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Hybrid Approaches to Coarse-Graining using
the VOTCA Package: Liquid Hexanea
Victor Rühle, Christoph Junghans
Several systematic coarse-graining techniques have been developed in recent years. The
method of choice depends on the system of interest and the properties to be reproduced.
We present three hybrid schemes to combine force-matching and Boltzmann inversion.
The methods are tested on liquid hexane and the results
are compared to iterative Boltzmann inversion. All
approaches can easily be extended to mixtures of mol-
ecules and provide insight for parametrizing building
blocks of bigger molecules. An implementation is pro-
vided in the VOTCA package which is available under an
open source software license.
Introduction

In recent years, coarse-grained modelling has evolved into

an important tool to extend the accessible range of time-

and length-scales of particle based simulations of soft

matter systems.[1–10] A low resolution (coarse-grained)

description is computationally more efficient due to three

reasons. First, less interactions are involved which have to

be evaluated. Second, interactions are usually smoother

and thus simulations can be performed with a bigger

timestep. Third, coarse-graining leads to an intrinsic

speedup of the dynamics of the system.[1,11,12]

Coarse-grained simulations range from generic models

to bottom-up approaches. The latter provide a systematic

link between two systems with different numbers of

degrees of freedom. The process of deriving a low-resolution

model based on a high resolution (reference) model is called

systematic coarse-graining.
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Various methods have been developed, depending on

which properties need to be reproduced by the coarse-

grained model. Structure based approaches aim to repro-

duce selected distribution functions (e.g. angle, bond or pair

distribution functions) of the reference system. Examples

are Boltzmann inversion,[1] iterative Boltzmann inversion

(IBI)[4] and inverse Monte Carlo (IMC).[3,13,14] However, these

methods use only a subset of distribution functions and

often neglect multibody correlations. The multiscale

coarse-graining method (MS-CG)[15,16] aims to match the

full multibody potential of mean force. MS-CG is derived

from liquid state theory using the variational principle. The

resulting equations are identical to the force matching (FM)

equations,[17] but extensions are possible.[18] In cases

where, e.g. solvation free energies are studied, a parame-

trization based on free energies can be beneficial. One

example is the MARTINI force-field for coarse-grained

simulations of biomolecules such as lipids[5] or proteins.[19]

With the large variety of methods available, the versatile

object-oriented toolkit for coarse-graining applications

(VOTCA)[20] was designed to offer a consistent implementa-

tion. This allows the evaluation of the different methods for

new systems via a single tool. Currently, Boltzmann

inversion, IBI, IMC and FM are implemented. In ref.,[20]

we compared IBI, IMC and FM[17] by coarse-graining four

test systems, namely SPC/E water, methanol, liquid
library.com DOI: 10.1002/mats.201100011
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propane and a single chain of hexane. Several problems

were pointed out. For example, IMC can have convergence

problems for small system sizes while force-matching may

lead to unphysical results if the set of interaction which

represent the potential energy surface of the coarse-grained

force-field is incomplete. The latter was recently demon-

strated for coarse-grained water, where a three-body

potential is required to reproduce the pair distribution

function when using the force-matching method.[21]

For more complicated molecules, deriving all interac-

tions at once can be complicated and it can be beneficial to

treat specific interactions separately. One common exam-

ple is the separation of bonded- and non-bonded interac-

tions. Bonded interactions are stiffer and therefore often

can be kept constant while parametrizing the non-bonded

contributions.[1,4] On a higher level, assembling molecules

from building blocks which were derived for molecular

fragments, is also possible.[5,22,23]

In this work, we focus on the separation of bonded and

non-bonded interactions using different hybrid

approaches, specifically for cases where a single method

fails. We combine FM with Boltzmann inversion and

compare different approaches to separate bonded and non-

bonded interactions in liquid hexane. As coarse-graining of

a single chain of hexane in vacuum has already been

performed in ref.[20] to point out problems which can arise

due to correlations and lack of interactions to represent the

coarse-grained force-field, it is a good example to validate

the separation ansatz, when different methods are used to

develop interactions separately.
Methods

Methods for systematic coarse-graining, where Boltzmann

inversion, IBI and force-matching are used in this work,

have already been described in detail in various publica-

tions.[1,4,7,15,16] Here, just a brief overview of the methods is

given. In Hybrid Approaches section possible approaches to

combine force-matching with potentials obtained via a

different method are introduced.
Boltzmann Inversion

The simplest method is Boltzmann inversion.[1] It is based

on the fact that in a canonical ensemble, the distribution of

independent degrees of freedom, {q}, satisfy a Boltzmann

distribution,
www.M
PðqÞ/ exp½�bUðqÞ� (1)
where P(q) is a normalized distribution. These can be

measured from a simulation and the potential can then be
aterialsViews.com
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determined by inverting the distribution function
2011, 2

H & Co
UðqÞ ¼ �kBT ln PðqÞ (2)
As stated above, Equation (1) assumes that the degrees of

freedom are independent. As can be seen from Equation (2),

resulting potentials are in principle free energies. Using

these for bonded interaction is often a reasonable assump-

tion, however, non-bonded interactions need further

refinement.

To compensate for many-body effects and entropic

contributions, the potential can be corrected iteratively. A

common correction is to use the difference in the potentials

of mean force (PMF) of the desired (target) Ptarget and the

current distribution PnðqÞ function,
DUðqÞnþ1 ¼ U
target
PMF �Un

PMF ¼ kBT ln
PnðqÞ

PtargetðqÞ (3)
For each iteration, a coarse-grained run is performed and

the correction term evaluated. The method is repeated until

convergence is reached.
Force Matching

The underlying idea of the force-matching method[15,17] is

to derive a coarse-grained force-field which reproduces the

forces acting on the (mapped) coarse-graining beads.

Technically, the fit is performed by minimizing the

expression
x2 ¼
XL

l

XM

i

Fref
il �F

cg
il

�� ��2
(4)
where Fref
il is the mapped reference force and F

cg
il is the

coarse-grained force. In general, both have bonded- and

non-bonded contributions. The sum L and M denote

averaging over all snapshots and beads in the system,

respectively.

In the context of coarse-graining, the method is

often referred to as MS-CG. Furthermore, a derivation

which is based on liquid state theory using the

variational principle was given by Noid et. al.[16] One

important result of ref.[16] is that special care has to be

taken if not a centre of mass mapping is used or

atoms are shared by several coarse-grained beads. In

case of a centre of mass mapping, the total force on a

coarse-grained bead is the sum of all forces of the

associated atoms. Furthermore, additional terms to

equation Equation (4) are possible, for example to match

the pressure of the system.[18]

An essential criteria to successfully apply the force-

matching method is a complete set of interaction which
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represent the coarse-grained force field. For water, where

three-body correlations are important,[24] a two-body

potential is not sufficient to reproduce the atomistic radial

distribution function,[20] so an additional three-body

potential is required.[21]
Figure 1. Mapping scheme for hexane. Each hexane molecule was
coarse-grained into a three site model (A1–B1–A2), with two
carbons per bead. Intramolecular interactions are given by bond-
and angle potentials. The mapped intramolecular forces have an
off plane component (red arrows) which leads to problems in the
angle potential when using force-matching. The coarse-grained
bond and angle forces both act within the plane of the molecule.
Therefore, off plane contributions cannot be captured by this
model. Taken from ref.[20].
Hybrid Approaches

In some cases, a single method does suffice to derive a

coarse-grained model. For example, if one chooses an

incomplete interaction space to represent the coarse-

grained potential energy surface, unphysical potentials

can be obtained when using force-matching.[16,20] On the

other hand, although success was reported for coarse-

graining systems with an interface, IBI can be problematic

for inhomogeneous systems or cases where the RDF is not

well defined. In such cases, a combination of Boltzmann

inversion for the bonded interactions and force-matching

for non-bonded interactions can be useful, similarly as

proposed in ref.[25] These hybrid methods utilize the

separation ansatz, which assumes that bonded and non-

bonded interactions can be treated separately. Their

extension to building blocks, i.e. separately parametrizing

different molecules or fragments of molecules, is straight

forward.

We now discuss three approaches for such a hybrid

scheme, where the bonded interactions have already

been derived by Boltzmann inverting the distribution

functions.
(i) F
ull force-matching with substitution
In

p

the full force-matching method, force-matching is

erformed on all interactions, bonded and non-bonded.

Subsequently, bonded potentials are replaced by the

Boltzmann inverted ones and only non-bonded force-

matching potentials remain.
(ii) F
orce-matching with subtraction
The Boltzmann inverted bonded potentials are used to

calculate forces of the mapped configuration, which

are subtracted from the mapped reference forces. The

remaining, non-bonded parts are then fitted via the force-

matching method.
T
he benefit of the subtraction method is that it allows a

decrease in the number of fitting parameters for the

coarse-grained potentials. This can be favourable for

large systems where solving the full force-matching

equations Equation (4) is problematic. In addition, the

method is consistent with the minimization condition,

Equation (4), i.e. it tries to match the full forces which are

present in the system.
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A
 problem of both of the aforementioned methods is that

those force-contributions which cannot be captured by

the coarse-grained force field (such as the off-plane

components due to bonded interactions in hexane, see

Figure 1 and Model System and Simulation Details

section) persist and have to be compensated for by the

fitted ones. This issue is overcome in the third approach,
(iii) F
2011
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orce-matching with exclusions
O

in
nly reference forces, that correspond to non-bonded

teractions at coarse-grained level are recalculated for

the reference trajectory. Then, force-matching is applied

only to those recalculated forces. Bonded forces of the

reference model and non-bonded forces, which contribute

to bonded interactions at the coarse-grained level, are

excluded.

Model System and Simulation Details

We use liquid hexane as a test system. Each (all-atom)

hexane molecule is coarse-grained into a three bead chain,

with two carbon atoms per bead (Figure 1). Different bead

types are used for the inner (B) and outer beads (A). Each

molecule has two AB-bonds, one ABA-angle and inter-

molecular non-bonded interactions, A–A, A–B and B–B.

Atomistic simulations were performed with 1 000 chains

using an all-atom OPLS force field.[26] The system was

prepared at a density ofr¼ 0.65 g � cm�3 (cubic box of length

L¼ 6.042 nm) and equilibrated for 10 ns in a NVT simulation

using the stochastic velocity rescaling thermostat.[27] The

reference data (forcesþdistributions) were generated in a
, 20, 472–477
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Figure 2. A–A potentials for the different methods. The inter-
action potentials between the A beads of IBI and the exclusion
method are similar. The potential obtained by the subtraction
method has a deeper minimum which results in overstructuring
of the A–A RDF (see Figure 4). The potential obtained by the full
force-matching method is purely repulsive and therefore cannot
describe clustering of chains without imposing strong outer
constraints on the simulation box.

Figure 3. Radial distribution function of A–A beads. All methods
except for the subtraction method lead to a good agreement of
the A–A radial distribution function with the atomistic reference
RDF. The deeper minimum of the subtraction method potential
leads to overstructuring.
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run of 20 ns, taking snapshots every 1.0 ps. No constraints

were appliedb and a timestep of 1 fs was used.

The final configuration was mapped to coarse-grained

level and used as the initial configuration for the coarse-

grained runs. Bonded potentials were obtained by Boltz-

mann inverting the reference distribution functions of the

liquid system (see Equation 3). It is important to note that

the bonded reference distributions of liquid hexane are

identical to those of a single molecule in vacuum given in

ref.[20]

Non-bonded potentials were obtained using IBI and the

force-matching schemes described in Hybrid Approaches

section. For IBI, the non-bonded potentials were refined for

500 iterations, each of length 0.5 ns, writing snapshots

every 0.05 ps using a stochastic dynamics integrator. The

cut-offs were chosen at rAA ¼ 1.5 nm, rAB¼ 1.35 nm and

rBB ¼ 1.4 nm. The force-matching schemes were performed

on 4 000 snapshots in blocks of 20 frames. Forces were fitted

via cubic splines with the intervals [0.35, 1.0] nm, [0.33,

1.0] nm and [0.37, 1.2] nm for A–A, A–B and B–B,

respectively, and a grid spacing of 0.02 nm.

In the full force-matching method, bonded interactions

were replaced by the IBI tables. For the subtractionmethod,

the atomistic reference trajectory was mapped to coarse-

grained level of detail and the bonded forces were

calculated using the GROMACS rerun function with the

IBI potentials. The force subtraction is done by VOTCA using

the fully atomistic and rerun coarse-grained trajectoriesc.

For the exclusion method, a new GROMACS topology was

created. All bonded interactions were removed and

exclusions were added between those atoms, which

correspond to bonded interactions on coarse-grained level

(for this particular molecule, no intramolecular interactions

are evaluated). Subsequently, the atomistic forces for the

reference trajectory were recalculated using GROMACS

rerun with the modified topology.

All methods discussed are implemented in the VOTCA

package[20] and will be available in release 1.1. Atomistic

and coarse-grained runs were performed using GRO-

MACS.[28]
Results

To evaluate the different methods, we start with the

discussion of the A–A potentials and associated distribution

function shown in Figure 2 and 3, respectively. IBI per

construction perfectly reproduces the RDF. In addition, the
b Constraints can lead to problems when using force-matching.[16]

c The implementation of the method was verified by plugging in the
bonded potentials of the full force-matching method. The result-
ing non-bonded potentials were identical to the full force-match-

ing method.
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full force-matchingmethod and the exclusionmethod show

very good agreement, which indicates that pair potentials

are sufficient for non-bonded interactions. The only method

which does not reproduce the A–A RDF is the subtraction

method, which exhibits overstructuring. Because of this, we

omit this method from further discussions.

It is important to note that for IBI and the exclusion

method, all three potentials, that is A–A, A–B and B–B, are

very similar (see Figure 4). This reflects the chemical

similarity of the A and B beads and suggests the possibility

of a one bead type mapping scheme as discussed later. In

contrast, the A–A potential from the full force-matching

method is very different from the A–B and B–B potentials.

Additionally, the purely repulsive shape (shown in Figure 2)

is unphysical, since it cannot form structures without
2011, 20, 472–477
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Figure 4. Non-bonded potentials of IBI and the exclusion method.
The force-matching potentials are shifted by 0.8 kJ �mol�1 for
better illustration. Both methods are in good agreement.
Additionally, the different interaction potentials (A–A, A–B and
B–B) are rather similar which reflects the close structural relation
of the coarse-grained beads.

Figure 5. B–B radial distribution function. Both methods are in
good agreement with the reference RDF. The exclusion method
shows slight overstructering of the B–B RDF.

Figure 6. Potentials and RDFs for an A–A–A mapping scheme. The
potentials of both methods, IBI and the exclusion method, are in
perfect agreement. Only the force-matching RDFs are shown
(bottom), both methods perfectly match the structure of the
system.
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imposing strong constraints on the system, i.e. the fixed

volume of the NVT simulation. This discrepancy can be

explained due to intramolecular contributions, which are

not properly captured by the force-matching procedure.[20]

In force-matching, forces are optimized in a least square

sense. Therefore, these contributions have to be compen-

sated for by the non-bonded interactions. The bonded forces

obtained from Boltzmann inversion lead to correct

distributions, but are not necessarily compatible to the

mapped atomistic ones (off-plane components). Therefore,

in the subtraction method, a problem similar to the one in

the full force-matching method appears. We conclude that

neither the subtraction method nor the full force-matching

method should be used if the set of bonded interactions of

the coarse-grained force-field is incomplete.

From all hybrid methods studied in this work, the

exclusion method seems to be the most appropriate. The

resulting non-bonded potentials of all three interactions are

shown in Figure 4. Their shape reflects the chemical

similarity of respective beads and the structure of the

system is well reproduced. In addition, the potentials are

similar to the IBI potentials. The only distribution function

which shows slight deviations is the B–B RDF as depicted in

Figure 5. However, the difference is of the order of 0.1 and

extends only over a small interval (0.5 nm< r< 0.7 nm).

The fact that all non-bonded interaction potentials are

similar implies that one type of bead, in other words a single

pair interaction type, is sufficient. Hence, we applied the

exclusion method to a hexane molecule composed of three

beads of the same kind (A–A–A). As can be seen in Figure 6,

all distribution functions are in excellent agreement.

Performing IBI with the A–A–A mapping scheme leads to

similar results, hence only the potential is plotted in the top

of Figure 6. We conclude that one bead type is sufficient to

describe hexane, and most likely also longer alkyl chains
Macromol. Theory Simul.
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which use such a 2:1 mapping. In this special case, the small

differences in the potentials have no significant effect on

the resulting distributions.

Finally, we may to comment on the validity of the

separation ansatz. This is intrinsically included in all hybrid

approaches, since the bonded potentials (bond and angle)

were kept constant when fitting the non-bonded interac-

tions. Although the angle distributions agree well on

coarse-grained and atomistic level, the coarse-grained bond

distribution, depicted in Figure 7, differs from that of the

atomistic reference liquid. Iterative corrections could be

performed but are neglected here. In addition, the correla-

tions of bonds and angles differ from that of the reference

simulation. Therefore, cross correlation terms should be

taken into account.
2011, 20, 472–477

H & Co. KGaA, Weinheim www.MaterialsViews.com



Figure 7. Bond distribution function. The bond distribution func-
tions on the coarse-grained level differ from that of the reference
system. Therefore, in a strong sense, the separation ansatz for
this system not fully valid.
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Conclusion and Outlook

Three hybrid methods to combine the force-matching

method for non-bonded and IBI for bonded interactions

were presented. All methods were tested on liquid hexane

and resulting potentials were compared to IBI.

The best results were achieved when solely intermole-

cular contributions to forces were considered. This

approach we referred to as the exclusion method. In

contrast, the full force-matching method and the subtrac-

tionmethod either lead to an unphysical potential or could

not reproduce the radial distribution function.

The potentials obtained using the exclusion method

are similar to the ones from IBI. All pair distribution

functions, A–A, A–B and B–B, are in excellent agreement

with the reference RDF. Only the B–B distribution of

the exclusion method shows some slight deviations.

Furthermore, all three non-bonded potentials have similar

shaped and a one bead type mapping scheme is sufficient

to provide reasonable agreement of the distribution

functions.

Applications for hybrid schemes go beyond the separa-

tion of bonded and non-bonded interactions. For example in

more complicated molecules, parametrizing of all interac-

tions simultaneously is impractical. Rather, interactions

can be determined for fragments, so called building blocks,

which reflect a chemical sub-structure for the full

molecule.[5,22,23]

All methods are implemented within the framework of

the VOTCA package, release 1.1 and the input files of the

simulations will be available as part of the tutorials.
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