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Hydrogen bonding in DPD: application to low
molecular weight alcohol–water mixtures†

Gokhan Kacar*abc and Gijsbertus de With*a

In this work we propose a computational approach to mimic hydrogen bonding in a widely used

coarse-grained simulation method known as dissipative particle dynamics (DPD). The conventional DPD

potential is modified by adding a Morse potential term to represent hydrogen bonding attraction. Morse

potential parameters are calculated by a mapping of energetic and structural properties to those of

atomistic scale simulations. By the addition of hydrogen bonding to DPD and with the proposed

parameterization, the volumetric mixing behavior of low molecular weight alcohols and water is studied

and experimentally observed negative volume excess is successfully predicted, contrary to the conventional

DPD implementation. Moreover, the density-dependent DPD parameterization employed provides the

asymmetrical shapes of the excess volume curves. In addition, alcohol surface enrichment at the air

interface and self-assembly in the bulk is studied. The surface concentrations of alcohols at the air interface

compare favorably with the experimental observations at all bulk-phase alcohol fractions and, in

consonance with experiment, some clustering is observed.

Introduction

Coarse-grained simulations have become useful tools to study
the temporal evolution and equilibrium properties of soft fluid
particles at time and length scales that are not feasible by
atomistic simulations.1 Coarse-graining, by definition, is
grouping atoms together based on their chemical functional
groups and forming beads. By coarse-graining of a particular
molecule, its behavior at longer times and at larger length
scales can be simulated. Within the coarse-grained simulation
methods, dissipative particle dynamics (DPD) is one of the
most widely applied simulation tools to study soft matter.2 By
mapping of coarse-grained parameters to known experimental
quantities, such as thermodynamic and transport properties,
non-bonded DPD parameters can be calculated.3 This mapping
ensures that the thermodynamic properties are recovered
correctly, and a mesoscopic structure is created accordingly.
Moreover, the pair-wise nature of interactions conserves the
hydrodynamic behavior which is crucial to reach longer time-
scales.4 In the conventional DPD implementation, the interactions

are purely repulsive and beads are regarded as soft, interpenetrable
particles having molar volumes similar to experimental pure-liquid
molar volumes. The assumption of beads having similar volumes
has been a limitation in simulating practically relevant polymers as
different functional groups may vary largely in volume. Recently,
an extension was introduced to parameterize DPD interactions to
model beads having variable liquid densities.5 By this density-
dependent parameterization, variable local volumes of beads can
be created for a cross-linked polymer.6

Although the trade-off between more or less repulsive inter-
actions has been observed to yield the proper structure of soft
matter,7 the repulsive nature of DPD possesses significant
drawbacks in predicting the physical properties of liquids. An
important example is the volume shrinkage upon mixing of
some liquids. The presence of hydrogen bonding8 in simple
alcohol water mixtures, such as methanol–water,9 ethanol–
water10 and 1-propanol–water11 results in negative volume
excess. The repulsive DPD potential always predicts positive
volume excess and is therefore not useful to predict the mixing
behavior of liquids. Moreover, the consideration of hydrogen
bonding in DPD is implicit as the interactions are read from
the Flory–Huggins parameters which are directly related to
the solubility parameters.12 Based on the Hansen approach, a
solubility parameter is calculated by adding dispersion, dipolar,
and hydrogen bonding contributions.13 This means that hydro-
gen bonding in the solubility approach increases the repulsive
interaction strength between beads. Volume shrinkage upon
mixing can only be realized as attraction arising from hydrogen
bonding is implemented properly in DPD. Moreover, explicit
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addition of the hydrogen bonds would yield benefits, such as
monitoring formation and breaking of hydrogen bonds, estimat-
ing the total hydrogen bond energy contribution, controlling the
hydrogen bond formation conditions (e.g., switching on/off), to
estimate its effect on the structure of the liquid.

In this work, hydrogen bonding is implemented in DPD
by adding a Morse potential term to the conservative DPD
potential. A similar approach is reported previously where
DPD simulations are used to mimic the helical formation
of proteins14 and where the Morse potential parameters to
represent the hydrogen bond attraction are selected arbitrarily.
Our work differs from the literature by proposing a realistic
parameterization approach to mimic the hydrogen bonding
at the DPD level to predict experimentally measured liquid
properties.

We first report on the parameterization of the added attrac-
tive contribution to the non-bonded potential. Thereafter, we
present simulation results with the modified DPD potential
and compare them with the experimental volumetric behavior
for three sample mixtures: methanol–water, ethanol–water, and
1-propanol–water. Finally, we demonstrate interfacial alcohol
enrichment at the air interface, and compare this behavior for
those systems with experimental data.

Methods and computational details
Details of DPD simulations

DPD is a coarse-grained simulation method where all the non-
bonded interactions conventionally are repulsive. The mole-
cular functional groups are represented in terms of larger
entities, usually denoted as beads. The total force

-

f T acting
on a particular bead in DPD is represented by three forces:
conservative

-

f C, random
-

f R, and dissipative
-

f D.3

-

f T =
-

f C +
-

f R +
-

f D (1)

The thermostating in the simulations is maintained by
coupling between the dissipative and random forces, that are
acting pair-wise and thus preserve momentum.3 The conserva-
tive force represents the interactions that are soft and deter-
mine the equilibrium structure. The conservative potential has
the form

VDPD;ijðrÞ ¼
aij

2
1� r

rDPD

� �2

ro rDPD

0 r � rDPD

8><
>: (2)

where rDPD is the interaction cut-off, r is the distance between
beads i and j, and aij is the maximum repulsion in kBT units.
The value of rDPD corresponds with the value of a DPD unit
length and is calculated as 4.48 Å by taking a single bead equal
to the size of a water molecule from rwater,purerDPD

3 = 3.
The usual mapping of DPD parameters aij from experi-

mental properties is provided by the relation Daij = C � wijkBT
between beads i and j, where wij is the Flory–Huggins para-
meter12 and Daij is the excess repulsion. The proportionality

parameter C changes as a function of number density.3 In our
simulations, we use an alternative parameterization where
beads are represented by variable volumes via5

aij ¼ âij þ
p

0:0454 aiiri;pure þ ajjrj;pure
� �wijkBT ; âij ¼ ffiffiffiffiffiffiffiffiffiffi

aiiajj
p

;

with aii ¼
p� ri;purekBT
ari;pure2rDPD

3
(3)

where aii and ajj are the self-repulsive interactions, âij is the
neutral interaction parameter, ri is the dimensionless number
density of the pure components and a is the scaling relation
between the excess pressure and the number density. With
this parameterization the local densities are properly modeled
during simulations.6

The scaling function a is a constant for rrDPD
3 4 3 and equal

to 0.101, as reported in Groot and Warren’s original work.3

However, in our simulations the dimensionless number den-
sities of individual beads does not correspond to 3. This means
that the excess local pressure created by bead i at the density ri

might be different than for bead j at rj. This violates the
condition of mechanical equilibrium between different beads
(see, eqn (3)). Therefore, we remove the effect of low-density on
excess pressure by evaluating a at different densities. A poly-
nomial of order three is fitted to Groot and Warren’s a data
(Fig. 4 of ref. 3) and a is calculated from this fit (see, Fig. S1 in
ESI†). The calculated a is used in eqn (3) to compute aii.

Hydrogen bonding in DPD

To mimic the attraction due to the presence of hydrogen bonds
upon contact of the corresponding hydrogen bonding pairs, a
Morse potential term is added to the conservative potential of
DPD. A Morse potential has the general form

VMorse = D0[e�2s(r�r0) � 2e�s(r�r0)], r o rDPD (4)

where D0 characterizes the depth of the potential well, s the
width of the potential, and r0 the equilibrium distance of the
hydrogen bonds. We take the value of s as 2/rDPD and hydrogen
bond interactions are considered within a radius of 1rDPD,
similar to the rest of the non-bonded interactions.

In general, hydrogen bonds are directional, meaning that a
particular angle between acceptor, donor and hydrogen atom
provides the optimal attraction. However, in DPD simulations,
we do not consider an angle term in the Morse potential. There
are two reasons for this assumption: (1) coarse-grained beads
lack atomistic detail. Therefore, the exact locations of hydro-
gen, acceptor and donor atoms are not known, and the angle
constraint cannot be specified. (2) DPD time in physical units is
comparable or larger than the typical dissociation time of
hydrogen bonds. The unit time in DPD is often calculated by
mapping the dynamic properties to real quantities. For example,
Groot and Rabone calculated the DPD unit time by mapping the
diffusion coefficient of water as calculated in DPD simulations to
experimental values. They obtained a DPD unit time of about
90 ps.15 In reality, hydrogen bonds dissociate within 1–6 ps.16
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Therefore, it is reasonable to assume that the directionality of
hydrogen bonding is averaged out.

Details of DPD simulations

DPD simulations are run with the LAMMPS simulator17,18 by
using an NPT ensemble with the pressure set to 25.73kBT/rDPD

3

and the temperature to unity. The pressure is controlled in
all dimensions of the box. The simulation box dimensions are
x = 20rDPD, y = 20rDPD, z = 20rDPD and contains 24 000 beads,
corresponding to an average number density of 3. The total
duration of each simulation is 1 � 106 time-steps with the first
2 � 105 time-steps for equilibration and the rest for data
collection. The time step in the simulations is selected as
Dt = 0.02tDPD. Periodic boundary conditions are employed in
all dimensions. Hydrogen bonding interactions are switched-
on following the equilibration of mixtures.

For the surface composition simulations, air is introduced
as a random structure with a high number density of 15rDPD

3 in
order to prevent the liquid penetration to air. The number of air
beads corresponds to 24 000. The air beads are fixed at their
positions at all times of the simulation with DPD like-like
interactions of 10kBT and pair-wise interactions with the alco-
hols and water of 300kBT. These parameters are set arbitrarily
as we are interested in the relative concentration differences
rather than the exact structure at the interface.

Details of MD simulations

Simulation boxes representing the alcohol–water liquid mix-
tures are simulated with the Materials Studio package19 using
the COMPASS force field.20 Different molar ratios are used with
200 molecules. This corresponds to a box size of about 20 Å �
20 Å � 20 Å. Initially, simulation boxes are energy minimized,
and then NPT simulations are performed for 1 ns to reach the
equilibrium density at a temperature of 25 1C. Next, NVT
simulations are run at the equilibrium liquid mixture density
for another 1 ns. For temperature and pressure control, the
Nosé–Hoover thermostat21–24 and the Berendsen barostat25

with a decay constant of 0.1 ps are used, respectively. The
simulation output is analyzed and averaged for the final 500 ps
of the NVT run.

Results and discussion

The strength of the hydrogen bond attraction is reflected by D0

parameter in the Morse potential. The parameter D0 is referred
as the effective mixing energy and represents mainly ‘‘hydrogen
bonding’’ energy. By computing the ‘‘effective energy’’ we expli-
citly treat the hydrogen bonding interactions as many-body
interactions acting on a particular hydrogen bonding bead.
Therefore, our approach can be seen as a solution procedure
similar to the conventional DPD parameterization. The proce-
dure we propose is different from the usual one in the MD
practice of modeling hydrogen bonds and we do not expect
right away a match in between the hydrogen bond strength as
computed from MD simulations and our computed energies.

The reason is that in a MD force field, parameterization of only a
single hydrogen bonding pair is made as a result of, say,
Lennard-Jones and electrostatic interactions. Moreover, quanti-
fying the hydrogen bonding energy in MD simulations refers to
defining an angle and a distance between the acceptor and
donor atoms and computing the hydrogen bond energy within
a pre-defined cut-off distance. However, as mentioned before, we
do not explicitly consider an angular dependence.

We target to obtain D0 from physical quantities. One
approach to calculate D0 is to perform atomistic level simula-
tions for each mixture. In this way, the effective hydrogen bond
interaction strength can be constructed between alcohol and
water molecules avoiding the directionality constraint. The
effective strength for each mixture is quantified for 1 mole by
using the standard energy difference method26,27

D0(x) � EH–bond(x) = EPot,Mix(x) � EPot,A � EPot,W (5)

where EH–bond is the strength of the hydrogen bond, EPot,Mix is
the potential energy of the alcohol–water mixture and EPot,A and
EPot,W are the potential energies of alcohol and water at their
pure state, respectively. In the study of Wensink et al.,28 the
intermolecular energies Einter of the same alcohol–water mix-
tures at different concentrations were calculated from a series
of MD simulations. The potential energy can be identified as

EPot(NW + NA) = (NW + NA)Einter + NWEintra,W + NAEintra,A

(6)

where Eintra,W and Eintra,A are the intramolecular energies, NW

and NA are the number of molecules corresponding to water
and alcohol in the mixtures, respectively. We adopt the values
of Eintra,W and Eintra,A from their work.28

Having D0 calculated, the r0 values are estimated from the
radial distribution functions (RDFs) as these functions char-
acterize the amount of neighboring hydrogen bonding pairs.
For this purpose, series of Molecular Dynamics (MD) simula-
tions were performed and the RDFs between the center-of-mass
(CoM) of the hydrogen bonding molecules, namely the alcohols
and the water, were computed. The results are shown in Fig. 1.

In principle, the location of the minima between the first
and the second peak of the RDF gives the non-bonded separa-
tion distance. This distance is about 0.70rDPD for the three
alcohol–water mixtures. In our proposed parameterization, this
value constitutes the initial value for iteration to determine the
absolute values for r0 used in DPD simulations. The trial r0

values are varied between 0.60rDPD and 0.80rDPD and the values
that give the proper estimates for the negative volume excess
values are selected. For the sake of comparison, the typical
separation of the CoM of two water molecules at its pure-liquid
state is about 0.67rDPD.29 As shown in Table 1, setting a single r0

value in the Morse potential for methanol–water and ethanol–
water mixtures is sufficient to account for the hydrogen bond
attraction. However, for the 1-propanol–water mixture, a wider
distribution of r0 values with respect to the changing concen-
tration difference should be incorporated in order to mimic the
volumetric properties. This is also in line with the results for
the RDFs in Fig. 1. For the methanol and ethanol mixtures, we
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observe a relatively narrow distribution of neighboring shells,
while for the 1-propanol mixture the distribution is much
wider. Moreover, the directionality of the beads is not taken into
account in DPD simulations. Therefore, the separations between
the CoMs of the hydrogen bonding pairs (in our case r0s) are
different in the DPD simulations from those in the MD
predictions.

A comparison of the calculated hydrogen bond strengths can
be made with the hydrogen bonds in water. The total strength of
attraction between water molecules in the liquid state has been
reported as 23.3 kJ mol�1.30 Assuming, on average, a tetrahedral
arrangement and pair-wise interactions,31 per hydrogen bond
the energy value is about 6 kJ mol�1, equal to 2.4kBT.

For the sake of comparing experimental and simulation
results, the excess volume VE is calculated from the product

of the molar fraction xi, liquid density of the mixture rL, molar
volume Vi, and molecular weight Mi of each component i. In our
notation components i represent alcohol A and water W, i.e.,

VE ¼ xAMA þ xWMW

rL
� xAVm;A � xWVm;W (7)

where VE is equivalent to the difference in the actual volume
and the ideal volume of the mixture. In the right-hand-side of
eqn (7), the first term represents the volume of mixture and the
last two terms represent the volume of the ideal mixture.
The comparison between the results of the simulations and
the experiments is made by considering the fractional volume
change of the mixtures, calculated by dividing the excess
volume by the ideal contribution (see, Fig. 2).

Fig. 2 depicts that conventional DPD simulations are not
able to capture the volume change upon mixing of different
alcohol-water mixtures. As expected, a volume increase is
observed. Mimicking hydrogen bonds by adding a Morse
potential in DPD clearly leads to volume shrinkage upon
mixing of alcohol and water with a good match between the
simulation and experimental results. Besides, the increasing
asymmetry in the shape of the curves, as observed experimentally
as a function of the molecular weight of the alcohol, is repro-
duced properly. Here the DPD simulations lead to asymmetric
curves as a result of the alternative DPD parameterization5 in
which the differences in bead volumes are taken into account,
while the conventional DPD parameterization results in sym-
metric curves.

Fig. 1 (a) The coarse-graining of water (W), methanol (M), ethanol (E) and 1-propanol (P). RDF plots of alcohol–water beads in (b) methanol–water,
(c) ethanol–water and (d) 1-propanol–water. RDFs are calculated from MD simulations but presented in DPD units for convenience.

Table 1 Effective hydrogen bond strength D0 and equilibrium distance of
hydrogen bonds r0 for methanol–water, ethanol–water and 1-propanol–
water mixtures for different concentrations

xalcohol

Methanol–water Ethanol–water 1-Propanol–water

D0 [kBT] r0 [rDPD] D0 [kBT] r0 [rDPD] D0 [kBT] r0 [rDPD]

0.10 5.06 0.78 8.22 0.78 7.21 0.60
0.20 6.33 0.78 9.14 0.78 8.28 0.69
0.30 7.46 0.78 9.97 0.78 9.23 0.73
0.39 8.68 0.78 10.85 0.78 10.25 0.75
0.51 10.07 0.78 11.86 0.78 11.42 0.77
0.59 11.12 0.78 12.62 0.78 12.30 0.77
0.69 12.41 0.78 13.56 0.78 13.38 0.78
0.84 14.20 0.78 14.86 0.78 14.88 0.78
0.93 15.31 0.78 15.66 0.78 15.82 0.78
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Experimentally, for an air interface near the alcohol–water
mixture, the interface is known to be enriched in alcohol.32 To
verify that the proposed parameterization is capable of predict-
ing this alcohol enrichment, we simulated mixtures including

an air interface. At all alcohol molar fractions, alcohol enrich-
ment, as indicated by the surface composition xalcohol(surface),
is clearly visible (Fig. 3). While we observe a very good fit for the
methanol–water case, for the higher molecular weight alcohols

Fig. 2 Fractional volume changes of (a) methanol–water, (b) ethanol–water and (c) 1-propanol–water upon mixing estimated from DPD simulations
(filled squares) and compared to experimental data (solid line) and to the DPD simulations without taking hydrogen bonds into account (dashed line).

Fig. 3 (a) A representative density profile and snapshot of ethanol–water mixture near the air interface. Simulated (squares) and experimentally observed
(circles) (data from ref. 32) alcohol fractions are plotted near the air interface with respect to the bulk fraction of (b) methanol–water, (c) ethanol–water
and (d) 1-propanol–water mixtures. The baseline represents a line with slope 1 as a guide for the eye.
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the deviation increases at lower alcohol fractions. The length of
the hydrophobic tail of 1-propanol is obviously different from
that of the methanol molecule, which influences the hydro-
philic–hydrophobic balance. Moreover, the coarse-graining is
done by taking the whole molecule as a single entity. Therefore,
as the alcohol molecular weight increases, the hydrophobic–
hydrophilic balance within a single alcohol molecule gradually
changes. This might lead to a deviation from the experimental
curve since the surface excess also depends on the specific
orientation of the hydrophobic part of the alcohol molecules.
However, the increasing skewness of the curve for xalcohol(surface)
from methanol–water via ethanol–water to 1-propanol–water mix-
ture is predicted successfully. Note that the DPD interactions
between the air and the liquid mixtures are not tuned to represent
their interactions. Therefore, a further optimized approach to
properly estimate those interactions is required for a better
prediction of experimental observations. This is beyond the scope
of the present work. Nevertheless, the experimental behavior is
reasonably described.

It is known that water and alcohols are self-assembling
fluids and they are able, under some conditions, to give rise
to clusters.33 In Table 2 we show the coordination numbers
(CNs) of the water and the alcohol molecules, as calculated
from the RDFs of the DPD simulations at the concentration of
maximum excess volume (Cmax).

The table shows that with increasing alcohol molecular
weight, the alcohol–alcohol CN decreases while the alcohol–
water CN and water–water CN increase. This is, at least partly,
due to the decreasing availability of the alcohols as that
concentration shift to lower values with increasing alcohol
molecular weight. Comparing the alcohol–alcohol CN with
the water–water CN, we observe that for methanol the CN is
larger than for water, for ethanol the CN is about the same as
for water while for propanol it is smaller than for water. This
likely partly due to the difference in self-repulsion between the
alcohols and water, which renders intrusion of the water beads
in between the alcohol beads possible, as also reflected in the
RDFs of the mixtures and the increasing alcohol–water CN.
The data taken together suggest the presence of clusters of
molecules, as has been reported in the literature.33 In Fig. 4
snapshots of the configurations of the various mixtures at Cmax

are given. In particular for the methanol and ethanol mixture
strings of molecules can be discerned, illustrating clearly the
presence of some clustering.

Conclusions

The conventional DPD simulation method lacks the ability to
be applied to systems where hydrogen bonding is significant
for determining the structure. For example, upon mixing of
simple alcohols, such as methanol, ethanol and 1-propanol,
with water, volume shrinkage is observed experimentally. Due
to the repulsive nature and absence of proper parameterization
of hydrogen bonds in DPD, this phenomenon could not be
described successfully. Therefore our main message in this
work is to report our set up for mimicking attractive hydrogen
bonding effects in DPD. We initially demonstrate our proposed
procedure to implement hydrogen bonding into DPD. An
essential contribution of our work is that the parameters are
mapped from physical parameters rather than using arbitrary
numbers to represent the system of interest. Hence, the results
of atomistic molecular dynamics simulations are used in order
to compute the depth of the added hydrogen bond potential
and the radial distribution functions to determine the equili-
brium hydrogen bond length. As a result of the proposed
parameterization, negative excess volumes upon mixing of
low molecular weight alcohols and water are predicted success-
fully. Moreover, the shapes of the excess volume curves are
successfully estimated by our density-dependent DPD para-
meterization. The parameterization procedure is further tested
by studying alcohol enrichment at the air interface. Although the
DPD parameters considering the interactions with air are set
with no mapping from experimental data, the experimentally
known alcohol enrichment is predicted correctly. In addition,

Table 2 Coordination numbers (CNs) computed for alcohol–alcohol
(AA), alcohol–water (AW) and water–water (WW) pairs

Alcohol

CN First minimum in RDF

AA AW WW Cmax
a AA AW WW

Methanol 8.8 7.9 4.8 0.5 1.25 1.15 1.05
Ethanol 6.9 9.9 6.3 0.3 1.25 1.15 1.05
1-Propanol 4.6 17.7 13.4 0.2 1.35 1.25 1.15

a Cmax is the concentration of maximum volume excess.

Fig. 4 Snapshots of (a) methanol–water, (b) ethanol–water and
(c) 1-propanol–water mixtures for the minimum excess volume concen-
trations. Alcohols are colored in blue and water are in red.
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the experimentally reported clustering of alcohols is also
inferred from the coordination numbers as computed from the
RDFs and visible in snapshots of the configuration of the mix-
tures. In all, the proposed parameterization of DPD for hydrogen
bonded systems is shown to describe the experimentally observed
physical properties of low molecular weight alcohols properly,
thereby enabling the extension of the method to study various
systems where hydrogen bonding is of crucial importance, such
as biological systems, proteins as well as polymers interacting
with water.
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