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Abstract

It is shown that the latest Minnesota density functionals (SOGGA1l, M11-L,
N12, MN12-L, SOGGA11-X, M11, N12-SX, and MN12-SX) do not properly describe
London-dispersion interactions. Grimme’s DFT-D3 correction can solve this problem
partially, however, double-counting of medium-range electron correlation can occur.
For the related M06-L functional, the alternative VV10 van-der-Waals kernel is tested,
but it experiences similar double-counting. Most functionals give unphysical disso-
ciation curves for the argon dimer, an indication for method-inherent problems, and
further investigation is recommended. These results are further evidence that the
London-dispersion problem in density functional theory approximations is unlikely to
be solved by mere empirical optimization of functional parameters, unless the function-
als contain components that ensure the correct asymptotic long-range behavior. Lon-
don dispersion is ubiquitous, which is why the reported findings are not only important
for theoreticians, but also a reminder to the general chemist to carefully consider their

choice of method before undertaking computational studies.
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Herein, we investigate if the latest Minnesota-type ™" density-functional-theory ap-
proximations (DFTAs) can describe the ubiquitous London-dispersion® phenomenon.
It has been shown that these methods are a substantial improvement over their im-

911 not only for

mensely popular predecessors, the M05 and M06 suites of functionals,
general molecular chemistry, but also for solid-state physics.'? Very promising are the
new range-separated hybrids M11! and MN12-SX,? as well as their local counterparts
M11-L3 and MN12-L.# These functionals all include terms that depend on the kinetic-
energy density. In addition, also related methods relying only on the density and its
gradient have been developed: the global hybrid SOGGA11-X,% the range-separated
hybrid N12-SX,? and their local versions SOGGA11% and N12.7

In the strictest sense, London dispersion refers to attractive electron correlation
effects between noncovalently bound moieties whose electron clouds do not overlap. In
this long-range regime, the interaction energy is governed by the famous R~ tail, with
R being the distance between the involved moieties.® On the other hand, attractive
medium-range effects around the van-der-Waals minimum are also sometimes labeled
as "dispersion”. In this regime, partial overlap of the individual electron clouds cannot
be neglected. Herein, we consider both regimes and we use the terms medium- and
long-range dispersion accordingly.

Like their predecessors, the latest Minnesota functionals are examples for attempts
to incorporate medium-range dispersion through empirical fitting of a large number of
functional parameters to a diverse set of benchmark data. This training set includes a
subset of 31 noncovalent interaction energies (NCIEs) in which 7 systems are dominated
by ”weak interactions” and 5 more by "7 — 7 stacking”. Based on an analysis of this
subset, particularly the M11, MN12-SX, and MN12-L functionals were recommended
as some of the best performing for NCIEs.!? However, due to the small number of
test cases, knowledge of their capability to describe London dispersion is limited. It
was reported recently that the two M1l-type DFTAs underbind the helium, argon,

13,14

coronene and naphthalene dimers, and that M11 and N12 were unable to properly

describe adsorption of aromatic systems on graphene.'®
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Figure 1: Dissociation curves of the argon dimer for local (a) and for hybrid Minnesota
DFTAs (b) obtained with the AVQZ AO basis set and Gaussian’s "superfine” quadrature
grid. The reference curve was obtained at the nonrelativistic W2-F12 level of theory.

Given the tremendous success of their predecessors, it is expected that also the new
Minnesota methods will soon be applied regularly by the broader research community.
In light of this, a comprehensive analysis of all these methods for London-dispersion
interactions is needed to complement our understanding of their applicability.

We begin our discussion with the dissociation curve of the argon dimer. Results for
the investigated DFTAs with the large aug-cc-pVQZ!® (AVQZ) atomic-orbital (AO)
quadruple-¢ basis set are compared with the accurate composite W2-F1217 level of
theory (Figs. la and 1b). It turns out that almost all functionals are nonbinding.
Only the MN12-L and N12 functionals show the smooth exponential decay expected

for a conventional DFTA that is unable to describe medium- and long-range dispersion



(Fig. 1a). The curve for M11-L has an unphysical inflection point in the van-der-
Waals region; something that has also been observed before.!3 Herein, we report that
also the SOGGA-11X, N12-SX and MN12-SX curves have inflection points, albeit with
less pronounced changes in curvature (Fig. 1b). SOGGAI11l shows a very unusual
dissociation behavior: first, it overshoots the binding energy by more than a factor of 5
before it becomes strongly repulsive at around 5A (Fig. 1a). M11 is the only functional
that somewhat binds the dimer, however, the binding energy is underestimated by a
factor of almost 5 and the optimal Ar-Ar distance is by 0.8 A too long (Fig. 1b).

For previous Minnesota functionals, an unpredictable quadrature-grid dependence

has been reported, %19

something that has inspired the recent suggestion to impose
grid sensitivity as a constraint in DFTA fitting procedures.?? Initial attempts with
Gaussian’s?! large "ultrafine” (99,590) Lebedev quadrature grid produced wiggly dis-
sociation curves for the argon dimer for nearly all methods (Fig. S1 in the Support-
ing Information, SI). Therefore, the results for Fig. 1 were obtained with Gaussian’s
"superfine” (150,974) Lebedev grid. Additional double-checks with the NWCHEM 22
program and its largest quadrature grid confirmed the unusual form of the SOGGA11
curve, thus ruling out any grid dependencies as the culprit (Fig. S2). A more detailed
analysis of the technicalities of grid dependencies should be reserved for a separate
study.

To summarize, the initial results indicate that all investigated functionals have
serious problems with the proper description of London-dispersion effects in the argon
dimer. The unphysical results in the medium-range region are particularly worrisome,
as the parameter fitting procedure was designed to mimic dispersion effects near van-
der-Waals minima. In the remainder of this manuscript we will determine if this
conclusion can be generalized.

The results for the argon dimer are surprising, as light rare-gas dimers were part of
the initial parameter training set, and any problems with nonbinding behavior during
the fitting process have not been reported.' " Tab. 1 gives a likely explanation for

this discrepancy by comparing the binding energies for the neon and argon dimers for



Table 1: Binding energies (kcal/mol) for the neon and argon dimers obtained
with the MG3S and AVQZ AQO basis sets. Reference values and geometries are
taken from the RG62% benchmark set.

Ne, Arsy

Functional MG3S AVQZ MG3S AVQZ
SOGGAL11 1.44 —0.55 —1.50 —1.39
M11-L 0.18 0.49 0.25 0.62
MN12-L 0.01 0.18 0.18 0.45
N12 —0.08 0.10 0.44 0.45
SOGGA11-X 0.01 0.22 0.50 0.59
M11 —0.11  —0.08 —0.16 0.03
MN12-SX —0.03 0.11 —0.03 0.24
N12-SX —0.07 0.07 0.11 0.21
Ref. —0.08 —0.28

AVQZ with the smaller triple-¢ MG3S?* basis set. MG3S was used in the functionals’
parameter optimization without applying any corrections for basis-set superposition
error (BSSE). In nearly all cases, MG3S induces an additional stabilization of 0.2
kcal/mol or more compared to AVQZ (Tab. 1). At the MG3S level, N12, M11, MN12-
SX and N12-SX appear to be in excellent agreement with the reference value of —0.08
kcal/mol for the neon dimer. The likely explanation is that the BSSE is the source for
this good result and that it does not stem from any functional-specific components.
Remarkably, SOGGA11 shows the reverse behavior for the neon dimer; it is unbound
for MG3S and too strongly bound for AVQZ. Note that unusually high BSSEs even for
very large AO basis sets have been reported for the M06 and M11 suites of functionals
and they were attributed to the magnitude of the inhomogeneity correction factors in
the respective exchange parts.?® The extent of BSSE for both dimers and basis sets is
further analyzed in Tab. S3, and we can conclude that also the SOGGA11, N12 and
MN12 classes of functionals suffer from BSSE even with the relatively large AVQZ AO
basis set.

Next, we turn our attention to Hobza’s S66x8 benchmark set,?”

which comprises
66 different noncovalently bound dimers at eight different intermolecular distances.

These are defined by intermolecular distance multipliers (IDMs) relative to each dimer’s
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Figure 2: Mean percentage deviations (MPDs) for S66x8 (kcal/mol) for dispersion uncor-
rected (a) and corrected (b) Minnesota functionals. All results are based on calculations
with the def2-QZVP? quadruple-¢ AO basis set. Negative MPDs indicate underbinding.

equilibrium distance ranging from IDM=0.9 to IDM=2.0. The particular value of S66x8
was shown in a study by Grimme and co-workers who demonstrated that the M05 and
MO06 suites of functionals were underbinding in the long-distance region.?® Similarly
to their study, we carry out the present analysis with the help of mean percentage

deviations (MPDs) obtained separately for each IDM: 28

MPD = @ Z AEfunctional - AEreference’ (1)
n AEreference

where the summation index n goes over all 66 systems. AF is the energy for the
decomposition of a dimer into its monomers; hence, a negative MPD indicates an
underbinding tendency.

Exactly such a tendency is observed for almost all of the investigated DFTAs (Fig.
2a). For most methods, the MPDs are closest to zero in the equilibrium-distance
region. However, the best functional in this region still has an MPD of —12.2% for
IDM=1.0 (M11), while MN12-L, MN12-SX and M11-L underbind the dimers by about
19 to 26%. This underbinding tendency increases for longer intermolecular distances,
with values ranging from —36 to —97% (IDM=1.5) and from —26 to —46% (IDM=2.0).

N12, N12-SX, and SOGGA11-X are highly repulsive at short distances with MPDs as



low as —267% (N12). SOGGA11 shows a peculiar trend with a strong underestimation
at short and long distances (—281 % and —118%, respectively), and with a large
overestimation in between.

S66x8 can be separated into dimers that are predominantly bound by electrostatic
interactions (hydrogen bonds), dispersion interactions or a mixture of both. The rel-
evant MPDs listed in Tabs. S5-S7 show that most functionals underbind all three
types of complexes. It is also possible to define mean absolute percentage deviations
(MAPDs). For M11, these range between 11 and 52% (Fig. S4), while the other
methods show significantly larger values of up to 282% (SOGGA11).

Grimme and co-workers combined the M05 and MO6 classes with the DFT-D3
dispersion correction and they reported improvements, particularly in the long-range
region. %28 There are two forms of the DFT-D3 correction, the zero-damping variant
DFT- D3(0)23 and the Becke-Johnson-damping?® variant DFT-D3(BJ)?° (see SI). The
MO05 and MO6 classes of functionals were almost all incompatible with DFT-D3(BJ)
due to double-counting effects in the medium-range region, and it was recommended
to use DFT-D3(0) instead. !? Herein, we attempted to fit both types of DFT-D3 to the
eight recent Minnesota functionals. SOGGA11 is incompatible with either of the two
versions, DFT-D3(0) works on average better with M11-L and N12, and DFT-D3(BJ)
should be used for the remaining functionals (Tabs. S1 and S2).

The MPDs for S66x8 for DFT-D3-corrected functionals are shown in Fig. 2b. In
most cases, absolute errors in the long-range region are reduced and for IDM=2.0 a
slight overestimation of the binding energies by up to 10% is observed. Particularly the
M11 and N12-SX functionals benefit from the dispersion correction, and the MPDs are
usually within +10% between IDM=0.95 and IDM=2.0. However, for most functionals
an overestimation of up to 60% is observed for short distances, most likely due to
double-counting effects. This is particularly the case for the dispersion-dominated and
mixed complexes (Tabs. S6 and S7), while the dispersion correction improves the
hydrogen-bonded complexes for all IDMs (Tab. S5). Overall, M11-L seems to benefit

the least from the DFT-D3 correction (Fig. 2b).



Tab. 2 shows mean absolute deviations (MADs) over the whole set of the 528
interaction energies in S66x8. DFT-D3 improves the results for the Minnesota func-
tionals significantly: the best two values are 0.26 kcal/mol and 0.36 kcal/mol for the
dispersion-corrected hybrids M11-D3(BJ) and N12-SX-D3(BJ). Conceptually, these
methods belong to the fourth rung of Perdew’s Jacob’s-Ladder scheme.?! Interestingly,
previous studies of the new Minnesota methods have always excluded the fifth-rung
class of double-hybrid DFTAs, 3233 even though it has been established that dispersion-
corrected double hybrids belong to the most accurate DFTAs for NCIEs. 933 Herein,
we report the first direct comparison between the new Minnesota functionals and the
dispersion-corrected B2-PLYP-D3(BJ)32? double-hybrid (Tab. 2); its MAD is with 0.16
kcal/mol lower than for the best dispersion-corrected Minnesota functionals. In fact,
this value is the lowest-reported value for S66x8 in the literature.?®

Tab. 2 also lists MADs for various benchmark sets that were part of the DFT-
D3 fitting procedure. These cover NCIEs of dimers in their equilibrium geometries
and relative energies of conformers of organic- and biochemical interest. Besides the
separate MADs for each test set, the table also shows weighted MADs (WMADs)
averaged over the three dimer test sets RG6, S22B and ADIMG6, as well as WMADs
averaged over the four conformer sets (see SI for details). From the MADs and WMADs
it can be seen that in some cases, particularly for the conformers, the values increase
for the dispersion-corrected methods, indicating double-counting in the medium-range
region. SOGGA11-X-D3(BJ) is the only functional showing consistent improvement
both for the dimers and the conformers. However, none of the functionals surpass
B2PLYP-D3(BJ), which yields the lowest values in the table. Finally note that DFT-
D3 cannot fix any functional-inherent errors that may contribute to the unusual shapes
of the argon-dimer dissociation curves (Fig. S3).

Thus, also the latest Minnesota DFTAs can be improved with the DFT-D3 correc-
tion, with the drawback of possible medium-range double-counting. It is interesting to
determine if this problem also occurs for a different form of dispersion correction. In

2010, Van Voorhis and Vydrov developed the VV10 van-der-Waals DFTA that com-



Table 2: Mean absolute deviations (MADs) and weighted MADs (WMADs) in
kcal/mol for different DFTAs and various benchmark sets obtained with the
def2-QZVP quadruple-( AO basis set.

Functional S66x8  RG6”  S22B”  ADIM6° ACONF? SCONF® CYCONF/  PCONFY  WMADl, ~— WMAD., ;
SOGGATL 1.92 0.53 327 1.28 T.71 1.07 0.68 1.2 2.44 2.90
M11-L 1.11 0.70 1.37 0.72 0.21 0.96 0.43 0.59 1.14 0.57
M11-L-D3(0) 0.68 0.35 0.72 1.47 0.17 0.52 0.52 2.15 0.79 0.73
MN12-L 0.90 0.68 1.08 0.52 0.65 0.56 0.44 3.11 0.91 1.05
MN12-L-D3(BJ) 0.66 0.32 1.00 1.10 0.78 0.58 0.49 3.83 0.90 1.25
N12 2.69 1.13 3.96 6.38 0.90 0.38 0.79 4.75 3.89 1.45
N12-D3(0) 0.54 0.12 0.86 0.24 0.10 1.05 0.73 0.91 0.62 0.69
SOGGA11-X 1.90 0.90 2.58 4.13 0.44 0.62 0.29 1.76 2.56 0.72
SOGGA11-X-D3(BJ)  0.40 0.27 0.62 0.32 0.30 0.31 0.14 0.94 0.51 0.40
M11 0.44 0.43 0.65 0.29 0.67 0.55 0.33 0.86 0.55 0.60
M11-D3(BJ) 0.26 0.15 0.41 0.79 0.73 0.57 0.35 1.23 0.43 0.70
MN12-SX 0.87 0.48 1.16 1.20 0.06 0.87 0.23 1.06 1.05 0.55
MN12-5X-D3(BJ) 0.37 0.20 0.66 0.42 0.23 0.79 0.21 1.92 0.54 0.73
N12-SX 1.60 0.71 2.36 3.55 0.53 0.52 0.49 2.79 2.28 0.95
N12-SX-D3(BJ) 0.36 0.09 0.58 0.14 0.04 0.34 0.56 0.71 0.42 0.37
MO6-L 0.49 0.44 0.81 0.24 0.47 0.39 0.38 0.98 0.64 0.52
MO06-L-D3(0) 0.30 0.44 0.44 0.91 0.51 0.41 0.36 1.18 0.52 0.58
MO06-L-NL 0.26 0.33 0.39 1.01 0.58 0.43 0.43 1.49 0.49 0.68
B2-PLYP-D3(BJ)7 0.16 0.06 0.26 0.22 0.02 0.25 0.11 0.28 0.22 0.16

@6 rare-gas dimers. 23 222 noncovalently bound dimers. 3435 ¢6 alkane dimers.23 @18 alkane conformers.3% €19 sugar
conformers.37 f11 cysteine conformers. 38 911 tripeptide conformers. 32 "Weighted MAD averaged over the three test sets
with dimers in equilibrium geometries (RG6, S22B, ADIM6; see SI). *Weighted MAD averaged over four conformer test sets

(see SI). ITaken from Refs. 28 and 30; note that the results for S22 are based on slightly different reference values.

bines a conventional semi-local exchange-correlation functional with a nonlocal (NL),
electron-density-dependent correlation kernel that ensures the asymptotically correct
description of London dispersion.*? Later, Hujo and Grimme showed that this kernel
can be successfully used with a variety of different semi-local DFTAs and they dubbed
this approach DFT-NL.%' Although these studies fitted the VV10 kernel to the NCIEs
of the S22 set only, it was shown that this choice of training procedure did not have any
negative impact on the DFTAs’ results for thermochemistry (TC).#%42 Mardirossian
and Head-Gordon recently demonstrated the full potential of the VV10-kernel by in-
cluding it during the fitting procedures of their range-separated hybrid wB97X-V 13
and their meta-GGA functional B97M-V.2° These DFTAs showed highly promising
performance for NCIEs and TC, e.g. the MADs for S22 and S66x8 were 0.23 and 0.22
kcal/mol for wB97X-V /aug-cc-pVTZ, while B9TM-V /aug-cc-pVTZ yielded values of
0.23 and 0.17 kcal/mol, respectively.2"

At this stage, the new Minnesota functionals and the VV10 kernel are parts of
separate programs, which is why we herein only conduct a preliminary study on the

related M06-L Y combined with the VV10 kernel (M06-L-NL). Nevertheless, the results

10



for M06-L-NL give us a reliable first insight into the potential of using this correction
for the newer functionals, given that they seem to suffer from similar problems as
their predecessors. The MADs for the various benchmark sets in Tab. 2 indicate that
MO06-L-NL behaves similarly to M06-L-D3(0): while the values for S66x8 and S22B
are significantly lower than for M06-L, the limited improvement and the sometimes
increased MADs for the other benchmark sets are an indication that the DFT-NL cor-
rection also induces double-counting with Minnesota-type functionals. The MPDs and
MAPDs of M06-L-NL for S66x8 are shown in the SI (Fig. S5) and they are better than
DFT-D3(0) for IDM=1.0, but worse for larger IDMs. We also report that combining
DFT-NL with the M06-2X ! hybrid was unsuccessful. Based on these preliminary re-
sults it is questionable whether combining the newer Minnesota functionals with the
VV10 kernel could improve any of their underlying problems without a complete refit
of their functional-inherent parameters.

In summary, we have demonstrated that the latest Minnesota-type DFTAs do not
properly describe medium- and long-range London-dispersion interactions. We recom-
mend that this fact be taken into account by the general chemist that may consider
applying these methods in their research. For theoretically oriented chemists, these
findings are further evidence that the common strategy of fitting functional parame-
ters to NCIEs is unlikely to succeed, unless the DFTA contains specific components
that provide a physically correct description of dispersion (see Refs. 13 and 20 for
promising examples). Also, using larger basis sets in the parameter-fitting procedure
is recommended to prevent BSSE-related artifacts. The peculiar dissociation behavior
of the argon dimer for most of the tested methods justifies closer investigation of their
underlying components, an undertaking that in the long term may improve our un-
derstanding of Minnesota-type DFTAs and help in the development of new methods.
In initial studies, the latest Minnesota functionals have shown good performance for
other chemical properties.'? The next logical step is to analyze to what extent these
other properties are influenced by the herein reported findings. These investigations

are currently underway.

11



General Information. Gaussian09 Rev D.012!

with the large ” ultrafine” quadrature
grid was used in most cases, except for the rare-gas dimers, for which the larger ”su-
perfine” grid was applied. M06-L and DFT-NL calculations, in the post-self-consistent-
field version, 4 were carried out with ORCA.3.0.243 with its options ”grid7” and ”vdw-
grid4”, and with the resolution-of-the-identity approximation for the Coulomb term.4*

DFT-D323:30 corrections were obtained with Grimme’s standalone code.*® MOLPRO

2012.1%6 was used for nonrelativistic, zero-point-exclusive W2-F1217 calculations.
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