-
lamine:peptide, the methyl group of the methylamine rotates away
from the peptide, resulting in a larger RMSD. Methods other
than PBE0 and wPBE struggle the most when optimizing the
methanol:peptide dimer, represented by points along 0.5 A in the
RMSD vs method plot of Fig. 5. While the closest contact distance
stays within tenths of A of the reference, rotation of methanol’s
methyl group contributes the most to this RMSD. Many MAEs
are similar for all but the non-dispersion corrected PBEO and
wPBE, and the choice of basis set does not seem to largely affect
the RMSDs.

Figure 5 indicates that PBE0/aTZ and wPBE/aTZ have larger
average RMSDs than PBE0/aDZ and wPBE/aDZ, as reflected in
the larger errors in binding energies with the aTZ basis set noted
above. (The geometries were optimized at the same level of the-
ory used to compute the binding energies.) With poorer geome-
tries, we expect that the interaction energy errors may be larger
for the PBE functionals with aTZ basis sets vs aDZ basis sets.
This is especially obvious for uracil (stacked) and benzene (par-
allel), which both have larger RMSDs and binding energy errors.
Pyrazine, discussed before as having the largest binding energy
errors with PBEO and wPBE, has RMSDs (A) of 0.17 (PBE0/aDZ),
0.24 (PBE0/aTZ), 0.13 (wPBE/aDZ), and 0.24 (wPBE/aTZ). There
are certainly some RMSDs larger than these for the PBE methods,
and so the large binding energy errors may not be fully due to the
geometry errors.

While many methods perform similarly when optimizing
the dimer geometries, this is not the case for calculating inter-
action energies. The top right panel of Fig. 5 shows that only
two levels of theory keep all interaction energy errors, relative to
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the reference values, below 1 kcal mol™!: B97M-D3BJ/aTZ and
wB97M-D3BJ/aTZ. All GGAs and hybrid GGAs show larger errors,
especially with aDZ basis sets. Dimers with errors larger than
3 kcal mol™! (among various DFAs) include acetic acid, formic acid,
uracil (H-bonded), 2-pyridoxine-2-aminopyridine, benzene (paral-
lel), and pyrazine dimers. While most methods keep the interaction
energy error of the pyrazine dimer below 1 kcal mol™', PBE0 and
wPBE return errors of 3.2-3.6 kcal mol™!, and this is the cause of
most of the error in the binding energy discussed earlier. B97M-
D3BJ has the lowest mean absolute error of interaction energies
for methods with the aDZ basis set. Its maximum error is just
higher than two other methods, M06-2X and wB97M-D3B]J, but
these methods have MAEs higher than BO7M-D3BJ/aDZ.

Figure 5 (bottom right) also plots absolute errors in deforma-
tion energies calculated with DFT relative to the reference method.
Many methods have errors in deformation energies at or above
1 kcal mol™", but those that do not are the well-performing B97M-
D3BJ, wB97M-D3BJ, and wB97X-D3BJ methods. Methods with
errors approaching 1 kcal mol ™" are B97-D3MBJ and M06-2X (aDZ
only). Every clustered pair of dots plotted above 1 kcal mol™ rep-
resents acetic acid and formic acid, and these molecules also have
the largest focal-point coupled-cluster deformation energies. From
this benchmarking study, we conclude that BO7M-D3BJ/aDZ is a
reasonable choice that balances time and accuracy when calculating
binding energies.

Ill. DEFORMATION ENERGY ANALYSIS

In this section, we study the binding energies of 104 dimers.
We compute these with DFT and report interaction, deformation,
and binding energies. We then analyze cases that have especially
large deformation energies in an attempt to identify properties that
warrant a binding energy calculation rather than solely an interac-
tion energy calculation in order to better approximate the binding
strength.

A. Methods

B97M-D3BJ with an aug-cc-pVDZ basis set was chosen to study
the binding energies of a larger set of molecules due to its accuracy
for binding energies and geometries while maintaining a relatively
low computational cost (studied in Sec. II). This method was used
for all geometry optimizations and energy calculations on a new,
larger dataset. This dataset was taken from the Splinter database.*®
Dimers were selected on the basis of structural diversity, having
relatively low (favorable) energies of interaction, and represent-
ing a variety of neutral, non-covalent interactions, including many
commonly observed in protein-ligand binding.®® Figures of all 104
dimers, as well as their SMILES strings (generated using RDKit""),
are in the supplementary material.

In addition to the geometry optimizations and energy calcu-
lations with B97M-D3BJ/aDZ, the lowest level of SAPT, SAPTO,
was used to calculate physically relevant components of the inter-
action energy. These are listed in the supplementary material. The
test set comprises a range of interaction types, from electrostatics-
dominated to dispersion-dominated, as illustrated in Fig. 6. A
development version of Ps14 1.4 and the default DFT grid were used
for all of these computations.
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FIG. 5. Absolute errors in binding energies (D, top left), interaction energies (top right), and deformation energies (bottom right), and RMSDs of geometries (bottom left).
Reference interaction energies used are computed with SAPT2+(3)0MP2/aTZ. CCSD(T)/CBS(a[Q5]Z; §:DZ) is used to compute reference geometries and deformation
energies. DFT results are reported at geometries obtained using the same DFT method. Pink boxes are mean absolute errors (or mean RMSDs) for each level of theory, and
the blue horizontal lines indicate the maximum and mean absolute errors for B97M-D3BJ/aDZ.

B. Results and discussion

The interaction, deformation, and binding energies for the
dataset of 104 dimers are available in the supplementary material.
The binding energies range from 1.15 to 22.44 kcal mol™". Total
deformation energy, the sum of the deformation energies of the two
monomers in each dimer, is plotted against the dimer interaction
energy in Fig. 7. As one may expect, these are somewhat related. As
the interaction energy becomes more negative (stronger), deforma-
tion energy generally increases, indicating that greater deformations
can occur when a stronger interaction is possible. Dimers with inter-
action energies more negative (stronger) than —20 kcal mol™ can
have deformation energies varying in magnitude, ranging from 1
to 10 kcal mol™". Five of the 104 dimers have deformation energies
larger than 5 kcal mol ™. In these cases, the total deformation energy
can be as much as 25%-50% of the interaction energy. When interac-
tion energies are between —10 and —20 kcal mol™", the deformation
energies tend to not exceed 2.5 kcal mol~!. Aside from two outliers,
dimers with interaction energies above —10 kcal mol™! (weaker)
have deformation energies less than 1 kcal mol ™.

The three dimers with the highest deformation energies are
shown in Fig. 8. (See the supplementary material for structural
details of the complete dataset.). Transparent structures are those
where the monomer is relaxed to its nearest local minimum. Opaque

structures are the dimer in its optimized form. Apparent in each ren-
dering is the rotation of bonds to form hydrogen bonds. This aligns
with existing observations that higher deformation energies will
occur in hydrogen bonded systems, rather than dispersion bound,
due to the stronger interaction afforded by hydrogen bonding.”""’

Elst (+) Ind (-)

&

Elst (-)

L)

Disp (-)

FIG. 6. Ternary diagram for the 104-dimer test set, with energy components
obtained at the SAPT0/aDZ level of theory. Each dimer is represented by one
colored dot on the diagram, whose color and placement are determined by the
relative sizes of the three usually attractive components of the interaction energy:
electrostatics (red), dispersion (blue), or induction. Points close to a vertex have
an interaction energy dominated by that energy component.
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FIG. 7. Total deformation energies and interaction energies (both kcal mol~') cal-
culated with B97M-D3BJ/aDZ for 104 dimers. All necessary optimizations also
used B97M-D3BJ/aDZ. Dots are indexed by dimer and color-coded by the number
of canonical hydrogen bonds present in the dimer.

To study the role of hydrogen bonding in the data, the
canonical hydrogen bonds in each dimer were counted using the
“Workspace Interaction” utility in Maestro.” This generally defines
hydrogen bonds as involving polar hydrogens in close contact with
nitrogen or oxygen atoms with available lone pairs of electrons. The
104 dimer data points in Fig. 7 are color-coded by the number of
canonical hydrogen bonds.

Figure 7 shows that, generally, deformation energy increases
with the number of hydrogen bonds due to the increase in the mag-
nitude of the interaction energy. Dimers with two or three hydrogen
bonds can have deformation energies as large as 9.5 kcal mol ™",
but when hydrogen bonding is absent or there is only one hydro-
gen bond, deformation energies tend to stay below 1 kcal mol™.
Dimer 68 is the one case of a dimer with no hydrogen bonding and
a deformation energy above 1 kcal mol™". Its deformation energy
is around 2 kcal mol™'. Here, a hydroxy group engages in favor-
able dipolar interactions with methane thiol, but in the absence of
the latter, rotates to gain stabilizing intramolecular polar interac-
tions. Increasing the hydrogen bond count to one slightly increases
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the deformation energy, and two dimers (16 and 17) have defor-
mation energies above 1 kcal mol™. In dimer 16, the largest strain
comes from propanamide, where the CH3CH,-C=O(NH,) bond
rotates almost 90° in order for the amine proton to form a hydro-
gen bond with nitrogen on the opposing, bicyclic monomer. This
rotation causes a monomeric deformation energy of 1.17 kcal mol ™.
For dimer 17, the largest deformation energy (1.45 kcal mol™") arises
from a rotation of the benzamide sigma bond, allowing the oxygen to
bond with the amine proton. (Illustrations of these monomer defor-
mations are shown in the supplementary material.) Similarly, dimers
containing two hydrogen bonds resulting from bond rotation can
have deformation energies above 1 kcal mol ™. Otherwise, defor-
mation energies of dimers with two hydrogen bonds are generally
below 1 kcal mol™} (dimers 24, 97, 98, 102, and 103). Finally, having
three canonical hydrogen bonds, in this dataset, guarantees a total
deformation energy greater than 2 kcal mol™.

A cluster of points appears to the right of Fig. 7. Five dimers
have deformation energies between 5.5 and 9.5 kcal mol™!, while the
maximum for the other 99 dimers is 3.3 kcal mol™'. Dimers 4851
(four of the five) all have one monomer in common that itself con-
tributes 4.5-6.8 kcal mol™" to the total deformation energy. This
monomer, shown as part of Iig. 8, has an intramolecular hydro-
gen bond with an H-O bond distance of 1.96 A. In dimers 48-51,
this intramolecular bond is broken to form the dimer. Dimer 47
also contains this monomer, but it has a low deformation energy
(0.2 keal mol™). Further inspection reveals that the intramolecu-
lar hydrogen bond mentioned previously is retained when forming
dimer 47. Dimer 55 (also in Fig. 8) is the remaining member of
the cluster. 5.3 kcal mol™ of its total deformation energy is due to
the breaking of an intramolecular hydrogen bond within monomer
A. The O and H are 2.18 A apart in the relaxed monomer, but
296 A apart in the dimer. Other dimers include this monomer,
but the hydrogen bond is not broken to form the dimer, and
consequently, they return lower deformation energies.

In summary, for this dataset, deformation energies can be above
1 kcal mol™" in many cases, and even up to 9.5 kcal mol™". Hydro-
gen bonding promotes stronger intermolecular interactions, which
in turn allow larger monomer deformations. Typically, a dimer with
zero or one hydrogen bond will have a deformation energy below
1 kcal mol™" while higher deformation energies become more likely
as the number of hydrogen bonds increases. Deviations from this
principle occur, especially when intramonomer hydrogen bonds are

49 9.51 keal mol! 51

7.85 keal mol! | 55

7.55 keal mol!

FIG. 8. The three dimer cases with the highest deformation energies. Dimer indices and total deformation energies are noted. Transparent molecules are monomers relaxed
to their local minima, and opaque structures are the optimized dimer. B97M-D3BJ/aDZ was used for geometry optimizations.
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broken to form intermolecular hydrogen bonds (leading to a very
high deformation energy) or when no bond rotations are needed to
form the hydrogen bonds (leading to a low deformation energy).

IV. CONCLUSIONS

Benchmark-quality binding energies (D.), accounting
for both interaction and deformation energies, have been
presented for 28 organic dimers. Dimers were optimized
with CCSD(T)/CBS(a[Q5]Z; 8:DZ) without counterpoise cor-
rection, and their interaction energies were calculated with
SAPT2+(3)6MP2/aTZ. Monomer optimizations and deforma-
tion energies utilized CCSD(T)/CBS(a[Q5]Z; &8:DZ) without
CP correction. For 22 of the dimers, we have shown that using
CCSD(T)/CBS(a[Q5]Z; 8:DZ) without CP correction returns
similar results to using CCSD(T)/CBS(a[Q5]Z; §:aDZ) with a CP
correction. The binding energies (using the fixed SAPT method for
the interaction energy contribution) differ by less than 0.07 kcal
mol™". Various density functionals, with aug-cc-pVDZ and aug-cc-
pVTZ basis sets, have been used to test their accuracy and efficiency
in optimizing the 28 dimers and calculating their interaction and
deformation energies relative to the reference data. From the 20
approximate levels of theory considered, B97M-D3BJ/aDZ was
chosen for additional studies of deformation energies due to
its accuracy in computing binding energies (D.) and optimum
geometries, in addition to having a relatively low computational
cost. For this method, the mean absolute error in binding energies,
relative to CCSD(T)/CBS(a[Q5]Z; 8:DZ), was 0.5 kcal mol™, and
the maximum absolute error was 1.3 kcal mol™'. The zero-point
vibrational energy corrections are not studied here, and evaluating
the accuracy of methods like B97M-D3BJ/aDZ for computing
the ZPVE contributions to dissociation energies (Do) should be
explored in the future.

With B97M-D3BJ/aDZ, binding energies (D) of 104 dimers
were calculated. 26 dimers had deformation energies larger than
1 keal mol™" and 5 of those reached deformation energies larger
than 5 kcal mol™". Deformation energies of this magnitude should
certainly not be ignored when considering interactions of two
molecules, thus highlighting the difference between interaction
energies (which are easier to compute) and binding energies. Results
were analyzed to find a principle that would help computational
chemists discern, on the basis of the properties of the dimer, when
it is important to include the deformation energy. The largest defor-
mation energies occur when a hydrogen bond is broken within a
monomer to form a hydrogen bonded dimer when there is a dra-
matic rotation to form a hydrogen bond and/or when two or more
hydrogen bonds form. The hydrogen bonds increase the magnitude
of the interaction energy, allowing for larger deformations to occur.

SUPPLEMENTARY MATERIAL

The supplementary material contains errors in the CCSD(T)/
CBS(a[Q5]Z; 8:DZ) interaction energies without counterpoise
correction relative to those of CCSD(T)/CBS(alQ5]Z; &6:aDZ)
with counterpoise correction for 22 of the 28 dimers in the
DFT method benchmarking study. RMSDs of the geometries
optimized with CCSD(T)/CBS(a[Q5]Z; 6:DZ) without CP
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correction, relative to CCSD(T)/CBS(a[Q5]Z; §:aDZ) with CP
correction, are also tabulated for the 22 dimers. For the com-
plete set of 28 dimers, SAPT2+(3)0MP2/aTZ components are
listed. Also for this set, the following energetic errors are tabu-
lated: interaction energy errors of each DFT method relative to
SAPT2+(3)0MP2/aTZ, deformation energy errors of each DFT
method relative to CCSD(T)/CBS(a[Q5]Z; 6:DZ) without CP
correction, and binding energy errors of each DFT method relative
to the CCSD(T)/CBS(a[Q5]Z; 8:DZ) deformation energies added
to the SAPT2+(3)0MP2/aTZ interaction energies. The necessary
geometry optimizations for these calculations use the DFT method
for each DFT datapoint and CCSD(T)/CBS(a[Q5]Z; §:DZ) with-
out CP correction for each reference datapoint. Also, RMSDs
of the 28 dimers optimized with each DFT method, relative to
CCSD(T)/CBS(a[Q5]Z; §:DZ) without CP correction, are provided.
Finally, the supplementary material includes example input files
used to compare timings of each DFT method.

For the set of 104 dimers, indices matched to their SMILES
strings and illustrations are provided, in addition to XYZ and
SDF files of these dimers optimized with B97M-D3BJ/aDZ. Also,
the interaction, deformation, and binding energies calculated with
B97M-D3B]J/aDZ are listed, as well as the SAPT0/aDZ compo-
nents, with geometries from optimizations using B97M-D3B]J/aDZ.
Finally, the supplementary material contains illustrations of some
dimer optimizations and deformations explained in the text.
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