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In this work we show how the ab initio determination of van der Waals coefficients within time-dependent density functional
theory can be used to build efficient and accurate atomistic models that describe the long-range interactions of proteins with other
proteins and of proteins with semi-conducting surfaces. The model parameters are fitted so that they reproduce the ab initio van
der Waals coefficients of amino acids and dipeptides. We then assess the quality of our results by comparing ab initio van der
Waals coefficients for larger peptides with the coefficients yielded by the models. The different sets of parameters can be easy
incorporated in current empirical force fields methods, thus providing an essential ingredient for molecular dynamics simulations
of proteins close to surfaces.

1 Introduction

The field of nanoscale science has seen spectacular develop-
ments in recent years, both from the experimental, theoreti-
cal, and computational points of view. Because of this, one
particular topic that has gained great interest is the study of
long-range interactions, like the van der Waals interaction.1

In fact, these forces are essential to determine the struc-
ture of DNA molecules, the folding and dynamics of pro-
teins, the adsorption of atoms, molecules, or nanostructures
on surfaces, etc. Indeed, when systems at the nanoscale get
sufficiently large these interactions need to be properly taken
into account in reliable calculations. Furthermore, it has been
shown that many interesting phenomena depend crucially on
long-range interactions. One example of this is the impres-
sive orientational-ordering properties that many organic and
biological molecules exhibit when deposited on a variety of
inorganic surfaces2–4, thus making them ideal candidates to
be used as intermediates for the self-organization of nanos-
tructures. Behind these properties one finds a subtle balance
between the molecule-molecule and molecule-surface non-
covalent interactions, where the van der Walls interactions
play a prominent role. This implies that any simulation of
these phenomena should accurately take into account the long-
range interactions between the molecules and between these
and the surface.

From a theoretical point of view, several methods are able
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to accurately treat the van der Waals interactions, such as full
configuration interaction or Møller-Plesset perturbation the-
ory. However, because of their expensive computational cost,
their applications have been limited to very small systems. Re-
cent advances in density functional theory (DFT) have opened
the way to treat larger systems including dispersion forces5,6,
but the ab initio simulation of many potentially interesting sys-
tems, like proteins interacting with surfaces, is still unattain-
able with the computational power currently available to re-
searchers.

On the other hand, molecular dynamics simulations of large
systems are routinely performed using empirical force-fields.
These force fields usually contain a Lennard-Jones (L-J) po-
tential that accounts for the long-range interactions:7

V LJ = ∑
nonbonded

(
Ci j

12

r12
i j
−

Ci j
6

r6
i j

)
, (1)

where the summation is over nonbonded pairs of atoms and ri j
is the separation between atoms i and j. The L-J parameters
Ci j

12 and Ci j
6 can be pair-specific, or obtained by combining in

some way the individual homonuclear parameters Cii
12 and Cii

6 ,
but in both cases have to be provided a priori.

We will consider separation distances that are large enough
to assure that the overlap between the electronic clouds of the
interacting objects is negligible. At shorter distances, the sit-
uation is considerably more complicated and no satisfying ab
initio description has emerged yet. Typically, van der Waals
interactions decay with an inverse power of the distance be-
tween the two bodies under consideration; the exponent de-
pends on their dimensionality or their metallic character8. The
Ci j

6 parameters can be directly related to the C6 Hamaker con-
stants resulting from the expansion of the van der Waals in-
teraction energy of two finite systems, A and B, in the nonre-
tarded regime, with respect to the inverse of the intermolecular
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distance (1/R)9:

∆EAB(R) =−
∞

∑
n=6

CAB
n

Rn . (2)

The C6 coefficients represent the first term of the expansion,
and can be obtained from the dipole polarizability tensor of the
molecules A and B, evaluated at imaginary frequencies. The
higher order terms of the expansion can be written in terms
of higher order polarizability tensors. In this paper we will
however focus on the leading term of the expansion, C6.

Of course, the Hamaker constants can in principle be ex-
tracted also from experiments, but the direct measurement of
van der Walls coefficients is difficult and few values are avail-
able in the literature. Furtermore, the Ci j

6 parameters in Eq. (1)
represent an effective interaction and should take into account
the chemical enviroment in which the atoms evolve, thus im-
plying that in many cases they should not be equal to the C6
constants of the free atoms. Another way to obtain the L-J
parameters is to fit them to reproduce ab initio interaction ge-
ometries and energies and/or experimental condensed-phase
properties10–13. This is the method that has been favoured in
the construction of most popular empirical force fields, but can
easily become cumbersome and not always easy to implement.

As for the interaction of molecules with surfaces, the lead-
ing term of the expansion of the interaction between a finite
object and a surface is14–17:

∆E(Z) =− C3

(Z−Z0)3 , (3)

where Z−Z0 is the distance between the nanostructure and a
reference plane Z0. This expression is valid for a wide range
of particle-substrate distances, from approximately 1 to even
103 nm.

While the C3 coefficients can be expressed in terms of the
dielectric function at imaginary frequencies of the bulk crys-
tal, the position of the reference plane Z0 depends on the char-
acteristics of the surface. However, for semiconducting sur-
faces, it was demonstrated18 that, in absence of local field ef-
fects, Z0 is equal to a/2, where a is the interplanar distance.
Moreover, it was also shown that even relatively large local
field corrections can only give rise to small shifts of the ref-
erence plane18. The situation is unfortunately different in the
case of a metal, where the choice to fix the position of the ref-
erence plane Z0 at a distance of a/2 from the surface can lead
to significant errors in the interaction energy (i.e. about 30%
for a noble metal surface18). In view of that, we decided to
focus for the moment on the interaction of proteins with semi-
conducting and insulating surfaces. To our knowledge, current
empirical force fields do not include any terms to deal with this
kind of interactions between biological or organic molecules
and inorganic surfaces. In these cases one has, therefore, to

resort to pair-wise C6 interaction to describe such systems,
which often requires to explicitly consider a large number of
atoms in the simulation.

Although the explicit description of van der Walls inter-
actions within ground-state DFT is still quite challenging, it
has already been shown that it was perfectly possible to ob-
tain accurate van der Walls coefficients of systems containing
up to several hundreds of atoms from time-dependent density
functional theory (TDDFT)19–23 in an efficient way. This is
true both in the nonretarded and retarted regimes. In this pa-
per we propose to use van der Waals coefficients determined
from accurate TDDFT calculations to obtain the Ci j

6 param-
eters entering Eq. (1) and to model the interaction of large
molecules with surfaces. We give a demonstration of the pro-
posed method by constructing atomistic models to describe
the interaction of proteins with other proteins and of proteins
with silicon and silicon oxide surfaces. The parameters of
these model are fitted such that they reproduce the van der
Waals coefficients obtained from TDDFT calculations per-
formed on a selected set of amino acids and dipeptides (Set
1), considering pair interactions and interactions with Si and
SiO2 surfaces. A brief review of the ab initio methodology
as well as the numericals details of the calculations of the C3
and C6 coefficients is given in Section 2. The presentation and
detailed description of the models built on our ab initio calcu-
lations is contained in Section 3. Tables with all the C6 and
C3 coefficients obtained from TDDFT and the models for two
sets of amino acids and small peptides (up to tetrapeptides) are
available as Supporting Information.

2 Ab initio calculation of the van der Waals co-
efficients

We started by selecting two sets of amino acids and small pep-
tides. The first set (Set 1) contains 20 amino acids and 20
dipeptides, while the second set contains 10 tripeptides and
10 tetrapeptides (Set 2). A random amino acid sequence was
selected for all the peptides. The geometries of the amino
acids and peptides were systematically optimized within DFT
using the SIESTA computer code24. We chose the Perdew-
Burke-Ernzerhof (PBE) GGA parametrization25 for the ex-
change and correlation functional and used a double ζ with
polarization basis set. The core electrons of the atoms were
treated using norm-conserving pseudopotentials.26

The geometries thus obtained were then used to compute
the van der Waals coefficients using TDDFT. In fact, both the
C3 and C6 Hamaker constants entering Eqs. (2) and (3) can be
related to quantities that can be readily obtained from TDDFT
calculations. Indeed, the C6 coefficients for two molecules A
and B, averaged over all possible directions, can be related to
the average of the dynamical polarizability α of each molecule
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evaluated at imaginary frequencies (except where otherwise
noted, atomics units are used hereafter)16:

CAB
6 =

3
π

∫
∞

0
duα

(A)(iu)α(B)(iu) . (4)

Concerning the determination of the C3 coefficient for a
molecule interacting with a surface, it can be obtained from
the dynamical polarizability of the molecule α and the macro-
scopic dielectric function of the bulk material, εM , both evalu-
ated at imaginary frequencies17:

C3 =
1

4π

∫
∞

0
duα(iu)

εM(iu)−1
εM(iu)+1

. (5)

For the calculation of the dynamical polarizabilities of
molecules within TDDFT, we used the method based on the
solution of the Sternheimer equation27, as implemented in the
code OCTOPUS 28,29. This method does not require the calcu-
lation of empty states and is particularly suited for evaluating
the polarizability at a small number of frequencies, thus mak-
ing it ideal for our application. The electron-ion interaction
was described through norm-conserving pseudopotentials26.
As for the exchange-correlation functional, we used the PBE
parametrization25 in the adiabatic approximation. The ap-
proximations chosen have already been tested and validated
in previous works20,21. In OCTOPUS the wavefunctions are
represented in a real space grid, and there are essentialy two
parameters that control the convergence of the calculations:
the spacing and the size of the box that contains the finite ob-
ject. We used a spacing of 0.18 Å and the simulation box was
composed by spheres of radius 4.5 Å around each atom.

The ground state calculations for the bulk crystals were
performed using the plane-wave code ABINIT 30 with norm-
conserving pseudopotentials26 for Si and O. We used a cutoff
energy for the plane wave basis of 12.5 Ha for Si and 40 Ha for
SiO2 (quartz, α phase). The Kohn-Sham energies and wave-
functions yielded by ground state calculations were employed
to calculate dielectric functions at imaginary frequencies us-
ing the code DP 31, an ab initio linear-response plane wave
TDDFT code. For such calculations shifted k-point grids of
256 and 512 points were used for Si and SiO2, respectively.
All calculations were performed using the RPA approxima-
tion since we proved in Ref. 21 that it is particularly good
when one is working at imaginary frequencies. More detailed
information on the numerics and convergence issues can be
found in Refs. 20 and 21.

The integrals over imaginary frequencies in Eqs. (4) and (5)
were discretized using a Gauss-Legendre rule with 13 points.

All the computed C6 and C3 coefficients for the two sets
of amino acids and small peptides are reported in the Tables
available as Supporting Information.

In order to estimate the accuracy of the calculated coeffi-
cients, we used the method outlined above to compute the

Table 1 Static and dynamical polarizabilities of amino acids (a.u.).
MP2 results for two different conformations (F1 and F2) are from
Ref. 32. Experimental results in water solution are from Refs. 33
and 34. The dynamical polarizabilities are at the experimental
wavelength.

Static λ=578 nm
MP2(F1) MP2(F2) This work This work Exp.

Ala 55.26 54.99 56.69 58.28 55.88
Arg 120.16 120.20 115.66 119.36 115.62
Asn 78.33 78.21 80.46 83.10 79.82
Asp 72.71 72.91 87.38 92.27 79.72
Cys 75.80 76.18 78.97 81.80
Gln 90.80 90.26 92.98 95.94
Glu 85.51 85.05 103.78 71.08 90.45
Gly 43.09 43.18 44.84 46.17 44.26
His 101.01 100.79 107.94 106.57 102.64
Ile 91.24 90.67 93.43 96.06 95.28

Leu 91.98 91.55 94.34 97.02 94.51
Lys 102.37 102.01 99.43 102.97
Met 102.22 101.78 104.91 108.45 102.18
Phe 122.39 122.64 124.93 130.38 122.96
Pro 74.18 73.61 76.08 78.17 73.51
Ser 59.90 59.42 61.58 63.37 61.24
Thr 71.56 71.36 74.23 76.45 73.73
Trp 155.77 156.26 159.26 168.36 157.81
Tyr 128.26 128.68 132.23 138.53
Val 79.03 78.50 81.65 83.95 81.51

static polarizabilities and dynamical polarizabilities at λ =578
nm of the amino acids and compared them with results ob-
tained with other ab initio methods and with experimental
measurements. Our results can be found in Table 1 along
with the static polarizabilities obtained by Millefiori and co-
workers using second order Møller-Plesset perturbation theory
(MP2) for two different amino acids conformations32, and the
polizabilities of the amino acids in water solution that were
deduced by Khanarian and Moore33 from their measurements
and the ones of Meekin et al34. By comparing the different
values for the static polarizabilities, we find an average abso-
lute deviation of around 5% with respect to the MP2 results.
As for the dynamical polarizabilities, we find an average abso-
lute deviation of around 6% with respect to the experimental
values. Nevertheless, in this case, some care must be taken
when comparing the two results, as the amino acids in water
solution are known to be in zwitterionic form and their polar-
izabilities are not necessarily the same as in gas phase. We
also note that for two amino acids, Asp and Glu, we find de-
viations above 10%. This is likely due to the fact that they are
negatively charged, as it is well known that the incorrect tail
of the usual LDA and GGA potentials introduces significant
errors in these cases. From these results and from the previous
TDDFT calculations of C6 coefficients19,23, we estimate that,
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with the possible exception of the negatively charged peptides,
our TDDFT calculations should have a similar accuracy as the
ones reported by Gisbergen et al19, i.e., the errors should be
smaller than 10%.

3 Models

TDDFT calculations are nowadays quite efficient and allow
the direct calculation of van der Waals coefficients for sys-
tems with few hundreds of atoms, even in relatively modest
computer systems. Nevertheless, a full ab initio study of dis-
persion interactions of large proteins on surfaces can easily be-
come computationally unfeasable. In view of that, we worked
on the design of reliable models, based on ab initio calcula-
tions, to obtain van der Waals coefficients for molecules where
the number of atoms is large.

3.1 Model for the C3 coefficient

We start by building a model which gives us the C3 coefficient
to describe the interaction of proteins with semiconducting or
insulating surfaces (in this case we specialize our calculations
to Si and SiO2 surfaces). Assuming that the interaction en-
ergy is given by Eq. (3), the C3 coefficients of the proteins are
parametrized in the following way:

C3 = ∑
i

Ni Ci
3 , (6)

where Ni is the number of atoms of specie i in the protein and
the Ci

3 parameters are different for different surfaces. In order
to obtain the values of the Ci

3 parameters, we minimized the
average error of the C3 coefficients obtained using Eq. (6) with
respect to the values calculated from TDDFT as explained in
Section 2 for the first set of molecules (Set 1), composed of
amino acids and dipeptides (the actual values of the ab initio
C3 coefficients are reported in the Tables included in the Sup-
porting Information). The minimization procedure was car-
ried out using the Simplex algorithm of Nelder and Mead for
100 randomly generated starting points. The search was con-
strained to positive values of the parameters and all the mini-
mizations converged to the same minimum.

The resulting parameters for Si and SiO2 surfaces, as well
as the C3 coefficients of the free atoms obtained from TDDFT,
are presented in Table 2. Compared to the corresponding
atomic Ca

3 coefficients, the model parameters Cm
3 are smaller

for H, C, and N, which indicates that, when participating in
the chemical bonding of the peptides, these species become
less polarizable. The opposite happens for O and S.

As for the performance of the model, we present in Fig. 1
the deviations of the C3 coefficients obtained using the model
with respect to ab initio calculations for the two selected sets
of aminoacids and peptides (Set 1 and Set 2). A summary with

Table 2 Atomic C3 parameters calculated either from the fitting of
Eq. (6) (Cm

3 ), or evaluated directly from the polarizability at
imaginary frequencies of the free atoms (Ca

3). All numbers are in
(eV Å3).

Si SiO2
Specie Cm

3 Ca
3 Cm

3 Ca
3

H 0.02966 0.11466 0.02086 0.06840
C 0.24534 0.33799 0.15011 0.20607
N 0.13249 0.19562 0.08616 0.12374
O 0.19714 0.10189 0.12460 0.06633
S 0.51167 0.37970 0.30918 0.23253

Table 3 C3 coefficients mean and maximum absolute deviations
obtained using the model for the C3 coefficients with respect to
TDDFT calculations for different peptide sets.

Si SiO2
Set 1 Set 2 Set 1 Set 2

Mean Abs. Deviation: 2.52% 1.45% 2.24% 1.31%
Max. Abs. Deviation: 5.17% 4.07% 4.64% 3.72%

the mean and maximum absolute deviations can be found in
Table 3. For Si and SiO2 surfaces, the mean absolute devia-
tions (2.52% and 2.24%) and the maximum absolute deviation
(5.17% and 4.64%) of the target set (Set 1) are quite small,
which indicates that the main assumption of the model, that
it is possible to approximate the C3 coefficient of a molecule
interacting with a surface as a sum of effective coefficients of
the atoms belonging to it, is a valid one. We also evaluated
the C3 coefficients within TDDFT and using Eq. (6) for the
tripeptides and tetrapeptides belonging to Set 2. By compar-
ing the ab initio C3 coefficient with the coefficient yielded by
our model, we obtained that the resulting mean and maximum
absolute deviations (see Fig. 1 and Table 3) are even smaller
than for the target set (Set 1). The fact that we were able to
model accurately the C3 coefficients of larger peptides inter-
acting with Si and SiO2 surfaces, confirms that our model is
still valid outside the set of molecule that was used to fit the
parameter and can be used to access important information on
the van der Waals interactions of large proteins on surfaces.

Nevertheless, care should be taken in the case of large linear
peptides, as it is known that pair-wise summation models tend
to give poor estimations of the van der Waals interaction of
highly anisotropic systems35. Although all the peptides con-
sidered in this work are linear, no sign of this failure can be
found in our data, as the deviation with respect to the TDDFT
coefficients do not increase with the size of the peptides. This
is likely because the peptides considered in this work are quite
small. Furthermore, we note that there is no systematic un-
der or overestimation of the coefficients by the model. This is
not the case if only amino acids are used in the target set dur-
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Fig. 1 (Color online) Deviations of the coefficients obtained using the C3 model with respect to the coefficients obtained from TDDFT
calculations for the two sets of peptides interacting with Si and SiO2 surfaces (light yellow and dark blue respectively).

ing the minimization, as these are missing the peptide bond
and this leads to parametrizations that systematically underes-
timate the coefficients. This missing peptide bond is probably
also the reason why the deviations for the larger peptides is
not equal to the sum of the deviations of its constituing amino
acids. Finally, the deviations for Si and SiO2 surfaces are very
similar. This is to be expected, as the parametrization is sur-
face dependent and thus the errors introduced by the model
are only related to the internal structure of the peptides.

3.2 Models for the C6 coefficient

Based on Eq. (1), we build two models for the evaluation of
the van der Waals interaction of proteins with other proteins.
For the first of these models, we assume the parameters to be
pair-specific, so that the C6 coefficient of a pair of proteins A
and B is given by:

CAB
6 = ∑

i j
NA

i NB
j ci j

6 , (7)

where NA
i (NB

j ) is the number of atoms of species i ( j) in pro-

tein A (B), and Ci j
6 is the parameter describing the effective

coefficient between atoms of species i and j.
For the second model we take the parameters to be species-

specific, i.e., only homonuclear parameters Cii
6 are used and

the heteronuclear parameters are obtained using a combining

rule. As for the choice of the combining rule, the simplest idea
is to use a geometric mean of homonuclear parameters. This
combining rule does not give good results in all cases, but it
is known to work fairly well for chemically similar species36.
Another possibility is to use a better combining rule obtained
directly from Eq. (4), but this rule requires the knowledge of
the static polarizabilities of the species37 or their inclusion in
the model as parameters21,38. Another possible choice, which
is employed in many force fields, is to write Eq. (1) in the
following way:

V LJ = ∑
nonbonded

4εi j

[(
σi j

ri j

)12

−
(

σi j

ri j

)6
]

, (8)

and use the Lorentz-Berthelot rules for εi j and σi j:

εi j =
√

εiiε j j , σi j =
1
2
(σii +σ j j) , (9)

or any other suitable combining rule39,40. Nevertheles, in this
case, the σi j and εi j parameters control both the repulsive and
atractive parts of the L-J potential. This means that, although
the TDDFT C6 coefficients can be used in the fitting proce-
dure, other information should be provided if the model also
has to properly describe the short-range part of the potential.
We have thus decided to use the form of Eq. (7) together with
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the geometric mean combining rule:

CAB
6 = ∑

i j
NA

i NB
j

√
Cii

6C j j
6 . (10)

Table 4 Atomic C6 parameters for the pair-specific model (Cp
6 ), for

the species-specific model (Cg
6 ), or evaluated directly from the

polarizability at imaginary frequencies of the free atoms (Ca
6).

Although the heteronuclear Cg
6 are not parameters of the model,

their values are indicated for comparison purposes. All numbers are
in (eV Å6).
Pair Cp

6 Cg
6 Ca

6
H-H 0.94002 0.59328 8.50616
H-C 4.78777 6.15367 24.97149
H-N 3.94700 2.45838 14.34365
H-O 3.16415 3.77871 7.42926
H-S 9.74297 8.77310 27.99914
C-C 38.72813 63.82723 73.85563
C-N 20.23152 25.49884 42.97464
C-O 33.12206 39.19357 22.49403
C-S 80.92377 90.99648 82.93211
N-N 10.88472 10.18673 25.56682
N-O 17.37501 15.65774 13.61392
N-S 47.25675 36.35289 48.40497
O-O 27.08266 24.06709 7.34583
O-S 64.13318 55.87704 25.37996
S-S 154.23440 129.73083 93.26848

We used the same procedure employed to fit the parame-
ters of the model for the C3 coefficients, but this time using as
a target the C6 values obtained within TDDFT for the set of
amino acids and dipeptides (Set 1). For both the pair-specific
and species-specific models, the minimizations turned out to
be quite stable, and converged to well defined minima. The re-
sulting parameters are presented in Table 4. These parameters
were then used to evaluate the C6 coefficients for the tripep-
tides and tetrapeptides belonging to Set 2, and for all the con-
binations of amino acids and peptides pairs of the two sets (Set
1 + 2).

The mean deviations of the C6 coefficients obtained using
the models with respect to the ab initio calculations for all the
pairs constituted by a given peptide and all the other peptides
are presented in Fig. 2. The mean and maximum absolute de-
viations for the C6 coefficients obtained using the models with
respect to the ab initio calculations are reported in Table 5 for
the different peptide sets. The performace of both models is
very similar and, once again, their validity is confirmed by the
small deviations, as it is confirmed that the models work well
outside the set of molecules that has been used to fit their pa-
rameters. We also note the similarity between the values of
the deviations presented in Fig. 1 for the C3 coefficients and
the mean deviations presented in Fig. 2 for the C6 coefficients.

This indicates that the errors introduced by the models in both
cases are similar. This is not surprising if one considers that
for all these models we are performing the same kind of ap-
proximation: we are replacing an integral (Eqs. (4) and (5)) by
a sum over atoms (Eqs. (6), (7), and (10)), i.e., we are approx-
imating the van der Waals coefficients of molecule by a sum
of effective coefficients of the atoms belonging to it. As such,
the error introduced by this approximation for a given peptide
should be similar for all these models.

When comparing the parameters of the two models with the
TDDFT C6 coefficients for the pairs of free atoms, which are
also included in Table 4, a similar trend to the one observed
for the C3 model is found. Indeed, it is possible to divide the
species in two sets: the parameters for the homonuclear pairs
of H, C, and N are smaller than the corresponding C6 coeffi-
cients, while they are larger for O and S. Similarly, heteronu-
clear pairs made only of species belonging to the first set are
smaller than the corresponding C6 coefficients, while the ones
made only of species belonging to the second set are always
larger. Pairs containing species of both sets show a mixed
trend. This confirms the conclusion drawn previously about
the polarizability of the different species when participating in
the chemical bonding of the peptides.

Although they are of the same order of magnitude, the
parameters of the pair-specific and species-specific models
are quite different. Nevertheless, the two proposed models
achieve a similar accuracy. This suggests that it is possible to
impose further constraints to the parameters of Eq. (7), like the
geometric mean combining rule, while keeping enough vari-
ational freedom to accuratly reproduce the ab initio results.
This also indicates that many sets of parameters should exist
for Eq. (7), depending on the details of the model, that are able
to reproduce the ab initio results with good accuracy.

4 Conclusions

In summary, we have built atomistic models to describe the
long-range interaction of proteins with other proteins and of
proteins with semi-conducting surfaces. The parameters of the
models were fitted so that they reproduce the van der Waals
coefficients of a set of amino acids and small peptides, ob-
tained using an accurate and efficient implementation of time-
dependent density functional theory.

Although the models are simple, we verified that they
are able to reproduce accurately the C6 and C3 coefficients
of amino acids and small peptides, also outside the set of
molecules used to fit their parameters. The model for the C3
coefficients is easy to incorporate in current empirical force
fields, thus providing a valuable ingredient for molecular dy-
namics simulations of proteins close to surfaces. Furthermore,
the models for C6 coefficients can be used to obtain the pa-
rameters of the Lennard-Jones term usually appearing in force
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Table 5 C6 coefficients mean and maximum absolute deviations obtained using the C6 models with respect to ab initio calculations for
different peptide sets.

Pair-specific model Geometric mean model
Set 1 Set 2 Set 1 + 2 Set 1 Set 2 Set 1 + 2

Mean Abs. Deviation: 3.34% 2.08% 2.95% 3.41% 2.23% 3.02%
Max. Abs. Deviation: 9.27% 7.42% 9.27% 10.51% 7.82% 10.51%
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Fig. 2 (Color online) Mean deviation of the C6 coefficients obtained using the pair-specific (light yellow) and the species-specific (dark blue)
models with respect to the coefficients obtained from TDDFT calculations for all the pairs constituted by a given peptide and all the other
peptides.

fields.
Finally, we point out that the efficiency and simplicity of the

method makes it possible to easily apply it to other systems
or to different physical situations where dispersion forces are
important.
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