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Abstract
Marine mussels permanently adhere to various surfaces via catechol
(1,2-dihydroxybenzene) functional groups. Such biofouling causes adverse
effects, including the corrosion and dragging of a marine vessel. By using the
density functional theory, we show an electrical stimulus detach a catechol
molecule that strongly adhered to a silica surface. A moderate electric field
significantly decreases the binding energy of catechol adhered to a dry or wet
silica surface.
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INTRODUCTION

Fouling refers to an undesirable adhesion of an organism
or substance to a surface.1 Virtually all material objects,
especially marine vessels and underwater constructions,
are susceptible to biofouling.2–4 An antifouling coating can
downplay the friction and resource wastage caused by
biofouling.5–9 Up to date, a coating cannot suppress the bio-
fouling of a surface completely.10,11 The transplanted
devices often trigger immunogenic responses which result
in biofouling.12,13 This biofouling causes severe infections,
killing more than 99,000 people in the United States in
2007.14 Therefore, a fundamental understanding of antifoul-
ing is highly desirable tominimize biofouling.

Marine mussels naturally have the unparalleled abili-
ties to deposit adhesive proteins on various surfaces
under wet conditions for their survival and self-protec-
tion.15,16 Extensive efforts have been made to mimic the
natural adhesives secreted by marine mussels. The
strong mussel adhesion is ascribed to catechol (1,2-
dihydroxybenzene) groups of the mussel adhesive

proteins (MAPs). Elucidating the adhesion mechanism of
catechol might provide the key to solving biofouling.

Herein, we investigate whether an electric field reverts
the strong adhesion of MAP.17–19 Specifically, we study
the antifouling of catechol adhered onto a hydrophilic silica
surface. Previously, the adhesion of catechol onto a silica
surface has been studied.20–24 We apply an external electric
field25 of low strength which is tolerable in the human body.
We investigate the effects of such an electric field on the
catechol adsorbed on a dry or wet silica surface. By using
the density functional theory (DFT), we elucidate the
molecular-level information on the adhesion and detach-
ment of catechol. We also used an ab initio molecular
dynamics (MD) simulation to study the dynamics underlying
the detachment of catechol induced by an electric field.

COMPUTATIONAL METHODS

We performed the DFT simulations by using the SIESTA
package.26 We drew the structure of the silica surface
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from the bulk structure of SiO2 with the tetragonal (P4121)
symmetry having lattice parameters a = b = 4.97 Å and
c= 6.93 Å.27–31 The silica surface was comprised of 16 atomic
layers of SiO2 and a total number of 198 atoms. The Si and H
atoms of the bottom layer of the silica surface were con-
strained to maintain the bulk structure. We used a large sim-
ulation box of ~40 Å in length to remove the art effects of
the periodic boundary conditions applied.27–30,32,33

We performed the DFT calculations for an isolated cat-
echol molecule, a silica surface, and a catechol molecule
adsorbed on the silica surface.27,30 We modeled the
exchange and correlation of electrons by using the gener-
alized gradient approximation (GGA) combined with the
revised Perdew–Burke–Ernzerhof (RPBE)30 functional. The
core electrons were treated by using the norm-conserving
pseudopotential.34

We used the basis set of atomic orbitals with the dou-
ble zeta with polarizations (DZP) to treat valence elec-
trons. The mesh cut-off was 2.72 ke,35,36 and the Brillouin
zone sampling was done by using 3 � 3 � 1 k points.37

All the geometries were fully optimized by using the
conjugate gradient method38 with variable cells. We
considered the geometry optimization to be converged
when the maximal atomic force was less than 0.04 eV/Å.

We used the semi-empirical method to calculate the
dispersion energy proposed by Grimme.39,40 The Grimme dis-
persion equation was summed over all possible atomic pairs
and considered the two-dimensional periodic boundary con-
dition with the least possible pattern.41 We used an energy
cut-off of 2721.14 eV (200 Ry) for geometry optimization.

We placed an optimized catechol molecule 3 Å above
the optimized silica surface. We used the counterpoise
correction method to eliminate the basis set superposi-
tion error.42,43

We ran an ab initio MD simulation by using the GGA
and RPBE functionals with the DZP basis set. We ran MD
simulations in the NVT ensemble at a human body

temperature (330 K) with an electrical stimulus of 2 or
20 V/mm. The time step was 1 fs. We used a force toler-
ance of 0.04 eV/Å in the MD simulation.

RESULTS AND DISCUSSION

Adsorption of catechol on a dry or wet silica
surface

The optimized geometries of the dry and moist silica
surfaces were considered for the adsorption of catechol.
Catechol was strongly adhered to the dry or wet surfaces.
The optimized geometries of catechol on the dry and wet
surfaces are shown in Figure 1a,b, respectively. In Figure 1,
the H bonds formed between the surface silanols and the
catechol molecule are drawn as the black broken lines. The
catechol molecule formed four H bonds with the hydroxyl
groups of the dry surface with bond lengths of 1.74, 1.73,
1.93, and 1.82 Å. On the wet silica surface, the catechol mole-
cule was surrounded by five water molecules. It formed four
H bonds with bond lengths of 1.82, 1.849, 1.69, and 1.77 Å.

Detachment of catechol from surface under
an electric field

We applied a human bearable electric field on the cate-
chol molecule adhered to the dry or wet silica surface.
The electric field was applied either in the geometry opti-
mization or in the ab initio MD simulation.

In the geometry optimization with an external electri-
cal stimulus, the polarization of the system significantly
increased. In contrast, the binding energy of catechol
decreased for both the dry and wet surfaces. The bond
distance between the molecule on the dry and wet
surfaces increased due to the applied field.

F I G U R E 1 Optimized geometries of catechol molecules adsorbed on the dry (a) and moist (b) silica surfaces. Shown as the orange, red, white, and
cyan balls are silicon, oxygen, hydrogen and carbon atoms, respectively. In this and all the following figures, we used the same graphical
representation of atoms

ILYAS ET AL. 211BULLETIN OF THE

KOREAN CHEMICAL SOCIETY



In the absence of an electric field, the catechol mole-
cule formed four H bonds with the dry silica surface with
bond lengths of 1.74, 1.73, 1.93, and 1.82 Å. With an elec-
trical stimulus of 20 V/mm, these bonds elongated to
1.83, 1.80, 1.96, and 2.21 Å, respectively, as illustrated in
Figure 2a. Similarly, with an electric field, the H bonds of
catechol adhered to a moist surface also elongated from
1.82, 1.849, 1.69, 1.77 Å to 1.844, 1.956, 1.72, 1.956 Å,
respectively (Figure 2b).

Shown in Figure 3 are the variations in the OH bond dis-
tances of silanols of the silica surface during the adsorption
and desorption of the catechol molecule in the absence and
presence of an electric field of 20 V/mm. The black circles
represent the O–H bond distances of the silanols on the
bare silica surface. Upon adsorption of catechol on the silica

surface, the surface O–H bond distance changed, as drawn
as red circles. For the catechol molecule adsorbed on the
wet silica, the variations of the bond lengths of the surface
silanols (O–H) are drawn as blue circles. With the applied
electric field, the surface silanols lengthened in their O–H
bond distances because of the increase in the polarization
of the silica surface. Overall, the increase in the O–H bond
distance was visible in the right of Figure 3. The peaks in the
left panel were slightly higher than those in the right panel,
indicating the effect of an applied electric field.

In order to estimate the deformations of catechol and
surface in the adhesion, we calculated the deformation
energy11 of the catechol molecule dEM defined as

dEM ¼ EmMS Mð Þ�EmM Mð Þ,

F I G U R E 2 Optimized geometries of the catechol molecules adsorbed on the dry (a) and moist (b) silica surfaces under an applied electric field.
The arrows indicate the increases in the distance between molecule and surface

F I G U R E 3 The bond length variation with the number of silanols for catechol in dry and wet environment with zero external electric field (left
panel) and non-zero electric field (right panel). The black, red and blue color represents optimized bare silica, catechol adsorbed on dry, and catechol
adsorbed surrounded by five water molecules on silica surface, respectively
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and the deformation energy of the surface dES given by

dES ¼ EsMS Sð Þ�EsS Sð Þ:

dEM and dES were found to be 13.26 and 0.84 kcal/mol,
respectively. In the presence of an electric field of 20 V/mm,
which weakens the molecular adhesion, dEM and dES were
4.22 and 3.01 kcal/mol, respectively. After the catechol
was electrically detached, the catechol deformed because
the adsorption was restored to give dEM and dEs to
4.22 kcal/mol. In contrast, the dES increased from 0.84 to
3.01 kcal/mol after desorption, signifying the strong
adsorption of catechol molecules to the surface.

We ran the ab initio MD simulation to observe the
dynamics of the detachment of catechol from the surface
in the presence of an electric field. As shown in Figure 4,
catechol molecules adhered to the dry and wet surfaces
were detached from the surfaces. We observed that the
attached catechol molecule visibly rose up from the
surface. The catechol molecule was completely detached
from both the dry and wet surfaces, showing the adhesion
of catechol was completely reversed.

On both the dry and wet surfaces, the polarization of
the system significantly decreased, indicating the detach-
ment of molecules from the surface. The silanols of the
surface restored their lengths to their initial bond lengths,
confirming the detachment of the adhesive molecule
from the surface for both the dry and wet surfaces.

Figure 5 shows the binding energies (ΔE) of the cat-
echol adsorbed on the dry and wet silica surfaces without
and with an applied electric field of 20 V/mm. The ΔEs cal-
culated from the geometries obtained at the end of the
MD simulation are also shown in the figure. One can see
that the geometries without electrical stimulus have stron-
ger binding energy than those with electrical stimulus. By
applying electrical stimulus to reverse the strongly attached
catechol slightly lifted with a slight increase in the bond

distance with the surface. The MD simulation performed for
the detachment purpose clearly established that the mole-
cule is completely reversed from the adsorbed position to
almost the position where it was initially placed for the
adsorption, that is, 3 Å above the surface.

CONCLUSION

Catechol plays a central role in the strong adhesion of
mussels onto a dry or wet surface. The binding energy of
catechol indicates the robust and permanent attachment,
which is beneficial for coating purposes. To overcome the
problems associated with biofouling, we applied an elec-
trical stimulus of 20 V/mm at human body temperature to

F I G U R E 4 MD simulation of complete detachment of catechol from the surface under an external electric field of 20 V/mm at human body
temperature in the dry (a) and wet (b) surfaces. MD, molecular dynamics

F I G U R E 5 The binding energy of catechol on the dry and wet
silica with detachment due to applied electric field which clearly
demonstrated that both the molecules were almost detached from
the surface
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that strongly bonded molecule to reverse this strong
attachment. We found that catechol tethered to a silica
surface was successfully detached in both dry and wet
conditions. Catechol detached from the surface due to an
electrical stimulus and lifted from the surface to almost
the same position above the surface where it was initially
placed. The binding energy and the deformation energy
of both molecule and surface confirmed the reversal of
the strong adhesion of catechol.
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