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Abstract
A vast number of non-covalent interaction energies at the counterpoise corrected CCSD(T) level
have been collected from the literature to build a diverse new dataset. The whole dataset, which
consists of 2027 CCSD(T) energies, includes most of the published data at this level. A large
subset of the data was then used to train a novel, B3LYP specific, empirical correction scheme for
non-covalent interactions and basis set superposition error (abbreviated as B3LYP-MM). Results
obtained with our new correction scheme were directly compared to benchmark results obtained
with B3LYP-D31 and M06-2X2 (two popular density functions designed specifically to accurately
model non-covalent interactions). For non-covalent complexes dominated by dispersion or dipole-
dipole interactions all three tested methods give accurate results with the medium size aug-cc-
pVDZ3–6 basis set with MUE’s of 0.27 (B3LYP-MM), 0.32 (B3LYP-D3) and 0.47 kcal/mol
(M06-2X) (with explicit counterpoise corrections). These results validate both B3LYP-D3 and
M06-2X for interactions of this type using a much larger data set than was presented in prior
work. However, our new dispersion correction scheme shows some clear advantages for
dispersion and dipole-dipole dominated complexes with the small LACVP* basis set, which is
very popular in use due to its low associated computational cost: The MUE for B3LYP-MM with
the LACVP* basis set for this subset of complexes (without explicit counterpoise corrections) is
only 0.28 kcal/mol, compared to 0.65 kcal/mol for M06-2X or 1.16 kcal/mol for B3LYP-D3.
Additionally, our new correction scheme also shows major improvements in accuracy for
hydrogen-bonded systems and for systems involving ionic interactions, for example cation-π
interactions. Compared to B3LYP-D3 and M06-2X, we also find that our new B3LYP-MM
correction scheme gives results of higher or equal accuracy for a large dataset of conformer
energies of di- and tripeptides, sugars, and cysteine.

Introduction
Density Functional Theory (DFT)7 has become an indispensable computational method to
solve real world problems with quantum mechanics. The success of DFT is mainly based on
its excellent balance between computational cost and accuracy, which is obtained with
popular density functionals, such as B3LYP8–11. B3LYP has shown good accuracy and
transferability for thousands of real world systems studied during the past 15 years and
therefore has become the most popular density functional for application studies in the

rich@chem.columbia.edu.
Supporting Information Available: Coordinates, best estimate benchmark interaction energies as well as interaction energies at all
calculated DFT-levels for all complexes of the non-covalent interaction energy database. All of the aforementioned information is also
given for the conformational energies database. This material is available free of charge via the Internet at http://www.pubs.acs.org.

NIH Public Access
Author Manuscript
J Chem Theory Comput. Author manuscript; available in PMC 2012 March 8.

Published in final edited form as:
J Chem Theory Comput. 2011 March 8; 7(3): 658–668. doi:10.1021/ct100651f.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

http://www.pubs.acs.org


chemical literature. However, even though B3LYP shows remarkable accuracy for many
real world problems12,13, it fails to accurately represent London Dispersion
Interactions14–17. Since this type of weak non-covalent interactions plays a crucial role in
chemistry18–20 and biology21–23, this represents a serious limitation for the B3LYP
functional. A variety of ways to improve upon B3LYP for non-covalent interactions have
been proposed in the recent literature, ranging from new density functionals24,25,26 such as
M06-2X2 to a posteriori corrections for existing density functionals,1,27–31 to name just a
few of the most popular approaches. For a more detailed discussion of such methods we
refer the reader to the recent review literature.32–35

It becomes an important task to benchmark the significant number of promising DFT
methods in order to be able to recommend the best ones to the users. For this it is crucial to
have benchmark datasets as large and diverse as possible in hand. The field of producing
benchmark interaction energy data has been pioneered by Hobza and coworkers with their
S22 dataset36,37 which has become a standard test set for non-covalent interactions. Since
the publication of the S22 dataset, a substantial amount of new high level benchmark non-
covalent interaction energy data has appeared in the literature (for all citations, see the
supporting information). However, since most of this data is scattered throughout the
literature, assembling all of it into one database is necessary, if one wants to use it for
benchmarking or training purposes. This task has been started by Hobza and coworkers with
the Benchmark Energy & Geometry Database (BEGDB) database,38 which contains most of
the benchmark data produced in the Hobza group. In this work we have tried to complete
one of the tasks started with the BEGDB project, which is to create one large benchmark
interaction energy database that contains almost all CCSD(T) data currently available in the
literature. With a thorough literature search we were able to assemble a dataset of 2027
counterpoise corrected interaction energies at the CCSD(T) level. Furthermore, we also
compiled a database of CCSD(T)/cbs level conformational energies of di-, tripeptides,
sugars and cysteine from the literature.1,38,54 For future use, our databases are supplied as a
whole in the supporting information in their current forms. However, an updated version of
both databases will also be made accessible on the Friesner group webpage at
http://theochem.chem.columbia.edu/group once this manuscript is published.

We employed our very large and diverse interaction energy database to benchmark two DFT
methodologies that both have displayed good performance for non-covalent interactions,
M06-2X2 (a relatively new density functional) and B3LYP-D31 (an a posteriori correction
scheme for the popular B3LYP density functional) when evaluated using smaller data sets.
While B3LYP-D3 involves an empirical functional form as well as a few global, empirical
parameters, most of its parameters are calculated using ab initio methods. Therefore
B3LYP-D3 is generally referred to as a semiempirical correction scheme.1 Using part of our
new interaction energy and conformational energy dataset as the training set, we also
parameterized a novel empirical correction scheme for the B3LYP functional (abbreviated
as B3LYP-MM). Our correction scheme not only improves the treatment of London
Dispersion Interactions with B3LYP but also includes a version that corrects for basis set
superposition error (BSSE)39 if this is not treated explicitly. It was specifically designed to
yield good accuracy with any basis set with and without explicit counterpoise corrections.40

Since B3LYP-D3 and M06-2X were not designed to correct for the large BSSE present with
small basis sets, it is not surprising that we find major improvements in accuracy compared
to the other benchmarked methods for the small LACVP*41 basis set (which is very
popularly used because of its relatively low computational cost) without explicit
counterpoise corrections. While with B3LYP-MM we get an overall mean unsigned error
(MUE) of only 0.41 kcal/mol without explicit counterpoise correction and the LACVP*
basis set, the corresponding MUE’s with the other methods are significantly larger with 1.20
kcal/mol for M06-2X and 2.11 kcal/mol for B3LYP-D3. With our new correction scheme
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special care was also taken to obtain high accuracy for hydrogen-bonded systems (for which
BSSE is often especially large due to the small distances involved) and for systems with
ionic interactions, including those with cation-π interactions.

Our correction is simply added to the B3LYP energy and depends only on nuclear
coordinates in the same spirit as the correction schemes developed by Grimme and
coworkers,1,28. It therefore has the big advantage of very low numerical complexity, which
makes implementation of gradients and second derivatives into any existing quantum
chemical code a relatively simple task. Furthermore, the time needed to calculate the
correction is negligible, making the corrected DFT as fast as the original uncorrected
version. The correction consists of three additive parts: A simple Lennard-Jones potential, a
linear hydrogen bonding correction term as well as a linear cation-π correction term.
Currently, the parameters of the Lennard-Jones correction term depend only on atomic
numbers and are independent of the atomic environments, while the hydrogen bonding
correction parameters are identical for all types of hydrogen bonds.

Applying combination rules for the pair wise parameters of the Lennard Jones terms allows
us to keep the total number of freely adjustable parameters low. Currently, the correction
contains only one parameter for each atom type (currently H, C, N, O, F, S and Cl are
implemented). For positive ions such as Li+ or Na+ Lennard-Jones terms are not needed.
Lennard-Jones correction terms are also excluded for ammonium hydrogens (any hydrogen
attached to a positively charged sp3 nitrogen) since such hydrogens carry a substantial
positive charge. Besides, there are four additional adjustable parameters, one global scaling
factor for Van der Waals radii, two parameters for the hydrogen bonding correction as well
as one adjustable parameter for the cation-π correction term. All 11 adjustable parameters
were optimized via a least squares fit to our very large and diverse dataset of non-covalent
interaction energies as well as to the dataset of conformational energies.

Our correction scheme is able to yield better accuracy for small basis sets, hydrogen bonded
and charged systems mainly due to the following five major differences to similar solutions
developed by others: 1,28,32

1. The functional form of our dispersion correction consists of a simple Lennard-
Jones 6–12 potential, in contrast to most other correction schemes that contain
attractive r−6 and r−8 terms damped at short distances.

2. Our correction is only applied for atom-pairs more than three covalent bonds apart
from each other, since we believe that special corrections should be developed for
the covalent bonding region. Such corrections for covalent bonds as well as
corrections for transition metals are currently being developed in our group.42–45

Our final goal is to merge all different correction types into a general correction
scheme for B3LYP.

3. Hydrogen bonds are treated specially with our correction scheme. First, the
Lennard Jones dispersion correction term is not included for any hydrogen heavy
atom pair involved in a hydrogen bond. Second, a linear repulsive correction term
is applied for all hydrogen heavy atom pairs involved in a hydrogen bond, mainly
in order to correct for BSSE (which we find to be especially strong for hydrogen
bonds due to the short distances between the atoms involved).

4. Cation-π interactions obtain a special treatment with our correction scheme as well.
First, the Lennard-Jones dispersion correction terms are not included for any
positively charged metal ions such as Li+ or Na+ or for any ammonium hydrogens
(any hydrogen attached to a positively charged sp3 nitrogens) since the positive
charge of an ammonium type cation is mostly localized on the hydrogens. Second,
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a linear repulsive correction term is applied for cation-π interactions involving
simple metal cations such as Li+ or Na+.

5. Since BSSE is highly dependent on the basis set used, the parameters of the
correction were made dependent on the basis set and on whether counterpoise
corrections are applied.

The paper is organized as follows. In the methods section, our dataset and correction scheme
are discussed in detail. In the results section, the performance of our B3LYP-MM correction
scheme will be compared to the accuracy of M06-2X and B3LYP-D3. Finally, in the
conclusion, we summarize the comparisons of the various approaches.

Methods
Interaction Energy Database

We assembled our non-covalent interaction energy database from 34 publications in the
literature (The citations for all the literature used for the database are given in the
supplementary information). Relevant data from the BEGDB project38 was downloaded
from http://www.begdb.com. Some publications did not report molecular coordinates but we
were able to obtain most of them through correspondence with the authors.

The database contains mostly interaction energies at the counterpoise corrected CCSD(T)/
cbs level, which represents the current gold standard for benchmark non-covalent interaction
energies of medium sized molecules.46–49 The acronym CCSD(T)/cbs represents MP250,51

interaction energies (extrapolated to the complete basis set limit), which have been corrected
for higher order correlation effects at the CCSD(T) level52,53 with a small or medium size
basis set.36,48 Recent studies have shown that for some complexes of the S22 dataset, errors
due to small basis sets employed to compute the CCSD(T) correction terms can be as large
as 0.6 kcal/mol.64, 65 Unfortunately, up to date, only a few highly accurate CCSD(T)/cbs
interactions energies (with the CCSD(T) correction term extrapolated to the basis set limit)
exist due to the extraordinary cost of such calculations, especially when applied to medium
sized molecules. Since for this study our main goal was to build a very large and diverse
dataset with reasonable accuracy, we assembled our interaction energy dataset from almost
all CCSD(T)/cbs interaction energies published in the literature without further pruning of
the dataset with respect to quality of the CCSD(T) corrections. The dataset will however be
updated in the future to reflect better quality best estimates for interaction energies as they
will become available in the literature. Furthermore, the very flexible B3LYP-MM
methodology will easily allow refitting of the correction parameters to a dataset of more
accurate interaction energies as these become available. Besides CCSD(T)/cbs level
interaction energies, several data points with interaction energies at the counterpoise
corrected CCSD(T) level obtained with a medium or large basis set are also included in the
database. In total, the database contains 2027 counterpoise corrected CCSD(T) interaction
energy data points. For the benchmark studies reported in this work, non-covalent
complexes with strongly repulsive interaction energies (> 5.0 kcal/mol) were not included,
mainly because the precise accuracy of the model at such geometries is generally
unimportant in practical applications, as these geometries are rarely occupied due to the
strongly repulsive interaction energy. Complexes containing elements other than H, C, N, O,
F, S, Cl, Li and Na were not included as well, since currently parameters for B3LYP-MM
were only fit for these elements. Even though a few complexes were not used for the
benchmark studies, their best estimate interaction energies as well as their coordinates are
still given in the supplementary information for potential future use.

The database contains equilibrium structures (96 data points, optimized at the CCSD(T), RI-
MP2, MP2 or DFT level) and non-equilibrium structures (1931 data points). It also spans the
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whole range of non-covalent interactions, ranging from weakly bound dispersion dominated
complexes over hydrogen bonded ones to dimers with strong electrostatic interactions. A
split up of the database (only the data points that were used for the benchmark studies) into
different interaction energy type categories is shown in table 1.

Benchmark data set of relative conformational energies
A dataset of conformer energies at the CCSD(T)/cbs level containing di- and tripeptides as
well as sugars and cysteine was compiled from the literature as well. The collection of all
possible energy gaps between the different conformers (a total of 700) was used as the
benchmark set. The peptide benchmark energies were taken from the BEGDB project of
Hobza and coworkers,38,54 while benchmark data for the sugars and cysteine was taken from
the SCONF and the CCONF datasets of Grimme and coworkers.1 All benchmark conformer
energies as well as the corresponding structures are given together with their original
citations in the supplementary information.

Computational Details
All calculations were carried out with the Jaguar software package.55 The pseudospectral
methodology,56–60 which significantly speeds up the SCF iterations, was employed. Default
grids and SCF convergence criteria as implemented in Jaguar were used. All structures were
taken from the benchmark energy database and were not further optimized. Interaction
Energies were obtained by subtracting the energies of the monomers (in the geometries of
the complex) from the energy of the complex. Counterpoise corrected interaction energies
were obtained by employing the methodology of Boys and Bernardi.40 With this
methodology, the energies of the monomers are calculated in the basis set of the complex,
i.e. basis functions are placed at the positions of all the atoms present in the complex but
absent in the monomer. B3LYP-D31 dispersion corrections were calculated with the
program provided on Professor Grimme’s website (at http://toc.uni-muenster.de/DFTD3).

Near linear dependencies of basis functions
When one tries to solve the SCF equations for non-covalently bound complexes, one is often
confronted with the well-known problem of numerical instabilities arising due to near linear
dependencies of non-orthogonal gaussian basis functions on atoms close in space.61 The
near linear dependencies are especially pronounced for large basis sets with diffuse
functions and can lead to numerical instabilities, especially if approximate numerical
techniques (such as the pseudospectral method) are employed to compute integrals. Usually,
the closer the non-covalently bonded atoms, the more pronounced the numerical
instabilities. The near linear dependencies are manifested in very small eigenvalues of the
atomic orbital overlap matrix. Therefore, the simplest solution to the problem of basis set
overcompleteness is to diagonalize the overlap matrix to get a set of canonical orbitals as
eigenvectors. Then, all canonical orbitals with a corresponding eigenvalue below a threshold
ε are discarded. This simple methodology effectively removes near linear dependencies of
the basis functions and has been successfully applied with Jaguar with ε= 5.0×10−4.

One caveat with specifying a fixed eigenvalue cutoff ε is that the number and type of
canonical orbitals removed can vary with the molecular geometry. Since the total number of
canonical orbitals can change abruptly between two infinitesimally close geometries, the
potential energy surfaces can become discontinuous. With ε = 5.0×10−4 these discontinuities
are virtually non-existent with the LACVP* basis set. With the aug-cc-pVDZ basis set3–6

and that ε value the discontinuites are usually small (below 0.1 kcal/mol), they can however
in a few cases reach larger values up to 0.3 kcal/mol. We believe that for most applications
discontinuities of this magnitude are tolerable, especially since errors from other sources
(e.g. stemming from the approximate treatment of electron correlation effects in DFT or
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from approximate solvation models, etc.) are often of much larger magnitude. However, if
very high accuracy is required, a lower cutoff ε might have to be employed in order to
minimize the discontinuities further.

Another caveat is that the number and type of canonical orbitals removed can vary between
calculations that are used for energy comparisons. For example, since near linear
dependencies of basis functions are often present for non-covalent dimers, but absent from
the monomeric structures, the dimer is likely to contain fewer canonical orbitals than both
monomers together if a fixed value of ε is employed. This will lead to an increased energy of
the dimer relative to the energies of the monomers and therefore lead to a less stable
complex. However, if the eigenvalue cutoff ε gets small enough, the canonical orbitals
removed are already well represented by others and their removal does not significantly
increase the energy of the molecule. Furthermore, the destabilization effect on a complex
due to removal of canonical orbitals is in opposite direction of the BSSE, which is always
stabilizing the complex. Therefore, one might expect some error cancellation with the BSSE
if a fixed ε is employed. In practice we have found, that with ε = 5.0×10−4, interaction
energies at the non-counterpoise corrected B3LYP/aug-cc-pVDZ level agree within a few
tenths of kcal/mol with their counterpoise corrected counterparts. The same was also found
for interaction energies at the B3LYP/aug-cc-pVTZ level. With the LACVP* basis set, there
are usually no canonical orbital eigenvalues below ε = 5.0×10−4, such that the BSSE is not
reduced with this methodology.

Corrections for London Dispersion and Basis Set Superposition Error (BSSE)
As many of the numerous correction schemes developed by others,1,28,32 our correction is
based on an a posteriori energy correction, solely dependent on nuclear coordinates. Our
correction, which comprises of a London Dispersion correction (ELDC), a hydrogen bonding
correction term (EHBC) and a cation-π correction term (Eπ+) is simply added to the DFT
energy, as described in equation1.

(1)

We found that the errors of B3LYP for hydrogen bonded systems and structures with cation
π interactions were very different from the errors observed for dispersion and/or dipole-
dipole bound complexes. While B3LYP strongly underestimates interaction energies of most
dispersion and dipole-dipole bound complexes, it often overestimates interaction energies of
hydrogen bonded complexes or such with cation π interactions, especially if no explicit
counterpoise corrections are applied. Major reasons for this special behavior of hydrogen
bonded complexes and systems with cation π interactions are the very strong electrostatic
interactions involved, but also the weak covalent nature of the resulting interactions. To
account for the special nature of hydrogen bonds and cation π interactions, the London
dispersion correction term is replaced with a special hydrogen bond or cation π correction
term (described below) for hydrogen bonded heavy atom hydrogen pairs as well as for
cation π bonded atom pairs.

The London dispersion correction is described as a sum of Lennard Jones (LJ) functions
(equation 2), where the sum loops over all atom pairs at least four covalent bonds apart from
each other.

(2)
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The parameters rminij represent the minimum distances of the LJ functions, while the
parameters εij represent the values of the correction terms at rminij. We found that the simple
Lennard Jones 6–12 functional form is well suited to represent dispersion correction terms in
the attractive and weakly repulsive region. However, for the strongly repulsive region (with
non-bonded atoms jammed into one another), the Lennard Jones potential is likely to greatly
overestimate the van der Waals repulsion. Since most structures with strongly repulsive non-
bonded contacts represent in fact highly unstable species which are difficult to accurately
model even with correlated wave function methods such as CCSD(T), we have not
attempted to accurately model the strongly repulsive region with the current version of
B3LYP-MM. However, once a larger amount of reliable interaction energy data becomes
available for strongly repulsive van der Waals contacts, it will be a relatively easy task to
adjust the repulsive functional form of B3LYP-MM to allow accurate modelling of the
repulsive region as well. Since Lennard Jones dispersion correction terms are not included
for hydrogen bonds as well as for cation π interactions, the repulsive wall of the LJ 6–12
potential does not pose any problem for close hydrogen bond and cation π contacts.

In order to guarantee transferability of the correction, the total number of empirical
parameters should be kept small compared to the number of training data points. In order to
lower the total amount of empirical parameters, we introduced an empirical combination
rule for the atom pair wise ε-parameters (equation 3).

(3)

The parameters εi depend only on the atomic number of atom i. This keeps the number of
parameters low, but at the same time limits the accuracy of the correction, since atoms in
different chemical environments will be treated the same. For this work, ε-parameters were
only fit for the most common elements in the dataset (H, C, N, O, F, S and Cl). For metal
cations such as Li+ and Na+ as well as for ammonium hydrogens (defined as any hydrogen
attached to a positively charged sp3 nitrogen) Lennard-Jones dispersion correction terms are
not included since the contribution of dispersion to intermolecular interactions is usually
very small for these positive ions. For molecules involving other elements, the correction is
currently undefined. However, once even more benchmark interaction energy data becomes
available, we are planning to determine ε parameters for more elements.

The pair wise rmin parameters are calculated with the additive combination rule shown in
equation 4.

(4)

RVDW are experimental Van der Waals Radii obtained from Bondi’s compilation62 (again
only dependent on the atomic number of atom i, shown in table 2), while q is a global
scaling factor.

The hydrogen bonding correction term is simply composed of a linear repulsive function
with two global parameters r0

hb and bhb (equation 5).

(5)

The sum in equation 5 runs over all hydrogen – heavy atom pairs, which are hydrogen
bonded. rij are the distances between the hydrogen bond acceptor and the hydrogen-bonded
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hydrogens. Each correction term is only counted if positive, i.e. if rij < r0. Hydrogen bonds
were detected with the hydrogen bond detection subroutine implemented in the Schrödinger
MMShare software package.63 A hydrogen bond was always assigned if two potentially
hydrogen-bonding atoms (hydrogen and hydrogen-bond acceptor with the right Macromodel
atom types) were closer than 3.0 Å apart from each other. In order to avoid large
discontinuities in the potential energy surfaces with our correction scheme, hydrogen bond
donor and acceptor angles were not considered for the assignment of hydrogen bonds. This
angle independent hydrogen bond assignment ensures that the only possible discontinuity in
the potential energy surface could occur at the cutoff distance of 3.0 Å. However, since all
correction terms become negligible at the cutoff distance, this very small discontinuity of the
potential energy surface does not pose a problem in practice. This fact is illustrated in Figure
1, which shows potential energy surfaces of formic acid dimer with our correction scheme.
Even though formic acid dimer contains two symmetric hydrogen bonds (which will lead to
a discontinuity twice as large as with only a single hydrogen bond), Figure 1 shows that the
discontinuity in the potential energy surface is virtually non-existent.

The cation-π correction term (equation 6) is also composed of a simple linear repulsive term.

(6)

The sum in equation 6 runs over over all metal cation – sp2/sp-carbon pairs. rij are the
distances between the atom pairs considered. All sp2/sp-carbons, except carbonyl and
immine carbons are counted for the cation-π correction term. Each correction term is only
included if positive, i.e. if rij < r0. The parameter r0

π+ was set to 5.0 Å and not further
optimized.

The parameters εi, q, bhb, r0
hb and bπ+ were optimized via a least squares fitting procedure to

part of our interaction energy data set as well as to part of the data from the relative
conformational energy data set. In order to avoid any discontinuity of the hydrogen bonding
correction, the hydrogen bonding correction parameter bhb was constrained to be ≤ 3.0 Å.
The determination of optimal parameter values represents a non-linear optimization
problem, to which we found a solution with a variant of the Levenberg-Marquardt algorithm
as implemented in the leastsq subroutine of the scipy software package (version 0.6.0).
About 75% of all interaction energy and conformational energy data was randomly selected
and used as the training set for the parameters. The leftover 25% of the data was employed
as a test set. In order to ensure, that all types of interactions were well represented in the
training and the test set, the random selection procedure for the interaction energy training
set was carried out according to the following protocol:

1. All complexes were assigned to several ε-parameter groups, such that each
parameter εi formed one parameter group. A complex was assigned to the
parameter group of εi if its interaction energy was dependent on the value of εi. ε-
parameter groups of common elements (e.g. C, H or O) contained several hundreds
of complexes while other parameter groups, such as e.g. the ones involving F or Cl
only had a few tens of members.

2. In order to ensure that all parameter groups would be represented in the training
and the test set with approximately the desired training/test ratio, all parameter
groups were ordered according to increasing number of complexes. Each complex
was then assigned to one single parameter group according to the following
algorithm: First, the paramter group with the least amount of members was
assigned all of its members. Then, the second smallest parameter group was
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assigned all of its members, except the ones already present in the first parameter
group. Proceeding in the same manner, the nth smallest parameter group was
assigned all of its members except the ones already present in the parameter groups
with fewer members.

3. A little over half of the training set was then selected by randomly choosing 37.5%
(rounded down to the nearest integer) of complexes from each parameter group.

4. The whole dataset was also divided into the three interaction type categories shown
in table 1. The three categories are: complexes with only dispersion and dipole-
dipole interactions, hydrogen bonded complexes and charged complexes.

5. The percentage of complexes to be selected for the training set from each
interaction type category (defined as f2), was then calculated, such that the final
training/test ratio would be around 3/1. f2% of data points from each interaction
type category were then randomly selected for the training set, after having
removed all complexes already selected for the training set in step 3.

The random selection of the training set together with the least squares fitting was carried
out six times for each set of parameters. This allowed us to obtain an estimate of the
sensitivity of the parameters on the training set and is a good test to ensure no overfitting.
Table 3 shows the mean values of all parameters (for the LACVP* and the aug-cc-pVDZ
basis sets) together with their standard deviations as obtained from the six least squares
fitting experiments. Optimal parameters were determined for counterpoise and non-
counterpoise corrected interaction energies. (The relative conformational energies were
never counterpoise corrected, since there is no consistent way to apply counterpoise
correction for total energies.

The very small standard deviations for each parameter clearly show that there has been no
overfitting and that the correction is therefore likely to be transferable to systems not
included in the training set. Another fact that supports this conclusion is that the Mean
Unsigned Errors (MUEs) as well as the Root mean square deviations (RMSDs) for the
randomly selected training and test sets were very similar for all six fitting experiments.
RMSDs and MUEs averaged over all six fitting experiments are shown in table 4.

Since we find that BSSE is small with the aug-cc-pVDZ basis set if no halogens are
involved, it is not surprising that the optimal values for the correction parameters are very
similar with and without counterpoise corrected interaction energies for that basis set (table
3). An exception are the halogen correction parameters εF and εCl, which vary significantly
depending on whether explicit counterpoise corrections are included, due to larger
counterpoise corrections for complexes involving F or Cl with the aug-cc-pVDZ basis set.
For the small LACVP* basis set where BSSE is very significant (often up to several kcal/
mol) we find clearly different correction parameters depending on whether counterpoise
corrections are applied or not. Again, the halogen correction parameters are especially
sensitive to the counterpoise correction issue, due to especially large counterpoise
corrections for structures involving halogens..

Results and Discussion
A summary of the overall statistical performance (MUEs, RMSDs and Average Errors) of
all the benchmarked methods, B3LYP-D3, M06-2X and B3LYP-MM (this work) is shown
in table 5.

In order to see how the benchmarked methods perform for complexes dominated by
different kinds of interactions, results for dispersion and dipole-dipole dominated complexes
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are shown separately in table 6, while table 7 shows separate results for complexes with
hydrogen bonds or ionic interactions.

Error histograms for dispersion and dipole dominated complexes, but also for hydrogen
bonded and ionic ones are shown in table 8 for B3LYP-MM, B3LYP-D3 and M06-2X.
Corresponding error histograms are also shown for the conformational energy dataset. Non-
counterpoise corrected results are depicted for both basis sets.

In the following section we will discuss the results obtained with both basis sets in more
detail.

Results with the medium size aug-cc-pVDZ basis set
From table 6 it can be seen that the performance of B3LYP-D3 for dispersion and dipole-
dipole dominated complexes is remarkably accurate with the aug-cc-pVDZ basis set (MUEs
below 0.40 kcal/mol). B3LYP-D3 also performs very accurately for the dataset of
conformational energies (MUE of 0.39 kcal/mol). M06-2X gives also rather accurate results
for dispersion and dipole-dipole dominated complexes as well as for the conformational
energies. Its performance is however slightly worse than B3LYP-D3’s. For the subset of
hydrogen bonded complexes B3LYP-D3 is slightly more accurate than M06-2X with
explicit counterpoise corrections, while without counterpoise corrections both methods are
of comparable accuracy. For hydrogen-bonded systems, B3LYP-D3 shows some
overbinding. This overbinding is present with and without counterpoise corrections and is
manifested in the negative average errors of the method. Since BSSE is always attractive, it
is not surprising, that the overbinding is more pronounced without explicit counterpoise
corrections. For complexes with ionic interactions, both B3LYP-D3 and M06-2X show
significant overbinding regardless of counterpoise corrections (average errors < −1.0 kcal/
mol).

With the aug-cc-pVDZ basis set and with explicit counterpoise corrections, our B3LYP-MM
method is slightly more accurate than B3LYP-D3 for dispersion and dipole-dipole
dominated complexes (MUE = 0.27 kcal/mol). Without counterpoise corrections, our
B3LYP-MM method still produces very accurate interaction energies. As with B3LYP-D3
we also observe a very accurate performance on the dataset of conformational energies
(MUE = 0.37 kcal/mol). However, in contrast to B3LYP-D3, which shows significant
overbinding for hydrogen-bonded and charged complexes, the B3LYP-MM correction
scheme also delivers results of high accuracy (MUEs ≤ 0.41 kcal/mol) and almost no
overbinding (|Average Error| ≤ 0.24 kcal/mol) for hydrogen-bonded and charged systems.

Therefore, since hydrogen bonds as well as ionic interactions are of great practical
importance in biology and materials science, B3LYP-MM clearly has a practical advantage
over B3LYP-D3 or M06-2X in conjuction with a medium size basis set.

Results with the small LACVP* basis set
With counterpoise corrections, B3LYP-D3 performs acceptably in the small basis set for
dispersion and dipole-dipole dominated complexes, with an overall MUE of 0.55 kcal/mol,
while we would not recommend M06-2X with this basis set (MUE = 1.06 kcal/mol).
However, B3LYP-MM is clearly the most accurate method with counterpoise corrections in
the small basis set with an overall MUE of only 0.33 kcal/mol. Even with counterpoise
corrections, B3LYP-D3 seriously overbinds hydrogen-bonded complexes (Average Error =
−0.51 kcal/mol) and complexes with ionic interactions (Average Error = −2.53). Without
counterpoise corrections, B3LYP-D3’s overbinding for hydrogen-bonded and ionic
complexes clearly renders the method very inaccurate with average errors < −3.0 kcal/mol.
Apart from hydrogen bonds and ionic interactions, B3LYP-D3 also shows serious
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overbinding for dispersion and dipole-dipole dominated complexes without counterpoise
corrections in the small basis set as can clearly be seen from the error histograms in table 8.
Without counterpoise corrections, M06-2X performs better than B3LYP-D3 in the small
basis set, its overall performance is however still not convincing with a MUE of 1.20 kcal/
mol.

In contrast to all other methods tested, our B3LYP-MM methodology still delivers accurate
interaction and conformational energies with the small basis set without counterpoise
corrections, with overall MUEs of only 0.41 and 0.55 kcal/mol that are only marginally
larger than the ones obtained with the medium size basis set. For hydrogen-bonded
complexes, B3LYP-MM shows slight overbinding (Average Error of −0.31 kcal/mol),
which leads to a slight degradation in the overall accuracy for hydrogen-bonded complexes
(MUE = 0.75 kcal/mol). However, compared to the performances of B3LYP-D3 and
M06-2X for hydrogen-bonded complexes without counterpoise corrections in the small
basis set (both methods show MUEs larger than 1.8 kcal/mol), the accuracy of B3LYP-MM
represents a significant improvement. For complexes with ionic interactions, B3LYP-MM
gives also very accurate results regardless of explicit counterpoise corrections, with MUEs ≤
0.56 kcal/mol.

Finally, it is also noteworthy that the cation π correction in B3LYP-MM seems to pretty
uniformly improve cation π interaction energies, regardless of whether the cation sits on top
or on the side of an aromatic ring. To illustrate this, we calculated the MUE’s obtained with
B3LYP-MM for all benzene alkalication interaction energies in two different regimes of the
angle θ (defined in Figure 2).

All structures were divided into conformations, where the cation sits on top of the benzene
ring (θ ≤ 45°; 215 structures) and in conformations, where the cation is located more
towards the side of benzene ring (45° < θ ≤ 90°; 293 structures). With B3LYP-MM we find
similar accuracy for both regimes of the angle θ regardless of basis set and explicit
counterpoise corrections. The observed MUEs for the regime with θ > 45° are in fact always
slightly smaller (maximum difference in MUEs observed was 0.27 kcal/mol) than the
corresponding MUEs for the regime with θ ≤ 45°. This indicates that the cation π correction
contained in B3LYP-MM not only works well if the cation is directly above the benzene
ring, but also clearly improves interaction energies for other structures.

Conclusions
In this work, we have built a dataset of highly accurate non-covalent interaction energies at
the CCSD(T) level from the literature. Compared to previously published datasets, our
dataset has a much larger size and greater diversity. Benchmark studies of two DFT
methodologies (M06-2X and B3LYP-D3) on our new interaction energy dataset show high
accuracy of B3LYP-D3 for dispersion and dipole-dipole dominated interactions if a medium
size basis sets such as aug-cc-pVDZ is employed with explicit counterpoise corrections
(MUE = 0.32 kcal/mol). However, without counterpoise corrections, we find serious
overbinding of B3LYP-D3 for hydrogen-bonded systems (Average Error = −0.45 kcal/mol)
and for complexes with ionic interactions (Average Error = −2.12 kcal/mol) with the
medium size basis set. For the small LACVP* basis sets without counterpoise corrections (a
level of theory that is often employed in practice, especially for geometry optimizations),
our benchmark results show that neither B3LYP-D3 nor M06-2X shows good accuracy. In
contrast to B3LYP-D3 and M06-2X, we find that our new methodology (B3LYP-MM)
delivers very accurate results for all types of interactions, regardless of counterpoise
corrections and basis set (Overall MUEs ≤ 0.41 kcal/mol). The observed improvement in
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accuracy with B3LYP-MM over B3LYP-D3 and M06-2X is especially significant for
hydrogen-bonded and charged systems.

The development of B3LYP-MM has demonstrated a number of interesting points:

1. By making parameters specific to basis set and use of counterpoise corrections,
significant improvements in accuracy can be obtained, with a particularly large
improvement for small basis sets.

2. The addition of a small number of parameters addressing hydrogen bonding and
interactions involving one or more ions can substantially improve accuracy for
these systems, with a particularly large impact on ionic systems, which exhibit
large errors when treated with prior alternatives in the literature.

While the data set here has quite a few data points, it does not fully cover all possible types
of chemistries associated with noncovalent interactions. Unusual functional groups may in
fact require the addition of new parameters to the model. The improvements to hydrogen
bonded and charged systems obtained by following this path suggests that it is a fruitful one
and can result in a systematically improvable, empirically corrected DFT functional; as
problems are discovered, they can readily be repaired by the addition of a relatively small
number of new parameters. As benchmark quantum chemical calculations become
increasingly inexpensive in the future, transfer of information from such calculations to
DFT-based models will become more facile, and, as shown here, will be a highly effective
means of achieving chemical accuracy at modest computational cost.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Potential energy surface of the formic acid dimer. Distance between the monomers
represents the distance between the two centers of mass. Hydrogen bonds are shown in
yellow with the hydrogen bonded distance range (H-heavy-atom distance < 3.0 Å)
highlighted in yellow.
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Figure 2.
Definition of the angle θ.
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Table 1

Non-covalent interaction types present in the interaction energy database (Only data used for the benchmark
studies in this work was counted. For all the data see the supplementary information).

Number of Data points Interaction Energy Range
(min/max in kcal/mol)

Dispersion and/or Dipole-Dipole Dominated 1036 −11.83 / 3.71

Hydrogen Bonded, not charged 137 −22.95 / 0.61

With Ionic Interactions 542 −110.80 / 4.62
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Table 2

The parameters Ri
VDW (obtained from Bondi’s compilation62).

Element RVDW (Å)

H 1.20

C 1.70

N 1.55

O 1.52

F 1.47

S 1.80

Cl 1.75
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Table 8

Comparison of Error Distributions of B3LYP-MM (red), B3LYP-D3 (blue) and M06-2X (black). All results
are without explicit counterpoise corrections. All plots show normalized kernel density estimates (kdes)
multiplied with the number of datapoints. The kdes were computed with the density() function in R, with
gaussian kernels and default bandwidths,
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