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In general, dispersion is not pairwise additive

E
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Examples:1

I benzene crystal
I graphene bilayer
I Fullerene dimer
I DNA-ellipticine complex
1von Lilienfeld and Tkatchenko, J. Chem.Phys. 132, 234109 (2009).

Pairwise approximation can be poor 

von Lilienfeld and Tkatchenko, J. Chem. Phys. 132 234109 (2009).
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Pairwise approximation can be poor 
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Generalization?
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Many-body dispersion (MBD)

Dispersion-correction 
 method for DFT

• Atomic polarizabilities 
• Scaled from local environment 
• long-range coupling (Thole model) 

• MBD energy 
• Quantum harmonic oscillators
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These complexes include the S22;42 its extension to nonequi-
librium geometries, S22×5;50 S66—a larger coverage of in-
teractions found in organic molecules and biomolecules—and
its extension to nonequilibrium geometries, S66×8;51 hydro-
gen bonds found in ionic groups interacting with neutral com-
pounds (IonicHb)—constructed in analogy to S66×8;52 a set
of 24 pairs of representative amino acid side chain interac-
tions (SCAI);53 a set of 40 complexes of organic halides, halo-
hydrides, and halogen molecules at equilibrium (X40) and
nonequilibrium (X40×10) geometries.54 Results are shown
in Table I for the respective MTP, TBD, and MBD contribu-
tions. We remind the reader that only S22 was used to fit the
free parameters of the method. As one would expect, the sum
of dispersion and electrostatics (referred to as “MBD+MTP”)
performs on average better than any individual components,
except in a few isolated cases (i.e., see components of S66,
S66×8, and IonicHb). In the case of S22, MBD+MTP per-
forms on par with standard force fields for the SCAI database:
OPLS (2.1 kcal/mol) and Amber FF03 (2.2 kcal/mol).53 The
improvement for going from TBD to MBD is largest for the
SCAI-database, possibly due to the aromaticity of a number
of amino-acid side chains.

A scatter plot between all 1300 intermolecular ener-
gies predicted from the current implementation and refer-
ence energies (most of which are CCSD(T)) is shown in
Fig. 4. Clearly, the X40 and X40×10 data sets represent the
most difficult challenges for MBD+MTP. The MBD+MTP
severely overestimates the binding of HCl-methylamine, HF-
methylamine, HF-methanol, trichloromethanol-water, and
trifluoromethanol-water—specifically for distances shorter
than the equilibrium geometry, where repulsive interactions
are critically lacking from our model (see also Fig. 5). For
those, the MTP energy alone is significantly lower than the
reference energy. Similar overestimations are also encoun-
tered in the case of the larger supramolecular guest-host sys-
tems discussed below, though the role of MTP there is not as
clear.

To further analyze the quality of our approach, we de-
composed the MAEs of the S22×5, S66×8, IonicHb, and
X40×10 datasets at each distance factor that is used to scale
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FIG. 4. Correlation plot between energies predicted from the current im-
plementation, Emodel = MBD+MTP, and reference energies, Eref for each
database (Table I). The inset corresponds to two charged-charged side-chain
interactions of the SCAI database. Strong outliers from X40×10 exert over-
stabilizing MTP interactions (see main text).
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FIG. 5. MAE as a function of distance relative to the equilibrium geometry
for the databases S22×5, S66×8, IonicHb, and X40×10 for both TBD+MR
(top) and MBD+MR (bottom). The intermolecular distance at equilibrium
geometry is scaled by a factor (i.e., 1.00 corresponds to the equilibrium ge-
ometry). Note that the S22×5 at 1.25 is referring to an energy that was in
fact calculated using a factor of 1.20 instead (denoted by asterisks above the
corresponding histograms).

their nonequilibrium geometries (i.e., at 0.90, 1.00, 1.25, 1.50,
2.00). This decomposition is shown for both TBD+MTP and
MBD+MTP in Fig. 5. For MBD+MTP, we find the deviation
from reference systematically decaying with the intermolecu-
lar distance for all the four datasets. This underscores the fact
that the correct dissociative asymptotics has been taken into
account via the MBD. For smaller distances, however, the
lack of Pauli- and Coulomb-repulsion in our model appears
to be at the origin of an increasing error. For the TBD+MTP
data, however, no such physically correct behavior is found
for larger distances. In the case of S22 and S66, the error
at twice the equilibrium distance (∼ 7 Å) is in fact as large
as the error at 0.9 of the equilibrium distance. This finding
conflicts with the common assumption that the simple C6/R6

correction will yield proper dissociative tails. While hardly
relevant for dimers in gas-phase, one can expect this effect
to become very significant in crowded or condensed-phase
scenarios where second neighbor solvation shells contribute
significantly to the cohesive energy. We note that the low er-
rors for TBD+MTP in the IonicHb and X40×10 datasets are
the result of a relatively small weight of the TBD interactions
compared to electrostatics. As such, the small error at large
distances is mainly associated to the electrostatics that has
well been accounted for through MTP.

7. Water clusters

Moving toward more complex systems, we further
benchmarked the present method against a series of 38
water clusters containing 2–10 water molecules.55 The
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These complexes include the S22;42 its extension to nonequi-
librium geometries, S22×5;50 S66—a larger coverage of in-
teractions found in organic molecules and biomolecules—and
its extension to nonequilibrium geometries, S66×8;51 hydro-
gen bonds found in ionic groups interacting with neutral com-
pounds (IonicHb)—constructed in analogy to S66×8;52 a set
of 24 pairs of representative amino acid side chain interac-
tions (SCAI);53 a set of 40 complexes of organic halides, halo-
hydrides, and halogen molecules at equilibrium (X40) and
nonequilibrium (X40×10) geometries.54 Results are shown
in Table I for the respective MTP, TBD, and MBD contribu-
tions. We remind the reader that only S22 was used to fit the
free parameters of the method. As one would expect, the sum
of dispersion and electrostatics (referred to as “MBD+MTP”)
performs on average better than any individual components,
except in a few isolated cases (i.e., see components of S66,
S66×8, and IonicHb). In the case of S22, MBD+MTP per-
forms on par with standard force fields for the SCAI database:
OPLS (2.1 kcal/mol) and Amber FF03 (2.2 kcal/mol).53 The
improvement for going from TBD to MBD is largest for the
SCAI-database, possibly due to the aromaticity of a number
of amino-acid side chains.

A scatter plot between all 1300 intermolecular ener-
gies predicted from the current implementation and refer-
ence energies (most of which are CCSD(T)) is shown in
Fig. 4. Clearly, the X40 and X40×10 data sets represent the
most difficult challenges for MBD+MTP. The MBD+MTP
severely overestimates the binding of HCl-methylamine, HF-
methylamine, HF-methanol, trichloromethanol-water, and
trifluoromethanol-water—specifically for distances shorter
than the equilibrium geometry, where repulsive interactions
are critically lacking from our model (see also Fig. 5). For
those, the MTP energy alone is significantly lower than the
reference energy. Similar overestimations are also encoun-
tered in the case of the larger supramolecular guest-host sys-
tems discussed below, though the role of MTP there is not as
clear.

To further analyze the quality of our approach, we de-
composed the MAEs of the S22×5, S66×8, IonicHb, and
X40×10 datasets at each distance factor that is used to scale
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FIG. 4. Correlation plot between energies predicted from the current im-
plementation, Emodel = MBD+MTP, and reference energies, Eref for each
database (Table I). The inset corresponds to two charged-charged side-chain
interactions of the SCAI database. Strong outliers from X40×10 exert over-
stabilizing MTP interactions (see main text).
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FIG. 5. MAE as a function of distance relative to the equilibrium geometry
for the databases S22×5, S66×8, IonicHb, and X40×10 for both TBD+MR
(top) and MBD+MR (bottom). The intermolecular distance at equilibrium
geometry is scaled by a factor (i.e., 1.00 corresponds to the equilibrium ge-
ometry). Note that the S22×5 at 1.25 is referring to an energy that was in
fact calculated using a factor of 1.20 instead (denoted by asterisks above the
corresponding histograms).

their nonequilibrium geometries (i.e., at 0.90, 1.00, 1.25, 1.50,
2.00). This decomposition is shown for both TBD+MTP and
MBD+MTP in Fig. 5. For MBD+MTP, we find the deviation
from reference systematically decaying with the intermolecu-
lar distance for all the four datasets. This underscores the fact
that the correct dissociative asymptotics has been taken into
account via the MBD. For smaller distances, however, the
lack of Pauli- and Coulomb-repulsion in our model appears
to be at the origin of an increasing error. For the TBD+MTP
data, however, no such physically correct behavior is found
for larger distances. In the case of S22 and S66, the error
at twice the equilibrium distance (∼ 7 Å) is in fact as large
as the error at 0.9 of the equilibrium distance. This finding
conflicts with the common assumption that the simple C6/R6

correction will yield proper dissociative tails. While hardly
relevant for dimers in gas-phase, one can expect this effect
to become very significant in crowded or condensed-phase
scenarios where second neighbor solvation shells contribute
significantly to the cohesive energy. We note that the low er-
rors for TBD+MTP in the IonicHb and X40×10 datasets are
the result of a relatively small weight of the TBD interactions
compared to electrostatics. As such, the small error at large
distances is mainly associated to the electrostatics that has
well been accounted for through MTP.

7. Water clusters

Moving toward more complex systems, we further
benchmarked the present method against a series of 38
water clusters containing 2–10 water molecules.55 The
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These complexes include the S22;42 its extension to nonequi-
librium geometries, S22×5;50 S66—a larger coverage of in-
teractions found in organic molecules and biomolecules—and
its extension to nonequilibrium geometries, S66×8;51 hydro-
gen bonds found in ionic groups interacting with neutral com-
pounds (IonicHb)—constructed in analogy to S66×8;52 a set
of 24 pairs of representative amino acid side chain interac-
tions (SCAI);53 a set of 40 complexes of organic halides, halo-
hydrides, and halogen molecules at equilibrium (X40) and
nonequilibrium (X40×10) geometries.54 Results are shown
in Table I for the respective MTP, TBD, and MBD contribu-
tions. We remind the reader that only S22 was used to fit the
free parameters of the method. As one would expect, the sum
of dispersion and electrostatics (referred to as “MBD+MTP”)
performs on average better than any individual components,
except in a few isolated cases (i.e., see components of S66,
S66×8, and IonicHb). In the case of S22, MBD+MTP per-
forms on par with standard force fields for the SCAI database:
OPLS (2.1 kcal/mol) and Amber FF03 (2.2 kcal/mol).53 The
improvement for going from TBD to MBD is largest for the
SCAI-database, possibly due to the aromaticity of a number
of amino-acid side chains.

A scatter plot between all 1300 intermolecular ener-
gies predicted from the current implementation and refer-
ence energies (most of which are CCSD(T)) is shown in
Fig. 4. Clearly, the X40 and X40×10 data sets represent the
most difficult challenges for MBD+MTP. The MBD+MTP
severely overestimates the binding of HCl-methylamine, HF-
methylamine, HF-methanol, trichloromethanol-water, and
trifluoromethanol-water—specifically for distances shorter
than the equilibrium geometry, where repulsive interactions
are critically lacking from our model (see also Fig. 5). For
those, the MTP energy alone is significantly lower than the
reference energy. Similar overestimations are also encoun-
tered in the case of the larger supramolecular guest-host sys-
tems discussed below, though the role of MTP there is not as
clear.

To further analyze the quality of our approach, we de-
composed the MAEs of the S22×5, S66×8, IonicHb, and
X40×10 datasets at each distance factor that is used to scale
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database (Table I). The inset corresponds to two charged-charged side-chain
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stabilizing MTP interactions (see main text).
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FIG. 5. MAE as a function of distance relative to the equilibrium geometry
for the databases S22×5, S66×8, IonicHb, and X40×10 for both TBD+MR
(top) and MBD+MR (bottom). The intermolecular distance at equilibrium
geometry is scaled by a factor (i.e., 1.00 corresponds to the equilibrium ge-
ometry). Note that the S22×5 at 1.25 is referring to an energy that was in
fact calculated using a factor of 1.20 instead (denoted by asterisks above the
corresponding histograms).

their nonequilibrium geometries (i.e., at 0.90, 1.00, 1.25, 1.50,
2.00). This decomposition is shown for both TBD+MTP and
MBD+MTP in Fig. 5. For MBD+MTP, we find the deviation
from reference systematically decaying with the intermolecu-
lar distance for all the four datasets. This underscores the fact
that the correct dissociative asymptotics has been taken into
account via the MBD. For smaller distances, however, the
lack of Pauli- and Coulomb-repulsion in our model appears
to be at the origin of an increasing error. For the TBD+MTP
data, however, no such physically correct behavior is found
for larger distances. In the case of S22 and S66, the error
at twice the equilibrium distance (∼ 7 Å) is in fact as large
as the error at 0.9 of the equilibrium distance. This finding
conflicts with the common assumption that the simple C6/R6

correction will yield proper dissociative tails. While hardly
relevant for dimers in gas-phase, one can expect this effect
to become very significant in crowded or condensed-phase
scenarios where second neighbor solvation shells contribute
significantly to the cohesive energy. We note that the low er-
rors for TBD+MTP in the IonicHb and X40×10 datasets are
the result of a relatively small weight of the TBD interactions
compared to electrostatics. As such, the small error at large
distances is mainly associated to the electrostatics that has
well been accounted for through MTP.

7. Water clusters

Moving toward more complex systems, we further
benchmarked the present method against a series of 38
water clusters containing 2–10 water molecules.55 The
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FIG. 2. Intermolecular energy decomposition of the S22 dataset. MTP,
MBD, MTP+MBD, and Eref stand for multipole electrostatic, many-body
dispersion, and reference energy (CCSD(T)) contributions.42 This dataset has
been used to optimize the MBD parameters in our model.

which are not accounted for within our model. Another possi-
ble source of errors could be due to the fact that in this work,
we rely on the MBD energy alone to fully reproduce all dis-
persion at short as well as long-range interatomic distances. A
β-value smaller than 2 will yield a finite amount of dispersion
energy in the zero-distance limit. We note that in contrast the
augmentation of DFT functionals with dispersion corrections
typically implies β ≥ 2, i.e., W (rpq → 0) → 0, due to some
amount of dispersion energy already accounted for through
the short range correlation in the functional.19 Clearly, also
capturing short-range correlation effects still leaves room for
further improvement. In the case of the dimers where the in-
teraction energy is dominated by dispersion, the combination
of MTP and MBD predicts interaction energies that compare
very favorably with the reference numbers. It is particularly
encouraging that in several cases an overestimation due to
MBD is offset by repulsive MTP contributions resulting in an
accurate overall interaction energy, e.g., indole-benzene com-
plex (stack). We also note that the entire MBD contribution is
attractive in nature for all the instances in the S22.

4. TBD interaction energies

In the same spirit as for MBD, TBD energies are com-
pared to the reference energies, subtracted by the MTP contri-
bution. Errors in TBD energies in the S22 relaxed geometries
were minimized through tuning of the dimensionless free pa-
rameters d and sR (Eq. (12)). While d = 20.0 is a commonly
used value,20, 46, 47 we have found d = 11.0 to perform best.
As for sR, a value of 2.20 proved to be best. Overall, the error
converges to a MAE of 2.0 kcal/mol, which also compares ex-
tremely favorably against other DFT functionals without dis-
persion correction and standard force fields.

5. C6 coefficients from Voronoi partitioning

To assess the performance of the Voronoi partitioning
scheme for estimating C6 coefficients of atoms in molecules,
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FIG. 3. C6 coefficients obtained from Voronoi partitioning (Eq. (2)) for all
hydrogen and oxygen atoms in the water dimer as a function of the oxygen-
oxygen distance. C6 coefficients in units Hartree Bohr6.

we compute the C6 coefficients of the water dimer in the S22
dataset as a function of oxygen-oxygen distance. Specifically,
the water dimer exhibits C6 values of ≈3 and 7 Hartree Bohr6

for the hydrogen and oxygen atoms, respectively, as shown in
Fig. 3. We find slightly large and low C6 values for hydro-
gen and oxygen atoms, respectively, compared to higher-level
calculations.16, 20, 48 We suggest that our simple Voronoi parti-
tioning scheme does not sufficiently account for the difference
in electronegativity of the two atoms, in spite of the partition-
ing’s dependence to the free-atom’s van der Waals radii. To
further probe the C6 coefficients obtained from Voronoi parti-
tioning, we computed their average values for each chemical
element across the S22 dimers. We find the following: C (15.3
± 0.4), O (7.1 ± 0.9), N (8.4 ± 1.3), and H (3.1 ± 0.4), all ex-
pressed in Hartree Bohr6. Reference values are in the ranges:
C (24 − 33), O (12 − 15), N (17 − 20), and H (2 − 3), also in
atomic units.20 Still, the geometry-dependent variation of the
C6 coefficients is properly accounted for and illustrates the
coupling between the two molecules.

6. Molecular dimers

In Table I, we report the MAE of potential energies
of interaction for a total of over 1300 geometries of small
molecular dimers drawn from a variety of databases designed
to probe non-covalent interactions (extracted from Ref. 49).

TABLE I. MAE of TBD, MBD, and MTP contributions to intermolecular
energies of binding for various geometries containing a grand total of over
1300 dimers. All values are in kcal/mol.

MTP TBD MBD TBD+MTP MBD+MTP

S22 3.46 4.71 4.87 2.04 1.67
S22×5 2.63 3.88 3.25 2.94 1.90
S66 2.43 3.91 3.42 3.19 2.72
S66×8 2.05 3.72 2.81 3.12 2.08
IonicHb 2.53 15.07 15.13 2.52 2.62
SCAI 3.32 14.76 13.06 5.83 2.88
X40 2.71 2.67 2.56 2.11 2.00
X40×10 2.85 2.71 2.26 3.22 2.83
Average 2.75 6.43 5.92 3.12 2.34
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Conclusions

• Many-body dispersion without 
electrons 

• Pairwise dispersion: poor 
dissociative asymptotics 

• Benchmark energy: 
comparable to standard force 
fields, but no parametrization
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