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In this supporting information, we validate our
use of ReaxFF force field to perform simulations of
CNT/polymer compounds. A benchmark and compar-
ison of ReaxFF results with higher levels of theory is
done, for the adsorption geometries and binding energies
in typical π−π interacting compounds of polycyclic aro-
matic hydrocarbons on top of a graphene sheet.

A. Introduction

Our use of ReaxFF force field (with the parametriza-
tion for elements C, H, O and N taken from Ref.1) to
study the geometry of conjugated polymers adsorbed
non-covalently on CNT (i.e. graphene like) surfaces has
to be validated. We thus performed a benchmark for
binding energies and adsorption geometries of small or-
ganic molecules on graphene – at different equilibrium
positions of these molecules on the sheet, which can
be deemed as ’adsorption modes’ (following the idea of
Refs.2,3 In particular, the difference in energy between
the ’ABAB’ stacking geometry (see e.g. figure 2) and
the ’AAAA’ sandwich (or ’hollow’) geometry (see e.g.
figure 1) is discussed in all cases. From the correspond-
ing results, we will justify our choice of overlooking the
dependence on the nanotube chirality in the previously

described simulation results. Indeed, large diameter (of
low curvature) carbon nanotubes are locally well approx-
imated by a graphene sheet.
The physisorption of benzene (6 carbon atoms), perylene
(20 carbon atoms, five benzene cycles – four only be-
ing aromatic), and a ’large coronene’ molecule (378 car-
bon atoms, locally approximating a graphene sheet) are
studied. The model surface is a graphene sheet hydro-
genated at the edges, made up of 956 atoms (including
the hydrogen atoms at the edges of the sheet) for the
case of benzene and perylene, and of 13,772 atoms for
the ’large coronene’ molecule. The size of this graphene
sheet is chosen large enough so that the initial relaxation
ripples of the sheet upon minimization (appearing for in-
stance when an organic molecule is initially very close
to the sheet, which yields initial high forces) vanish over
a characteristic distance much smaller than the sheet di-
mension. No periodic boundary conditions are used in
the following structural minimizations, so that the aro-
matic molecules only interact with the sheet underneath,
and not with their replicas (which would be periodically
repeated in space in the case of periodic boundary condi-
tions).

B. Methodology

Both the organic molecule and the graphene sheet
are allowed to relax during structural minimizations.
Benzene is placed initially on top of graphene at differ-
ent adsorption sites, following the six main adsorption
sites described by Kozlov et al.4 ’Sandwich’ (hollow)
configurations refer to the adsorption sites being located
right above hexagons of graphene (AA stacking) while
’stacked’ configurations refer to the ABAB stacking
(Bernal stacking) which is found in graphite – i.e. half

a)Electronic mail: robert.benda@polytechnique.org

of the molecule carbon atoms being on top of hexagon
centers of the layer underneath, the other half being
exactly on top of another carbon atom.
The total adsorption energy should arguably be roughly
additive with the number of carbon atoms in the adsorbed
aromatic molecule. We thus performed similar mini-
mizations for bigger aromatic molecules, generalizing
benzene (perylene, ’large coronene’). Two top views of
initial ’sandwich’ (AA) and ’stacked’ (AB) geometries
for the perylene molecule are displayed in figures 1
and 2. The ’large coronene’ molecule (made up of 426
atoms, including 378 carbon atoms) is located initially
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FIG. 1: ’Sandwich’ adsorption site studied for perylene
on a model graphene sheet (hydrogenated at the edges

to avoid unsaturated effects)

FIG. 2: ’Stacked’ adsorption site studied for perylene
on a model graphene sheet (hydrogenated at the edges

to avoid unsaturated effects)

on top of a much larger graphene sheet than for benzene
and perylene, to avoid any egde effect (see figures 3 and
4). For this large molecule we also minimize an initially
’incommensurate’ geometry, where the molecule is
rotated with respect to the underlying graphene surface
from the stacked AB geometry. We want the size of
the aromatic molecule to be much smaller than the
dimension of the graphene sheet underneath, so that
only π − π interactions occur and no possible edge or
curvature effects, due to finite-size effects, can take
place. Therefore we chose a square graphene sheet of 20
nm per 20 nm (hydrogenated at the edges to avoid carbon
unsaturated effects), made up of 13,772 atoms, to probe
the interaction of the ’large coronene’ molecule with
graphene. Let us point out that the adsorption of ’large
coronene’ on graphene mimicks a system made up of
two graphene sheets, in particular around the molecule
center. Besides, it is known that the density of states
and electronic structure of large polycyclic aromatic
molecules converge quickly to those of graphene with

increasing size.5 This choice of large molecule, similar
to a graphene monolayer, thus allows to compare to
literature calculations on bilayer graphene.

C. Results

Benzene :
At the end of the minimization, benzene always re-

mains perfectly parallel to the sheet (for all adsorption
sites), the graphene sheet being almost planar. The sheet
displays very light corrugations of about 0.2 Å (as a
maximum), also reported in the DFT-D study4 (from 4
to 13 pm corrugation depending on the coverage of the
graphene sheet by adsorbed molecule). In this study,4
all systems were periodized, so that plane wave basis
sets were used (cutoff energy 415 eV, Projector Aug-
mented Wave method), in conjunction with the PBE
functional (GGA type) and semi-empirical dispersion
corrections.6

ReaxFF is found to slightly overestimate adsorption
energies for π −π interactions of benzene on graphene,
around 2.7 kcal/mol (i.e. 114 meV) per carbon atom
of benzene (see Table I). Indeed, experimental ther-
mal desorption spectroscopy measurements for aromatic
molecules (benzene, naphtalene, coronene C24H12, ova-
lene) on graphite lead to a binding energy (identified to
activation energy for desorption) per carbon atom of the
aromatic molecule being 52 ± 5 meV7 – average over
the different aromatic molecules of varying sizes studied.
Yet, DFT-D calculations in Ref.4 yielded from 2.6 to 3.1
kcal/mol (i.e. 114 to 135 meV) interaction energy per
carbon atom , a range of values close to that derived with
ReaxFF.
The adsorption energy of benzene on graphene com-

puted here with ReaxFF in the stacked geometry (707
meV, see below) can also be compared with the results
of Ershova and al. in8 who found about 470 meV total
binding energy at the ωB97X-D/6-31G∗ level of theory9

(hybrid functional with long-range Coulomb-attenuation
and Grimme semi-empirical corrections for dispersion
interactions10 – damped pairwise interactions terms – and
using 6-31G∗ basis set). This DFT functional is one of
the best performing energy model on the S22 benchmark
set11 for weakly interacting complexes (see the review
Ref.12).
The van der Waals (dispersion) contribution is found to
dominate adsorption energies in all adsorption modes (for
benzene, and also for the larger aromatic molecules stud-
ied), and appears as the main driving force. This will be
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Benzene adsorption
geometry

Adsorption energy
(ReaxFF) Adsorption energy (4)

Adsorption
distance

(ReaxFF)

Adsorption
distance (4)

Stacked -16.25 -18.83 3.22 3.22
Sandwich -16.10 -17.69 3.23 3.26

’pd1’ -16.24 -18.62 3.20 3.22
’pd2’ -16.23 -18.36 3.23 3.18
’rst’ -16.20 -18.69 3.22 3.22
’rsw’ -16.22 -17.78 3.22 3.23

TABLE I: Comparison of adsorption energies of benzene (C6H6) on a graphene sheet (for the different adsorption
sites proposed in Ref.,4 whose labels ’pd1’, ’pd2’ – parallely displaced geometries –, ’rst’ – rotated stacked –, ’rsw’ –
rotated sandwich – have been kept) computed with ReaxFF and with DFT-D (PBE exchange-correlation functional

(GGA type), semi-empirical corrections6 to account for vdW interactions, plane-wave basis set).4 Energies are
expressed in kcal/mol and distances in Å.

further discussed in the concluding analysis and – in the
point of view of its contribution to the AB/AA energy
barrier – in the summarizing tables V, VI and VII.
The relative stability order of all the possible adsorp-
tion sites of benzene on graphene shows discrepancies
between DFT-D4 and ReaxFF (see classifications 1 and
2). Indeed, the relative stability order of the different
adsorption geometries (proposed in Ref.,4 whose labels
have been kept) found with ReaxFF is the following (see
table I) :

EStacked < Epd1 < Epd2 < Ersw < Erst < Esandwich (1)

to be compared to the relative stability order of the dif-
ferent adsorption geometries found with DFT-D,4 from
table I :

EStacked < Erst < Epd1 < Epd2 < Ersw < Esandwich (2)

Moreover, the order of magnitude of the adsorption
energy difference between the two extreme stacked and
sandwich configurations is much lower with ReaxFF in
comparison to DFT-D results. With ReaxFF, the differ-
ence of adsorption energy between the stacked and sand-
wich configuration is (see table I) :

∆EReaxFF
Stacked/Sandwich =−0.15 kcal/mol ≈−6.5 meV (3)

This difference of adsorption energy corresponds to 1.1
meV per carbon atom of benzene. From DFT-D (method
of Ref.4), the difference of adsorption energy between the
stacked and sandwich configuration is in turn (see table
I) :

∆EDFT
Stacked/Sandwich =−1.1 kcal/mol ≈−49 meV (4)

i.e. a difference of energy of 8.2 meV per carbon atom
between the stacked and sandwich configurations, about
7 times higher than the difference found by ReaxFF.
These two adsorption modes are therefore much more
separated in energy by the DFT-D4 total energy than the
ReaxFF force field.

Perylene :
The adsorption energy found with ReaxFF for a pery-

lene molecule on top of a graphene sheet is about 2.2
kcal/mol (i.e. 97 meV) per carbon atom, to be compared
with the 2.7 kcal/mol (i.e. 114 meV) per carbon atom
found for a benzene molecule on top of graphene. The
magnitude of this adsorption energy compares well with
that of DFT-D4 calculations. Again, the stacked con-
figuration is more stable than the sandwich configura-
tion with ReaxFF, the difference of adsorption energies
between the stacked and sandwich configurations with
ReaxFF being (see table II) :

∆EReaxFF
Stacked/Sandwich =−0.46 kcal/mol ≈−20 meV (5)

This difference of adsorption energies is of 1.0 meV per
carbon atom (20 carbon atoms in perylene). The dif-
ference of adsorption energies between the stacked and
sandwich configurations of perylene on top of graphene,
computed with DFT-D (method of Ref.4) (see table II) is
in turn :

∆EDFT
Stacked/Sandwich =−3.7 kcal/mol ≈−156 meV (6)

i.e. of order 7.8 meV/C atom. Again, the two adsorption
modes (’stacked’ and ’sandwich’) are therefore much
more separated in energy by the DFT-D calculation4 than
the ReaxFF calculation.
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Perylene adsorption
geometry

Adsorption energy
(ReaxFF) Adsorption energy (4)

Adsorption
distance

(ReaxFF)

Adsorption
distance (4)

Stacked -44.75 -52.46 3.27 3.21
Sandwich -44.29 -48.73 3.28 3.31

TABLE II: Comparison of adsorption energies of perylene (20 carbon atoms) on a graphene sheet computed with
ReaxFF and with DFT-D (PBE exchange-correlation functional (GGA type), semi-empirical corrections6 to account

for vdW interactions, plane-wave basis set).4 Energies are expressed in kcal/mol and distances in Å

FIG. 3: ’Sandwich’ adsorption site studied for the
’large coronene’ molecule on a large (20 nm per 20

nm) model graphene sheet (hydrogenated at the edges
to avoid unsaturated effects)

FIG. 4: ’Uncommensurate’ (30◦ rotated from the
stacked geometry) adsorption site studied for the

’large coronene’ molecule on a large (20 nm per 20
nm) model graphene sheet (hydrogenated at the

edges to avoid unsaturated effects)

The adsorption energy per carbon atom computed
for the ’large coronene’ molecule with ReaxFF is order
1.8 kcal/mol, i.e. 78 meV, per carbon atom (77.7 meV
per carbon atom for the stacked configuration vs. 76.9
meV per carbon atom for the sandwich configuration),
to be compared with 114 meV and 97 meV per carbon
atom for the (stacked) adsorption energies of benzene
and perylene respectively. Consequently, it seems that
the total adsorption energy increases with the size of the
adsorbed molecule, an expected additivity feature, but
the mean adsorption energy per carbon atom decreases
with increasing size of the latter. This trend is perfectly
consistent with the results of Refs13,14 of decreasing ad-
sorption energy (in absolute value) per carbon atom with
increasing number of carbon atoms – more precisely,
with increasing ratio NC

NH
of hydrogen to carbon atoms

numbers – in the polycyclic aromatic hydrocarbons.
The adsorption energy between the molecule and the
graphene sheet was indeed reported by Björk et al. to
write as NCECC + NH (ECH −ECC) with ECC and ECH
the adsorption energy per ’graphene-like’ carbon (i.e.
bonded to three other carbons) and ’benzene-like’ carbon
(i.e. bonded to two other carbons and one hydrogen)
respectively.13

The stacked geometry is found again more stable
than the sandwich geometry with ReaxFF force field :
EStacked < ESandwich, with an energy difference :

∆EReaxFF
Stacked/Sandwich =−7.8 kcal/mol ≈−339 meV (7)

which is in absolute value much larger than kBT ≈
25meV at T = 300K. Here, the adsorbed molecule is big
enough so that the energy difference between the stacked
and sandwich geometries found with ReaxFF are – de-
spite being underestimated – much larger than the av-
erage thermal energy at room temperature. This indi-
cates that under these temperature conditions the ’large
coronene’ stacked configuration has a much higher oc-
curence probability with respect to its sandwich geometry
counterpart, within ReaxFF model. Expressed per carbon
atom, this difference of adsorption energies between the
stacked and the sandwich configurations is of order 0.9
meV/C atom (378 carbon atoms in the ’large coronene’
molecule).
The incommensurate geometry (obtained initially by ro-
tating the stacked geometry of ’large coronene’ by 30 de-
grees) minimization leads to a slightly more favorable ad-
sorption than the sandwich geometry, but remains much
less favorable than the stacked configuration, the differ-



5

Adsorption mode Adsorption energy
(ReaxFF)

Adsorption distance
(ReaxFF)

Stacked -675.8 3.26 Å
Sandwich -668.0 3.28 Å

Rotated 30◦

(incommensurate) -670.2 3.30 Å

TABLE III: Comparison of adsorption energies of ’large coronene’ (378 carbon atoms) on a very large (20 nm per 20
nm) hydrogenated graphene sheet. Minimizations are performed with ReaxFF as a force field. Energies are expressed

in kcal/mol and distances in Å.

ence being of the same order of magnitude :

∆EReaxFF
Stacked/Rotated30◦ =−5.6 kcal/mol ≈−244 meV (8)

which is also much larger than kBT ≈ 25meV at room
temperature. This is consistent with the literature on

bilayer graphene sheets (see table V), where the most
stable reported geometry for two graphene sheets is the
ABAB stacked geometry [even relatively to incommen-
surate sheets of graphene, see below], which should be
also the case here for a ’large coronene’ molecule on top
of a much larger graphene sheet.

Summary of the adsorption energies for stacked
configurations :

We sum up the adsorption energies of the different
molecules stacked (i.e. in the most favorable AB geom-
etry) on top of a graphene sheet, and the energy barriers
between the stacked AB configuration and the sandwich
AA geometry found in this study (with ReaxFF force
field) in Table IV. The trend obtained of decreasing
binding energy (in absolute value) per carbon atom is
consistent with Refs.,13,14 as mentioned earlier. The
equilibrium distances between the aromatic molecule
and the underlying sheet do not seem to grow with

molecule size, in contrast with what was reported in
Ref.,8 where they are respectively equal to 3.35 Å for
benzene, 3.36 Å for naphtalene (two fused benzene
cycles), 3.38 Å for a C24H12 coronene molecule and 3.40
Å for ovalene C32H14. This small discrepancy might
be due to the different levels of theory used (ωB97X-D
functional, STO-3G basis set in Ref.8 vs. classical force
field ReaxFF here) and to the much smaller size of
the hydrogenated underlying graphene model (C116H28
used in Ref.8 vs. C873H83 for benzene and perylene or
C13442H330 for ’large coronene’ here).

Comparison with results of the literature on
graphene bilayers and on aromatic molecules adsorbed
on a graphene sheet :

Our system made of a ’large coronene’ molecule and
a large graphene sheet mimicks locally a bilayer of two
graphene sheets. It thus seems reasonable to compare the
adsorption energies and distances, as well as the AB/AA
energy separation, obtained with ReaxFF minimizations,
with the corresponding results available in the literature
for bilayer graphene.
In Ref.,15 the AB stacked configuration is found the
most stable whatever the relative angles between the
two sheets and even whatever the curvature of the two
graphene sheets (indicating that this stability result
probably also holds for Double Walled carbon nan-
otubes). In this same article, an interlayer binding energy
of −44 meV/atom was found for two flat graphene

sheets in the stacked AB geometry (θi = θ0 = 0◦, Fig.
2.(a), flat graphene sheets) and around −41 meV/atom
for incommensurate sheets (rotation angle θi of one
of the sheets with respect to the other below 10◦ and
above 20◦, avoiding the range near θ0 = 16◦) with
a Kolmogorov-Crespi registry dependent interlayer
interaction potential (of Lennard-Jones type). This
yielded a difference in energy of 3 meV/atom between
the stacked configuration and other rotated geometries
(having at least 5◦ relative angle difference compared
to the stacked case). Here, for ’large coronene’, we
found a difference in adsorption energy between the
stacked AB geometry and the sandwich or rotated in-
commensurate geometry of about 0.9 meV/atom, which
is slightly lower. This difference may be due to the fact
that in Ref.15 the two graphene sheets are relaxed (i.e.
minimized) individually only, before the calculation of



6

Aromatic molecule Benzene (C6H6) Perylene (C20H12) ’Large coronene’ (C378H48)
Number of C atoms 6 20 378
Adsorption energy

(AB stacked
geometry)

-16.25 kcal/mol (-707 meV) -44.75 kcal/mol (-1.94 eV) -675.8 kcal/mol (-29.4 eV)

Per atom (C and H)
binding energy (AB

geometry)
-1.35 kcal/mol (-59 meV) -1.40 kcal/mol (-61 meV) -1.59 kcal/mol (-69 meV)

Per carbon atom
binding energy (AB

geometry)
-2.7 kcal/mol (-114 meV) -2.2 kcal/mol (-97 meV) -1.79 kcal/mol (-78 meV)

Molecule-graphene
distance (AB
geometry)

3.22 Å 3.27 Å 3.26 Å

AB-AA energy
barrier ∆EReaxFF

AB/AA

-0.15 kcal/mol (-6.5 meV)
in total [1.1 meV / C atom]

-0.46 kcal/mol (-20 meV) in
total [1.0 meV / C atom]

-7.8 kcal/mol (-339 meV) in total
[0.9 meV / C atom]

TABLE IV: Comparison of adsorption energies and per-atom binding energies for the different polycyclic aromatic
molecules studied on graphene. The most stable stacked AB configurations (on a much larger graphene sheet

underneath) are chosen. Energies are derived from structural minimizations with ReaxFF as a force field.

the binding energy, instead of relaxing the whole system
made of both sheets (as done here with ReaxFF for the
graphene sheet and the above ’large coronene’ molecule).

In Ref.,16 the interaction energies between two
graphene sheets was found to be −17.36 meV/atom
and −17.72 meV/atom for the AA and AB stacking
geometry respectively, using a simple Lennard-Jones
potential and without considering energy stabilisation
terms from π orbitals delocalisation in the AB config-
uration. These values were obtained for a particular
set of Lennard-Jones parameters (ε = 2.168 meV and
σ = 3.36Å). Varying Lennard-Jones parameter sets
made only the difference in energy between the AA and
the AB geometry vary from −0.36 to −0.59 meV/atom,
although the magnitude of the interaction energies of the
two sheets in AB and AA configurations changed (−24.8
and −24.2 meV/atom for the AB and AA configuration
respectively if ε = 2.97 meV and σ = 3.4Å ; −20.55
and −20.1 meV/atom for the AB and AA configuration
if ε = 2.5 meV and σ = 3.37Å, see Supplementary
Material of Ref16).
This energy difference in the range −0.35 to −0.59
meV/atom is slightly lower but of the same order of −0.9
meV/atom found here for the difference between stacked
AB and sandwich AA ’large coronene’ – on a very large
underlying graphene sheet. In Ref.16 calculations were
also done – as in Ref.15 – with a fixed graphene sheet
(made of 1560 atoms) and a movable graphene sheet of
336 atoms (edge effects were neglected). The interlayer
energy for turbostratic structures (i.e. two parallel
rotated sheets) were also studied, estimating the energy
difference per atom between the AB stacking and incom-
mensurate configurations to be −17.72+17.61 =−0.11

meV/atom in average.

In Ref.,17 DFT calculations at the LDA level (pe-
riodized system, and without a vdW correction term)
yielded a magnitude of −20 meV/atom interlayer energy
for AB stacking, and a difference of interlayer energy
of 9.7 meV/atom between ABAB Bernal graphite and
AAAA stacking (with a unit cell and periodic boundary
conditions necessary for the expansion in plane waves
basis sets), much larger than the energy barrier estimated
here with ReaxFF. These results being calculated for
bulk graphite (unit cell spanning 3 neighboring layers,
with periodic boundary conditions), made of an infinite
number of graphene sheets, the cohesive energy per
atom includes implicitly the interaction with the two
neighboring sheets (one being above, the other one being
below). Thus, to convert it in terms of cohesive energy
per atom for a system of two neighboring sheets only,
these energies have to be divided by two (assuming that
only nearest neighbor layers interact with each other, i.e.
neglecting interactions between non contiguous layers).
The very small magnitude of the interlayer energy of
−10 meV/atom obtained thereby is consistent with the
fact that Charlier et al. did not use dispersion correction
terms to the DFT electronic energy in Ref.,17 but rather
assumed that dispersion interactions were hidden in the
exchange-correlation term.

A recent study of quantum Monte-Carlo calculations
of the binding energy of bilayer graphene compared
the existing values in the literature of graphene bilayer
binding energies derived with DFT methods, with or
without dispersion correction.18 It appears that there is
little consensus on the magnitude of the binding energy
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System Interlayer binding
energy

Equilibrium
distance Method used Number of atoms

Energy difference
between AB and AA

configurations
∆EAB/AA

Reference

Two-circular
shaped graphene

sheets (diameter 16
nm)

-44 meV/atom 3.34 Å

Kolmogorov-Crespi
registry-dependent

interlayer interaction
potential (modified LJ)

15 355 atoms (two
sheets) -3 meV/atom 15

Two flat graphene
sheets (one fixed,

one movable)

-17.72 meV/atom (AB
stacking) vs. -17.36

meV/atom (AA
stacking)

3.35 Å (AB
stacking) and
3.38 Å (AA
stacking)

Lennard-Jones potential

4ε

[(
σ

r

)12 −
(

σ

r

)6
]

(ε = 2.168meV and
σ = 3.36Å)

1560 atoms (sheet
underneath) and

366 atoms (movable
sheet)

From -0.59 to -0.36
meV/atom

16

Graphene bilayer

−17.7 meV/atom (AB
stacking) vs. −11.5

meV/atom (AA
stacking)

3.43 Å
Diffusion quantum

Monte-Carlo calculations
3 × 3 supercell,

PBC(∗) -6.2 meV/atom 18

ABAB graphite and
AAAA stacking of

sheets

-20 meV/atom in
graphite (-11.6

meV/atom due to Exc)
i.e. -10 meV/atom for

two sheets only

3.30 Å (AB
stacking) and
3.66 Å (AA
stacking)

DFT (LDA functional, vdW
dispersion assumed

included in the
exchange-correlation term
Exc), plane waves basis set
(cutoff energy 1360 eV).

Unit cell (4 atoms
for AB stacking),

PBC(∗)

-9.7 meV/atom for
graphite i.e. -4.9

meV/atom for two
sheets

17

Graphene bilayer

-50.6 meV/atom
(DFT-D),

-29.3 meV/atom
(vdW-DFT)

3.25 Å

DFT-D (PBE functional and
semi-empirical corrections

for dispersion terms,22

plane-wave basis (cutoff
energy 400 eV) using

Projector Augmented Wave
method), and vdW-DFT23

(same DFT conditions,
non-local dispersion

corrections)

4.271 Å× 2.466 Å×
20 Å cell, PBC(∗)

-19.5 meV/atom
(DFT-D), -18.9

meV/atom
(vdW-DFT)

20

Graphene bilayer
(’AB’ stacking

geometry)

-48 meV/atom (-51
meV/atom for a

graphene trilayer)
3.45 Å

vdW-DFT23 (dispersion
corrections through a

non-local density
functional). Double zeta
polarized basis sets of

pseudo atomic orbitals.

Unit cell : 18.7 Å ×
20.7 Å in the x, y

directions, 20 Å in
the vertical

direction, PBC(∗)

Not studied 14

TABLE V: Interlayer binding energies found in the literature for graphene bilayers systems. Energies are expressed in
meV per carbon atom (1 kcal/mol = 43 meV), distances in Å . (∗) PBC refers to Periodic Boundary Conditions.

for bilayer graphene, as values range from −70 to −10.4
meV/atom. However, most authors seem to agree that AB
stacking is the most stable and that AA the least, except
Ref.19 reporting that AA stacking is the most stable at the
(semi-empirical) PM6-DH2 level – including corrections
both for dispersion and H-bonding interactions – for
benzene on a graphene model made of 1006 atoms.
In Ref.,18 the authors found −17.7 meV/atom binding
energy for bilayer graphene in AB stacking, vs. −11.5
meV/atom in AA stacking, using diffusion quantum
Monte Carlo.

The spread of the values of graphene bilayer binding
energies observed in the literature is related to the
difficulty to model accurately π − π stacking weak
interactions – which drive the adsorption of conjugated
polyfluorenes on CNT surfaces, for instance. In DFT, the
variety of choices for pseudo-potentials, basis sets and
exchange-correlation functionals is mostly accountable

for the large dispersion in these results. Dispersion
interactions are reported as the main contributor to the
binding of graphene bilayers or polyaromatic cycle
molecules on graphene.4,8,20,21 Correction terms – e.g.
semi-empirical as proposed by Grimme10 and reviewed
in Ref.12 – to account for these dispersion interactions
(quantum fluctuation effects, one component of the three
types of van der Waals interactions) within DFT are
thus mandatory. They should yield a lower variability
across different studies – given their simple analytical
expression – than the electronic energy counterpart (in
DFT). Yet some deviations are also observed in the liter-
ature for the magnitude of the contribution of dispersion
correcting terms to the AB/AA energy barrier (in DFT-D
studies), as will be discussed in the conclusion below.
All the results discussed in this section reported in the
literature on bilayer graphene are summarized in Table
V. The literature results for aromatic molecules on a
graphene sheet are also summed up in Table VI.
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System Binding energy Equilibrium distance Method used Number of atoms
Energy difference

between AB and AA
configurations ∆EAB/AA

Reference

Benzene on
graphene

-40 meV/C atom
(-240 meV in total)

3.17 Å (AB stacking)
and 3.40 Å (AA

stacking)

DFT (LDA exchange-correlation
functional, plane-wave basis with
240 eV cutoff energy), no vdW

correction.

6 C atoms
(benzene), 12.3 Å ×

12.3 Å × 10 Å
graphene supercell

(50 C atoms),
PBC(∗)

-13.3 meV/C atom (-80
meV in total)

24

Benzene on CNT
≈ -30 meV/C atom

(≈ -190 meV in
total)

3.20 to 3.27 Å,
"bridge" configuration
the most stable (over

a C-C bond)

DFT (LDA exchange-correlation),
no vdW correction, localized

pseudoatomic orbitals
(split-valence double-ζ basis set,

including polarization and
extended 3s orbitals for C and

double-ζ for H), BSSE corrected.

6 C atoms
(benzene) and CNT,

supercell and
PBC(∗).

∆EAB/AA not studied.
∆Ebridge/stacked ≈
−15meV i.e. ≈ -2

meV/C atom

2

Benzene on a
graphene model
(C574 to C1006)

-96 to -76 meV/C
atom (-574 to -457

meV in total)
Not precised

Dispersion corrected
semi-empirical method (MO

theory) PM6-DH2, compared to
DFT (B3LYP-D, M06-2X and
ωB97X-D functionals), several

basis sets tested (e.g.
6-311G(2d,2p) and TZV2D with

ωB97X-D)

6 C atoms
(benzene) and

graphene model
(medium-size finite

sheet). Solvent
(H2O) also
considered.

Not studied (averages
over configurations close

in energy were done)
19

Benzene on a
hydrogenated

graphene model
(C1006)

-83 meV/C atom
(-496 meV in total) 3.29 Å

PM6-DH2 (single point
calculation, geometry optimized
at OPLS-AA level). Results in

agreement with
ωB97X-D/cc-pVDZ level (BSSE

corrected).

6 C atoms
(benzene) and 1006

C atoms in the
graphene model.

Not studied. 25

Benzene stacked on
a C150H30 coronene
(graphene model)

-87 meV/C atom
(-522 meV in total) Not precised Symmetry adapted perturbation

theory (SAPT)
6 C atoms
(benzene) Not studied 21

Benzene stacked on
C110H26 (’coronene

43’) graphene
model

-92 meV/C atom
(-552 meV in total)

’AB’ (3.35 Å) and
’PD’ (3.34 Å)

optimized adsorption
geometries (’PD’

slightly more stable)

ωB97X-D/def2-TZVPP level,
(DFT, semi-empirical vdW

correction,9 TZVPP basis sets)

6 C atoms
(benzene)

∆EAB/AA ≈ -6.3 meV/C
atom, ∆EPD/AB ≈ -0.15

meV/C atom

26 (same
authors as

Ref.21)

Benzene stacked on
C110H26 (’coronene

43’) graphene
model

-99 meV/C atom
(-595 meV in total)

’AB’ (3.35 Å) and
’PD’ (3.34 Å)

optimized adsorption
geometries

(Spin Component Scaled) SAPT0,
aug-cc-pVDZ basis set

6 C atoms
(benzene)

∆EPD/AB ≈ -0.2 meV/C
atom

26 (same
authors as

Ref.21)

Benzene on
graphene

(periodized)
-136 meV/C atom 3.22 Å (AB stacking),

3.26 Å (AA stacking)

DFT-D (PBE
exchange-correlation functional

(GGA type), semi-empirical
dispersion corrections,6 plane

wave basis sets (cutoff energy 415
eV), Projector Augmented Wave

method)

6 C atoms
(benzene), p(4×4)

supercell of the
graphene sheet

(PBC(∗))

-8.5 meV/ C atom, -5.9
meV/C atom due to

∆EvdW
AB/AA and -2.6 meV/

C atom due to ∆EDFT
AB/AA.

4

Benzene on a
(hydrogenated)
graphene model

(C116H28)

-78.3 meV/C atom
(-470 meV total
binding energy)

3.35 Å
ωB97X-D (DFT level,

semi-empirical vdW correction),
6-31G∗ basis-set

6 C atoms
(benzene)

-9.4 meV/C atom (-5.1
meV/ C atom with

STO-3G basis)
8

Coronene (C24H12)
on graphene model

(C116H28)

-72 meV/C atom
(-1.73 eV total
binding energy)

3.38 Å
ωB97X-D (DFT level,

semi-empirical vdW correction),
6-31G∗ basis-set

24 C atoms
(coronene)

-11 meV/ C atom (-5.1
meV/ C atom with

STO-3G basis)
8

TABLE VI: Interlayer binding energies or adsorption energies found in the literature for aromatic molecules adsorbed
on a graphene sheet. Energies are expressed in meV per carbon atom, distances in Å . (∗) Periodic Boundary

Conditions.

The influence of edge-effects in finite systems (aro-
matic molecules on a graphene sheet as opposed to two
infinite interacting graphene layers) has been studied in.8

It is certainly necessary to be cautious when comparing
adsorption energies on graphene of small aromatic
molecules like benzene with the interlayer energies of

two graphene sheets. For instance, in Ref.,8 the value
of −11 meV per carbon atom found as energy barrier
∆EAB/AA for a coronene C24H12 molecule on a graphene
model is extrapolated to be the energy difference
(barrier) per atom between stacked AB and hollow AA
configurations in an infinite graphene bilayer (see Table
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System Binding energy Equilibrium
distance Method used Number of atoms

Energy difference
between AB and AA

configurations
∆EAB/AA

Reference

Benzene on
(hydrogenated)
graphene model

(C873H83)

-114 meV/C
atom 3.22 Å

ReaxFF
(parametrization1)

6 C atoms
(benzene) -1.1 meV/C atom This work

Perylene on
(hydrogenated)
graphene model

(C873H83)

-97 meV/C
atom 3.27 Å

ReaxFF
(parametrization1)

20 C atoms
(perylene) -1.0 meV/C atom This work

’Large coronene’ on
(hydrogenated)
graphene model

(C13442H330)

-78 meV/C
atom 3.22 Å

ReaxFF
(parametrization1)

378 C atoms
(’large coronene’),
(20 nm × 20 nm)

graphene
monolayer

-0.9 meV/C atom This work

TABLE VII: Adsorption energies found with ReaxFF structural minimizations for aromatic molecules adsorbed on a
graphene sheet. Energies are expressed in meV per carbon atom, distances in Å.

VI).

D. Conclusion on the use of ReaxFF as a force �eld for
CNT/ conjugated polymer compounds interaction studies

The magnitude of the interlayer binding energy is
satisfactorily reproduced by ReaxFF (both compared to
experimental or higher level of theory values), although
there is some deviation in the values reported in the
literature, derived from different levels of theories in
DFT (due to different choices of pseudo-potentials,
exchange-correlation functionals, basis sets, or dis-
persion correction methods, among others). Although
ReaxFF captures the relative stability of AB stacking
compared to AA stacking, the separation in energy
between these two extreme configurations is much lower
than what is obtained in average with DFT-D (see Tables
VI and VII for comparison). It is expected that DFT-D
level of theory better captures this separation in energy as
it is mainly due to the overlap of electronic clouds of the
two adjacent layers,17 which is strongly anisotropic and
highly dependent on the in-plane relative displacement
between the two sheets. However, no experimental value
for the AB/AA energy barrier is available.

The separation in energy ∆EAB/AA obtained with
ReaxFF is similar to the results of methods based on
Lennard-Jones potential only, as seen from Table V.
Lennard-Jones potential is known to strongly underes-
timate the barrier ∆EAB/AA (see Ref.20 and discussion
on the corrugation of the potential relief i.e. the barrier
height in the bilayer graphene translational energy
landscape). In fact, the underestimation of the actual
energy barrier is more due to overlooking other terms

(as energy stabilization terms from overlapping of
neighboring electron clouds of the two sheets) than to the
bad performance of Lennard-Jones model itself. Indeed,
dispersion interactions, represented by Lennard-Jones
potential, have been reported not to play a significant role
on the values of the barrier ∆EAB/AA, and more generally
on the barrier in the relative motion of polyaromatic hy-
drocarbons (PAHs) on hydrogen-terminated graphene.8

In other words, Lennard-Jones interactions are the
main contributor to the whole π −π stacking interactions
– that is why binding energy calculations based on
Lennard-Jones potential, only, yield the good order
of magnitude of interlayer binding energies (−44
meV/atom in15 which is in the experimental range) –
but do not vary much with respect to the stacking con-
figurations (AB, AA, or rotated/incommensurate). Thus
Lennard-Jones interaction terms alone cannot be held
accountable for the AB/AA energy separation, which
they cannot reproduce with the good order of magnitude.
Hence the energy difference found between AB and
AA configurations is about 0.3 to 0.6 meV/atom (in
absolute value) only with a Lennard-Jones potential,15

while energy differences ∆EAB/AA in the range 6 to
20 meV/atom (in absolute value) were reported in
DFT calculations17,18,20 when the electronic energy,
computed from the density, is included. Energy barriers
computed with MM3 and MM4 force fields (that include
a Lennard-Jones like potential term to account for vdW
interactions) reported an energy barrier ∆EAB/AA ≈ 0.5
meV/atom20 in the same range, once again one order of
magnitude smaller than the energy barriers found with
DFT. This is consistent with the results concerning the
influence of dispersion interactions reported in Ref.8

Lebedeva et al. also report that the energy barrier



10

∆EAB/AA calculated with Lennard-Jones potential is
underestimated by an order of magnitude with respect
to DFT-D calculations20 (because van der Waals disper-
sion interactions are only accountable for around 10 %
of the energy separation between AB and AA geometries).

To sum it up simply, although van der Waals disper-
sion interactions are the main contributor to the energy in
layered systems or non-covalently interacting aromatic
compounds, they cannot account qualitatively for energy
differences between different stacking geometries in
the case of graphene bilayers, or aromatic molecules
adsorbed parallel to a graphene sheet. These energy
differences seem overwhelmingly due to electronic

orbitals and hybridization effects and can be computed
e.g. through DFT.

The previous analysis is somewhat tempered by the re-
sults obtained by Kozlov and al. in Ref.4 (to which we
previously compared ReaxFF for six adsorption modes
of benzene on graphene) where diffusion energy profiles
calculations with DFT-D methods were done, to study the
energy barriers that a benzene or a polycyclic aromatic
molecule has to overcome when diffusing rigidly, paral-
lel to a graphene sheet, changing continously of adsorp-
tion site. These results yield in particular the following
decomposition of the energy difference between stacked
and sandwich configurations for benzene :

∆Etot
AB/AA = ∆EvdW

AB/AA +∆EDFT
AB/AA ≈−5.9 meV/C atom−2.6 meV/C atom =−8.5 meV/C atom (9)

i.e. the energy difference accounted by the semi-
empirical dispersion corrections to the DFT energy,
namely ∆EvdW

AB/AA ≈ −5.9 meV/C atom, between these
two extreme adsorption sites, is the main contributor
to ∆Etot

AB/AA. The results of Ref.4 are in contradiction,
among others, with the results described above from
Ershova and al.8 and Lebedeva et al.20 who showed that
the difference of vdW dispersion interactions energies
between AB and AA geometries is lower by one order
of magnitude than the pure DFT energy component (i.e.
should not account for more than 10 % of this energy
difference).

Finally, ReaxFF captures the good order of magnitude
of π −π stacking binding energies but does not separate
AB and AA configurations as correctly as DFT-D does,
as expected. As seen in Table VII, ReaxFF (with
this particular parametrization) performs better than
Lennard-Jones potential to separate these AB and AA
geometries, but slightly worse than Kolmogorov-Crespi
type potentials,15 which in turn separates much less AB
and AA geometries than DFT-D methods (e.g. ω-B97X-
D/6-31G∗) as in Ref.8,17,18,20

In conclusion, ReaxFF should be deemed a reasonable
force field to simulate large systems where π−π stacking
interactions are very significant – as for CNT/conjugated
polymer hybrids – and discuss the main geometrical fea-
tures (does adsorption occur, are monomer units paral-
lel or perpendicular to the surface, is the polymer chain
coiled or perfectly adsorbed on the surface, etc.). How-
ever, it cannot be used to conclude on the details of the
relative orientation of the polymer chain with respect to
the CNT surface – e.g. to know the angles between the
polymer backbone and the carbon hexagonal lattice un-

derneath – given that the energy barrier for translation of
aromatic compounds along the surface is too low.
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