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ABSTRACT: For the example of C60 solutes in toluene, we present the implementation of the adaptive resolutions scheme
(AdResS) for molecular simulations into GROMACS. In AdResS a local, typically all-atom cavity is coupled to a surrounding of
coarse-grained, simplified molecules. This methodology can not only be used to reduce the CPU time demand of atomistic
simulations but also to systematically investigate the relative influence of different interactions on structure formation. For this,
we vary the thickness of the all atom layer of toluene around the C60 and analyze the first toluene layers in comparison to a full
bulk simulation.

1. INTRODUCTION
Simulating large-scale systems on an all- or united-atom level
still remains a very demanding task. Besides the problem of
parametrizing appropriate and precise molecular interactions
(force fields), often the time and length scales needed for a
realistic description of the systems are inaccessible by ‘brute-
force’ approaches. Because of this, methodologies have been
developed over time to overcome these problems by devising
simple and more idealized models, which can be treated much
more efficiently in a computer simulation.1−4 These include
highly idealized models, which address generic or universal
questions, such as the motion of a long polymer chain in a melt
of identical polymers. More recently systematic coarse-graining
procedures have been developed and very successfully applied
to many (macro-) molecular problems. Through simplifying
the descriptions, the properties of many materials can be
appropriately studied on that level. Still, in all of these cases, the
whole system is treated on one level of resolution, preventing
the user from tackling problems where, in some regions of
space, a more detailed description is needed. This issue can be
addressed by the adaptive resolution scheme (AdResS), where
within one simulation different regions coexist, which
correspond to different levels of resolution.5,6Here, molecules
can freely move from one region to the other without any
barrier, which allows them to change their properties from fine
grained to coarse grained and vice versa (Note that other
approaches directly couple all-atom simulation to an implicit
solvent representation).7 By calculating the full detail only in
some ‘interesting’ regions of the system and reducing the
complexity for the rest, the computational cost can be reduced
significantly. In the present contribution, we introduce the
implementation of the AdResS concept into GROMACS and
test this with the example of a C60 fullerene in a toluene
solvent.
The example of C60 in toluene allows to discuss a second

option to employ the AdResS concept. By studying the fuller-
ene and the surrounding toluenes on an all atom and the
toluenes further away on a coarse-grained level, we investigate
static and dynamic properties of such a solution in a rather
efficient way. AdResS however offers another different view on

such a problem, which is difficult to address by other methods.
By systematically varying the thickness of the all-atom layer
around the C60 molecule, one can study the influence of
structural support of the bulk solvent on the organization of the
first toluene layers close to the solute and test what is needed to
obtain experimental boundary conditions, where an infinite
reservoir is supplying particles.
Understanding such complex fluids is of great interest for

fundamental as well as industrial and biomedical research and
goes far beyond the test of simulation concepts. Fullerenes8

inspired many potential applications in organic electronics9 as
well as biopharmaceutics as carriers in drug delivery.10 For this
it is important to know their solubility, diffusion, and aggrega-
tion behavior. Computational models can be a guide to get an
insight into these microscopic processes. C60 in toluene is
especially interesting as X-ray scattering experiments11,12

predict a local ordering of the liquid around the fullerene
resulting in suppressed local density fluctuations, making it a
perfect system to demonstrate AdResS in GROMACS.
We performed adaptive resolution simulations for differ-

ent sizes of the ‘all-atom’ zone where the full atomistic degrees
of freedom are present around the fullerene. By varying the
thickness of the atomistic layer, the relevance of the surface
interactions compared to the bulk structural influence can be
investigated. The local ordering of the solvent is also correctly
reproduced. We also show that the diffusion behavior can be
closely reproduced even with the smallest all-atom zone. Thus
in a large-scale simulation with many solute molecules, the
major part of the solvent can be treated as coarse grained
without affecting the local ordering at all and without affecting
the diffusion behavior significantly even for the smallest all-
atom zone. The computational efficiency and the speedup are
discussed as well.

2. METHODS
2.1. AdResS. The AdResS method5,6 allows for the smooth

coupling of spatial domains of different degrees of resolution.
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This (particle-based) method was successfully applied to couple
coarse-grained6 as well as path-integral13 representations in
molecular dynamics simulations. The former is the basis of the
present study, in which a small spherical atomistic region
around C60 is coupled to a coarse-grained region.
Figure 1 illustrates the simulation setup. The key aspect is a

force interpolation scheme which describes how the pair forces

between molecules are treated when molecules diffuse from the
all-atom (AA) to the coarse-grained (CG) representation and
vice versa:
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where rα = |Xα − XC60|, rβ = |Xβ − XC60| are the distances of the
center of mass of the molecules α and β relative to the C60
center of mass. The all-atom force field Fij

AA is the force
between two atoms. Fαβ

CG is an effective force field for the center
of mass (see Section 2.2 for details), and w(r) is a function of
the center of mass of the molecule that goes smoothly from 1 in
the all-atom to 0 in the coarse-grained region:
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where d′at = dat + dskin is the size of the all atom and dhy the size
of the force-interpolation region. Equation 1 thus smoothly
couples the all-atom force field FAA to the coarse-grained force-
field FCG (see refs 5 and 14 for more details on the method).
It is well-known from previous studies that this simple

interpolation induces small density artifacts in the hybrid zone.
If necessary, these can be corrected by applying an external

thermodynamic force which acts in the hybrid region on the
centers of mass of the molecules. This force is based on the
local differences in chemical potential15 and can in practice be
obtained iteratively from the density profile of the adaptive
simulation.16 Starting from the uncorrected density profile a
series of short simulations of pure toluene is performed, where
in each step the correction to the thermodynamic force is
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where ρi is the normalized radial density measured from the
center of the atomistic zone and κT

at is the all-atom isothermal
compressibility. The thermodynamic force is converged when
the density profile is sufficiently flat. In some cases it is
necessary to extend the thermodynamic force into the atomistic
zone, because up to a cutoff distance away from the hybrid
zone, w(rα)w(rβ) ≠ 1 and so hybrid interactions are present
(see eq 1). Thermodynamic force is then applied in the range
dat < r < dat + dskin + dhy.
As the knowledge of the coarse-grained force field FCG is

required for AdResS, we will briefly introduce this approach in
Section 2.2.

2.2. Coarse-Grained Model of Liquid Toluene. Using
structure-based coarse-graining, a simplified description for
molecules can be found.1−3,17,18 For the present study the gain
of coarse graining is two-fold: On the one hand, the simplified
description is cheaper computationally, and on the other hand,
it also can be seen as a tool to study influence of the lack of
detailed chemical features.19

To coarse grain, the atomistic toluene interactions were
mapped onto one single interaction site in the center of mass of
the molecule. The interaction potential was obtained from the
iterative Boltzmann inversion method which reproduces the
radial distribution function (rdf) g(r) for the centers of mass of
the toluenes. The procedure starts from an initial guess for the
potential from the distribution in the canonical ensemble:

= −U r T g r( ) k ln ( )0 B (4)

where g(r) is the solvents center of mass rdf. Several iteration
steps consisting of a simulation with the new potential are
performed. After each step the potential is updated based on
the difference of current and target distributions:

= +− −U r U r k T g r g r( ) ( ) ln ( )/ ( )n n B n1 1 target (5)

In this way the coarse-grained two body potential implicitly
includes the multibody effects occurring in the liquid state. The
effective coarse-grained potential between the toluene’s centers
of mass is shown Figure 2. using the VOTCA package, 150 iteration
cycles of the potential of 2 ns length were performed.20

A pressure correction term with target pressure p = 1 bar, as in
ref 21, was applied during the last 20 cycles. The effective
potential was chosen to be 0 beyond 1.32 nm, the position of
the second minimum in the rdf.

3. COMPUTATIONAL DETAILS
All simulations were carried out using the GROMACS22

simulation package. The AdResS algorithm was implemented in
GROMACS 4.5 and will be part of GROMACS 4.6.

3.1. Atomistic Simulation. As a reference system, 3987
toluene molecules were simulated in a cubic box of dimensions
8.9 × 8.9 × 8.9 nm. The interaction parameters for toluene

Figure 1. Illustration of the adaptive simulation setup with spherical
atomistic zone. The solvent molecules close to the solute are treated
with full detail. A force interpolation is employed which smoothly
couples the full detail description to an effective center of mass
interaction in the bulk. Molecules are constantly exchanged between
the regions.
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were taken from the OPLS force field,23,24 where the CH3
group is represented by a single interaction site (united-atom
model). The C60 force field was taken from Weiss et al.,25

which uses the same nonbonded interaction parameters for the
carbon−carbon interaction as the OPLS force field (σ = 0.355
nm and ε = 0.293 kJ/mol).
Electrostatic interactions needed due to the partially charged

atoms in toluene were evaluated using the reaction field26,27

method with a self-consistent dielectric constant of ε = 1.16735.
For thermostatting, a Langevin thermostat28 with a time con-
stant of τ = 3 ps−1 was used. Before the production run in
the NVT ensmble, the equilibrium density was determined
by 400 ps of equilibration employing a Parrinello−Rahman
barostat.29 This had been determined to be consistent with an
independent simulation employing long-range particle mesh
Ewald30 electrostatics.
3.2. Adaptive Simulation. First we studied the influence

of the coarse graining of the solvent. For this we fixed the
fullerene to its initial position in the middle of the box by using
a harmonic restraint potential in the first set of adaptive
simulations. With this setup we ran simulations with three
different radii of the all atom cavity, namely dat = 0.75 nm, dat =
1.0 nm and dat = 1.5 nm, respectively, which correspond to the
density minima of the toluene distribution around C60, shown
in Figure 3. The force interpolation region (i.e., the region
where 0 < w < 1) had a fixed size of dhy = 1.4 nm. For the
subsequent simulations to study the diffusion constant of the
fullerene, the above-mentioned position constraint was
released. The thermodynamic force was parametrized in
simulations of 1000 pure toluene molecules using 60 iterations
(technical details can be found in the manual of the VOTCA
package). It can be seen from eq 1 that a molecule in the all-
atom zone interacts with hybrid molecules up to the non-
bonded cutoff away from the hybrid region. Thus the density
distortion originating from the force interpolation extends to
beyond the force interpolation region. As a consequence, the
thermodynamic force has to be extended by dskin = 0.2 nm.
Hence we define, in contrast to previous papers, the all-atom
region dat as the region where no thermodynamic force has to
be applied (dat = d′at − dskin, see eq 2).

4. RESULTS

4.1. Order Parameter. In order to quantify the local order
of the solvent around the fullerene, we calculate, similar to the

nematic order parameter, an order parameter Q as

= θ −Q
3
2

cos ( )
1
2

2
(6)

where the angle cos(θ) = n̂·r ̂ describes the relative orientation
of the smallest principal axis n̂ of a toluene molecule pointing
away from the center of mass (the smallest principal axis is the
eigenvector belonging the smallest eigenvalue of the tensor of
inertia) and the direction vector r ̂ from the fullerene center of
mass to the toluene center of mass. A Q value of 1 indicates
ordering of the toluene molecule parallel to the surface of the
fullerene, whereas the lowest possible value, Q = −0.5, repre-
sents perpendicular orientation. Q = 0 stands for no preferred
orientation on average.
Figure 3 clearly shows that the solvent structure is affected by

the presence of the fullerene. The shell up to 0.9 nm away from
the fullerene consists of a double peak corresponding to orien-
tations preferably perpendicular and orthogonal to the surface.
For comparison, the radius of the fullerene is approximately
0.35 nm.
This ordering is also visible in the spherical center of mass

distribution around the fullerene (Figure 3 bottom). The first
density peak consists of atoms belonging to toluene molecules
with preferential parallel ordering, while the second peaks are
preferentially perpendicular. The minimum separating the two
first peaks is exactly at the location where both orientations
cancel on average. At a distance of r = 1 nm from the fullerene,
a deep minimum in the density is visible where the solvent
molecules form a second layer of parallel orientation. The
existence of a minimum at r ∼ 1 nm is in agreement with
experimental findings11,12 from small-angle X-ray scattering.

4.2. Adaptive Resolution. How well can the adaptive reso-
lutions reproduce the atomistic result? As toluene molecules
resemble discs rather than spheres, it is interesting to study how
the ordering changes once the surrounding molecules are approxi-
mated using spheres. Such a dependency on the chemical details
of the surroundings was previously found for water models
around fullerenes, when the carbon oxygen interaction was purely
repulsive (ideally hydrophobic), while the bulk water structure
had almost no influence on the first layers for a very weakly
attractive interaction (weakly hydrophobic).19

Figure 2. Toluene center of mass rdf in all-atom and coarse-grained
representations. The rdfs match within line thickness.

Figure 3. Spherical order parameterQ and spherical center of mass distribu-
tion for an atomistic simulation as a function of the relative distance
rC60 to the center of mass of the C60 molecule. All values are averaged
over the simulation trajectory (errorbars are smaller than the line
width). The inset shows the toluene molecule in the same length scale.
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To show this, the density distributions of toluene are plotted
in Figure 4 for different atomistic zone sizes. For the smallest

atomistic zone, the density profile is most perturbed, the devia-
tion at the first two density peaks is clearly visible. The simula-
tions with dat = 1.0 nm and dat = 1.5 nm show no deviations in
the atomistic but fail to reproduce the density in the hybrid
region, which is an artifact introduced by the force inter-
polation.5,15 The simulation employing the thermodynamic
force from eq 3 however is perfectly able to reproduce the full
density profile even with the smallest atomistic zone dat = 0.75 nm.
This result is remarkable as the thermodynamic force was
parametrized in pure toluene at equilibrium density (which has
negligible near-ordering) and is now used in a situation with
strong local density and order variations caused by the presence
of the fullerene (see Figures 4 and 5).

For the order parameter describing the orientation of toluene
molecules, the situation is slightly different. As can be seen in

Figure 5, the order parameter is overall well reproduced by the
adaptive simulations. However, in the hybrid zone some weak
deviations are visible. The reason is that the hybrid inter-
polation slightly affects the orientation of the molecules. The
thermodynamic force (which radially points away from the
AdResS center) neglects orientation of molecules and therefore
cannot improve this artifact.

4.3. Freely Diffusing Atomistic Zone. It is known that in
the case of the coarse-grained representation, the diffusion is
increased in comparison to the atomistic representation due a
smoother energy landscape.21 Thus a natural question
occurring in the context of adaptive resolution is how this
property is affected by the approximate treatment of the solvent
degrees of freedom in the coarse-grained representation. We
study this by removing the restraints on the center of mass
position of the fullerene and thus letting the atomistic zone
diffuse through the liquid along with the molecule.
Before measuring the diffusion properties, we choose a value

of the relaxation time of the Langevin thermostat (τ = 3 ps−1)
such that weak coupling can be assumed.
The results are shown in Figure 6 and Table 1. In the diffu-

sive regime, the fullerene in adaptive resolution diffuses faster

compared to the full all-atom simulation. With increasing
atomistic zone size, the diffusion constant decreases again and
approaches the all-atom values. This is in consistency with the
findings in pure coarse-grained simulations:21 As degrees of
freedom are decreased, the energy landscape is less rugged
which leads to increased diffusion (a factor of ≈4 was found for
our toluene model). Thus, for the smallest atomistic zone,

Figure 4. Spherical center of mass distribution relative to the center of
mass of the C60. The distribution (red line) is plotted for different
sizes of the atomistic region and with the thermodynamic force applied
to the hybrid region in comparison to the purely atomistic distribution
(black line). The vertical lines indicate the size of the atomistic region.

Figure 5. Comparison of order parameter with and without
thermodynamic force for an atomistic region with size dat = 0.75 nm.
The atomistic value is shown for reference. All values are averaged over
the simulation trajectory and normalized to the respective average
number of molecules in spherical slabs with a thickness of 0.05 nm.
The verticals lines indicate the boundaries of the hybrid region.

Figure 6. Diffusion behavior of the fullerene simulated atomistically
and in adaptive resolutions using different atomistic zone sizes (dat).

Table 1. Diffusion Constants for the C60/Toluene Center of
Mass

C60 diffusion constants [nm2/ps]

all atom D = 6.3 × 10−4 ± 6 × 10−5

AdResS
dat = 0.75 nm D = 9.0 × 10−4 ± 7 × 10−5

dat = 1.0 nm D = 8.2 × 10−4 ± 2 × 10−5

dat = 1.5 nm D = 7.9 × 10−4 ± 3 × 10−5

AdResS with TF
dat = 0.75 nm D = 7.3 × 10−4 ± 8 × 10−5

Pure toluene
all atom D = 2.216 × 10−3 ± 3 × 10−6

coarse grained D = 8.629 × 10−3 ± 1 × 10−5
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diffusion is fastest as the least resistance from the surroundings
can be expected. Table 1 compares the diffusion constant for
the simulation done with thermodynamic force. Without thermo-
dynamic force the diffusion constant is slightly higher, which
might be attributed to the artifacts (decreased density) in the
hybrid region.
For most practical applications this results means that a

reasonably small atomistic/hybrid zone can already reproduce
the diffusion with good accuracy. The consequence is that for
studying aggregation phenomena, each solute only needs a
small atomistic region surrounding it, while the bulk solvent can
be treated in computationally inexpensive coarse-grained fashion.
4.4. Computational Performance. Since one goal of

adaptive resolutions methods is to reduce the heavy computa-
tional costs associated with full details atomistic simulations, we
compare the computational performance of our algorithm in
Figure 7.

For small systems the adaptive simulation is slower than a
conventional simulation as the additional costs from calculating
the hybrid interactions outweighs the gain of calculating the
coarse-grained interactions. However, if the major part of the
system consists of coarse-grained particles, a total speed up of
up to a factor ∼3 was observed for our current GROMACS
implementation. Note that this speed up can be improved in
further implementations: The algorithm used for the hybrid
interactions is not as heavily optimized as the standard
algorithm (written in assembly) implemented in GROMACS.
Furthermore, besides the computational speed up, there is a
speedup in converging atomistic averages as the reduced
degrees of freedom in the coarse-grained regime relax faster. As
the coarse-grained potential are much smoother than the
atomistic ones, it would be possible to increase the time step in
the coarse-grained region and combine it with multiple time-
step techniques.

5. CONCLUSIONS

In this paper we studied a C60 fullerene solvated in toluene
using the AdResS, which couples a coarse-grained and an
atomistic molecular dynamics simulation based on force
interpolation. In agreement with experiments, we find from
the all-atom simulation a structured layer of about 1 nm in size
around the fullerene. For measuring the local ordering, we have
defined an order parameter, which takes values between −0.5

and 1 for perpendicular and parallel direction of the toluene to
the normal of the C60 surface.
In contrast to a common molecular dynamics simulation

where the chemical details can not easily be switched on or off
locally, this is possible in the AdResS by varying the size of the
atomistic region. Outside the atomistic region, the detailed
chemical structure of toluene is replaced by an effective
description neglecting the disk-like shape. Using the AdResS
method, we determined that the structured layer of toluene
around the fullerene is local and needs no support of the
chemical structure, the disk-like shape, from the surrounding
bulk.
We also measured the diffusion of the C60 for different sizes

of the atomistic zone and observed that the C60 diffuses faster
for smaller atomistic regions. This is very natural because of the
smoother and hence less hindering energy landscape of the
coarse-grained region. The all-atom diffusion constant is
however reproduced within 20% for a relatively small atomistic
zone of dat = 1.5 nm.
Density artifacts in the interpolation region can be corrected

by a ‘thermodynamic force’. In the current form, the thermo-
dynamic force neglects orientational properties and thus had to
be modified in order to correct the small deviations in the
interpolated order parameter.
Regarding the computational performance, we have shown

that the AdResS leads to a speed-up of approximately a factor 3
for bigger systems. This can still be improved by more optimized
kernels. The code used for this publication is freely available
from the GROMACS Web site and will be part of GROMACS 4.6.

6. IMPLEMENTATION DETAILS
The implementation of the method poses some technical
challenges which have been explained in ref 14. We follow this
approach and implement AdResS in a similar fashion, the
atomistic details are not removed from the memory once they
enter the coarse-grained domain and therefore are still integrated
along with the center of mass movement of a molecule. This
simplifies the implementation and avoids potential overhead
caused by the memory allocation in case of re-entering of a
molecule into the atomistic region. The coarse-grained and
atomistic representation of a molecule is connected via the
virtual site construction. This means the position of the coarse-
grained representation is geometrically constructed from the
positions of the atomistic ones and forces acting on the coarse-
grained representation are distributed to the atomistic
representation on which the integrator acts. The region of
the force interpolation can be defined by six new parameters:

• address_type defines the geometry of the atomistic
zone, possibilities are sphere, Xsplit, Const, or
Off.

• address_ex_width defines the width of the
atomistic zone, d′at of eq 2.

• address_hy_width defines the width of the hybrid
zone, dhy of eq 2.

• address_interface_correction defines the
type of correction to be applied in the hybrid zone,
possibilities are thermoforce and no.

• address_reference_coords defines the center
of the atomistic zone.

• address_cg_grp_names defines which energy
group(s) should be treated as coarse-grained.

Figure 7. Computational scaling as function of total system size. For
the adaptive simulation, the volume of the atomistic zone is kept fixed.
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Nevertheless the adaptive algorithm saves computer time
(see Figure 7) with this strategy, as atoms with a weighting
factor w = 0 can be excluded beforehand from the force
calculation loop that usually takes up to 70% of the computer
time. In GROMACS, all pairwise nonbonded interactions
are computed in separate loops (kernels) for each type of
interaction (e.g., Coulomb, van der Waals, combined, etc.). For
each of these kernels exists implementations optimized for a
specific hardware. We avoid the necessity to rewrite all kernels
by implementing AdResS kernels only in C, which can be called
independently of the underlying hardware, which however leads
to a slower kernel. In the case of a parallel domain decom-
position scheme, some computer nodes only calculate purely
coarse-grained or all-atom interactions, which then can use
the highly optimized kernels. In the domains where both
interaction types occur, the nodes calculate the more expensive
hybrid region using our hybrid ‘AdResS-kernels’. This has been
tested to also work with GROMACS dynamic load balancing
explained in ref 22, which will lead to big domains for the
coarse-grained region and small ones for the hybrid region.
Now we will discuss the reasoning for the computational

speedup of AdResS. This does not involve any physical speed-
ups, like faster diffusion or quicker equilibration. The total
simulation time tall‑atom consists out the time needed to calculate
the forces tforce and the rest trest. As in our implementation only
affect the force, calculating trest stays unchanged, which already
defined the upper limit of the speedup, tall‑atom/trest. The
approach is still reasonable, as the tforce is usually the biggest
part of tall‑atom. As trest mostly contains routines, like neighbor
search, I/O, and communication, which scale with the degree of
coarse grained, e.g., the number of removed atoms per
molecule, Nmol, a different implementation could still improve
the speedup of this part. The tforce part scales down with a factor
of Nmol

2 , as all intermolecular interaction get replaced by one
effective interaction. It is illustrative to calculate an “ideal
speedup” that would be possible with this method and compare
it to the measured values. For the case of the big system
containing 64 000 molecules, 74.2% of the time is spent for the
force calculation in the standard all-atom simulation. Assuming
that the volume of the atomistic and hybrid region is small
compared to the coarse grained (0.5% of the volume is
atomistic or hybrid), the ideal speedup would be k = (tall‑atom)/
(tAdResS) = (tforce + trest)/(trest) ≈ 4. This compares well to the
speed-up of ≈3 measured in our simulations. The second
biggest part of the simulation time (9.2%) was spent for
neighbor search. However, some of the gains get compensated
by the costs for the additional coarse-grained interaction in the
hybrid zone and for calculating the center of mass and
redistributing forces due to the virtual site construction (8.2%
of the simulation time in the AdResS simulations). An MD
code tailored for the needs of the AdResS simulation (currently
under development, Espresso++) could thus reach even larger
speed-ups.
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