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Abstract

In pursuit of sustainable lubricant materials, the in situ formation of graphitic
material has been shown to effectively reduce friction at metallic interfaces.
Aromatic molecules are perfect candidates for the formation of carbon-based
tribofilms due to their inertness and chemical structure. We selected a group
of common aromatic compounds, which are still unexplored in tribology, and
we investigated their capability to reduce the adhesion of sliding iron in-
terfaces. Ab initio molecular dynamics simulations show that hypericin, a
component of St. John’s wort, can effectively separate the mating iron sur-
faces better than graphene. The size of this molecule, combined with the
reactivity and the hindrance of its moieties, plays an important role in main-
taining large interfacial distances. Stacked hypericin molecules can easily
slide on top of each other due to the intermolecular repulsion arising in the
presence of load. The decomposition of the lateral groups of hypericin ob-
served in the dynamic simulations suggests that the polymerization of several
molecules can occur in tribological conditions. All these results pave the way
for promising alternatives to commonly employed friction modifiers.

Keywords: aromatic molecules, tribochemistry, ab initio molecular
dynamics, interface lubrication, carbon-based lubricants
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1. Introduction

Friction is a common phenomenon that occurs every time two surfaces
are in relative motion, causing huge energetic losses and CO2 emissions [1].
The technologies available today to limit the impact of friction on the en-
vironment are based on lubricant materials, e.g. solid lubricants, that are
deposited on the surfaces before sliding [2], and lubricant additives, that
are introduced in the contact through a liquid medium [3]. In particular,
the functionality of boundary lubrication additives resides in their capability
to decompose in tribological conditions. The molecular fragments resulting
from the decomposition of the additives can recombine into a protective layer
called tribofilm, that prevents the adhesive interaction between the sliding
parts [3]. The most successful representatives of this group of compounds are
zinc dialkyldithiophosphate (ZDDP) [4] and molybdenum dithiocarbamate
(MoDTC) [5], which showcase outstanding tribological properties at metallic
contacts. Despite their wide use, these additives contain sulfur and phos-
phorus, which represent a threat for the environment because these elements
can poison the catalysts used to reduce harmful emissions in car exhausts.
Therefore, identifying alternative materials to form effective and sustainable
tribofilms is an active field of research.

On the other hand, carbon-based materials are extremely successful in
reducing friction and wear in a wide variety of environments [6]. Graphene
is an ideal material in this context, as revealed by the extremely low coef-
ficients of friction measured not only at the nano-, but also at larger-scale
applications [7, 8, 9, 10]. Some authors have recently demonstrated the pos-
sibility to generate in situ graphitic tribofilms. Erdemir et al. showed that
molecules constituting the lubricating base oil, as well as methane, can form
a tribofilm on top of catalitically-active coatings [11, 12]. Zhang et al. ob-
served the formation of amorphous carbon and graphene from ethylene glycol,
both experimentally and computationally [13]. Those findings are promising
because they demonstrate the possibility to use new organic molecules in
tribology to effectively separate interfaces under mechanical stresses.

Here we consider the properties of several aromatic molecules at the inter-
face of iron to promote the formation of a carbon-based tribofilm, represent-
ing the initial steps of the mechanisms that lead to the low friction regimes.
Iron was chosen for its technologically relevance as the main constituent of
steel [14, 15]. We took into account hypericin and pseudohypericin, graphene
flakes with similar shape to hypericin, quinone and anthraquinone, benzyl
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benzoate and an organic dye called Oil Blue 35. Hypericin-like molecules
are commonly used to treat several illnesses, such as depression and can-
cer [16, 17]. Quinones are also employed for medical and pharmaceutical
purposes [18, 19], as well as in energy storage applications [20]. Benzyl ben-
zoate is used as an acaricide [21], as a catalyst [22] and has also been used
as a milling agent to produce boron nitride nanosheets [23]. Oil Blue 35, a
derivative of anthraquinone, is used as a fuel marker [24, 25]. Quinones were
considered in this study because emodin, a member of this family of com-
pounds, is a precursor of hypericin, both in natural and artificial synthetic
pathways [26]. Quinones might play a role as intermediates or side products
during the development of graphitic material from hypericin in tribological
conditions. Benzyl benzoate is another common compound, comparable in
size to the quinones, that could be involved in similar tribochemical reac-
tions. The graphene flakes were chosen to study the effect of the lateral
groups of hypericin on the adhesion to the metallic substrate. All these aro-
matic molecules have not been used in tribological applications yet, and, to
the best of our knowledge, their interfacial properties are investigated here
for the first time for this purpose.

Our approach is based on static and dynamic density functional theory
simulations to take into account the electronic degrees of freedom which are
essential for a complete description of this complicated tribochemistry. Our
aim is to identify the best performing molecules in separating the iron inter-
face and understand the mechanism through which some of these compounds
provide low resistance to sliding.

2. Methods and Systems

2.1. Computational protocol

The chemical structures of the molecules considered in this work are
shown in Figure 1. Hypericin is an organic compound composed of eight
aromatic rings. Hydroxyl, oxide and methyl groups occupy the edges of
the molecule, where several intramolecular hydrogen bonds are present [27].
Pseudohypericin differs from hypericin for the presence of an additional hy-
droxyl group attached to a methylene bridge. We considered two graphene
flakes composed of eight aromatic rings, as in the case of hypericin. Graphene
flake 1 presents two methyl groups in the same position of hypericin, unlike
graphene flake 2. The rest of the edges of the graphene flakes are satu-
rated by hydrogen atoms. Finally, we considered benzyl benzoate, quinone,

3



anthraquinone and Oil Blue 35, a derivative of anthraquinone with two alky-
lamino chains attached to one of the aromatic rings. Typically, these chains
contain four carbon atoms [25], yet we considered methylamino groups to re-
duce the computational effort. We believe this approximation can be justified
by the practically identical fragmentation energies of the different alkylamino
chains, as shown in the Appendix.

Hypericin Pseudohypericin

Graphene flake 1 Graphene flake 2

Quinone Anthraquinone

Benzyl benzoate Oil Blue 35

Figure 1: Molecular structures of the aromatic compounds considered in this work. Lateral
views are also included for the first four molecules, while the latter four are completely
flat, similarly to graphene flake 2. White, black, light blue and red atoms correspond to
hydrogen, carbon, nitrogen and oxygen, respectively.

To investigate the properties of these aromatic compounds at the iron
interface, we performed DFT simulations using Quantum ESPRESSO [28].
The ab initio molecular dynamics simulations were performed using a version
of the program modified by our group and previously used to study the tribo-
chemistry of lubricant additives at iron interfaces [14]. The Perdew-Burke-
Ernzerhof (PBE) exchange-correlation functional [29] was used in combina-
tion with Ultrasoft pseudopotentials. Values of 30 and 240 Ry were used as
cutoff for the kinetic energy of the plane waves and for the charge density,
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respectively, in agreement with our previous studies [15, 30]. In all the static
calculations, the integration of the charge density was performed on K-point
grids that were properly rescaled with respect to the iron bulk, originally
sampled with an 8 × 8 × 8 Γ-centered grid [31], to maintain an equivalent
K-point density of the Brillouin zone. Spin polarization was taken into ac-
count, and a Gaussian smearing of 0.02 Ry was added to better describe the
electronic occupations around the Fermi level.

We followed the computational protocol summarized in Figure 2.

Geometry optimization of 
the isolated compounds

Adsorption on Fe(110) Compression of the 
Fe(110) interface

AIMD simulations of 
tribological conditions

Load
and

shear

Fixed

No load 1 GPa load

Figure 2: Computational protocol adopted in this work.

The initial molecular geometries were generated by using the Avogadro
software [32]. The molecules were then optimized in a cubic cell with an edge
of 40 angstrom to avoid interactions between periodic replicas. All the geome-
try optimizations in this work were performed using the BFGS algorithm [33]
and they were stopped when the total energy and the forces converged under
the threshold of 1× 10−4 Ry and 1× 10−3 Ry/Bohr, respectively.

For molecular adsorption, Fe(110) slabs with different sizes were consid-
ered. The size of the slab used to adsorb the molecules was 5× 3

√
2, with a

thickness of three atomic layers and the coordinates of the bottom layer fixed,
except for anthraquinone and quinone, for which four-layers thick 4 × 3

√
2

and 3 × 3
√

2 iron slabs were used, respectively, without any geometric con-
straint. A vacuum region of at least 10 angstrom was included in the system
as a compromise between minimizing the interaction among periodic replicas
in the vertical direction and keeping the computational effort feasible.

Since dispersion forces may play an important role in the systems consid-
ered in this work, we included the DFT-D3 correction [34] in all the calcu-
lations. To estimate the strength of the interactions arising from dispersion
forces, we also calculated the adsorption energies without dispersion correc-
tion. The adsorption energies were calculated as:
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Eads = Etot − Emol − Eiron (1)

where Etot, Emol and Eiron are the total energies of the whole adsorbed sys-
tem, of the isolated molecule, and of the isolated iron slab, respectively.

Variable-cell calculations were performed, starting from the geometries
obtained from the adsorption simulations, to prepare the systems for the
subsequent dynamic simulations. In the variable-cell calculations, we first
optimized the geometry of the system without any external forces. In this
way, the molecules were confined at an iron interface. Afterwards, a compres-
sive stress of 1 GPa was applied to the system in the vertical direction, while
keeping the lateral dimensions constant. Both a single and a double layer of
intercalated molecules were considered, in analogy to a previous study con-
cerning graphene enclosed between iron surfaces [35]. Studying the behavior
of stacked molecules is also useful to represent the aggregation phenomenon
typically observed in hypericin [36]. To compare the surface coverage of the
compounds with different sizes, we normalized the number of atoms in each
molecule by the number of atoms composing the surface, as follows:

θ =
nC + nN + nO

nFe

(2)

where nC , nN and nO are the number of C, N and O atoms in the molecule
and nFe is the number of Fe surface atoms. Calculating an effective size of
a molecule is not trivial due to the complicated shape of its potential energy
surface. Equation 2 is a simplified way to compare the surface areas occupied
by the different aromatic compounds. We will refer to θ as atomic coverage
in the following. In the case of benzyl benzoate, we included two adjacent
molecules in the same simulation cell to reach an atomic coverage comparable
to the one of hypericin. Additionally, we considered one and two molecules
of quinone per layer to investigate the role of the coverage in the separation
of the interface.

One can estimate the interfacial adhesion as follows:

Eadh = Econtact − Eseparated (3)

where Econtact and Eseparated correspond to the total energies of the com-
pressed system resulting from the variable-cell calculation and the same sys-
tem in which the two periodic replicas are separated by at least 10 angstrom
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of vacuum. The average interfacial distance was also calculated at the end
of the variable-cell calculations.

Finally, Born-Oppenheimer molecular dynamics simulations were per-
formed, taking the compressed systems of hypericin, the graphene flakes and
quinone from the previous step as initial geometries. In these simulations, the
interface was composed of two iron tri-layers, except in the case of quinone,
for which four iron layers were considered in each slab. The integration of
the charge density was carried out at the Γ-point, and a time step of approx-
imately 1.45 fs was used. The first picosecond of the dynamic simulations
was spent on the equilibration of the systems at two different temperatures,
namely 300 and 380 K, using the velocity rescaling algorithm. These tem-
peratures were chosen because they represent a typical range of operation in
experiments focusing on the tribochemistry of organic compounds [12, 37].
Vertical forces corresponding to a normal load of 1 GPa were applied to the
topmost iron layer since the beginning of the simulation. After the equilibra-
tion time, a lateral velocity of 1 Å/ps in the [110] direction was applied to
all the atoms of the topmost iron layer. The coordinates of the bottom iron
layer were kept fixed throughout the whole simulation.

For each dynamic simulation, the average interfacial distance zeq, the
average interaction energy at the interface and the average resistive force were
calculated. The average interaction energy can be obtained in the following
way:

〈Eint(t)〉 = 〈Etot(t)〉 − Etop − Ebottom (4)

where Etot, Etop and Ebottom correspond to the total energy of the system at
each step of the simulation and the total energies of the optimized top and
bottom parts of the interface calculated separately, respectively. The average
resistive force per unit area was calculated as:

〈Flat(t)〉 =
1

A

∑
i

〈f i
x(t)〉 (5)

where A is the surface area of the simulation cell and f i
x(t) is the x-component

of the force of the i-th atom, being x the direction of the sliding motion.
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3. Results and Discussion

3.1. Adsorption on Fe(110) and compression of the interface

All the molecules considered in this work strongly attach to the Fe(110)
surface. The geometries and the adsorption energies of the different com-
pounds are shown in Figure 3. Despite being the largest molecules, hypericin
and pseudohypericin are characterized by the lowest adsorption energies, due
to their twisted molecular structures. The other molecules are flat, allowing
for larger interactions with the substrate. Graphene flake 2 has the strongest
adsorption energy, being -6.5 eV. By normalizing the adsorption energies by
the number of atoms in the molecules, quinone turns out to be the most
strongly attached, with an adsorption energy of -0.33 eV/atom. The disper-
sion forces stabilize the adsorption of these compounds with contributions
in the range 31–70 meV/atom, which represent the cases of hypericin and
anthraquinone, respectively.

The final geometries of the adsorbed systems were used as the starting
point of the variable-cell calculations in which the molecules are enclosed at
the Fe(110) interface. The interfaces were simulated both in the absence of
load, in analogy with a previous study concerning the lubricating proper-
ties of graphene mono- and bilayers [35], and in the presence of a load of
1 GPa. Since the molecules are characterized by different sizes, the inter-
facial coverage must be taken into account to compare the results of these
calculations. In the case of benzyl benzoate and quinone, two molecules are
necessary to achieve an atomic coverage comparable to the one provided by
the larger compounds. Additionally, we compared the capability of a single
and a double molecular layer to separate the interface, with the second layer
stacked on top of the first one. Table 1 reports the interfacial distances and
adhesion energies for one and two molecular layers in the absence of load.
The corresponding values at 1 GPa are included in the Appendix. The in-
terfacial distances at 1 GPa are slightly smaller than the ones in the absence
of load, while the interfacial adhesion is generally stronger. Figure 4 shows
selected geometries of the optimized interfaces without load and the plots
of the interfacial adhesion with respect to the interfacial distance for all the
systems.

Different factors determine the interfacial properties of these systems.
The strongest influence on the interfacial distance and adhesion is deter-
mined by the presence of either one or two stacked molecules at the inter-
face. Indeed, the interfacial distance increases by 3.5 Å on average, when two
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Hypericin -2.22 eV Pseudohypericin -2.49 eV

Graphene flake 1 -5.48 eV Graphene flake 2 -6.50 eV

Benzyl benzoate -3.47 eV Quinone -3.96 eV

Anthraquinone -4.73 eV Oil Blue 35 -4.92 eV

Figure 3: Lateral view of the adsorbed molecules on Fe(110). The corresponding adsorp-
tion energy in eV is reported below each system.

molecules are stacked at the interface. As shown in Figure 4, two hypericin
molecules, as well as two layers of benzyl benzoate, interact strongly with the
surfaces and weakly with each other. This behavior is observed consistently
across all the systems, and is useful for reducing the resistance to sliding.

The conformation of the molecules also plays an important role, as demon-
strated by the graphene flakes. The interfacial separation generated by
graphene flake 1, which has two methyl groups in the same position as hy-
pericin, is 1.2 Å wider than the one of graphene flake 2, in which the methyl
groups are absent. The methyl groups at the edge of the graphene flake repel
the countersurface due to their geometry, dictated by the sp3 hybridization
of the carbon atom. The interfacial adhesion is 0.8 J/m2 higher in the case
of graphene flake 2, indicating that graphene flake 1 offers less resistance to
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Table 1: Atomic coverage θ, interfacial distance zeq and interfacial adhesion Eadh for one
and two molecular layers at the Fe(110) interface optimized without load. The atomic
coverage is defined in Equation 2 as the ratio between the atoms of the molecules heavier
than hydrogen and the number of iron atoms composing the slab.

One intercalated layer Two intercalated layers

Molecule θ zeq (Å) Eadh (J/m2) zeq (Å) Eadh (J/m2)

Hypericin 126.6% 5.44 -0.33 8.45 -0.16
Pseudohypericin 130.0% 5.37 -0.73 8.28 -0.36
Graphene flake 1 100.0% 5.25 -0.34 8.47 -0.10
Graphene flake 2 93.3% 4.03 -1.14 7.49 -0.17
2x Benzyl benzoate 106.6% 5.28 -0.38 8.99 -0.10
Quinone 66.6% 3.15 -7.54 6.99 -0.45
2x Quinone 133.3% 4.76 -5.68 7.07 -0.87
Anthraquinone 100.0% 3.94 -5.62 7.27 -0.61
Oil Blue 35 66.6% 3.95 -1.74 6.73 -0.09

slide the Fe(110) interface.
The interfacial coverage of the molecules also influences separation and

adhesion. In the case of quinone, which is a small and flat molecule compared
to the other ones considered in this study, several bonds are formed across
the interface. Even though the atomic coverage of quinone and Oil Blue 35
is similar, the size of the latter molecule prevents the formation of interfacial
bonds. Indeed, considering two adjacent quinones at the interface prevents
the formation of Fe-Fe bonds, despite the strong interactions between the
molecules and the iron surfaces that keep the interfacial adhesion relatively
high.

The results for all the molecules are summarized in the plots of the inter-
facial adhesion with respect to interfacial distance, shown in Figure 4. The
values of the graphene mono- and bilayer are also included as a reference
for the cases of a single and double molecular layer, respectively [35]. The
molecules with ideal properties are found in the top-right region of the plots,
as they provide weaker interfacial adhesion and larger interfacial separations
compared to graphene. Hypericin outperforms all the other compounds in
the case of a single molecular layer at the interface. The interfaces separated
by two molecular layers of hypericin, benzyl benzoate, Oil Blue 35 and the
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Figure 4: Interfacial adhesion of the compressed systems with respect to their interfacial
distance, in the absence of load. The top and bottom plots correspond to a single and two
stacked molecular layers, respectively. Each dot in the plots is connected to the respective
compound and the red dashed lines highlight the points relative to a graphene monolayer
and bilayer. Lateral views of selected systems are included on the right side of the figure.

graphene flakes are all characterized by very low adhesion.

3.2. Dynamics at the Fe(110) interface

Figure 5 shows the resistive force and the interfacial interaction energy,
averaged over the dynamic simulation after the equilibration time, with re-
spect to the average interfacial distance. The systems with a single layer
of molecules at the interface are characterized by high resistance to slid-
ing, strong adhesive forces and low interfacial separations. We summarize
the main events observed during the dynamic simulations in the following,
starting from the systems with the lowest interfacial separation.
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Hydrogen atoms usually detached in the first picoseconds of the simu-
lations. In the case of a single quinone at 300 K, all the C-H bonds broke
before 1 ps. The first C-O bond broke at approximately 5.9 ps, and full
fragmentation of the molecule occurred at 13.3 ps, as shown in Figure 6A.
At 380 K, these dissociation occurred faster. The first C-O bond breaking
and the full fragmentation occurred at 3.7 and 6.2 ps, respectively. In both
simulations several Fe-Fe bonds across the interface were formed, leading to
the highest resistive forces among all the systems. The total simulation time
of this system is 15 ps for both temperatures, and representative snapshots
of the system at 380 K are reported in the Appendix.

Graphene flake 2 did not effectively separate the iron interface, causing
the formation of many interfacial bonds. The dissociation of the C-H bonds,
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5.0 ps 

1x Quinone

A

1.0 ps 5.9 ps 13.3 ps 14.5 ps 

B

Graphene flake 1

1.0 ps 2.5 ps 

D

2x Hypericin

1.0 ps 9.5 ps 

C

Hypericin

1.0 ps 3.3 ps 

4.0 ps 

Figure 6: Snapshots of the dynamic simulations of selected systems at 300 K: (A) top views
of the decomposition of quinone; (B) and (C) top views of graphene flake 1 and hypericin,
respectively; (D) lateral views of the sliding of two hypericin molecules. The size of the
iron atoms in all the panels was increased by approximately 40%, while their color was
altered to improve the visibility of the molecular fragments. The yellow and purple arrows
in panels b-d indicate dissociated H atoms and hydroxyl groups, respectively.

occurred in the first 2 ps, was the only event observed during the simulations
at 300 and 380 K, which lasted 4.1 and 4.5 ps, respectively. Representative
snapshots of graphene flake 2 at the sliding interfaces are shown in the Ap-
pendix. Graphene flake 1 was able to better separate the interface thanks
to the additional methyl groups on the side. Indeed, the average interaction
energy of graphene flake 1 is negative, i.e. repulsive, while the corresponding
value for graphene flake 2 is negative, i.e. attractive. These methyl groups
were pushed down by the top surface, which caused the decomposition of one
H atom per group, as shown in Figure 6B, and the rehybridization of carbon
from sp3 to sp2 during the first 2 ps of the simulations. Less Fe-Fe bonds
were formed compared to graphene flake 2 due to the increased surface area
of the flat graphene flake 1. The simulations for graphene flake 1 lasted 8.6
and 10.6 ps.

As expected from the static calculations, putting two adjacent quinone
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molecules provided a larger separation of the interface. Both at 300 and
380 K, the two molecules remained undecomposed and no Fe-Fe bonds were
formed during the simulations, as shown in the Appendix. The simulations
of this system lasted 15 ps.

Among the simulations containing a single intercalated layer of molecules,
hypericin showcased the most promising performance. The interfacial dis-
tance was the highest compared to the previous systems, the resistive force
was comparable to the one of graphene flake 1 and two quinone molecules,
while the interaction at the interface was positive at 380 K, indicating that
the compressed system was less favorable than the adsorbed molecule on
iron and the top surface at infinite distance. At 300 K, hydrogen atoms from
lateral hydroxyl and methyl groups detached at approximately 0.9 and 3.3
ps, respectively. At 1.2 ps, one of the oxygen atoms composing an hydroxyl
group detached from hypericin and diffused on the top surface. These de-
compositions are visible in Figure 6C. At 380 K, an hydroxyl group detached
before 1 ps and other hydrogen atoms were removed from hypericin after 7.4
ps, as shown in the Appendix. The simulations for a single layer of hypericin
molecules lasted 10.3 and 9.8 ps in total.

Stacked graphene flakes 1 and 2 and hypericin molecules provided high
interfacial separation, low resistive forces and positive interaction energies,
with the double hypericin layer outperforming the other two systems. The
stacked graphene flakes remained completely intact during the whole simu-
lations. The two hypericin molecules did not chemically react either, yet in
the simulation at 300 K the lateral groups of the molecules got stuck at 4.6
ps, causing a bending of the two structures and an increase in the interfa-
cial repulsion with respect to the same system at 380 K (Figure 6D). The
same bending was be observed only after 7 ps at 380 K. The simulations for
all these systems lasted approximately 10 ps on average, and representative
snapshots are also included in the Appendix.

To summarize, the molecules considered in this work separate the iron
interface differently. The following trends can be observed in the plots in
Figure 5. At low interfacial distances, the resistive force is high and the av-
erage interaction energy is negative, indicating that the compressed system
is favorable, while the reverse is true at high interfacial distances. The best
performing molecule at the interface of iron is hypericin, both in the case of
a single and a double intercalated layer, as it provided the highest interfacial
separation and the least resistance to sliding. The effect of temperature did
not clearly emerge from the dynamic simulations. The interfaces at 380 K
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generally showcased slightly higher resistive forces and more repulsive inter-
actions than the ones at 300 K, yet the main effect of the temperature on
the simulations is simply to accelerate the chemical decomposition of the
compounds. Instead, the steric hindrance of the molecules have a stronger
influence on the interfacial properties. Flat molecules cannot effectively sep-
arate the sliding surfaces, and low coverage values can induce the formation
of interfacial Fe-Fe bonds. The lateral groups of these compounds play an
important role also for the following steps of the reaction that may eventually
lead to the formation of a graphitic tribofilm.

4. Conclusion

The properties of several aromatic molecules at the Fe(110) surface and
interface were evaluated for the first time with ab initio molecular dynamics
simulations, with a particular interest in their capability to separate sliding
interfaces. Our simulations highlighted the role of hypericin as a possible
sustainable lubricant, as it effectively reduces the adhesive friction of the
iron interface. We found that an efficient passivation of the sliding surfaces
can be obtained by stacked undissociated molecules, which strongly repel
each other. The comparison with other aromatic compounds reveals that
these beneficial interfacial properties stem from the size of the molecule and
the steric hindrance of its lateral groups. Indeed, a layer of these molecules
can efficiently reduce adhesive friction of the Fe(110) surface even better than
graphene.

The effect of temperature was also taken into account in the dynamic
simulations. At 380 K, the dissociation of the lateral groups of hypericin
is generally accelerated with respect to the corresponding system at 300 K,
suggesting that larger graphenic patches may be formed by the coalescence
of different molecules exposing dangling bonds.

Even though we only considered the most stable surface of iron in this
study, we believe that the lubrication mechanisms of these compounds could
be valid for other surface orientations, onto which the aromatic molecules
can adsorb more strongly. On the other hand, the presence of surface oxides
can limit the adsorption energy of the compounds, yet the slipperiness of
undissociated hypericin molecules and their potential to build larger carbon
structures are a promising perspective that deserves further investigation in
future works.
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Appendix A. Fragmentation energies of hypericin, benzyl ben-
zoate, Oil Blue 35

The fragmentation energies shown in Figure A.7 were calculated as:

∆Efrag = Efrag1 + Efrag2 − Emolecule (A.1)

where Efrag1, Efrag2 and Emolecule are the total energies of the two molecular
fragments and the whole molecule, respectively, in analogy with our previous
studies [40, 41, 42].
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Oil Blue 35
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Figure A.7: Fragmentation energies, calculated as in Eqn. A.1, of hypericin, benzyl ben-
zoate and Oil Blue 35. All the energy values are expressed in eV.
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Appendix B. Details on the compressed molecules at the Fe(110)
interface

Figure B.8 includes the lateral views of all the systems without load.
On average, the interfacial distances at 1 GPa are 0.26 and 0.51 Å smaller

than the corresponding values without load in the case of one and two molec-
ular layers, respectively. The interfacial adhesion at 1 GPa for one layer of
molecules is more favorable by 0.14 J/m2 with respect to the uncompressed
system, except for two quinone molecules, for which the interfacial adhesion
becomes less favorable by 0.85 J/m2. For two molecular layers, the interfacial
adhesion at 1 GPa does not significantly change with respect to the uncom-
pressed systems, except for quinones, for which the interaction becomes more
favorable by 1.8 eV J/m2.

Table B.2: Atomic coverage θ, interfacial distance zeq and interfacial adhesion Eadh for
one and two molecular layers at the Fe(110) interface, optimized at 1 GPa.

One intercalated layer Two intercalated layers

Molecule θ zeq (Å) Eadh (J/m2) zeq (Å) Eadh (J/m2)

Hypericin 126.6% 5.27 -0.40 7.90 -0.19
Pseudohypericin 130.0% 5.16 -0.79 8.04 -0.16
Graphene flake 1 100.0% 5.06 -0.34 7.63 -0.15
Graphene flake 2 93.3% 3.91 -1.35 7.29 -0.16
2x Benzyl benzoate 106.6% 4.30 -0.57 7.76 -0.15
Quinone 66.6% 3.11 -7.71 6.78 -2.25
2x Quinone 133.3% 4.37 -4.83 7.04 -0.69
Anthraquinone 100.0% 3.87 -5.69 7.08 -0.59
Oil Blue 35 66.6% 3.78 -1.93 7.02 -0.76
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Hypericin Pseudohypericin

Graphene flake 1 Graphene flake 2

1x Quinone 2x Quinone

Anthraquinone Oil Blue 35

2x Benzyl benzoate

Figure B.8: Lateral views of the interfaces with intercalated molecules in the absence of
load. For each system, the interfaces with one and two molecular layers are shown.
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Appendix C. Additional snapshots of the dynamic simulations

C

Graphene flake 2, 300 K

1.0 ps 4.0 ps 

D

Graphene flake 2, 380 K

1.0 ps 4.0 ps 

A

1x Quinone, 380 K

3.7 ps 14.0 ps 

B

Hypericin, 380 K

1.0 ps 9.5 ps 

E

2x Quinone, 380 K

1.0 ps 14.0 ps 

F

2x Hypericin, 380 K

1.0 ps 7.0 ps 

Figure C.9: Snapshots of the dynamic simulations of selected systems: (A) top views of
the decomposition of quinone at 380 K; (B) top views of hypericin at 380 K; (C) and (D)
top views of graphene flake 2 at 300 and 380 K, respectively; (E) top views of two adjacent
quinone molecules at 380 K; (F) top and lateral views of two stacked hypericin molecules.
The size of the iron atoms in all the panels was increased by approximately 40%, while
their color was altered to improve the visibility of the molecular fragments.
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[27] J. Uličný, A. Laaksonen, Hypericin, an intriguing internally het-
erogenous molecule, forms a covalent intramolecular hydrogen bond,
Chemical Physics Letters 319 (2000) 396–402. URL: https://

www.sciencedirect.com/science/article/pii/S0009261400001780.
doi:https://doi.org/10.1016/S0009-2614(00)00178-0.

[28] P. Giannozzi, S. Baroni, N. Bonini, M. Calandra, R. Car, C. Cavaz-
zoni, D. Ceresoli, G. L. Chiarotti, M. Cococcioni, I. Dabo, A. D. Corso,
S. de Gironcoli, S. Fabris, G. Fratesi, R. Gebauer, U. Gerstmann,
C. Gougoussis, A. Kokalj, M. Lazzeri, L. Martin-Samos, N. Marzari,
F. Mauri, R. Mazzarello, S. Paolini, A. Pasquarello, L. Paulatto,
C. Sbraccia, S. Scandolo, G. Sclauzero, A. P. Seitsonen, A. Smo-
gunov, P. Umari, R. M. Wentzcovitch, Quantum espresso: a modu-
lar and open-source software project for quantum simulations of ma-
terials, J. Phys. Condens. Matter 21 (2009) 395502. URL: http:

//stacks.iop.org/0953-8984/21/i=39/a=395502.

[29] J. P. Perdew, K. Burke, M. Ernzerhof, Generalized gradient ap-
proximation made simple, Phys. Rev. Lett. 77 (1996) 3865–3868.
URL: https://link.aps.org/doi/10.1103/PhysRevLett.77.3865.
doi:10.1103/PhysRevLett.77.3865.

23

https://onlinelibrary.wiley.com/doi/abs/10.1111/cote.12263
https://onlinelibrary.wiley.com/doi/abs/10.1111/cote.12263
http://dx.doi.org/https://doi.org/10.1111/cote.12263
http://arxiv.org/abs/https://onlinelibrary.wiley.com/doi/pdf/10.1111/cote.12263
https://www.sciencedirect.com/science/article/pii/S0143720817319472
https://www.sciencedirect.com/science/article/pii/S0143720817319472
http://dx.doi.org/https://doi.org/10.1016/j.dyepig.2017.12.013
http://dx.doi.org/10.1080/15422119.2020.1797792
http://dx.doi.org/10.1080/15422119.2020.1797792
https://www.sciencedirect.com/science/article/pii/S0009261400001780
https://www.sciencedirect.com/science/article/pii/S0009261400001780
http://dx.doi.org/https://doi.org/10.1016/S0009-2614(00)00178-0
http://stacks.iop.org/0953-8984/21/i=39/a=395502
http://stacks.iop.org/0953-8984/21/i=39/a=395502
https://link.aps.org/doi/10.1103/PhysRevLett.77.3865
http://dx.doi.org/10.1103/PhysRevLett.77.3865


[30] S. Peeters, C. Charrin, I. Duron, S. Loehlé, B. Thiebaut, M. Righi,
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