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Dispersion Interaction and Chemical Bonding
Stefan Grimme

16.1
Introduction

From the various types of chemical bonding discussed in this book, the dispersion
bonds are usually considered as being the weakest and therefore the least important
for chemistry. This clearly holds true for the strength of a typical atom-pair-wise
interaction, which is on the order of 0.5 kcal mol−1 or less for molecules composed
of light elements (Z < 40). The closed-shell rare gas dimers with dissociation ener-
gies (De) of 0.08, 0.28, and 0.40 kcal mol−1 for Ne2, Ar2, and Kr2, respectively, are
classical examples. Dispersion interactions can be heuristically defined as the long-
range attractive part of the van der Waals (vdW)-type interaction potential between
nonpolar atoms and molecules that are not covalently bonded to each other,
although the terms ‘‘dispersion’’ and ‘‘vdW’’ are often used synonymously [1].
Because the term ‘‘dispersion’’ has a wide variety of meanings in natural sciences,
it is recommended to clearly distinguish it from other, partly related phenomena
by using ‘‘London dispersion’’ in honor of F. London, who provided the first
theory for this interaction [2]. For a detailed discussion of London dispersion
(we use from now on the short form) and its relation to noncovalent interac-
tions (NCIs) excellent monographs and review papers are available, for example,
Refs. [3–5].

Despite its weakness, the dispersion interaction is extremely important for
the formation and structure of many types of condensed matter and the special
properties and function of biochemical systems [6–9]. The main reason for this
fact is that the dispersion is ubiquitous, always attractive (bonding) and that
the interactions are to a good approximation (errors <5–10%) additive. Hence,
they add up already in medium-sized molecular systems to values that approach
and easily surpass typical covalent and ionic interactions (which are on the
order of 100 kcal mol−1 per pair interaction). The view that not only rare gas
aggregates, liquids or molecular crystals are strongly influenced by dispersion
but also chemical bonding and the thermochemistry of common reactions is just
emerging [10] (although this idea scatteredly has been proposed much earlier; see,
e.g., Ref. [11]; for a related review about closed-shell interactions see Ref. [12]).
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Figure 16.1 Comparison of the magnitude of Coulomb and dispersion interactions.
For details, see text.

That dispersion effects are not weak at all can be shown by a simple paper and
pencil treatment of model systems (see Figure 16.1) and is later discussed for the
bonding in hexaphenylethanes [13] and cation–cation attraction [14] in transition
metal complexes.

We take two interacting point charges at a typical distance of 10 Bohr (about 5 Å)
as a reference system because its classical electrostatic interaction energy of about
60 kcal mol−1 is well conceived by most chemists. This is compared to a medium-
sized molecule or aggregate composed of about 200 atoms, which is dissociated
into two fragments with 100 atoms each. The number of (dispersion)interacting
atom pairs is 1002 = 104. Taking an average C6 dipole–dipole dispersion coefficient
typical for light (organic) elements (about 10 Eh Bohr6) and assuming the same (as
for the point charges) average interatomic distance between the particles of 10 Bohr,
a dispersion interaction energy Edisp of about −60 kcal mol−1 is obtained, which is
close to the corresponding interaction in the electrostatic case. We have made use
here of the very fundamental and rather accurate (semiclassical) approximation
that the dispersion energy between nonoverlapping fragments consisting of atoms
A and B is given by

Edisp = −
𝑎𝑡𝑜𝑚 𝑝𝑎𝑖𝑟𝑠∑

AB

CAB
6

R6
AB

(16.1)

where RAB are interatomic distances and C6 denotes the pair-specific dipole–dipole
dispersion coefficient that determines the interaction strength (and is further
discussed later). According to this example, the general consideration of dispersion
as being weak is at least misleading when larger molecules interact.

Another aspect of vdW or dispersion bonding is that it generally has the flavor
in the literature of being special and totally different from all other types of
bonding. While it is certainly true that on an atom-pair-wise basis the interaction is
much weaker, the physical mechanisms are not totally different from other more
common types of bonding. Phenomenologically, covalent and vdW bonding have
more in common than generally thought. This is exemplified by the comparison of
the dissociation of the covalent Cl–Cl and dispersive Ar–Ar bond. Corresponding
potential energy curves on a reduced energy scale (i.e., scaled to −1 at equilibrium
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Figure 16.2 Potential energy curves for
the dissociation of the covalent bond in
Cl2 (UTPSS-D3/def2-QZVP DFT level of
theory) and the van der Waals bond in
Ar2. A reduced interaction energy (i.e.,
setting the equilibrium value to −1) and
shifted distances (setting Re = 0) are

given. The absolute De values for the two
diatomics are 62.2 kcal mol−1 (at 2.01 Å)
and 0.282 kcal mol−1 (at 3.775 Å), respec-
tively, and are in a ratio of a factor of about
210 in favor of the covalent interaction.(Data
from [15].)

using E∕De, where De is the equilibrium dissociation energy) and shifted distances
with respect to Re = 0 are given in Figure 16.2.

The very similar shape of the two curves, especially in the equilibrium and
repulsive regions, is very intriguing. It emphasizes a similar balance of Pauli
exchange repulsion (EXR) and attractive interactions, however, at very different
distances as the covalent bond is shorter by as much as 1.77 Å. This comparison also
clearly shows that the major difference between covalent and dispersion bonding
occurs (not unexpectedly) in the asymptotic regime. While the covalent interaction
is chemically negligible already at about Re + 1.5 Å (and this holds for many other
elements), the dispersion interaction remains significant up to Re + 3 Å.

So, in summary, up to this point the take-home messages are that dispersion
interactions are (a) ubiquitous and always attractive, (b) per atom-pair interaction
on the order of a factor 100 weaker than covalent ones, (c) more long-ranged (typical
distance range of 3-5 Å compared to 1-2 Å for covalent bonds), and (d) additive
in character. These properties lead to a wide variety of dispersion bonds and by
their admixture to other bonding mechanisms overall to a significant impact in
chemistry.

This chapter concentrates on molecular-insulator-type systems that dominate
main group inorganic, organic, and biochemistry; and for which dispersion-related
phenomena are fairly well understood. For extended metallic systems (but not for
many molecular (organo)metallic complexes that are unproblematic) the situation
is different, as these have a rather nonlocal (NL) electronic structure and strong
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electron correlations appear on all length scales. Special methods and computational
tools for dispersion effects with screening for bonding in metals and for molecules
on metallic surfaces are just being developed [16–18]. The insulator-type methods
as described here will be sufficient for qualitative or semiquantitative purposes also
for metals but cannot provide high accuracy (as defined by errors <5–10% for De).

After a brief recapitulation of the theory of dispersion interactions in the next
section, quantum chemical methods for their accurate computation are described.
Because a huge number of different computational schemes have been developed
over the years, this chapter cannot be extensive regarding details of the methodology
but concentrates on efficient methods for large systems. The last section contains
chemical examples that exemplify the sometimes decisive role of the dispersion
energy for large chemical complexes.

16.2
A Short Survey of the Theory of the London Dispersion Energy

The dispersion energy is a many-body electron correlation effect and hence appears
already for two-electron systems. There is no clear distinction between dispersion
and the more conventional electron correlation except that they operate on different
interelectronic distance scales (long- and short-ranged, respectively).

In an orbital picture, a single electron occupies some ground-state level. Virtual
(unused) orbitals represent excited states (and can be used to construct excited state
WF in many-electron cases). Single excitations of the electron to these states change
the electronic distribution and when coupled to a corresponding deexcitation, one
can think of this process as ‘‘charge fluctuation.’’ In a stationary state (time-
independent) picture, which is sufficient to understand all dispersion phenomena,
these fluctuations actually do not take place but merely represent possibilities.
They are realized (as part of the wave function) if a second electron comes into
play and then represent electronic correlations, that is, the virtual states (more
precisely the corresponding transition densities) interact electrostatically (with
exchange-type modifications at smaller distances). The amplitudes of the resulting
double-excitations (i.e., coupled single excitations) represent the basic quantity
in all wave function theories to compute the dispersion energy. Dispersion is
‘‘transmitted’’ by electromagnetic radiation (photon exchange) and not by electron
exchange as in covalent bonding such that screening effects in very dense materials
(as described by an effective dielectric constant) might appear. Because electronic
transition densities (and not charge densities) are the basic quantity for the
dispersion bonding mechanism, conventional (charge-density-based) methods of
Kohn–Sham density functional theory (DFT) [19–22] have fundamental problems
in its description. The characteristic length scale for dispersion interactions can be
estimated from the fact that the lowest electric moment of a transition density is
of dipole type. The two coupled (induced) dipole moments interact electrostatically
via the well-known 1∕R3 (R being the center-of-charge distance) formula. Because
of their mutual (conditional) influence, the corresponding interaction must be
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squared in the framework of perturbation theory, leading to the famous 1∕R6 decay
law for the asymptotic part of the London dispersion energy [3]. The interaction
between systems in electronically excited states has a dispersion component as well
but with different R-dependence and depending on the nature of the state of atoms
[23, 24].

Dispersion is omnipresent in electronic systems (such as gravitation in systems
with mass) and always attractive (energy lowering). Its natural, also omnipresent,
antagonist is the EXR due to the Pauli exclusion principle. It is nowadays clear that
any reasonable attempt to quantitatively describe chemical bonding must include
these terms together with electrostatic and covalent parts, which, however, still
dominate chemical thinking.

The simplest conceivable vdW bond is not represented by the helium dimer (with
four electrons) as frequently stated but for triplet dihydrogen (see Figure 16.3).
When the Coulomb correlation energy is neglected as in the Hartree–Fock (HF)
method, the 3H2 molecule is completely unbound as one electron occupies the
bonding 𝜎 orbital, while the other is in the antibonding 𝜎∗ orbital and the EXR
interaction dominates. When the density-dependent, NL VV10 density functional
[25] is used with the HF electron density as input (see Ref. [26] for details) and
the resulting dispersion energy is simply added to the HF energy, the black-dotted
curve in Figure 16.3 results. Comparison of this potential with that given by the
C6∕R6 law (using the exact dispersion coefficient of 6.5𝐸h Bohr6 for the free
hydrogen atom [23]) shows that the potential is essentially dispersion at long
range and EXR (exchange repulsion) below Re = 4 Å. Although the ‘‘bond’’ is
extremely weak (calculated De = 0.011 kcal mol−1 compared to 0.022 kcal mol−1
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Figure 16.3 Computed potential energy curves for triplet dihydrogen (3Σu) using the
uncontracted aug-cc-pV5Z AO basis. The curve labeled ‘‘+disp’’ is obtained from the
Hartree–Fock one by adding the nonlocal correlation energy of the VV10 density functional
computed with the SCF density.
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for He2) and very long, this example demonstrates clearly that any two electrons
in any state (i.e., with very minor dependence on the electron spin) can exhibit the
phenomenon of dispersion binding. The practically exact values [27] for this system
are 0.013 kcal mol−1 and 4.15 Å for De and Re, respectively, which are in good
agreement with the HF-NL data. Note that the 3Σ state is an excited one (the ground
state cannot be used here because the covalent bond formation would dominate
the potential on the energy scale shown) and this example hence indicates that the
VV10 functional seems to be applicable for excited states as well (it has so far only
been employed for ground states).

The situation in more interesting, larger chemical systems is of course much
more complex and a simplified analysis for understanding is appropriate. The
energy decomposition analysis (EDA) is a valuable theoretical tool to partition the
interaction energy from a supermolecular self-consistent field (SCF)-type compu-
tation into physically meaningful components [28]. It goes back to Morokuma
[29, 30] and recently has proved to give detailed information about the nature of
chemical bonding [31] as well as for the interactions in hydrogen-bonded systems
[32], supramolecular structures [33] and vdW complexes [34]. The formation of
bonding between two fragments is divided into three physically plausible steps.
In the first step, the fragment electronic densities (in the frozen geometry of the
supermolecule) are superimposed, which yields the quasi-classical electrostatic
interaction energy (ES). Renormalization and orthogonalization of the product of
monomer wave functions yields the repulsive energy term EXR. In the final step,
the molecular orbitals are allowed to relax to their final form variationally. This
yields the (usually stabilizing) induction energy (IND), the orbital interaction (cova-
lent, COV) and charge-transfer terms (CT). The dispersion energy is calculated with
the D3 approach (see subsequent text). Here, we do not discuss all these energy
components of the partitioned total interaction energy ΔE in detail but concentrate
on the three quantities

ΔE = EEXR+ES + ECT+IND+COV + Edisp (16.2)

which describe (in the above-mentioned order) (a) semiclassical (steric) interaction,
(b) ‘‘true’’ chemical bonding and (c) dispersion. Their sum differs from the
exact interaction only by the energy necessary to bring the optimum monomer
geometries into the form they have in the supermolecule. Because we employ
frozen monomer geometries, this deformation (also called preparation) energy
contribution vanishes. It is generally small (<2–3% of De) in noncovalently bound
complexes and can be neglected to a good first approximation.

As an example, the results for formation of the donor–acceptor bond in
Me3N-BMe3 are shown in Figure 16.4. Such bonds (and their strengthening
by dispersion and weakening by EXR effects) play an important role in the so-called
frustrated Lewis pairs (FLP), which have attracted enormous attention recently
because of their ability to activate small molecules such as H2 [35–37]. Because
the bond dissociates heterolytically into closed-shell fragments, static electron cor-
relation effects play no important role and a standard restricted DFT treatment
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Figure 16.4 Energy decomposition analysis (EDA) at TPSS-D3/def2-TZVP level for
donor–acceptor bond formation in Me3N-BMe3 (rigid fragment approximation). For a
definition and explanation of the energy terms, see text.

is appropriate. In most of the following examples, the TPSS [38] meta-GGA
density functional and the Ahlrichs-type def2-TZVP [39, 40] Gaussian atomic
orbital (AO) basis is used. This level of theory has proved to be generally robust
in hundreds of applications and large-scale benchmarks [41] with a very good
performance/computational cost ratio.

As can be seen in the plot, the medium-sized interaction (De = 42 kcal mol−1) in
the equilibrium region and for slightly larger distances up to 2.5 Å is dominated
by chemical bond formation (ECOV+IND+CT term). Because the Me3N and BMe3

fragments have low polarity and are somewhat bulky (similar to many FLPs), the
EEXR+ES term is only weakly bonding and at short distances strongly repulsive
(‘‘steric hindrance’’). For long bond distances, all three components contribute
about equally to binding. Dispersion is rather attractive and adds 5–10 kcal mol−1

in the equilibrium region, which is about 10–20% of De already for the relatively
small methyl substituents considered here. For realistic FLPs where large mesityl
and C6F5 substituents are present, the corresponding dispersion contributions
can reach 30–40 kcal mol−1 and more than 100% of De [36]. This example shows
that already for systems with eight nonhydrogen atoms and for conventional bond
formation dispersion effects play a nonnegligible role and must be considered in
accurate work.

Many of the more conventional bonding types in chemistry can vary considerably
for elements across the periodic table. One of the questions in this context is how far
this holds for dispersion binding or the contribution of dispersion to other bonds.
As Eq. (16.1) suggests, a good measure for the strength of the dispersion interaction
between two atoms AB is their CAB

6 coefficient. To a good approximation, it can be
taken as the average (arithmetic or geometric) of the values of the corresponding
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CAA
6 and CBB

6 coefficients. As a valuable spin-off product from the development of
the D3-method [42], these data were consistently computed for the whole periodic
table and part of the results are shown in Figure 16.5. Given are the CAA

6 values
for the free atoms and for the atom in a chemically saturated environment, that
is, when the atom has used all of its ‘‘normal’’ valencies (e.g., four and two for
carbon and oxygen, respectively) for covalent bonding. These values are based
on first-principles time-dependent density functional theory (TDDFT) computa-
tions of frequency-dependent polarizabilities, as pioneered by the Baerends group
[43, 44]. For other recent studies on the dependence of the CAB

6 coefficients on
the chemical environment, see Ref. [45]; for a discussion of relativistic effects, see
Ref. [46].

As can be clearly seen (by comparison of the size of the circles), the free atom and
bonded atom values can differ by large amounts, in particular for the alkaline and
earth alkaline metals. Their bonding is associated more or less with oxidation,
and the loosely bound valence electron (responsible for the high polarizability
of the free atom) is ‘‘lost’’ for dispersive bonding. This quenching of the free
atom dispersion in molecules is less pronounced for nonmetals and weakens to
the right in the periodic system of elements (PSE). Physically it is related to the
increase in electronic excitation energies by covalent bond formation (widening of
HOMO–LUMO gap). Very significant changes are still observed for carbon, for
which the values decrease from 49 to about 18 (all values in atomic units in the
following) in the typical sp3 molecular valence state. This property is very important
for the subtleties in dispersion binding of carbon-rich materials of saturated and
unsaturated character [47]. In the D3 method (see subsequent text), the dispersion
quenching with the increasing number of bonds formed is accounted for by a
geometrically computed, continuous and fractional coordination number. Within
one group of elements the relative difference between maximum and minimum
atomic C6 values typically decreases, for example, from 25 to 16 for N, from 192
to 152 for P, and from 263 to 224 for As. For the heavier halogens, maximum and
minimum values are essentially the same, which is consistent with the view that
the quenching effect of the single unpaired electron and the increase in the C6

value by electron acceptance in a single (mostly ionic) bonding almost cancel.
The about 33 000 CAB

6 coefficients that were computed for the D3-method [42]
as supporting points for interpolation of C6 values in molecules enable us not
only to accurately compute the dispersion energy for atoms in different molecular
environments but also lead to a detailed understanding of dispersion bonds.

16.3
Theoretical Methods to Compute the Dispersion Energy

Because the dispersion energy is an essential part of NCIs and this topic is nowadays
in the focus in various areas of chemistry and physics, excellent reviews already
exist [48] and only a brief summary and recapitulation is given here.
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16.3.1
General

Currently there are only three basically different ab initio-type methods in use (the
vast amount of empirical potentials is not considered here). These are

1) Supermolecular by wave function theory (WFT);
2) Supermolecular by DFT with dispersion corrections;
3) Symmetry-adapted perturbation theory (SAPT) based on fragments.

Supermolecular methods compute the interaction ΔE (and their parts, e.g.,
dispersion) as a difference of total energies Etot for the aggregate (complex AB) and
the fragments (A and B) as

ΔE = Etot(AB) − Etot(A) − Etot(B) (16.3)

The approach has the advantage that any approximate electronic structure method
from WFT or DFT can be used in Eq. (16.3). The dispersion energy can be treated
separately as, for example, in dispersion-corrected DFT (or HF)

Etot = ESCF + Edisp (16.4)

where ESCF is the conventional Kohn–Sham (or HF) SCF electronic energy and Edisp

is the dispersion correction. Note that we use here the terms interaction energy
(ΔE) and dissociation energy (De) synonymously, although they have different
signs and more precisely differ by the fragment relaxation energy (included in
De, i.e., it is observable when zero-point vibrational energies are added, while
relaxation is neglected for ΔE; for diatomics ΔE = −De holds). This allows a
convenient computation of the dispersion contribution to binding, that is, ΔEdisp

according to Eq. (16.3). Because Etot(AB) is explicitly computed, intramolecular
NCI and dispersion effects can be obtained if a proper reference state (e.g., folded
vs unfolded conformation) can be defined. A disadvantage of the supermolecular
approach is that it is contaminated with the so-called basis-set superposition error
(BSSE), a one-particle basis incompleteness effect, which is severe especially in
correlated WFT calculations with small or medium-sized AO basis sets. For DFT
or HF calculations with triple-zeta basis sets, it is typically only <5–10% of De

(<2–3% with quadruple-zeta basis sets) and negligible when compared to other
more important sources of error (e.g., the approximate nature of the exchange-
correlation functional in DFT) [49]. For a recent in-depth discussion of the BSSE
in the framework of DFT, see Ref. [50]

16.3.2
Supermolecular Wave Function Theory (WFT)

Because dispersion is a genuine electron correlation effect, a common approxima-
tion in WFT is to compute it as

ΔEdisp ≈ ΔEc = ΔEpost HF − ΔEHF (16.5)
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where ΔEHF is the HF interaction energy and ΔEpost HF refers to a correlated
WFT treatment such as Moeller-Plesset second-order perturbation theory (MP2)
or coupled-cluster with single and double excitations (CCSD(T)) with correlation
energy Ec [51]. This approximation works fairly well for large interfragment dis-
tances but is obscured for shorter bonds by exchange and intrafragment correlation
effects.

An appealing feature of this partitioning is that the correlation (dispersion)
energy computationally can be assigned exactly to contributions from orbital pairs.
If localized molecular orbitals (LMOs) are used in the correlation treatment, this
allows a local (group- or fragment-wise) description of dispersion effects [52]. The
correlation energy (Ec) for an HF reference state can be written as a sum over
occupied orbital pairs 𝑖𝑗

Ec =
1
2

∑
𝑖𝑗

e𝑖𝑗 (16.6)

In the simplest correlated WFT, which is second-order Møller–Plesset perturbation
theory (MP2) [53, 54], the pair energies e are given by a sum over all virtual orbital
pairs 𝑎𝑏

e𝑖𝑗 = −
∑
𝑎𝑏

(𝑖𝑎|𝑗𝑏)[(𝑖𝑏|𝑗𝑎) − (𝑖𝑎|𝑗𝑏)]
𝜀i + 𝜀j − 𝜀a − 𝜀b

(16.7)

Here, 𝜀 are canonical HF eigenvalues and (𝑖𝑎|𝑗𝑏) are two-electron integrals in
charge-cloud notation. For modern, improved versions of MP2, see Ref. [55].
Because Ec is invariant under unitary transformations within the occupied and
virtual orbital blocks for common approximations (e.g., MP2 or CCSD), identical
results compared to the canonical treatment are obtained when the orbitals 𝑖𝑗

are replaced by LMO. Because LMO are usually strongly localized on atoms or
in chemical bonds (mostly to >95% on <2–3 atoms), it is possible to partition
the total correlation energy into chemically meaningful inter- and intrafragment
contributions according to

Ec(inter) =
∑

i⊂F1 j⊂F2

e𝑖𝑗 (16.8)

Ec(intra) = 1
2

∑
𝑖𝑗⊂F1

e𝑖𝑗 (16.9)

Here, F1 and F2 denote sets of orbitals that define molecular fragments or orbital
spaces (i.e., core, σ, π, lone-pair). The decision on the type of orbital and the atom to
which it belongs can (automatically) be made on the basis of a Mulliken population
analysis [56] of the LMO in question. Asymptotically, when fragments F1 and F2

are spatially well separated, the interfragment correlation energy is equal to the
interaction energy, which can be further interpreted as their dispersion interaction

Ec(inter) ≈ Edisp = −
CF1F2
∞
Rn

(16.10)

Here, CF1F2
∞ denotes an effective dispersion coefficient for the fragments, R is their

(center-of-charge) distance and n is an effective exponent typically close to six.
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(OC)5Cr-Os(CO)4PMe3 from Ref. [57]. The
graph shows a comparison of TPSS and
TPSS-D2 curves corresponding to a large
dispersion contribution to binding and two
contributions to the interfragment dispersion
energies at the partitioned spin-component-
scaled (SCS)-MP2(LMO) level. Note the
relatively small dispersion interaction (tri-
angles) between the metal atoms (and the
good agreement of SCS-MP2(LMO) and

DFT results for this) and the dominant
ligand–ligand (i.e., CO and PMe3) contribu-
tion (circles). The inset shows a color-coded
map of the molecular electrostatic potential
on an iso-charge-density surface, indicating
no significant electrostatic interaction (small
polarity) as well as almost no overlap-based
bonding interaction between the Os and Cr
atoms. The Os–Cr bond is considered as
being mainly dispersion driven with some
short-range correlation effects that are cap-
tured by the density functional.

Note that the effective dispersion coefficient also contains higher order moments
than the usual induced dipole–dipole term because the full electric moments of
the LMOs are considered by the integrals in Eq. (16.7).

A recent example for this type of analysis in a donor-acceptor-type transition
metal complex [57] is given in Figure 16.6; for other applications in the field of
biochemical model systems, see Refs. [52, 58].

16.3.3
Supermolecular Density Functional Theory (DFT)

Dispersion corrections to DFT and HF (including semiempirical methods) have
recently been reviewed [59, 60] and hence only a brief description is given.
Asymptotically correct approaches are either atom-pair-based (e.g., DFT-D3 [42],
XDM [61], or Tkatchenko-Scheffler (TS)-vdW [62]) or compute the dispersion
energy from the electron density (called vdW-DF [25, 63]). For recent work on the
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combination of dispersion and long-range exchange corrections, see Ref. [64]. A
new idea for a NL dispersion correction was proposed recently by Hesselmann [65].

In the general vdW-DF framework, such an NL correlation (dispersion) energy
takes the form of a double-space integral

ENL
disp = 1

2 ∫ ∫ 𝜌(r)𝜙(r, r′)𝜌(r′)drdr′ (16.11)

where 𝜌 is the charge density and r and r′ denote electron coordinates. The different
variants of vdW-DF that are currently on the market only differ in the choice of
the NL correlation kernel 𝜙(r, r′). These kernels are physically based on local
approximations to the (averaged) dipole polarizability at frequency 𝜔 (i.e., 𝛼(r, 𝜔)).
Knowing 𝜔 at all (imaginary) frequencies leads automatically, via the famous
Casimir–Polder relationship [66] given in Eq. (16.12), to the long-range part of
the dispersion energy. This clarifies the deep relation to atom-pair-wise methods
that employ these coefficients as basic quantities and replace the charge density
by atom-centered delta functions and the double-integral by a double sum. The C6

dispersion coefficient for induced dipole–dipole dispersion interacting fragments
A and B is given by

CAB
6 = 3

π∫
∞

0
𝛼(i𝜔)A𝛼(i𝜔)Bd𝜔 (16.12)

Higher order dipole–quadrupole, quadrupole–quadrupole, … coefficients (i.e., C8,
C10, … ) can also be computed by similar formulas [3]. Odd-order terms vanish
for spherical systems (free atoms) but occur for nonspherical ‘‘atoms’’ as found in
molecular environments. It is currently not clear how large the effect of including,
for example, C7 really is [67], but so far very good results have been obtained by
including even-order terms only.

The C6 coefficients (and derived C8) in the D3 method have been computed using
a modified form of this relation, where the 𝛼(i𝜔) are computed nonempirically by
TDDFT and A and B are reference molecules from which atomic values are derived
[42]. Because the reference system can also be a molecular cluster modeling a solid
environment, special coefficients for atoms in the bulk can be derived [68]. The
final form for the DFT-D3 two-body part of the dispersion energy employs the
so-called Becke–Johnson (BJ) damping [61, 69] and truncates the expansion at C8

ED3(BJ)
disp

= −1
2

∑
A≠B

CAB
6

R6
AB + f (R0

AB)
6
+ s8

CAB
8

R8
AB + f (R0

AB)
8

(16.13)

where f (R0
AB) = a1R0

AB + a2 and a1, a2, and s8 are empirical parameters that have
been determined by a fit to CCSD(T) interaction energies for typical NCI (i.e., the
S66 set [70]). The vdW-DF method in the VV10 flavor also contains two empirical
parameters (adjusting the long- and short-range behavior) of which only the latter
is fitted for each density functional [26].

This form of the damping function ensures that for small interatomic distances
the right constant limit for the energy correction is obtained [71]

Edisp = −k1 + k2R2
AB (RAB → 0) (16.14)
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Figure 16.7 Schematic description of the long- and medium- or short-range behavior of
the dispersion/correlation energy.

where k1 and k2 are atomic constants. This behavior (which is also fulfilled by the
vdW-DF method using the VV10 kernel [25]) is the reason why dispersion in a
broader sense of definition can influence ‘‘normal’’ bonding (thermochemistry).
When atoms come close together, the electrons can be still far apart (i.e., showing
long-range dispersion-type correlations) and hence dispersion becomes part of the
‘‘normal’’ correlation energy. This is illustrated in Figure 16.7. The D3- and NL
corrections have been carefully benchmarked on a very large variety of NCI [26, 42,
72, 73] and, in general, high-accuracy (errors <10% of De) and only small variations
between the different methods have been observed. This is documented here on a
very recent, more difficult example of interacting metal atoms. The dimer of the
so-called oxaliplatin complex (a potent anticancer drug [74]) is investigated along a
rigid dimerization coordinate (for the structure, see inset in Figure 16.8). Although
the complex is considered as being strongly hydrogen bonded, by comparison
of the uncorrected TPSS and TPSS-D3/NL curves the strong effect of dispersion
(about 20 kcal mol−1 binding, see Figure 16.8) becomes apparent. As mentioned,
the agreement between D3 and NL results is excellent.

16.3.4
Symmetry-Adapted Perturbation Theory (SAPT)

The methods based on SAPT are conceptually different from the supermolecular
approaches because they require the definition of fragments and do not compute
the total energy, but distinct interaction energy components including dispersion.
For an excellent review about the theory, the various versions of SAPT and also for
technical aspects, see Ref. [75]. The word symmetry here refers to the Fermionic-
antisymmetry of the WF, meaning that the Pauli principle is included, which is not
straightforward when the starting points of the description are separate molecular
or atomic fragments. The partitioning of the system is mapped to a partitioning of
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the Hamiltonian into fragment (index A or B) and interaction operators

Ĥ = Ĥ(A) + Ĥ(B) + V̂(AB) (16.15)

where V̂(AB) contains all intermolecular Coulomb interactions. SAPT requires the
choice of a quantum chemical method for the monomers, that is, HF, DFT, or CC
methods. Applying perturbation theory leads to energy contributions in different
orders, which add to the total interaction energy ΔEint, AB according to

ΔEint, AB = E(1)
ES + E(1)

EXR + E(2)
IND + E(2)

EXR−IND
⏟⏞⏞⏞⏞⏞⏞⏞⏞⏟⏞⏞⏞⏞⏞⏞⏞⏞⏟

EIND

+ E(2)
disp

+ E(2)
EXR−disp

⏟⏞⏞⏞⏞⏞⏞⏞⏞⏟⏞⏞⏞⏞⏞⏞⏞⏞⏟
Edisp

+ … (16.16)

Usually, the expansion is truncated at second order and the mixed E(2) terms are
condensed, yielding a formula which resembles that of the EDA

ΔEint, AB = EEXR + EES + EIND + Edisp (16.17)

SAPT is not applicable to intramolecular interactions, but has the advantage of
being free of BSSE. It likely provides the theoretically best-founded definition of the
dispersion energy in the overlapping regime. For large distances, its description
resembles the Casimir–Polder formula with monomer polarizabilities from the
chosen method. On average, the accuracy for NCI is much better than that of
MP2 and reaches that of the supermolecular CCSD(T) ‘‘gold standard,’’ at least
when DFT is used as an inherent method and extended AO basis sets are used
[76]. For recent further developments of SAPT for large systems, see, for example,
Refs. [77, 78].
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16.4
Selected Examples

16.4.1
Substituted Ethenes

Steric hindrance is a widely used concept in chemistry. Normally, it is stated that
spatially close-lying functional groups (typically alkyl like t-butyl) try to avoid each
other (because of the EXR+ES term) and prefer large interfragment distances.
Note that this is expected to lead to weaker bonds in the core of the corresponding
chemical system, that is, a kinetic stabilization but thermodynamic destabilization.
That this is only part of the story is exemplified by our first example. The dissociation
energy of the central CC bond in tetrasubstituted ethenes (see Figure 16.9) is
considered. The common view holds true when the four substituents in ethene
are increased in size from methyl to i-propyl and 3-pentyl, for which the De

values decrease monotonously from about 170 to 140 kcal mol−1. However, further
increase of ‘‘steric hindrance’’ increases the De again! Note that this effect is
completely missing when the D3 correction is omitted in the DFT calculations and
hence can be clearly attributed to an increasing dispersion attraction by the long
alkyl chains. The effect is chemically significant and amounts to about 10 kcal mol−1
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Figure 16.9 Dissociation energy De for the
central CC bond in tetrasubstituted ethenes
R2C = CR2 at (U)TPSS-D3/def2-TZVP levels.
Open circles denote data from single-point
calculations without D3 dispersion correc-
tions and illustrate the dramatic effects of

the dispersion energy for the larger systems.
Results including enthalpic (298 K) correc-
tions for solvation in CHCl3 (gray triangles)
are obtained from the conductor-like screen-
ing model for realistic solvents (COSMO)-RS
[79–81] model (employing DFT input data).
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relative stabilization from 3-pentyl to 5-nonyl. It is weakened but persists even when
the system is treated in solution by a continuum model (COSMO-RS).

16.4.2
Steric Crowding Can Stabilize a Labile Molecule: Hexamethylethane Derivatives

The stabilization of normal covalent bonds by dispersion in large systems is rather
obvious from the last example and those given in Ref. [10]. Very recently, we could
furthermore show that there are cases in which the dispersion between seemingly
‘‘innocent’’ ligands provides the main driving force for binding, meaning that
without these forces the system would spontaneously dissociate. We consider the
textbook example of hexaphenylethane (see inset in Figure 16.10 for the structures)
and its inability to form a stable CC single bond [13]. A delicate balance of covalent
bonding, dispersion attraction, and Pauli repulsion forces between the phenyl
rings and attached substitents can be expected when the central CC bond is broken.
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Figure 16.10 Potential energy curves
(UTPSS-D3/TZV2P//UPBE-D3/TZVP) for
dissociation of the central CC bond in all-
meta-t-butyl-substituted hexaphenylethane
(molecule 2, R = 3,5-di-t-butyl-phenyl) with

and without dispersion correction. Note
the similar depths of the covalent and vdW
complex minima in the dispersion-corrected
curve and the unbound state (positive inter-
action energies) without these corrections.
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However, why the parent molecule hexaphenylethane cannot be synthesized but
the seemingly sterically more overcrowded derivative can be made at least at low
temperatures was an open question. The potential energy curves in Figure 16.10
provide the conclusive evidence for the overwhelming role of the dispersion.

The TPSS-D3 curve exhibits two minima at CC distances of 1.67 and 5.28 Å which
are connected by a (TS) transition state at R(CC) = 2.87 Å. The minima correspond
to the normal covalently bound ethane derivative and a very strong vdW complex
of the two radicals. As both minima lie in a comparably deep potential energy well
(−33.2 and −26.6 kcal mol−1, respectively), the system can be considered as bond
length isomeric. The figure includes data with and without D3-corrections and a
curve for which all dispersion arising from the t-butyl groups has been set to zero.
The uncorrected TPSS curve shows the covalent CC structure and the TS but not
the second vdW minimum. Furthermore, the molecular energy is always higher
than that of the free radicals, which again emphasizes the importance of dispersion.
One of the good features of the DFT-D3 approach is that the dispersion energy can
easily be partitioned into different parts or groups of a molecule. The third curve
without the t-butyl contributions is most remarkable: while its shape is similar to
the plain TPSS curve, there is practically no vdW minimum and the interaction
energies are positive. Thus, we conclude that the main dispersion stabilization of
the experimentally observed compound results from the t-butyl groups. The overall
repulsive phenyl–phenyl interactions in the parent molecule are overcompensated
by addition of ‘‘steric crowding’’ in the form of all-meta t-butyl groups that do not
lead to overcrowding but serve as ‘‘dispersion energy donors.’’ The stability of 2 and
the instability of 1 as well as 3 can be fully explained on thermodynamic grounds,
and all computations agree qualitatively as well as quantitatively with experiment.
The dispersion of the t-butyl groups stabilizes 2 compared to its radical fragments
by as much as 40 kcal mol−1.

16.4.3
Overcoming Coulomb Repulsion in a Transition Metal Complex

Proper tuning of the energetic contribution of dispersion may stabilize molecular
aggregates, which would be otherwise highly unstable by virtue of other over-
whelming repulsive terms as shown earlier. Literature contains a number of such
noncovalently bonded molecular aggregates containing metal (ions), of which the
binding mode has never been thoroughly settled. Among those are the emblem-
atic cationic complexes of tetrakis(isonitrile)rhodium(I). The propensity of these
complexes to spontaneously produce oligomers has been an open case for years.
This very fundamental question as to why two positively charged molecules can
form a complex without any significant covalent bonding (which is not possible
in the d8 –d8 configuration of the metal cores) has recently been answered. This
example is directly connected to the ES/dispersion discussion (see Figure 16.1) in
Section 16.1.

For the dimer [(PhNC)4Rh]2+2 (see inset in Figure 16.11), one of the archetypes
of such oligomers, DFT-D3 and wave-function-based SCS-MP2 [55] quantum
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Figure 16.11 Potential energy curves for dissociation of [(PhNC)4Rh]2+2 along a Rh–Rh
bond stretching coordinate at TPSS/def2-TZVP levels. The COSMO continuum solvation
model corresponding to the experimentally investigated acetonitrile solution has been
applied.

chemical calculations have been performed [14]. These investigations indicate that
when the eight isonitrile ligands arrange spatially in an optimal π-stacked manner,
the energy due to dispersion not only overcomes coulombic repulsion but also
the entropy penalty of complex formation. This central role of long-range electron
correlation explains such seeming cation–cation ‘‘attractive’’ interactions. These
findings also relativize the role of closed-shell metal–metal ‘‘d8 –d8’’ interactions,
which are present on a relatively small scale compared to the effects of the ligands
(only about 10–15% of the total dispersion contribution to the binding energy).

Without dispersion correction, the potentials in the gas phase and with the
COSMO continuum solvation correction [79] for acetonitrile are both entirely
repulsive (red and orange curves). Because COSMO screens the Coulomb interac-
tion effectively, the DFT+COSMO curve rapidly approaches the asymptote, while
in the gas phase it includes the very long-ranged (very slowly decaying) 1∕R part.
But only if COSMO and D3 are added to the bare DFT energies physically plausible
potentials result, which correspond to an energetically stable aggregate (which per-
sists even when entropic corrections are added [14]). In the equilibrium region, the
dispersion contribution to the binding energy is 20–30 kcal mol−1 (>100% of De).

16.5
Conclusion

Although the London dispersion interaction has a fundamentally quantum chemi-
cal, complex many-particle origin, it is probably the bonding type (or its contribution
to bonding) that is easiest to understand. It can be represented accurately by rather
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simple models based on ‘‘atoms-in-molecules’’ ideas. However, any brute-force
wave-function-based ab initio quantum chemical treatment of dispersion bonding
is ambitious and computationally demanding (because dispersion essentially is
a long-range electron correlation effect), but fortunately not necessary in many
cases. The reasons for this seeming contradiction are that (a) the dispersion inter-
action (the quantum effects) operate on a relatively long-range scale where classical
(atomic or other local) approximations perform well (and exchange is negligible),
(b) it is basically (to within a few percent error) a pair-wise additive property, and
(c) the directionality of dispersion bonding is more or less represented by the classi-
cal (geometrical) shape of the interacting fragments. Dispersion is a chemically local
phenomenon that can be described fairly well by local models of polarizability (exci-
tation energy). However, this mainly holds for insulator-type systems that dominate
main group inorganic and organic, as well as biochemistry. For extended metallic
systems, the situation is different as these inherently have a NL electronic structure
and a clear distinction between short- and long-range correlation is obscured.

Even when dispersion is not sufficient to form a chemical bond, it is clear that
larger molecules are significantly more influenced by the intramolecular dispersion
energy than smaller ones. Because dispersion is always attractive (energy lowering),
this means that larger molecules are thermodynamically stabilized by dispersion
compared to small systems. From this it can be concluded that large (preferably
electron-rich and polarizable) chemical groups can be used to energetically stabilize
weak bonds or reactive parts in a molecule (‘‘dispersion energy donor’’ concept).
This new thinking about the very old London dispersion theory might be useful as
a novel design principle for functional chemical systems.

16.6
Computational Details

The quantum chemical calculations were done with TURBOMOLE (DFT-D3 and
CCSD(T)/MP2) [82] and ORCA (DFT-NL) [83, 84]. For the DFT calculations carried
out with ORCA and TURBOMOLE, we employed fine integration grids (m4/m5
in TURBOMOLE or grid5 in ORCA) and tight SCF convergence criteria. Where
applicable, the resolution of the identity (RI) integral approximation [85, 86]
was used. If not stated otherwise, structures were fully optimized at the TPSS-
D3(BJ)/def2-TZVP level [38, 40, 42, 69]. For 4d and 5d transition metals the large
core (Cologne–Stuttgart) ECP [87, 88] are used.
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