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Automated calibration of van der Waals

parameters based on atomic

polarizabilities

A neutron walks into a bar and orders a beer.

When he asks to pay, the bartender, a cation, tells him: “For you, no charge.”

“Are you sure?” replies the neutron, to which the bartender answers “I’m positive.”

C.R. Vosmeer, M. Stroet, K.M. Visscher, D.P. Geerke and A.E Mark

In preparation



Automated calibration of van der Waals parameters based on atomic polarizabilities

Abstract

Appropriately describing interatomic interactions in (bio-)molecular simula-
tion is crucial to obtain accurate results. Whereas several internally consistent
force field parameter sets are available for common biomolecular building blocks,
obtaining compatible parameters for novel compounds can be challenging. In
order to be able to parametrize arbitrary molecules at a large scale, the availabil-
ity of automated tools to obtain transferable and accurate force field parameters
is essential. In this work we explore the possibility of using QM/MM derived
values for atomic polarizabilities to analytically derive atomic C

6

values for
the attractive van der Waals parameters, and use their estimates to reduce the
dimensionality of automated optimization of non-bonded force field parameters.
Using these C

6

values as a starting point, the hydration free energy landscape
is scanned for ranges of C

6

and repulsive C
12

van der Waals parameters, using
a combined thermodynamic integration (TI) and one-step perturbation (OSP)
approach. Comparing calculated hydration free energies to experimentally ob-
tained values, corresponding C

12

values were optimized. The ability of the
parameter sets obtained in this way to reproduce physico-chemically relevant
properties (densities and heats of vaporization) and their transferability between
di↵erent molecules are tested for a set of simple alkanes. It is shown that use
of polarizability-derived C

6

values does not improve the description of alkane
properties over the use of previously derived force field parameters, for which C

6

values significantly deviate from our estimates. It is argued that the appropri-
ateness of using the polarizability-derived C

6

values may be dependent on the
functional form for the repulsive part of the van der Waals interaction term.
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Chapter 5

5.1 Introduction

In order to predict accurately (bio)molecular properties such as protein-
binding a�nities of drugs or mixing properties of liquids from simulation, it
is critical to accurately describe the non-bonded interatomic interactions in
the system. In most force fields, non-bonded parameters are directly available
for amino acids, nucleic acids, membrane building blocks and commonly used
solvents,21–24,96,99,201,202 but not necessarily for novel chemical entities such
as lead drug compounds. Therefore, methods are under constant development
that can be used in an automated way to optimize and attribute appropriate
values for non-bonded parameters to novel chemical structures, while maintaining
their transferability. Well-known examples of automatic topology generators are
Antechamber, SwissParam and the ATB,53,203,204 which typically assign atomic
partial charges for use in evaluating electrostatic interactions based on (implicit
solvent) QM calculations. Van der Waals parameters on the other hand are
obtained by identifying atom types and then matching them with tabulated
values. However, point charges and van der Waals parameters should ideally
be optimized simultaneously, because of their combined influence on predicted
values for physico-chemical properties of interest. This calls for approaches to
automatically reevaluate van der Waals parameters, once atomic charges have
been assigned. In the framework of ATB, e↵orts are ongoing to automatically
reoptimize van der Waals parameters for use in combination with QM calibrated
point charges and bonded parameters from the GROMOS biomolecular force
field.205 Because biomolecular systems are embedded in an aqueous environment
and processes of interest are thermodynamically driven,206,207 the accuracy in
reproducing experimental values for hydration free energies is an essential part
of this parametrization step.205

Obtaining hydration free energies rigorously from thermodynamic integration
(TI) will be a (too) tedious task, especially when many combinations of possible
non-bonded parameters have to be considered. As an alternative, One-Step Per-
turbation (OSP) free energy calculations can be performed to explore in detail a
large part of parameter space at reasonable computational cost, thereby zooming
in on combinations of parameters that can be used to minimize the di↵erence
between experimental and calculated hydration free energies.208 Starting from
a reference simulation of the solute to be parametrized using initial values for
the van der Waals parameters, the free energy di↵erence between this reference
state and use of perturbed solute van der Waals parameters can be calculated.
This OSP approach has a relatively high initial cost (because TI is required to
calculate the free energy of hydration of the reference state), but a low added
cost per perturbation, making it e↵cient to compute hydration free energies
for many combinations of parameters at a moderate computational investment.
Furthermore, this method is highly suited for automatization since it requires
minimal user interaction. However, the computed OSP free energies will only
be accurate for combinations of parameters that are su�ciently close to the
parameters of the reference state. Therefore, the method will only be e�cient
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Automated calibration of van der Waals parameters based on atomic polarizabilities

when a reference parameter set (or few initial sets of van der Waals parameters)
can be chosen with values close enough to parameters that accurately reproduce
hydration free energies in simuation. In addition, as demonstrated in Section 5.3,
the OSP approach can yield a broad range of values for van der Waals parameters
that exhibit the same hydration free energy, making the choice among these
parameter sets non-trivial and ambiguous, and complicating full automatization
of OSP-based calibration of van der Waals parameters.

Here we explore the potential accuracy and e�ciency of OSP-based optimiza-
tion of van der Waals parameters, starting form values for the attractive van
der Waals parameter C

6

(Equation (5.1)) based on previously derived values for
atomic polarizabilities. Using a QM/MM approach167 to obtain condensed-phase
values of atomic polarizabilities, C

6

can be derived using the Slater-Kirkwood
formula (Section 5.2.1), making it possible to automatically estimate C

6

. As
an additional advantage, this approach would enable one to directly assign C

6

values to atoms that di↵er in their local chemical environment. As shown in
Chapter 4, a united-atom CH

2

group has e.g. a di↵erent polarizability when
bound to a hydroxyl group when compared to its value for aliphatic methylene
groups. This indicates that dispersion interactions for chemically di↵erent CH

2

groups should be treated di↵erently in (non-polarizable) force fields.

Using the value for C
6

derived from the QM/MM polarizability, a reference
state is defined as starting point for TI/OSP simulations to (only) optimize
the corresponding value for the repulsive van der Waals parameter (C

12

in
Equation (5.1)). The validity of the approach is investigated by calibrating thus
obtained van der Waals parameters for united-atom CH

2

and CH
3

groups in
small alkanes (ethane and propane), and by evaluating the transferability of
their derived C

12

parameters for a third alkane (cyclohexane). By focusing on
united-atom alkanes, we can exclude the interference of possibly inaccurately
determined point charges on the outcomes of our van der Waals parameter
calibration study.

5.2 Methods

5.2.1 Deriving C6 values from atomic polarizabilities

London demonstrated in 1930 that forces between apolar molecules are
directly related to the interactions between their induced molecular multipole
moments.209–211 The coherent deformation of the electron cloud leads to an
attractive force between molecules. This attractive force depends mainly on
the induced dipole-induced dipole interactions, although higher-order induced
multipole moments also play a role. In most force fields, the van der Waals
interaction energy VLJ is evaluated using the Lennard-Jones potential:52

VLJ(i,j) = C
12(i,j)
r12(i,j)

− C
6(i,j)
r6(i,j)

⌥⌃ ⌅⇧5.1
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Chapter 5

in which C
12(i,j) and C

6(i,j) are the repulsive and attractive van der Waals
parameter for interactions between atoms i and j, separated by a distance
r(i,j). The physical meaning of the attractive term is derived from the London
dispersion, while the functional form of the repulsive term is empirical and
chosen for its convenience: computing r12(i,j) from r6(i,j) only requires squaring an
already computed value.

In many force fields, the interaction between i and j is described using the
contribution of the atomic C

6(i,j) (or C12(i,j)) value of each atom, according to
the geometric combination rule:

C
6(i,j) = C1�

2

6(i,i)C
1�

2

6(j,j)
⌥⌃ ⌅⇧5.2

To directly relate London dispersion and atomic polarizabilities to the attractive
van der Waals interactions, the Slater-Kirkwood equation can be used,212 which
allows one to determine C

6(i,j) based on electronic information at the atomic
level only. The formula reads as follows:

C
6(i,j) = 3

2
Eha

6

0

NA
↵ia

3

0

↵ja
3

0�
↵

i

a3

0

N
eff,i

+� ↵
j

a3

0

N
eff,j

⌥⌃ ⌅⇧5.3

with Eh a Hartree, a
0

the atomic unit of length, NA the constant of Avogadro,
Neff,i the e↵ective number of electrons of atom i, and ↵i its atomic polarizability.
In Equation (5.3), ↵i is given in 10−3 nm3, and C

6(i,j) in kJmol−1nm6. In order
to obtain (atom-centered) C

6(i,i) parameters (from hereon refered to as C
6

(i)),
Equation (5.3) can be simplified to the following equation when considering an
interaction between two atoms of the same type (i=j):

C
6

(i) = C
6(i,i) = 3

4
Eha

6

0

NA
↵2

i a
6

0�
↵

i

a3

0

N
eff,i

⌥⌃ ⌅⇧5.4

Values for the e↵ective number of electrons have been reported for a selection of
molecules by Buckingham and Fowler.213 From these molecular values, Halgren
proposed an additive model to compute atomic Neff,i values for a variety of
atom types, see for example Table 5.1 for the values of united-atom CH

2

and
CH

3

groups.214 Note that Neff,i is typically lower than the total number of
valence electrons of i, because it is assumed that not all valence electrons fully
contribute to the dispersive interactions.

Values for ↵i can be derived from gas-phase quantum calculations, but
these may overestimate the condensed-phase value, as discussed in Chapters 2
and 3.167,190 Instead we can use our previously described QM/MM setup to
estimate condensed-phase atomic polarizabilities (Chapter 2). This has the
merit of yielding values for the polarizability that are directly relevant for
biomolecular force fields and simulations of condensed-phase systems. In addition,
our QM/MM approach can be fully automated, allowing for integration in an
automated force field parametrization tool. The only drawback of obtaining
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atomic polarizabilities using our QM/MM method is its associated computational
costs, which for now limits the scale on which condensed-phase values for ↵i

can be predicted. In the current work, reported values for ↵i (Table 5.1) were
obtained from Chapter 2 for the oxygen atom of water, and from reference 166
for CH

2

and CH
3

atom types. In reference 166, it was shown that the sum of
the gas-phase polarizabilities of the hydrogen and carbon atoms can be directly
used to describe polarizabilities of the aliphatic united-atom group in simulation.
Similarly, aliphatic united-atom values for Neff,CH

n

(Table 5.1) were obtained
by summing Neff,i values for the carbon and hydrogen atoms, using Halgren’s
additive combination rules.214

5.2.2 Application to a test system: alkanes

Using the polarizabilities and e↵ective numbers of electrons reported in
Table 5.1, C

6

(i) for the aliphatic CH
2

and CH
3

groups were calculated using

Equation (5.4). The corresponding C
1�

2

6

(i) values are reported in Table 5.1 as
well (types 15a and 16a, respectively). As mentioned before, by focusing our
calibration e↵orts on a united-atom model for alkanes, the interference of possible
inaccuracies in point-charge assignment is reduced. In addition, alkane models
can be constructed using a limited set of atom types. Using a small selection
of alkanes, it is therefore possible to derive in a transparent way the building
blocks for many alkane molecules. Here, ethane and propane were chosen for the
parametrization of the united-atom carbon atom types for CH

3

and CH
2

. The
C

12

(CH
3

) value for use in combination with the polarizability derived C
6

(CH
3

)
value was optimized to reproduce experimental values of the hydration free
energy (�Ghydr) of ethane in simulation. Subsequently, using the obtained
C

12

(CH
3

) and C
6

(CH
3

) values, C
12

(CH
2

) can be optimized for propane in a
similar way, in combination with our polarizability-derived value for C

6

(CH
2

).
In a final step, the transferability of the obtained C

12

(CH
2

) and C
6

(CH
2

) values
was tested by calculating the density (⇢), the heat of vaporization (�Hvap) and
the hydration free energy (�Ghydr) of cyclohexane using these parameters.

For practical purposes, the water model used in evaluating �Ghydr has not
been reparametrized; the SPC model was used for the solvent in the calculation
of free energies of hydration. To account for the di↵erence in C

6

(O) between
the oxygen of the SPC model125 and the polarizability-derived value, corrected
values of C

6,corr(CHn) were computed using the following equation:

C
1�

2

6,corr(CHn) = C
6(CH

n

,O
water

)
C

1�
2

6

(OSPC)
⌥⌃ ⌅⇧5.5

with C
6(CH

n

,O
water

) derived using Equation (5.3), and C
6

(OSPC) the tabulated
value for SPC’s oxygen. In this way, it is ensured that C

6(i,j) values for pairs
of CHn and Owater atoms in simulation correspond to the values derived from
Equation (5.3). Note that C

6

(CHn,Owater) was calculated using Equation (5.3)
with ↵O taken from Chapter 2, and the e↵ective number of electrons for the
water oxygen was calculated as the sum of Neff,O and Neff,H values taken from
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reference 214. The thus obtained C
6,corr(CH

2

) and C
6,corr(CH

3

) values are
also reported in Table 5.1 (united-atom types 15b and 16b, respectively).

5.2.3 Exploring the C6,C12 determined landscape of the
free energy of hydration

The C
6

,C
12

determined free energy of hydration (�Ghydr) landscape was
explored using a combination of TI and OSP. First, a set of reference parameters
are chosen for the molecule. These parameters correspond to real (full) interaction
parameters. For this model, the �Gref

hydr is computed using TI. Using this model
as a reference in the subsequent OSP step, the C

6

and C
12

parameters of a given
atom type are incrementally perturbed, following an equally spaced grid. From
OSP, the di↵erence between the hydration free energy of the reference and the
endpoint corresponding to a grid point i (��Gi−ref

hydr ) are obtained. The absolute
calculated hydration free energy �Ghydr,calc at i can then be defined as

�Gi
hydr,calc =��Gi−ref

hydr +�Gref
hydr

⌥⌃ ⌅⇧5.6

�Ghydr,calc values for other combinations of C
6

and C
12

values were interpolated
in between the grid points.

Thermodynamic integration Hydration free energy calculations with the
TI method were performed with an automated convergence testing and point-
addition protocol as described in Koziara et al.205 In brief: the di↵erences
between �@V (r)�@��� in water and vacuum were used to assess the shape of the
curve and whether additional �-points for the coupling parameter � were required.
Once major turning points had been appropriately represented, additional �-
points were added in the regions of the curve with the largest uncertainty until
the estimate of the total error fell below a chosen threshold of 0.5 kJmol−1. The
uncertainty in each three-point interval was estimated from the change in the
total integral following the exclusion of the central point (linear extrapolation).
The total integration error was calculated from the square root of the sum of
the squared errors in each region, normalized for any overlap between regions.
The initial configuration for a water simulation at a new �-point was taken from
a final frame of one of the two neighboring �-values selected randomly. The
error in the a↵ected regions was then updated and the total integration error
recalculated. This procedure was repeated until the total error fell below the
target threshold. To determine whether the ensemble average of the derivative�@V (r)�@��� had converged, the distribution of the variance for successive
time periods during the simulation was analysed. The two-sample Kolmogorov-
Smirnov (KS) statistic was used to quantify the degree of similarity between the
distributions. �@V (r)�@��� was considered to have converged if the KS statistic
for adjoining regions was less than 0.05 for a chosen time length of 100 ps. If
the convergence criteria were not met, additional simulations were run until the
criteria were fulfilled.
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MD Simulation parameters The MD simulations and free energy calcula-
tions were performed using the GROMOS11 program.89 Each solute molecule
was solvated in a cubic periodic box filled with approximately 1000 SPC water
molecules.125 The box size was chosen such that no solvent molecule interacted
with more than one periodic image of the solute. The system was energy mini-
mized using a steepest descent algorithm. Initial velocities were assigned from
a Maxwell-Boltzmann distribution corresponding to a temperature of 298.15K.
Bond lengths were constrained using the SHAKE algorithm with a geometric
tolerance of 10−4.132 The equations of motion were integrated using the leap-frog
algorithm and a time step of 2 fs.130 All simulations were performed at constant
temperature (298.15K) and pressure (1 atm) using a Berendsen thermostat
(coupling time of 0.1 ps) and barostat (coupling time of 0.5 ps) and isothermal
compressibility of 4.575 × 10−4(kJmol−1 nm−3)−1.131 Non-bonded interactions
were calculated using a triple-range scheme. Interactions within a shorter-range
cuto↵ of 0.8 nm were calculated every time step from a charge-group based
pairlist that was generated every five steps. Interactions between 0.8 nm and
1.4 nm were calculated together with the pairlist and kept constant between
updates. A reaction field contribution was added to the electrostatic interactions
and forces, to account for a homogeneous medium outside the long-range cuto↵.
The relative permittivity for the reaction field was set to the value of 61 for SPC
water.134 A soft-core interaction with ↵vdW = 0.5 nm and ↵ele = 0.5 nm2 was
used to avoid singularities in the non-bonded interaction function at the end
state (�=1).215,216 In the vacuum simulations, a stochastic bath was applied
at a reference temperature of 298.15K using an atomic friction coe�cient of
91 ps−1. Values for �@V (r)�@��� were stored every 0.1 ps.

One-step perturbation One-step perturbation (OSP) was applied to a 10 ns
trajectory of a real system (no dummy or partial atoms). Positions were stored
every 10 steps (20 fs), using MD settings as described above. Values for��Gi−ref

hydr

were calculated using the GROMOS11 analysis package GROMOS++.192

5.2.4 Pure liquid simulations

All MD simulations and post-MD analysis were carried out using the GRO-
MOS11 software package.89 Densities and heats of vaporization were calculated
from pure-liquid MD simulations starting from a pre-equilibrated box of 1000
ethane or propane molecules, or 526 cyclohexane molecules. All alkane molecules
were described by a united-atom model, using a range of di↵erent C

6

(CH
2

),
C

12

(CH
2

), C
6

(CH
3

) and C
12

(CH
3

) values in di↵erent simulations. The systems
were first energy-minimized using the steepest-descent method. Subsequently,
atomic velocities were randomly assigned from a Maxwell-Boltzmann distribu-
tion, and an equilibration of 1 ns was performed followed by a production run
of 0.5 ns. The temperature and pressure were kept constant using a Berendsen
thermostat131 with a coupling time of 0.1 and 0.5 ps, respectively. The refer-
ence pressure was set to 1 atm, and reference temperatures were 181K, 231K
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and 300K for ethane, propane and cyclohexane, respectively. The isothermal
compressibility was set to 4.575 × 10−4 (kJmol−1 nm−3)−1. In all simulations,
Newton’s equations of motion were integrated using the leap-frog algorithm and a
time step of 2 fs.130 Bond lengths were constrained using the SHAKE algorithm
with a geometric tolerance of 10−4.132 A twin-range cuto↵ scheme was used to
treat van der Waals and electrostatic interactions. Interactions within the first
cut-o↵ range of 0.8 nm were calculated every time step, and intermediate-range
interactions (between 0.8 nm and 1.4 nm) were evaluated every fifth time step,
coinciding with an update of the grid-based pair list. Center-of-mass motion
was removed every 1000 time steps. Atomic coordinates were stored for analysis
every 500 time steps, and energies were stored every 100 time steps.

5.3 Results and discussion

Polarizability-derived C
1�

2

6

(i) values for the aliphatic CH
2

and CH
3

united-
atom groups were obtained as described in Sections 5.2.1 and 5.2.2. Calculated

values are reported in Table 5.1, together with C
1�

2

6

(i) and C
1�

2

12

(i) values taken
from the GROMOS 53A6 force field as a reference.24 Calculated free energies

of hydration �Ghydr,calc for a range of C
1�

2

6

and C
1�

2

12

values using the approach
described in Section 5.2.3, for ethane and propane the heat maps shown in
Figure 5.1 correspond to the di↵erence in free energy of hydration (��Ghydr)
between the calculated and experimental values. TI calculations were used to
determine the ��Ghydr,calc for a reference compound and then OSP calculations
of �Ghydr,calc were used to generate the complete heat map. The maps generated
using OSP were also validated using TI calculations. Significant di↵erences
only arise in areas of parameter space where �Ghydr,calc is very di↵erent from
experiment (results not shown). From the heat maps for ethane and propane,
values for C

12

(CH
3

) and C
12

(CH
2

) respectively were selected, such that together
with the polarizability-derived C

6

(CH
3

) and C
6

(CH
2

) values, experimental free
energies of hydration were most accurately reproduced. These values are also

reported in Table 5.1 (models 15a and 16a), together with optimized C
1�

2

12

(i)
values for use in combination with C

1�
2

6,corr (15b and 16b).
Using the van der Waals parameters obtained, pure liquid simulations were

performed for ethane and propane in order to compute the heat of vaporization
�Hvap and density ⇢. Ethane and propane are gaseous at room temperature,
therefore simulations were run at 181K and 231K, respectively. Table 5.2 shows
that for ethane and propane, �Hvap and ⇢ are underestimated when compared to
experiment, both when using model 15a (and 16a) or 15b (and 16b). In addition,
for two of the propane models, the system seems to be in the gas phase, as can
be concluded from their low density (< 200 kgm−3). It has to be noted however,
that due to inaccuracies in the heat capacity and thermal expansion coe�cient
of the (united-atom) ethane and propane models, it is not expected that their
pure liquid properties at low temperatures are predictive for their properties at
room temperature. Therefore, we also tested the performance of the calibrated
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Table 5.1. C
1�

2

6 (i) and C
1�

2

12 (i) values for GROMOS atom types 5 (OSPC of SPC model125),
15 (CH2) and 16 (CH3), and calibrated values for CH2 and CH3 van der Waals parameters
using Equation (5.4) (15a and 16a, respectively) to calculate C6 values, or using Equations (5.3)
and (5.5) to obtain C6 values (15b and 16b, respectively). Units are as follows: ↵i in

[10−3 nm3], Neff,i is unitless, C
1�

2

6 (i) in [kJmol−1nm6]
1�

2 and C
1�

2

12 (i) in [kJmol−1nm12]
1�

2

United-atom i Type ↵i
a Neff,i

b C
1�

2

6

(i) C
1�

2

12

(i)
CH

2

15 0.08642 5.828 × 10−3
15a 1.835 4.09 0.06200 2.600 × 10−3
15b 1.835 4.09 0.07140 3.700 × 10−3

CH
3

16 0.09805 5.162 × 10−3
16a 2.241 4.49 0.07300 3.350 × 10−3
16b 2.241 4.49 0.08300 4.200 × 10−3

OSPC 5 1.100c 4.75 0.05116 1.623 × 10−3
a Ref. 166; b computed using Halgren’s additive rules214; c Chapter 2

parameter sets for a liquid alkane at room temperature (cyclohexane).

Although �Ghydr for cyclohexane is within 2 kJmol−1 of the experimental
value using the 15b set of van der Waals parameters, the predicted density of
cyclohexane is too high by 8.5%, and its heat of vaporization too low (by 10.5%,
Table 5.2). Although �Hvap for model 15a is only 3.3% too low, its density is
overestimated by more than 26%. In these cases adjusting C

12

(CH
2

) (while
maintaining C

6

(CH
2

) at its polarizability-derived value) will not improve the
agreement with experiment for both ⇢ and �Hvap, since both properties are
a↵ected in a similar way by changes in C

12

(CH
2

). In order to map the e↵ect of
adjusting both CH

2

van der Waals parameters on ⇢ and �Hvap of cyclohexane,
pure-liquid simulations were performed for all grid points that were used to
obtain the OSP heat map for �Ghydr. Figure 5.2 presents the heat maps for
the di↵erences ��Hvap and �⇢ between experimental and calculated values.

By overlaying the cyclohexane heat maps for ��Ghydr, ��Hvap and �⇢

and by displaying only combinations of C
1�

2

6

and C
1�

2

12

for which experimental
values are exactly reproduced (Figure 5.3), it becomes apparent that no single
combination of C

6

(CH
2

) and C
12

(CH
2

) parameters allows to reproduce experi-
mental data for all three properties exactly. The original parameters from the
GROMOS 53A6 force field (upward triangle in Figure 5.3) are located in the
relatively small part of C

6

,C
12

space where a single set of parameters can be
used to reproduce ⇢, �Hvap and �Ghydr within experimental accuracy. Using
the polarizability-derived C

6

(CH
2

) values (marked in Figure 5.3 by a circle
and a cross for models based on parameter sets 15a and 15b, respectively),
these physico-chemical properties can not simultaneously be reproduced within

94



Chapter 5

Table 5.2. Experimental (exp) and calculated values for the density ⇢ (kg m−3), the heat of
vaporization �Hvap (kJ mol−1), and free energy of hydration �Ghydr (kJ mol−1); calculated
�Ghydr values are obtained from TI. Pure liquid properties for ethane and propane are
determined at 181 K and 231 K, respectively. Other properties are evaluated at 300 K.

ethane ⇢ �Hvap �Ghydr

exp 546 15.1 7.7
16a 487 8.4 8.0
16b 487 9.7 7.4

propane ⇢ �Hvap �Ghydr

exp 581 18.8 8.2
15a,16a 154 9.5 8.1
15a,16b 550 13.7 8.4
15b,16a 178 9.5 8.8
15b,16b 531 13.7 8.5

cyclohexane ⇢ �Hvap �Ghydr

exp 774 33.0 5.2
15a 981 31.9 1.1
15b 839 29.5 3.5

experimental accuracy. These findings implicate that polarizability-derived C
6

values can not directly be used in the typical implementation of biomolecular
force fields.

When trying to rationalize the discrepancy between the analytically (polariz-
ability) derived van der Waals parameters and their values that are appropriate
to describe alkane properties in simulation, three aspects need to be considered.
First, the quality of the ↵i and Neff,i parameters used in the derivation of C

6

(i)
can have an e↵ect on its determined value, and thereby on the calibrated values
for the C

12

(i) parameters. Whereas ↵i values for alkanes can be directly taken
from reference 39,166 choosing an appropriate value for Neff,i is less trivial. The
Neff,i values used in the current work (Table 5.1) are according to Buckingham
and Fowler, who pointed out that using a scaled number of valence electrons is
required, otherwise the resulting C

6

(i) will be overestimated when considering
ab initio estimates of dispersion e↵ects.213 Although increasing Neff,i to the
actual number of valence electrons would partly reduce the gap between the
GROMOS C

6

and the polarizability-derived C
6

values for CH
2

and CH
3

, an
unphysically high value for Neff,i (> 15) is needed to reproduce GROMOS C

6

values using Equations (5.3) and (5.4).
Secondly, it is important to note that interactions involving (induced) higher-

order moments are ignored by the Slater-Kirkwood equation, which possibly
leads to an underestimation of the dispersion interactions. However, introducing
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Figure 5.1. Di↵erences in hydration free energy for ethane (top panel) and propane (lower
panel), ��Ghydr = �Ghydr,calc−�Ghydr,exp, expressed in kJ mol−1. The subscripts calc and
exp refer to calculated and experimental values, respectively. The free energy of the reference
point (triangle in the top panel, cross in the lower panel) is computed by thermodynamic
integration, the other values are computed on the grid points using one-step perturbations,
and interpolated in between. GROMOS 53A6 parameters are indicated by a triangle. Van
der Waals parameters for new types 16a and 16b (top panel), 15a and 15b (lower panel), are
represented by a circle and a cross, respectively. Polarizability-derived C6(CHn) values are
indicated by a dashed (calculated using Equation (5.4)) and solid vertical line (calculated using
Equations (5.3) and (5.5)), respectively.
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Figure 5.2. Di↵erences in heat of vaporization (top panel) ��Hvap = �Hvap,calc−�Hvap,exp

(in kJ mol−1) and density (lower panel) �⇢ = ⇢calc − ⇢exp (in kg m−3) for cyclohexane. The
subscripts calc and exp refer to calculated and experimental values, respectively. Exact values
are computed on the grid points, and interpolated in between. Darker blue areas with no
grid points did not yield any results due to evaporation. The reference (GROMOS 53A6)
parameters are indicated by a triangle. Van der Waals parameters for new types 15a and
15b are represented by a circle and a cross, respectively. Polarizability-derived C6(CH2) are
indicated by a dashed (calculated using Equation (5.4)) and solid vertical line (calculated using
Equations (5.3) and (5.5)), respectively.
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Figure 5.3. Combinations of C
1�

2

6 (CH2) and C
1�

2

12 (CH2) parameters for which values for
the density ⇢ (red line), heat of vaporization �Hvap (blue line) and free energy of hydration
�Ghydr (black line) of cyclohexane are equal to the experimental value. The reference
(GROMOS 53A6) parameters are indicated by triangles (up for cyclic CH2 and down for
regular CH2 parameters). Van der Waals parameters for new types 15a and 15b are represented
by a circle and a cross, respectively. Polarizability-derived C6(CH2) are indicated by a dashed
(calculated using Equation (5.4)) and solid vertical line (calculated using Equations (5.3)
and (5.5)), respectively.

additional terms or parameters that account for dispersion e↵ects involving
higher-order moments than the (induced) dipole moments would introduce an
unwanted level of complexity into the force field and its parameterization, and
induced dipole-induced dipole interactions will still dominate the dispersive
interactions.

Finally, when keeping the −C
6

�r6 term for the attractive van der Waals
term to include (long-range) dispersion e↵ects, the repulsive part of the van
der Waals term may still be reconsidered, especially because its functional form
was originally arbitrarily chosen for its convenience in calculating the pair-wise
interactions during simulation. It has been argued that di↵erent mathematical
forms (such as a 1�r14ij dependency or exponential behavior of the repulsive
van der Waals interaction on the interatomic distance rij between a pair of
atoms i and j ) may more accurately describe the van der Waals interactions.
With such a di↵erent functional form for the van der Waals interactions, it
might be possible to combine the analytically derived C

6

value with new C
14

or
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Figure 5.4. Van der Waals interaction energy VLJ for a pair of atoms at distance rij , as
defined by a Lennard-Jones potential (Equation (5.1)) with GROMOS 53A6 parameters for
atom type 15 (black line), the novel type 15b (red dots) and the polarizabilty-derived C6 with a
modified C12 to obtain partly overlap with the Lennard-Jones potential for type 15 (red dashed
line). Potentials of the form VLJ = C14(i,j)�r14

ij −C6(i,j)�r6
ij using the polarizability-derived

C6 value of model 15b (green dashed line), and as defined using an exponential potential of
the form VBuck = Ae−Br −C6�r6 with the polarizability-derived C6 value in model 15b (blue
dash-dotted line) are shown as well. Unknown parameters are optimized to qualitatively fit the
repulsive part of the Lennard-Jones potential with GROMOS 53A6 parameters for atom type
15.

exponential parameters, and reproduce the relevant pysico-chemical properties in
simulations just as well as do the GROMOS 53A6 parameters for alkanes using
a classical Lennard-Jones potential. Figure 5.4 suggests that when using a 1�r14ij
or exponential (Buckingham) potential in combination with our polarizability-
derived C

6

value (using Equation (5.5)), the overlap with the Lennard-Jones
curve for cyclohexane for GROMOS 53A6 parameter set 15 is improved. This
indicates that our C

6

values may be used in combination with di↵erent functional
forms to parameterize suitable values for the repulsive van der Waals parameters.
In order to investigate this assumption, the correspondingly alternative form(s)
for the van der Waals potential needs to be implemented in the software, and
compatible parameters for water need to be derived first.
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5.4 Conclusions

In this work we analytically derived attractive (C
6

) van der Waals parameters
from QM/MM estimates of condensed-phase values for atomic polarizabilities
(see Chapter 2), using the Slater-Kirkwood equation and e↵ective numbers of
electrons as derived by Halgren (reference 214). This analytical C

6

parameter
was used to calibrate an associated value for C

12

, by optimizing this parameter
based on free energies of hydration. We applied this approach to a test case,
in which parameters for united-atom types for CH

3

and CH
2

were derived
by reparametrizing molecular ethane and propane. The validity of the thus
obtained parameters were tested by using the CH

2

parameters in simulations of
cyclohexane. Using the proposed method we were not able to find a single set of
parameters allowing to reproduce experimental values for the pure-liquid density
and heat of vaporization, and the hydration free energy of cyclohexane. Through
a systematic exploration of calculated values for these properties in C

6

,C
12

space, we found that for cyclohexane it is only possible to su�ciently reproduce
experimental data in the part of C

6

,C
12

space where e.g. GROMOS 53A6
parameters are located, which includes a C

6

value that is signifcantly di↵erent
from our proposed polarizability-derived values. This strongly suggests that our
approach is not suited to derive van der Waals parameters to be directly used in
common implementations of biomolecular force fields and softwares. However,
the proposed C

6

parameter may be more suited in combination with a di↵erent
implementation of the van der Waals interactions, such as use of an exponential
(Buckingham) potential, or a C

6

,C
14

based Lennard-Jones potential. It should
be noted however that this would require major force field reparametrization
e↵orts as well as adaptations to the implementation of most of the common MD
software packages.
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