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Abstract

The VV10 and rVV10 nonlocal correlation functionals are consistently implemented and assessed, with the
goal of determining if the rVV10 nonlocal correlation functional can replace the VV10 nonlocal correlation
functional in the recently-developed B97TM-V density functional, to give the B97TM-rV density functional.
Along the way, four density functionals are simultaneously tested: VV10, rVV10, BO97M-V, and B97M-
rV. An initial assessment is carried out across the S22 dataset, and the short-range damping variable, b, is
varied for all four density functionals in order to determine the sensitivity of the functionals to the empirical
parameter. The results of this test indicate that a value of b = 6 (fortuitously the same as in B97TM-V)
is suitable for B97TM-rV. The functionals are then compared across an extensive database of interaction
energies, and it is demonstrated that B97M-rV either matches or outperforms B97TM-V for all of the tests
considered. Finally, the optimization of b across the S22 dataset is extended to two range-separated hybrid
density functionals, wB97X-V and wB97M-V, and a value of b = 6.2 is recommended for both wB97X-rV
and wB97M-rV.
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g8 | W Thermochemistry (947) While damped atom-atom potentials>*8, such as
O Barrier Heights (206) DFT-D2 and DFT-D3, are certainly more common-
place, nonlocal correlation functionals?1® (NLCF) such
6 as vdW-DF2 and VV10 have been gaining popular-
ity recently, because they have more physical content,
a fewer empirical parameters, and the potential of be-
3 ing significantly more accurate. The VV10 NLCF
= was originally paired with rPW86 exchange!! and PBE
2 - correlation'? to give the VV10 density functional®.
S Since the NLCF and the density functional both have
0 B the same name, the former will be referred to either

as -V (analogous to Grimme’s -D) or the VV10 NLCF,
and the latter as VV10. The VV10 NLCF has since
been parameterized onto semi-local (BLYP, revPBE,
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In the past decade, the focus of density functional de-
velopment and benchmarking has expanded from ther-
mochemical properties such as atomization energies to
a wide variety of diverse energetics such as isomeriza-
tion energies, barrier heights, excited states, and non-
covalent interactions. The latter has certainly received
the most attention®, and the literature contains numer-
ous prescriptions for correcting existing functionals®3
(e.g., B3LYP-D3 and B3LYP-NL) and parameteriz-
ing dispersion-corrected functionals®® (e.g., B97-D and
B97M-V), as well as an abundance of useful benchmark
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PBE, TPSS), hybrid (LC-wPBE0S, B3LYP, B3PW91,
revPBEQ, revPBE38, PBE(O, TPSS0), and even double
hybrid density functionals?13:14,

Vydrov and Van Voorhis accomplished the implemen-
tation of nonlocal correlation functionals in Gaussian
basis set codes'® for energy and nuclear gradient evalu-
ations, and NLCFs are available in Q-Chem®®, Orcal?,
and ERKALE'. More recently, the efficient imple-
mentation of NLCFs in plane-wave basis set codes has
been made possible due to an interpolation scheme!?
introduced by Romdn-Pérez and Soler (RPS). While
the RPS procedure was initially only applicable to the
vdW-DF NLCFs, Sabatini and coworkers recently intro-
duced a slight modification® to the VV10 NLCF (called
rVV10), enabling its efficient implementation in peri-
odic codes such as Quantum Espresso?!, CP2K?2, and
ONETEP%.

The VV10 NLCF is a critical component of
three combinatorially optimized, semi-empirical density



functionals®?2%: wB97X-V, wB97M-V, and BI7TM-V.
The lattermost has a semi-local parent functional, and
can potentially be very useful for solid-state calcula-
tions. Since B9TM-V is very accurate for non-covalent
interactions compared to most existing density func-
tionals, it is important to verify that replacing -V with
-rV in B97M-V does not lead to a significant degra-
dation in accuracy. This is of immediate relevance to
recent work in the ONETEP linear-scaling electronic
structure package??, where an efficient implementation
of B97TM-rV has recently been accomplished, allowing
the application of this functional to systems containing
thousands of atoms2®. The rest of this letter focuses
on defining and assessing B9TM-rV relative to B97TM-
V, along with VV10 and rVV10. In addition to the S22
dataset®, the functionals are compared across the ex-
tensive database of interaction energies from Reference
25.

I. COMPUTATIONAL DETAILS

The def2-QZVPPD basis set is used for all calcula-
tions without counterpoise corrections. A (99,590) grid
(99 radial shells with 590 angular grid points per shell) is
used to calculate the contribution from local and semi-
local exchange-correlation functionals, while the SG-1
grid?” is used to calculate the contribution from the
VV10 nonlocal correlation functional.

The database® used to assess the functionals in this
benchmark is constructed from 84 existing datasets and
contains 4986 data points, requiring 5931 single-point
calculations. 82 of these 84 datasets (AE18 and RG10
are excluded from this study) are classified according to
eight categories (or datatypes): NCED (non-covalent
dimers (easy)), NCEC (non-covalent clusters (easy)),
NCD (non-covalent dimers (difficult)), IE (isomeriza-
tion energies (easy)), ID (isomerization energies (diffi-
cult)), TCE (thermochemistry (easy)), TCD (thermo-
chemistry (difficult)), and BH (barrier heights). The
number of data points (and datasets) in NCED, NCEC,
NCD, IE, ID, TCE, TCD, and BH are 1744 (18), 243
(12), 91 (5), 755 (12), 155 (5), 947 (15), 258 (7), and 206
(8), respectively. “Difficult” interactions involve either
self-interaction error or strong correlation, while “easy”
interactions are not significantly characterized by either.
Detailed information about the datasets can be found
in Table 1 of Reference 25. All of the calculations are
performed self-consistently with a development version
of the Q-Chem 4 package!S.

Il. THEORY

The VV10 nonlocal correlation functional energy ex-
pression is given in Equation 1, and the associated non-
local correlation (NLC) kernel, ®, is defined in Equa-
tions 2-5, where R = |r — 1’|, and primed variables are
a function of r’ rather than r.
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The VV10 NLCF depends on two empirical parameters,
b and C'. The former controls the short-range damping
of the r~% asymptote, and the latter controls the accu-
racy of the long-range Cg coefficients. While it is clear
from Equation 1 that EYV'0 and b are inversely related,
it is generally true that Ey;,q and b are inversely related,
such that as b — oo, the binding energy of the parent
functional is recovered.

The difference between the VV10 and rVV10 NLCFs
originates in the nonlocal correlation kernel. To eluci-
date the difference, the NLC kernel in Equation 2 can be
rewritten in the form given in Equation 6. Despite ap-
pearing more complicated, the approximation of setting
\/g = 1 results in the simplified rVV10 kernel (Equa-
tion 7) and enables the use of the RPS procedure.

-1
/ ! 5
o= Sptp-i(99( [Fe, [Fd ©)
2 KK k' K Kk K

3 s ,3(gd (g9, 9\ "
* = 75%75,{,,5 (f—/ (7+ j)) (7)
KR K K K

Vydrov and Van Voorhis originally paired the VV10
NLCF with rPW86 exchange and PBE correlation, and
optimized the values of the two empirical parameters
to b = 5.9 and C = 0.0093, giving the VV10 density
functional. Sabatini and coworkers retained the value
of C', as well as the exchange and correlation functionals,
switched -V with -rV, and optimized b = 6.3 on the S22
dataset, to define the rVV10 density functional.

IIl. RESULTS AND DISCUSSION

Table I and Figure 1 contain the results for varying b
across the S22 dataset for VV10, rVV10, B97M-V, and
B97M-rV. The root-mean-square deviations (RMSD)
are computed both with respect to the original func-
tional (either VV10 or BO7TM-V), as well as the S22
reference values. Beginning with the comparison of
VV10@b to VV10, the RMSD should be exactly 0 at
the VV10 defined value of b = 5.9. The RMSD in-
creases nearly linearly as one deviates from b = 5.9, at
a rate of approximately 0.065 kcal/mol per 0.1 units of
b. Moving on to the comparison of VV10@b to the S22
reference values, the minimum of VV10@b should be
at 5.9, but it lies at about 6.05. There are two pos-
sible explanations for this discrepancy. First, the S22
reference values?® (S22B) used here are slightly differ-
ent from those employed in the original paper. How-
ever, the mean absolute deviation (MAD) between the



two sets of reference values is only 0.012 kcal/mol. The
other, more significant source of error is the choice of
basis set, which was counterpoise-corrected (CP) aug-
cc-pVTZ in the original paper, but non-counterpoise-
corrected (noCP) def2-QZVPPD in this work. The
MAD and mean signed error (MSE) between the for-
mer and latter results is 0.044 and 0.045 kcal/mol, re-
spectively, meaning that the CP aug-cc-pVTZ results
are systematically underbound compared to the noCP
def2-QZVPPD results. This explains the optimization
of b toward a slightly larger value. Regardless, the differ-
ence between the VV10@b=>5.9 RMSD of 0.50 kcal/mol
and the VV10@b=6.05 RMSD of 0.49 kcal/mol is in-
significant.

Comparing rVV10@b to VV10, the optimal value of
b shifts from 5.9 to around 6.1, which is consistent with
the finding of Sabatini and coworkers, namely that the
rVV10 NLCF tends to systematically overbind com-
pared to the VV10 NLCF. Therefore, a slightly larger
value of b is warranted, as it helps reduce the overbind-
ing. It is remarkable that with a value of b = 6.1 the
RMSD of rVV10@b=6.1 vs. VV10 can be as small as
0.02 kcal/mol, while the RMSD for the rVV10 defined
value of b = 6.3 is actually 0.14 kcal/mol relative to
VV10. Nevertheless, this is because b = 6.3 was param-
eterized to minimize errors with respect to the S22 refer-
ence values, and not VV10. Considering the comparison
of r'VV10@b to the S22 reference values demonstrates
that the value of b = 6.3 found by Sabatini and cowork-
ers is indeed not far from the optimum value found in
this work, which is 6.25.

Considering the B97M-V@Db results, the minimum vs.
B97M-V should be exactly 0 at b = 6, since that is the
value used in the B97M-V density functional. Consis-
tent with the trend witnessed with VV10@b, the RMSD
increases linearly as one deviates from the defined value,
at a rate of approximately 0.0625 kcal/mol per 0.1 units
of b. Compared to the reference, however, the minimum
for b is not at 6.0, but at 5.81. The explanation for this
result is simply that BO7TM-V was parameterized using
the aug-cc-pVTZ basis set without counterpoise correc-
tions for non-covalent interactions, and closer to the ba-
sis set limit (e.g., noCP def2-QZVPPD) the binding en-
ergies will be smaller in magnitude, leading to the need
for a smaller value of b. Nevertheless, the difference be-
tween the smallest possible RMSD (0.28 kcal/mol) and
the b = 6 RMSD (0.31 kcal/mol), is only about 0.03
kecal/mol, so the basis set effect is not significant.

Moving on to the comparison of B97M-rV@b to
B97M-V, the optimal value of b once again shifts to a
larger value (6.2), further confirming that the rVV10
NLCF tends to bind systems more than the VV10
NLCF. The most interesting outcome appears in the
comparison of the B97TM-rV@b results to the S22 refer-
ence values. The optimal value of b is around 6 (6.02 to
be more precise), which happens to be almost identical
to the defined value of b for BO7TM-V. A fortuitous can-
cellation of errors accounts for this result. Closer to the
basis set limit, B97M-V tends to be underbound, but
the rVV10 NLCF overbinds relative to the VV10 NLCF.

Thus, the underbinding is offset by the overbinding, and
a minimum near b = 6 is recovered. As a result of this
assessment, the B97TM-rV density functional will
be defined as having a value of b = 6.

With the results of the S22 test in hand, seven func-
tionals will be assessed on a database of 4399 data points
(82 datasets). The first four functionals are based on
the combination of the rPW86 exchange functional and
the PBE correlation functional, and are rPW86PBE,
rPW86PBE-V (b = 5.9), rPW8GPBE-rV (b = 5.9),
and rPW86PBE-rV (b = 6.3). The second and fourth
functionals are already defined in the literature and
are VV10 and rVV10, respectively. The third func-
tional is rVV10@b=5.9, and it will be referred to as
rVV10* for brevity. Although rVV10* uses a subopti-
mal value for b, it is included in the comparison in order
to directly gauge the differences between the VV10 and
rVV10 NLCFs, independent of the effect of different
values of b. The other three functionals are based on
the B97TM-V functional, and are B97M (B9TM-V with
the VV10 NLCF correlation energy removed), B97TM-V,
and B97M-rV.

Table II contains RMSDs for the 8 energetic
datatypes found in the assessment database, as well
as RMSDs for interpolated equilibrium bond lengths
(EBL) and equilibrium binding energies (EBE) of 81
non-covalent dimers. Considering first the results for
the functionals whose parent is rPW86PBE, it is no-
ticeable that across VV10, rVV10*, and rVV10, the
RMSD for the thermochemistry categories (TCE and
TCD) changes negligibly. In fact, the most pronounced
changes are seen in the categories that pertain to con-
ventional closed-shell non-covalent interactions (NCED,
NCEC, EBL, EBE) and isomerization energies (IE).
This is a positive (and perhaps expected) result, be-
cause it indicates that minor modifications to the NLCF
(either in the value of b or the kernel) do not have much
of an effect on bonded interactions.

Going from VV10 to rVV10*, the NCEC RMSD in-
creases from 8.02 kcal/mol to 8.48 kcal/mol, and this
is solely due to the fact that VV10 is already over-
bound for molecular clusters (e.g., water hexamers),
and changing the NLCF from -V to -rV (without al-
tering the value of b) should worsen the overbinding
and lead to a larger RMSD. This effect is confirmed in
Table III, which contains mean signed errors for several
NCED and NCEC datasets. For example, considering
the hexamers in H206Bind8, the MSE for VV10 is -
5.42 kcal/mol, but -5.68 kcal/mol for rVV10*. To see
an even more pronounced effect, the water 20-mers in
H2020Bind10 can be analyzed. For this dataset, the
MSE for VV10 is -22.68 kcal/mol, but -24.32 kcal/mol
for rVV10*.

If the b value of rVV10@b were fit to reproduce VV10
results, the optimal value would be at b = 6.1, which
is smaller than the rVV10 defined value of b = 6.3.
When rVV10 itself is considered, the NCEC result im-
proves even over VV10. The MSEs in Table III con-
firm that this is because rVV10 binds less than VV10,
with the former having an MSE of -20.83 kcal/mol for



RMSD (kcal/mol) 55|56|57|58|59)|6.0|6.1)|6.2|63]|64]|65]|66|67|68|69]|7.0
VV10@b vs. VV10 0.3410.25|0.16]0.08|0.00|0.08]0.15]|0.22]0.29]0.36]|0.43]|0.49|0.55|0.61|0.67|0.73
VV10@b vs. Ref 0.66]|0.61|0.56|0.52|0.50/0.49]0.49]0.50]|0.52]|0.55]|0.58]0.62|0.66|0.70|0.74|0.78
rvV10@b vs. VV10 0.53]0.43]0.34]|0.25|0.17]|0.09]0.02]|0.07]0.14]0.22]0.28]0.35]|0.42|0.48| 0.54| 0.60
rVV10@b vs. Ref 0.79]0.72]0.65[0.59]0.55(0.51]0.49|0.47{0.47)| 0.48( 0.50| 0.53| 0.56| 0.60| 0.64 [ 0.68
B97M-V@b vs. B97M-V ]0.40|0.31]|0.23|0.15(0.07[0.00{0.07|0.14]|0.21]|0.27]|0.34|0.40( 0.46[0.51{0.57|0.62
B97M-V@b vs. Ref 0.3810.3310.29]0.28|0.28]|0.31]|0.35|0.39]|0.44]0.50|0.55]|0.60|0.65[0.71|0.76| 0.81
B97M-rV@b vs. B97M-V |0.58|0.49(0.40(0.32(0.24|0.16|0.08]0.02]|0.06|0.13|0.20( 0.26(0.33|0.39]|0.44|0.50
B97M-rV@b vs. Ref 0.53]0.45|0.39|0.34|0.30/0.29]0.29]|0.31]0.35|0.39]0.44]0.49]0.54|0.59] 0.65| 0.70

TABLE I. Root-mean-square deviations (RMSD) in kcal/mol for VV10, rVV10, B97M-V, and BO7M-rV for different values
of the empirical parameter, b. The RMSDs are computed both with respect to the original functional (either VV10 or

B97M-V), as well as the S22 reference values.
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FIG. 1. Plots of root-mean-square deviations (RMSD) in kcal/mol for VV10, rVV10, BO7TM-V, and B97M-rV for different
values of the empirical parameter, b. The RMSDs are computed both with respect to the original functional (either VV10

or B97TM-V), as well as the S22 reference values.

Datatype |NCED[NCEC|[NCD[ IE [ ID [TCE[TCD][BH [EBL (A)[EBE
# Data Points| 1744 | 243 91 | 755 | 155 | 947 | 258 | 206 81 81
rPW86PBE | 2.10 | 4.88 [2.80 [1.13]12.05] 8.39 |12.74[9.31] 0.323 |[2.36
VV10 0.44 | 8.02 | 3.65|0.64| 8.42 [ 7.41 |10.86/9.69| 0.028 |0.47
rVvio* 0.48 | 8.48 | 3.70 [0.66] 8.38 | 7.41 |10.87|9.73] 0.027 |0.53
rVV10 0.42 | 7.49 |3.60[0.61]8.72 | 7.42110.75|9.64] 0.033 |0.42
BIT™M 2.20 | 11.41 | 1.80 [1.20] 9.31 | 5.02 110.65|5.39] 0.326 |2.48
BI7TM-V 0.24 | 0.95 [2.010.27] 6.48 | 3.57 | 4.82 |4.35] 0.026 |0.17
BI7TM-rV 0.22 | 0.67 |2.04]0.28] 6.45 [ 3.57 | 4.78 |4.36| 0.025 [0.17

TABLE II. Root-mean-square deviations in kcal/mol for 8
energetic datatypes (NCED through BH), as well as interpo-
lated equilibrium bond lengths (EBL) and equilibrium bind-
ing energies (EBE) for a set of 81 dimers. NCED stands for
non-covalent dimers (easy), NCEC stands for non-covalent
clusters (easy), NCD stands for non-covalent dimers (diffi-
cult), IE stands for isomerization energies (easy), ID stands
for isomerization energies (difficult), TCE stands for ther-
mochemistry (easy), TCD stands for thermochemistry (dif-
ficult), and BH stands for barrier heights. “Difficult” inter-
actions involve either self-interaction error or strong corre-
lation, while “easy” interactions are not significantly char-
acterized by either.

H2020Bind10 and the latter having an MSE of -22.68
kcal/mol. Regardless, both functionals are severely
overbound for water clusters. The reason for this is

ultimately due to the choice of the parent functional.
In order to effectively combine -V or -rV with a parent
functional, the latter should underbind hydrogen bonds
and dispersion interactions in a similar fashion. In gen-
eral, r'VV10 is the best performing functional out of the
three rPW86PBE-based dispersion-corrected function-
als, followed by VV10, and then rVV10*.

Table IV contains individual binding energies for the
systems in the S22 dataset. Considering the results for
the water dimer, it is clear that rPW86PBE is only
slightly underbound (-4.87 kcal/mol vs. a reference of
-4.99 kcal/mol), and that the three rPW86PBE-based
dispersion-corrected functionals are overbound by about
10%. In fact, a value of b much larger than 10 is neces-
sary to make the water dimer binding energies for these
functionals match the reference. However, while a very
large value of b may be suitable for strong hydrogen
bonds, considering the binding energy of the methane
dimer in Table IV indicates that rPW86PBE is not
bound at all, and a value of b = 5.8 is necessary for
rVV10 to recover the reference value of -0.53 kcal/mol.
Furthermore, looking back to the S22 results in Table I,
it is clear that the rVV10@b results would degrade by
almost 50% if the value of b was increased from 6.3 to 7,



Dataset S22 | S66 [HSG [H206Bind8 | FmH2010|H2020Bind10
rPWS86PBE| 2.86 | 2.35 | 1.80 1.17 8.68 16.15
VV10 -0.21]-0.311-0.31 -5.42 -11.51 -22.68
rVV10* [-0.34[-0.42]-0.40 -5.68 -12.33 -24.34
rVV10 [-0.09[-0.21(-0.24 -5.06 -10.44 -20.83
B9TM 3.11[2.60(2.03 6.24 18.72 38.49
B97M-V [ 0.20 [ 0.08 | 0.05 0.19 0.07 2.75
B97M-rV [ 0.08 [-0.03[-0.04 -0.05 -0.69 1.24

TABLE III. Mean signed errors in kcal/mol for 6 datasets
of non-covalent interactions. S22 consists of 22 dispersion-
bound, mixed, and hydrogen-bonded non-covalent com-
plexes, S66 consists of 66 non-covalent interactions found in
organic molecules and biomolecules, and HSG consists of 21
small ligands interacting with protein receptors. H206Bind8
consists of 8 isomers of the water hexamer, FmH2010 con-
sists of 10 isomers of F~ (H20)10, and H2020Bind10 consists
of 10 isomers of (H20)20.

so a value much larger than 10 will simply be unsuitable
for different types of interactions.

Moving on to the results for the B97M-based func-
tionals, it is once again evident that the performance for
thermochemistry is unaffected by the choice of nonlocal
correlation functional. For example, the TCE RMSDs
for B97M-V and B97M-rV are both 3.57 keal/mol, and
for TCD, the values are 4.82 and 4.78 kcal/mol, re-
spectively. In fact, the only substantial differences
between B97TM-V and B97M-rV come from standard
non-covalent interaction binding energies (NCED and
NCEC). Luckily, due to the cancellation of underbind-
ing and overbinding identified earlier, NCED improves
by about 10% when going from B97M-V to B97TM-rV,
and NCEC improves by nearly 30%. Looking at the val-
ues in Table III, the H2020Bind10 MSE is 2.75 kcal /mol
for BOTM-V, yet only 1.24 kcal/mol for B97M-rV. Sim-
ilarly, for the S66 dataset, the underbound MSE of 0.08
kcal/mol of B97TM-V changes to a very slightly over-
bound MSE of -0.03 kcal/mol for B97M-rV. In fact, for
all 6 datasets in Table III, the MSE decreases when go-
ing from B97M-V to B97TM-rV.

For the rPW86PBE-based functionals, the hydrogen-
bonded systems in S22 prefer a large value of b, while for
the dispersion-bound systems, a value around b = 6 is
appropriate. It is interesting to see if the same is true for
the B97M-based dispersion-corrected functionals. Con-
trary to rVV10, the optimal b value for B97M-rv@b
for the methane dimer is around 5.5, while the optimal
b value for the water dimer is around 6.3. Thus, it is
clear that a parent functional that underbinds differ-
ent types of non-covalent interactions to the same de-
gree is important, since a single value of b is more suit-
able for different types of interactions. Compared to the
rPWS86PBE binding energies of 0.07 and -4.87 kcal /mol
for the methane dimer and water dimer, respectively,
B97M predicts values of 0.09 and -4.39 kcal/mol, respec-
tively. In comparison, the rVV10 binding energies are
-0.47 and -5.50 kcal/mol, respectively, while the B97M-
r'V binding energies are -0.46 and -5.03 kcal /mol, respec-
tively. Compared to the reference values of -0.53 and -
4.99 kcal/mol, respectively, it is clear that the BO7TM-rV
results are in better agreement.

During their assessment of the VV10 NLCF, Hujo and
Grimme? fit -V to the BLYP and revPBE semi-local
GGA density functionals. The combination of revPBE
and -V, termed revPBE-NL (or revPBE-V using the
present notation), turned out to be significantly more
accurate than VV10 for non-covalent interactions, by
more than a factor of 2 in the WITMAD (weighted total
mean absolute deviation of relative energies). The suc-
cess of revPBE-NL is related to the fact that revPBE
severely underbinds all of the systems in S22, with the
MAD and MSE both equal to 5.29 kcal/mol (vs. 2.86
kcal/mol for rPW86PBE). In fact, the S22 MSE of
revPBE is even larger than that of Hartree—Fock, which
is 4.99 kcal/mol. For the methane dimer and water
dimer, revPBE gives binding energies of 0.46 and -3.39
kcal/mol, respectively, while revPBE-NL gives binding
energies of -0.48 and -4.66 kcal/mol, respectively. Thus,
it is indeed important to either pick a suitable parent
functional (as in revPBE-NL) or to simultaneously train
the parent functional onto the nonlocal correlation func-
tional (as in B97TM-V).

Finally, despite the heavy computational cost of eval-
uating exact exchange for extended systems, it is in-
evitable that computational and algorithmic advances
will facilitate the use of hybrid density functionals in
periodic codes. Thus, it is likely that hybrid density
functionals that incorporate the rVV10 nonlocal cor-
relation functional will be utilized in future applica-
tions. While the two aforementioned, combinatorially
optimized range-separated hybrid density functionals,
wBI7X-V and wB97M-V, use the VV10 NLCF, it is
straightforward to optimize b on the S22 dataset in or-
der to recommend optimal parameters for wB97X-rV
and wB97M-rV. Following the same procedure used to
produce Table I and Figure 1, a value of b = 6.2 is
recommended for both wB97X-rV and wB97M-rV.

IV. CONCLUSIONS

In summary, we recommend a value of b = 6 to de-
fine the B97TM-rV density functional. B97M-rV is a
small but significant modification to the B97TM-V den-
sity functional, where the VV10 nonlocal correlation
functional (NLCF) is replaced by the rVV10 NLCF.
Since the rVV10 NLCF can be efficiently used in calcu-
lations on extended systems, it is important to establish
that the change of NLCF does not adversely affect the
performance of B97TM-V. This work represents an im-
portant and necessary first step in validating B97M-rV
on the types of systems that were used to train and test
B97M-V. The results of this study indicate that since
B97M-V is slightly underbound for dimers and clus-
ters at the basis set limit, and since the rVV10 NLCF
overbinds relative to the VV10 NLCF, B97M-rV actu-
ally improves upon B97M-V for non-covalent interac-
tions. Moreover, comparisons of the VV10 and rVV10
NLCFs across the S22 dataset (as well as a comprehen-
sive database of over 4000 data points) indicate that
the r'VV10 NLCF can seamlessly replace existing pa-



Complex (Symmetry) Ref. [rfPW86PBE|VV10|rVV10*[rVV10[B97M|[B97M-V|B97M-rV
CHy dimer (Dsq) -0.53 0.07 -0.49 | -0.52 | -0.47 | 0.09 -0.44 -0.46
C2Hy dimer (Da2g) -1.47 -0.18 -1.45 1 -1.50 | -1.39 | -0.13 | -1.33 -1.38
Benzene-CHy (Cs) -1.45 0.07 -1.47 | -1.53 | -1.41 | 0.09 -1.37 -1.43

Benzene dimer (Cap,) -2.65 1.88 -2.76 | -2.96 | -2.59 | 1.85 | -2.61 -2.80

Pyrazine dimer (Cs) -4.26 0.78 -4.04 | -4.25 | -3.86 | 0.64 -3.95 -4.14
Uracil dimer (Cg) -9.81 -2.61 -9.76 | -10.10 | -9.53 | -3.09 | -9.87 -10.19

Indole—benzene (Cy) -4.52 2.18 -4.57 | -4.86 | -4.32 | 2.01 | -4.47 -4.74

Adenine—thymine (C1) -11.73 -1.34 -11.47| -11.92 |-11.11 | -2.27 | -11.93 -12.35
CoH4—CoHy (Cay) -1.50 -1.05 -1.69 | -1.72 | -1.66 | -0.92 | -1.53 -1.55
Benzene-H,0O (C;) -3.28 -1.85 -3.34 ] -341 | -3.29 |-1.74| -3.14 -3.21
Benzene-NHj; (Cs) -2.31 -0.80 -2.32 | -2.40 | -2.27 | -0.75 -2.18 -2.25

Benzene-HCN (Cj) -4.54 -2.53 -4.31 | -4.38 | -4.23 | -2.57 | -4.26 -4.33

Benzene dimer (Ca,) -2.72 0.05 -2.57 | -2.68 | -2.48 | 0.12 -2.38 -2.49

Indole-benzene (Cs) -5.63 -1.69 -5.30 | -5.46 | -5.18 | -1.65| -5.09 -5.24
Phenol dimer (Cs) -7.10 -3.84 -7.05 | -7.19 | -6.94 | -3.58 | -6.62 -6.75
NHj; dimer (Cap,) -3.13 -2.72 -3.45 | -3.48 | -3.41 | -2.44 | -3.11 -3.14
H,0O dimer (Cs) -4.99 -4.87 -5.54 | -5.57 | -5.50 | -4.39 | -5.01 -5.03

Formic acid dimer (Cap) -18.75 -17.68 -20.05| -20.13 [-19.91 [-16.50] -18.72 -18.79
Formamide acid dimer (C2n) [-16.06] -14.57 |-16.80| -16.88 |-16.68 |-13.59| -15.67 | -15.74
Uracil dimer (Cap) -20.64 -18.25 -21.19| -21.29 |-21.06 [-17.42] -20.17 -20.26
2-pyridone—2-aminopyridine (C1)]-16.93 -14.92 -18.13| -18.24 |-17.99 (-13.44] -16.46 -16.56
Adenine-thymine WC (Cs) -16.66 -13.96 -17.51| -17.64 [-17.36 |-12.56| -15.90 -16.02

TABLE IV. Binding energies in kcal/mol for the S22 dataset. The S22B reference values are provided in the second column.
The first set of interactions are dispersion-bound, the middle set of interactions are mixed, and the last set of interactions

are hydrogen-bonded.

rameterizations involving the VV10 NLCF by increas-
ing the value of b to compensate for the inherent ten-
dency of the rVV10 NLCF to overbind relative to the
VV10 NLCF. Although recent AIMD simulations of lig-
uid water with BO7TM-rV have already yielded encour-
aging results across a large set of water properties29,
it remains to further test the BO7M-rV density func-
tional for solids, liquids, and interfaces in order to see
if its demonstrated accuracy for various molecular in-
teractions extends to properties that are significantly
different from those used to train its parameters.
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