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interactions on graphite: a DFT study

Mengdi Zhao a,1 , Jinjin Zhang a,1, Yanhong Yin a, Chunxian Guo a,*, Joonkyung Jang b,*

a Department of Materials Science and Engineering, Suzhou University of Science and Technology, Suzhou 215009, PR China
b Department of Nanoenergy Engineering, Pusan National University, Busan 46241, the Republic of Korea

A R T I C L E  I N F O

Keywords:
Catechol derivatives
Density functional theory
Bioinspired adhesion
Interfacial charge transfer
Functional group modulation

A B S T R A C T

This study investigates the adhesion of catechol and its derivatives to graphite to elucidate the effects of chemical 
functionalization and molecular flexibility on adhesion. Density functional theory (DFT) was used to systemat
ically examine various electron-donating and electron-withdrawing substituents. All catechol derivatives 
exhibited strong adhesion to graphite, confirming the intrinsic adhesive capability of the catechol motif. Multiple 
substituents on the aromatic ring of catechol did not provide further improvement beyond that achieved by the 
strongest single substituent. In contrast, attachment of a flexible aliphatic chain with a polar end group markedly 
increased adhesion strength by enabling multipoint contact with the surface. Electron-donating substituents tend 
to increase electron density on the adsorbed molecule relative to the graphite surface. In contrast, electron- 
withdrawing substituents lead to the opposite redistribution of electron density, with a slight depletion of 
electron density on the molecule relative to graphite. The calculated adsorption energies indicate that catechol 
derivatives bearing electron-withdrawing substituents generally exhibit stronger adsorption on graphite than 
those containing electron-donating groups. The direction and magnitude of interfacial electron redistribution 
correlate with the electronic structure of the substituent and the resulting adhesion strength. This study provides 
useful guidelines for the rational design of bioinspired catecholic adhesives and coatings.

1. Introduction

Marine mussels adhere robustly to wet surfaces, even under condi
tions of high salinity and dynamic flow. Mussels secrete byssal adhesive 
proteins that enable firm attachment to rocks, ship hulls, and various 
submerged surfaces despite relentless wave action [1–3]. Mussel foot 
proteins (Mfps) are unusually rich in the L-3,4-dihydroxyphenylalanine 
(DOPA) residue. The catechol group of DOPA forms strong bidentate 
interactions with surface oxides through hydrogen bonding and metal 
coordination, thereby significantly enhancing adhesion to metal oxide 
substrates (e.g. Al2O3) [4–6]. DOPA also coordinates metal ions such as 
Fe3+, V3+, and Al3+ to form stable tris-catecholate complexes [7–9], 
which further contribute to robust wet adhesion on oxide-containing 
surfaces [1,10]. Beyond metal coordination, Mfps employ diverse non
covalent interactions to adhere to a wide range of substrates. Mussels 
can form underwater bonds with materials including glass, plastics, and 
metal oxides [11]. These adhesive interactions arise from a combination 
of mechanisms, including bidentate hydrogen bonding to polar surfaces, 

hydrophobic and van der Waals interactions with nonpolar substrates, 
and cation–π interactions involving positively charged residues [12,13]. 
In addition, aromatic residues such as DOPA can interact favorably with 
π-electron-rich or hydrophobic surfaces through dispersive and π-related 
interactions, contributing to adhesion on carbonaceous and polymeric 
materials. Collectively, these interactions enable Mfps to adhere 
strongly to both soft and hard surfaces and to both polar and nonpolar 
substrates under wet conditions [14,15], as schematically illustrated in 
Fig. 1.

Graphite is a prototypical hydrophobic material with a layered 
structure and an extended π-electron system. Investigating the adhesion 
of catechol and its derivatives to this substrate is therefore of particular 
interest. Compared with a single graphene sheet, multilayer graphite 
more closely represents real engineered surfaces and provides a tunable 
interfacial environment for molecular immobilization, charge transfer, 
and energy dissipation. The electronic band structure and surface states 
of graphite differ from those of isolated graphene, which can influence 
the adsorption behavior of catechol-like molecules. These characteristics 
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have motivated interest in graphite for applications ranging from anti
fouling coatings to nanoelectronics and biosensors. Previous theoretical 
studies have explored molecular adsorption and adhesion on graphitic 
carbon surfaces, emphasizing the role of dispersion interactions and π–π 
stacking in stabilizing molecule–surface interfaces. For example, first- 
principles calculations have been used to examine the adhesion of 
epoxy resin fragments on graphite and hexagonal boron nitride surfaces, 
showing that the interaction with graphite is mainly governed by 
dispersion forces between aromatic rings and the graphitic basal plane 
[16]. Other studies have investigated the adsorption of phenolic mole
cules on graphene-based materials and found that aromatic stacking and 
functional groups can significantly affect adsorption strength and 
interfacial charge transfer [17].

Despite these efforts, current understanding of molecular adhesion 
on graphite remains incomplete. Most previous studies have focused on 
idealized graphene sheets or functionalized graphene oxide surfaces, 
while relatively few studies have systematically examined how different 
molecular functionalizations and substituents influence adsorption 
behavior on layered graphite surfaces. In particular, the detailed adhe
sion mechanisms of catechol-based adhesive molecules on graphite are 
not fully understood, especially with respect to how different molecular 
functionalizations influence adsorption strength and interfacial elec
tronic structure.

One promising strategy to tune the adhesion of catechol to carbon 
surfaces is to modify the aromatic ring with various substituents. 
Simulation studies have shown that both electron-donating and 
electron-withdrawing substituents on the aromatic ring can enhance 
adhesion to graphene, with polar groups such as hydroxyl (–OH) 
exerting particularly strong effects [18]. In addition, first-principles 

investigations of layered graphite surfaces have revealed that strong 
electron-withdrawing substituents can markedly strengthen adsorption 
by enhancing π–π interactions and interfacial charge transfer between 
catechol derivatives and the carbon surface [19]. Increasing the number 
of –OH groups on a phenylene ring (i.e., increased ring hydroxylation) 
significantly enhances adsorption affinity, whereas the specific 
arrangement of these –OH groups (ortho vs. para) plays a comparatively 
minor role [20]. Consistent with these findings, introducing polar 
functional groups on carbon adsorbents can strengthen adsorption 
through specific interactions; for example, carboxyl (–COOH) groups on 
carbon surfaces can form strong hydrogen bonds with phenolic –OH 
groups of adsorbates, thereby improving phenol uptake [21,22]. 
Furthermore, molecules with similar structures can exhibit distinct 
adsorption preferences depending on their functional groups. For 
instance, catechol (with vicinal dihydroxyl groups) and aniline (with an 
–NH2 group) show different adsorption affinities for epoxy versus 
carboxyl sites on graphene oxide, underscoring the complex interplay 
between molecular functional group chemistry and surface functionality 
[19,23].

At present, theoretical studies examining how functional group 
chemistry, substituent positioning, and molecular flexibility collectively 
influence the adhesion of catechol to graphite are scarce. Previous work 
has typically focused on varying only a single parameter, such as eval
uating the effect of an individual substituent on pristine graphene [24]
or examining adsorption behavior on oxidized carbon surfaces with 
fixed functionalities [19]. This gap highlights the need for a compre
hensive study that explores potential synergistic effects or trade-offs 
among multiple substituents, as well as the role of flexible linkers in 
modulating adhesion strength, interfacial conformation, and charge 

Fig. 1. Mussel-inspired wet adhesion mechanisms. (a) Photograph of a mussel attached to a substrate via byssal threads (left) and a schematic illustration of the 
adhesive plaque formed by major mussel foot proteins (Mfp-1 to Mfp-6) at the substrate interface (right). These proteins collectively contribute to underwater 
adhesion. (b) Catechol moiety of DOPA enables adhesion through multiple interaction modes with different substrate surfaces, including hydrogen bonding and 
metal coordination on oxide surfaces, hydrophobic and van der Waals interactions on nonpolar materials, as well as π-related or cation-π interactions that facilitate 
adhesion to carbonaceous or polymeric substrates.

M. Zhao et al.                                                                                                                                                                                                                                   Applied Surface Science 736 (2026) 166749 

2 



transfer of catechol. Addressing these aspects is essential for bridging 
molecular-level design with macroscopic performance, particularly in 
the development of bioinspired adhesives that function across diverse 
material classes and in the engineering of surface coatings with tailored 
adhesion and electronic properties.

Herein, we address these knowledge gaps through first-principles 
density functional theory (DFT) calculations. We systematically 
analyze the adsorption of catechol-based molecules on a graphite sur
face. A wide range of catechol derivatives is considered, including 
molecules with single-ring substituents (–NH2, –COOH, –OH, –NO2, 
–CF3, –CH3, –CN) in both ortho and para positions relative to the hy
droxyl groups of catechol, as well as a di-substituted catechol bearing 
both –NH2 and –COOH. To examine the role of molecular flexibility, 
catechol derivatives with aliphatic linkers terminated with –COOH are 
also evaluated, specifically catechol–CH2–COOH, catechol– 
(CH2)2–COOH, and catechol–(CH2)3–COOH, with the chain attached at 
the 4-position of catechol, opposite one of the native –OH groups. For 
each molecule, key interfacial properties are computed, including 
adsorption energy, optimized adsorption geometry, and interfacial 
charge transfer. The results reveal how substituent identity, electronic 
properties, and chain flexibility influence π–π interactions and charge 
redistribution at the interface. These insights provide a coherent 
molecular-level understanding of catechol adhesion on carbon surfaces 
and offer theoretical guidance for designing high-performance adhe
sives, electrochemical interfaces, and other functional coatings based on 
catechol-derived molecules.

2. Computational methods

DFT calculations were performed to investigate the adsorption of 
catechol and its derivatives on a graphite surface [25,26]. All calcula
tions were carried out using the Vienna Ab initio Simulation Package 
(VASP) [27,28]. The Perdew–Burke–Ernzerhof (PBE) generalized 
gradient approximation functional [29,30] was employed to describe 
exchange–correlation effects. Dispersion interactions were included 
using the DFT-D3 dispersion correction implemented in VASP to account 
for long-range van der Waals interactions between the adsorbate and the 
graphite surface. Core-valence interactions were treated using the pro
jector augmented-wave (PAW) method, and a plane-wave basis set with 
a kinetic energy cutoff of 450 eV was applied.

The graphite substrate was modeled as an AB-stacked multilayer 
graphene slab within a periodic supercell. A 6 × 6 lateral supercell 
containing 144 carbon atoms was used, with lattice parameters of 
approximately 14.76 Å in both the x and y directions. After structural 
optimization, the interlayer spacing of graphite was 3.37 Å and the C–C 
bond length was 1.42 Å, in close agreement with experimental and 
previous theoretical values [31–33]. A vacuum region of 25 Å was 
applied perpendicular to the surface to prevent spurious interactions 
between periodic images. The slab model included a single exposed 
graphite basal plane for adsorption; the bottom graphene layer was fixed 
at bulk positions during relaxation, while the upper layers and the 
adsorbate were fully relaxed. Brillouin zone sampling was performed 
using a Gamma-centered k-point grid, which was sufficient to ensure 
total-energy convergence given the large supercell size. The electronic 
self-consistent field convergence criterion was set to 1 × 10− 5 eV, and 
structural optimizations were considered converged when the residual 
forces on all atoms were below 1 × 10− 4 eV Å− 1.

A series of catechol-based adsorbate molecules was constructed, with 
catechol (1,2-dihydroxybenzene) serving as the base molecule. Chemi
cal analogues of catechol bearing single substituents (–NH2, –COOH, 
–OH, –NO2, –CF3, –CH3, and –CN) on the phenylene ring were then 
considered. For each substituent, two regioisomeric configurations were 
modeled: one with the substituent in the ortho position (adjacent to a 
catechol –OH group) and one in the para position (opposite a –OH 
group). A di-substituted catechol carrying both an –NH2 and an –COOH 
group on the ring, combining a strong electron donor and a strong 

electron-withdrawing group on the same aromatic ring, was also 
examined. In addition, three derivatives with flexible alkyl linkers were 
investigated: catechol–CH2–COOH, catechol–(CH2)2–COOH, and cat
echol–(CH2)3–COOH. In these molecules, a carboxylic acid functional 
group is attached to the catechol ring via an aliphatic chain of one, two, 
or three methylene units, with the chain connected at the 4-position of 
catechol, opposite one of the native –OH groups. The molecular struc
tures considered in this study are illustrated in Fig. 2. For several 
representative systems, different initial adsorption geometries were 
tested to confirm the stability of the optimized adsorption configuration.

Adsorption energies (Eads) were calculated to quantify the strength of 
molecule–surface interactions. The adsorption energy is defined as 
follows: 

Eads = Etotal - (Eslab + Emolecule),

where Etotal is the DFT total energy of the optimized adsorbed system, 
Eslab is the energy of the isolated graphite slab, and Emolecule is the energy 
of the isolated molecule in the same cell (with slab and molecule ge
ometries fixed as in the adsorbed state). A negative Eads indicates an 
exothermic (favorable) adsorption.

To analyze electronic interactions at the interface, Bader charge 
analysis was performed on the charge density of each optimized 
adsorption system. This allowed estimation of the net charge transfer 
between the molecule and graphite upon adsorption. Charge transfer 
values are reported as Δq (in units of electrons), defined such that a 
positive Δq indicates electron gain by the molecule (and equivalent 
electron loss by the surface), whereas a negative Δq indicates electron 
transfer from the molecule to the surface. Additionally, charge density 
difference maps were generated to visualize electron redistribution upon 
adsorption. The differential charge density is defined as 

Δρ(r) = ρ(molecule+surface)(r) − [ρ(molecule)(r) + ρ(surface)(r)],

and was plotted as isosurfaces, with regions of electron accumulation 
and depletion indicated by different colors, to qualitatively illustrate 
donor–acceptor charge redistribution at the interface. All structural and 
charge-density visualizations were prepared using VESTA and related 
software.

3. Results and discussion

3.1. Adsorption energies of catechol and its derivatives

All catechol-based molecules investigated in this study exhibited 
strong adsorption on the basal plane of graphite. For the parent catechol 
molecule (1,2-dihydroxybenzene) without additional substituents, the 
calculated adsorption energy was approximately –55 kJ⋅mol− 1. This 
result confirms that the catechol dihydroxyl motif possesses an intrinsic 
affinity for π-electron-rich carbon surfaces, likely through π–π stacking 
of its aromatic ring on the graphite lattice, complemented by dispersive 
van der Waals interactions.

Introducing electron-donating groups, such as –NH2 and –CH3, 
significantly enhanced adsorption strength compared with catechol. As 
shown in Fig. 3, these substituents consistently yielded stronger 
adsorption in para configurations than in ortho, typically by 1–3 
kJ⋅mol− 1. For instance, amino-substituted catechol exhibited Eads ≈

− 67.5kJ⋅mol− 1 in the ortho configuration and –70.3 kJ⋅mol− 1 in the 
para configuration. Similarly, methyl-substituted catechol showed 
Eads ≈ –63.0 kJ⋅mol− 1 (ortho) and –64.2 kJ⋅mol− 1 (para). Compared 
with catechol (approximately –55 kJ⋅mol− 1), these results indicate that 
adding an electron-donating group can strengthen the molecule
–graphite interaction by roughly 8–15 kJ⋅mol− 1. Mechanistically, 
electron-donating substituents enrich the electron density—and thus the 
polarizability—of the aromatic ring, which likely enhances π–π disper
sion interactions with graphite and can induce favorable dipole–in
duced-dipole interactions. Among the donors tested, –NH2, a strong 
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electron-releasing substituent via resonance, produced one of the largest 
increases in adsorption. This finding aligns with experimental observa
tions that poly(catecholamine) coatings, rich in amine-bearing catechol 
units, adhere well to carbon surfaces and agrees with prior simulations 
showing that aromatic amines bind strongly to graphene-based mate
rials [34–36].

Electron-withdrawing (EW) substituents, such as –NO2, –CF3, –CN, 
and –COOH, were also found to enhance adsorption on graphite relative 

to unsubstituted catechol, although the magnitude of the effect varied by 
group. For example, nitro-substituted catechol exhibited Eads ≈ –65.2 
kJ⋅mol− 1 for the ortho isomer and –67.0 kJ⋅mol− 1 for the para isomer. 
The cyano (–CN) and trifluoromethyl (–CF3) substituents produced more 
moderate enhancements, with adsorption energies around –63 to –65 
kJ⋅mol− 1. Notably, carboxyl-substituted catechol (–COOH) showed very 
strong adsorption, with Eads ≈ –70.0 kJ⋅mol− 1 in the ortho configura
tion and –72.1 kJ⋅mol− 1 in the para configuration, nearly matching the 

Fig. 2. Molecules investigated: (a) catechol and phenol as reference molecules; (b) ortho-substituted catechol derivatives (–NH2–COOH, –COOH, –NH2, etc.); (c) 
para-substituted catechol derivatives; (d) catechol derivatives with flexible alkyl chains terminated with –COOH.

Fig. 3. Comparison of adsorption energies for ortho- and para-substituted catechol derivatives.

M. Zhao et al.                                                                                                                                                                                                                                   Applied Surface Science 736 (2026) 166749 

4 



enhancement observed for –NH2. The pronounced effect of the –COOH 
group likely arises from its dual character. While –COOH withdraws 
electron density from the aromatic ring, it can also engage in additional 
interactions. For instance, an ortho –COOH can form an intramolecular 
hydrogen bond with a neighboring –OH group, and the polar –COOH 
increases the overall molecular dipole moment, which can induce 
complementary image charges on the graphite surface, strengthening 
adsorption. Although graphite does not provide specific hydrogen- 
bonding sites, polar functional groups on the adsorbate can polarize 
the π-electron cloud, enhancing physisorption. This observation of 
–COOH’s effectiveness is consistent with previous studies of phenolic 
adsorption on functionalized carbons, which reported that carboxyl 
groups can strongly anchor adsorbates via specific interactions such as 
hydrogen bonding [37,38].

Fig. 4 further illustrates relative adsorption strengths by comparing 
Eads values for phenol, catechol, and three representative phenol de
rivatives functionalized with –CF3, –NH2, and –COOH. The figure 
highlights that –NH2 and –COOH substitutions produce the most sig
nificant enhancements. These trends align with prior simulation studies 
[18], reinforcing the conclusion that the electronic nature of the sub
stituent is the primary determinant of adsorption strength, while 
regiochemistry (ortho vs. para) plays a secondary role.

Experimental observations on catechol-based surface functionaliza
tion provide useful support for the substituent-dependent interactions 
identified here. Catechol-containing molecules and coatings such as 
polydopamine are known to adhere strongly to carbon-based materials, 
including carbon fibers and graphitic surfaces [39,40]. In these systems, 
catechol and amine functionalities contribute to interfacial binding 
through a combination of π–π interactions, hydrogen bonding, and 
donor–acceptor interactions at the carbon interface [39]. In addition, 
surface functionalization with polar groups such as amine or carboxyl 
groups has been reported to enhance interfacial adhesion in carbon- 
based composite systems by modifying interfacial polarity and molec
ular interactions near the carbon surface [40]. These experimental ob
servations are consistent with the present DFT results, which show that 
substituent identity can significantly influence adsorption on graphite 
through electronic effects and interfacial charge redistribution.

Interestingly, the addition of a third hydroxyl group to the aromatic 
ring (forming a tri-hydroxylated benzene) results in only a modest in
crease in adsorption strength (approximately 5–7 kJ⋅mol− 1 compared 
with catechol), indicating diminishing returns beyond the two hydroxyl 
groups of the catechol motif. This underscores the inherent effectiveness 
of the catechol diol motif, a feature similarly exploited in mussel ad
hesive chemistry through the two vicinal –OH groups of DOPA 
[6,41–43].

3.2. Synergistic effects of multiple substituents and flexible chains

Having established the effects of individual ring substituents, we 
next examined molecules bearing multiple functional groups, as well as 
cases in which a substituent is attached via a flexible linker. First, a di- 
substituted catechol carrying both an –NH2 and a –COOH group on the 
ring, combining a strong electron donor and a strong electron- 
withdrawing group, was considered. One might expect such a dual- 
functional molecule to exhibit additive or synergistic adsorption ef
fects. However, our calculations indicate otherwise: the adsorption en
ergies for the dual-substituted catechol were Eads ≈ − 71.5 kJ⋅mol− 1 for 
one configuration (–NH2 ortho and –COOH para to the catechol –OH 
groups) and –74.0 kJ⋅mol− 1 for another isomer (both –NH2 and –COOH 
in para positions relative to the dihydroxyls). These values are compa
rable to those of the strongest single-substituent cases, nearly matching 
the Eads obtained for catechol with either –NH2 or –COOH alone. In other 
words, combining a donor and an acceptor on the same aromatic ring 
did not yield a significantly higher adsorption energy than that achieved 
by a single substituent. This suggests that the effect of a strong substit
uent on the aromatic π-system saturates the adsorption enhancement: 
once the electron distribution of the ring is substantially polarized or 
altered by one group, the addition of a second functional group provides 
diminishing returns. Moreover, in the ortho configuration, –NH2 and 
–COOH can form an intramolecular hydrogen bond, potentially 
reducing their ability to independently interact with the surface. Thus, a 
single well-chosen substituent—either a strong donor or a strong 
acceptor—appears sufficient to achieve most of the possible adhesion 
gain on graphite, and adding additional functional groups on the same 
ring does not linearly increase adsorption strength.

An alternative strategy to further enhance adhesion is to attach a 
functional group via a flexible aliphatic tether, effectively providing the 
molecule with multiple contact points on the surface. This was explored 
by appending carboxylic acid–terminated alkyl chains of varying lengths 
to the catechol ring. Specifically, catechol–CH2–COOH, catechol– 
(CH2)2–COOH, and catechol–(CH2)3–COOH were tested, with the chain 
attached at the ring position opposite one of the catechol –OH groups. 
The calculated adsorption energies (Fig. 5) show a remarkable increase 
with chain length. Adding a single –CH2–COOH substituent (one 
methylene linker) yielded Eads ≈ –64.6kJ⋅mol− 1, a modest improvement 
over catechol. Extending the linker to two methylene units, 
–(CH2)2–COOH, led to Eads ≈ –86.5kJ⋅mol− 1. With three methylene 
units (catechol–(CH2)3–COOH), the adsorption energy reached Eads ≈

–89.9kJ⋅mol− 1. The longest chain thus nearly doubled the adsorption 
energy compared with unsubstituted catechol (approximately –90 
kJ⋅mol− 1 vs. approximately –55 kJ⋅mol− 1). To our knowledge, this 
represents the strongest adsorption energy obtained for any molecule in 
this study.

The dramatic increase in adsorption energy observed when extend
ing from one to two methylene units (>20 kJ⋅mol− 1) suggests that a 

Fig. 4. Adsorption energies of catechol, phenol, and selected phenol 
derivatives.

Fig. 5. Adsorption energies of the carboxyl-terminated alkyl chain 
length series.
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single –CH2–COOH is too short to allow the carboxyl group to effectively 
engage the surface in addition to the aromatic ring. By contrast, the 
–(CH2)2–COOH and –(CH2)3–COOH chains are long enough to bend and 
lie along the graphite surface alongside the catechol ring. In the opti
mized geometries, the catechol ring adsorbs flat against the graphite, 
maximizing π–π overlap, while the flexible alkyl chain also rests nearly 
flat, allowing its methylene segments to make van der Waals contacts 
with the surface. Essentially, the longer alkyl chain provides an extended 
footprint that increases the total contact area with the substrate beyond 
that of the aromatic ring alone. The increase in Eads from two to three 
methylene units is smaller (~3.5 kJ⋅mol− 1), indicating a saturation ef
fect: beyond a certain chain length, the entire chain can already be 
accommodated on the surface, and further extension yields only mar
ginal additional dispersion interactions. Notably, the terminal –COOH 
group in these systems does not directly bond to the inert graphitic 
surface, but it may contribute by stabilizing the adsorbed conformation, 
for example through intramolecular hydrogen bonding to the catechol 
–OH, as observed in some optimized structures. In a realistic wet envi
ronment, a polar end group like –COOH could also interact with inter
facial water molecules or ions, while the hydrophobic portion of the 
molecule adheres to the surface. However, our vacuum-phase calcula
tions isolate the intrinsic effect of the flexible tail itself.

These findings demonstrate that incorporating a flexible linker can 
synergistically enhance adhesion by enabling multi-point contact. The 
rigid aromatic core provides strong π–π anchoring, while the attached 
alkyl chain contributes additional van der Waals interactions. Among all 
modifications tested, the combination of an aromatic ring with a flexible 
aliphatic “tail” produced the highest overall adhesion. From a bio
inspired design perspective, this suggests that an adhesive molecule or 
polymer containing both aromatic (catechol) units and hydrophobic 
flexible segments could achieve particularly high affinity for hydro
phobic surfaces such as graphite. Indeed, some mussel adhesive proteins 
contain hydrophobic domains alongside DOPA residues [44,45], a 
structural feature likely promoting this type of dual-mode 
adhesion—π–π stacking combined with dispersive contacts. More 
broadly, our results indicate that while chemical functionalization of the 
aromatic ring can tune adhesion to some extent, adding a long, flexible 
tail can exploit physical interactions to achieve adhesion far exceeding 
that obtainable through ring chemistry alone.

3.3. Interfacial charge transfer and electronic structure

In addition to adsorption energies, our DFT simulations provide in
sights into the electronic interactions at the molecule–graphite interface. 
The Bader charge analysis results for each system are summarized in 
Table 1, reporting the net charge gained by the adsorbed molecule from 
the surface (Δq). A striking observation is that the sign of the charge 
transfer correlates with the substituent’s electron-donating or electron- 
withdrawing character. Catechol derivatives with electron-donating 
substituents (–NH2, –CH3, –OH) exhibit positive Δq values, indicating 
that the molecule gains electron density upon adsorption (i.e., electrons 
flow from graphite into the molecule). In contrast, derivatives with 
electron-withdrawing substituents (–NO2, –CF3, –CN, –COOH) display 

negative Δq values, meaning that the molecule loses electron density to 
the graphite (electrons flow from the molecule into the surface). For 
example, –NH2 catechol shows Δq ≈ +0.020 |e| in the ortho position, 
and Δq ≈ + 0.026 |e| in the para position, indicating that approximately 
0.02 electrons (ortho) and 0.03 electrons (para) are transferred from the 
surface to the molecule. Conversely, –NO2 catechol exhibits Δq ≈
− 0.017 |e| in the ortho position and Δq ≈ − 0.022 |e| in the para posi
tion, indicating electron transfer from the molecule to the surface. This 
behavior aligns with chemical intuition. Electron-donating groups in
crease the electron density of the molecule’s π-system, leading to a small 
redistribution of electron density at the molecule-graphite interface 
rather than a complete transfer of electrons into specific molecular or
bitals. Conversely, electron-withdrawing groups decrease the electron 
density of the aromatic ring, creating electron-deficient regions that 
induce the opposite interfacial polarization, with a slight depletion of 
electron density on the molecule relative to the graphite surface.

Significant differences in Δq are observed among specific functional 
groups. Single –COOH–substituted catechol exhibits a small negative 
charge transfer (Δq ≈ –0.012 |e| at the ortho position and –0.011 |e| at 
the para position), whereas in another case, the Δq values at the ortho 
and para positions are –0.0203 |e| and –0.006 |e|, indicating electron 
transfer from the molecule to the graphite surface. As the chain length 
increases (Table 2), the magnitude of negative charge transfer initially 
increases (e.g., –CH2–COOH catechol shows Δq ≈ –0.008, and 
–(CH2)2–COOH catechol shows Δq ≈ –0.012), suggesting that chain 
extension enhances electronic coupling with the graphite surface. In the 
short-to-moderate chain-length regime, the alkyl segment imposes 
minimal resistance to electron transport, allowing the terminal carboxyl 
group to maintain strong coupling with the substrate. However, when 
the chain becomes longer, electronic insulation and orientation effects 
dominate [46–49]. Long alkyl chains, composed mainly of σ-bonds 
[50–52] act as insulating barriers that increase the electron tunneling 
distance and reduce orbital overlap at the interface, consistent with the 
slightly smaller |Δq| ≈ –0.007 |e| observed for catechol–(CH2)3–COOH.

Catechol derivatives with weakly electron-donating groups (–CH3, 
–OH) exhibit only small positive charge-transfer values. For example, 
the –CH3 substituent produces Δq ≈ +0.003 |e| (ortho) and +0.006 |e| 
(para), while an additional –OH substituent (forming a tri-hydroxylated 
ring) gives Δq ≈ +0.009 |e| at both ortho and para positions. For com
parison, even reference molecules such as phenol (+0.009 |e|) and 
catechol (+0.006 |e|) show slight electron gain from the surface, 
whereas the introduction of strongly electron-withdrawing groups (e.g., 
–COOH or –CF3) shifts Δq from positive to negative [53–55]. These 
trends highlight that substituent effects are a critical factor in modu
lating the electronic structure at the interface.

It should be noted that absolute Δq values on the order of 0.01–0.02 
electrons are relatively large for physisorption and may reflect not only 
the literal transfer of electrons but also polarization and delocalization 
of electron density across the interface. The Bader charge partitioning 
aggregates these effects into a single net value. Substituent influence on 
charge transfer is determined not only by intrinsic electron-donating or 
-withdrawing strength but also by factors such as conjugation efficiency, 
geometry-induced polarization, and the sensitivity of Bader analysis to 
electron-density topology. Therefore, |Δq| should be interpreted as the 
cumulative outcome of multiple competing electronic effects rather than 
a direct measure of substituent strength [56,57]. For example, –CH3 (a 
mild donor) on catechol yields Δq ≈ +0.003 |e| (ortho) and +0.006 |e| 

Table 1 
Bader charge transfer (Δq) for ortho- and para-substituted catechol derivatives 
adsorbed on graphite.

Molecule (Substituent) Δq (ortho) Δq (para)

Catechol + –NH2 & –COOH (dual) − 0.0203 − 0.0064
Catechol + –COOH (carboxyl) − 0.0116 − 0.0105
Catechol + –NH2 (amine) 0.0201 0.0258
Catechol + –NO2 (nitro) − 0.0224 − 0.0165
Catechol + –CN (cyano) − 0.0057 − 0.0077
Catechol + -CF3 (trifluoromethyl) − 0.0148 − 0.0082
Catechol + –CH3 (methyl) 0.0026 0.0064
Catechol + –OH (extra hydroxyl) 0.0088 0.0092

Table 2 
Bader charge transfer (Δq) for para-substituted catechol- 
(CH2)n-COOH derivatives adsorbed on graphite.

Molecule (Substituent) Δq(para)

Catechol + –CH2-COOH − 0.0079
Catechol + − (CH2)2-COOH − 0.0122
Catechol + − (CH2)3-COOH − 0.0071

M. Zhao et al.                                                                                                                                                                                                                                   Applied Surface Science 736 (2026) 166749 

6 



(para), whereas –OH (a moderate donor via resonance) gives + 0.009 |e| 
at both ortho and para positions. Among electron-withdrawing groups, 
–CF3 (strong inductive withdrawer) produces Δq ≈ –0.015 |e| (ortho) 
and –0.008 |e| (para), while –CN (strong withdrawer) yields Δq ≈
–0.006 |e| (ortho) and –0.008 |e| (para) in one orientation. These results 
indicate that, for instance, para –CN causes significant polarization, 
resulting in a net transfer of ~0.008 electrons from the molecule to the 
graphite surface. Interestingly, long alkyl chain derivatives follow the 
trend of their terminal group: all –(CH2)n–COOH derivatives exhibit 
negative Δq. This is consistent with their strong adsorption; generally, 
larger charge transfer (in either direction) reflects stronger electronic 
coupling between the molecule and the surface. In the case of flexible 
tails, the polar carboxylate end (protonated in our model) likely attracts 
some electron density, while the extended chain ensures sufficient 
contact to facilitate this transfer.

To visualize these charge redistribution phenomena, Fig. 6 shows the 
differential charge density (Δρ) for a representative electron-donor 

substituted case (catechol–NH2) compared to an electron-acceptor 
case (catechol–NO2) on graphite. In catechol–NH2 adsorption, electron 
accumulation (yellow isosurfaces) is observed around the –NH2 group 
and the aromatic ring, with corresponding electron depletion (cyan 
isosurfaces) in the underlying graphite top layer. This pattern confirms 
electron transfer from graphite to the molecule, with the graphite 
π-electrons slightly drawn into the aromatic π system of the adsorbate. In 
the catechol–NO2 case, the opposite behavior occurs: electron density is 
depleted on the molecule, particularly in the ring π system near the –NO2 
group, and accumulated in the graphite beneath, indicating electron 
flow from the molecule to the surface. Notably, the charge redistribution 
is delocalized across the contact area rather than highly localized, 
reflecting the extended nature of π–π interactions. These results high
light graphite’s ability to act as an electron reservoir—either donating or 
accepting electrons depending on the adsorbate’s electron-affinity
—underscoring the surface’s charge-screening and polarization 
capacity.

Fig. 6. Differential charge density (Δρ) plots for various catechol-based molecules adsorbed on graphite. Yellow regions indicate electron accumulation; cyan regions 
indicate electron depletion. (a) Δρ for catechol, phenol, and selected phenol derivatives functionalized with –COOH, –NH2, and − CF3; (b) Δρ for catechol derivatives 
with terminal –COOH groups connected via alkyl chains of increasing length; (c) Δρ for ortho-substituted catechol derivatives bearing –NH2 & –COOH, –COOH, –NH2, 
–NO2, –CN, − CF3, –CH3, and –OH; (d) Δρ for the corresponding para-substituted catechol derivatives with the same functional groups as in (c). Differential charge- 
density isosurfaces were plotted at an isovalue of 6 × 10− 5 e Å− 3.
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One notable observation is that, despite the measurable charge 
transfers, adsorption of these molecules on graphite remains predomi
nantly governed by physical (non-covalent) interactions rather than 
covalent bond formation. The optimized adsorption geometries (Figs. 7 
and 8) show that the molecules remain intact and lie flat, parallel to the 
graphite surface, at an equilibrium distance of 3.3–3.6 Å, typical for π–π 
stacking. No evidence of covalent bonding between the adsorbates and 
the surface was observed. The computed charge redistribution should 
therefore be interpreted as forming an interfacial dipole. The direction 
of electron flow establishes a dipole at the interface: for donor- 
substituted molecules, the adsorbate becomes slightly negatively 
charged relative to the graphite, whereas the opposite occurs for 
acceptor-substituted molecules. This asymmetric redistribution of elec
tron density produces an interfacial dipole oriented approximately along 
the surface normal. Although the magnitude of the charge redistribution 

is relatively small, it reflects the electronic polarization that accom
panies π-π interactions between the aromatic ring and the graphitic 
surface. Such interfacial dipoles may influence the local electrostatic 
environment near the surface. In this sense, molecular functionalization 
provides a way to tune the electronic environment at graphitic interfaces 
through adsorption-induced electron redistribution.

The observed variations in adsorption strength among substituents 
can be explained by the interplay of electronic effects and dispersion 
forces. For example, the –NH2 group enhances adsorption by donating 
electron density to the aromatic ring via resonance, thereby strength
ening π–π interactions with the graphite surface. Similarly, –COOH, a 
strong electron-withdrawing group, induces significant polarization and 
charge transfer to the substrate, consistent with its high adsorption en
ergy. In contrast, a nonpolar group such as –CH3 produces minimal 
electronic perturbation and a correspondingly smaller adsorption 

Fig. 7. Side-view snapshots of optimized adsorption geometries for catechol-based molecules on the graphite surface. (a) Catechol, phenol, and representative phenol 
derivatives functionalized with − CF3, –COOH, and –NH2; (b) Catechol derivatives bearing carboxyl-terminated alkyl chains of varying length; (c) Ortho-substituted 
catechol derivatives with the following functional groups: –NH2 & –COOH, –COOH, –NH2, –NO2, –CN, − CF3, –CH3, and –OH; (d) Para-substituted catechol de
rivatives containing the same set of functional groups as in (c).
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enhancement, with adsorption dominated by dispersion forces. These 
results highlight that optimal adhesion arises from a synergy of elec
tronic and van der Waals interactions [44,58]. This principle parallels 
biological adhesive systems, such as mussel foot proteins, which 
combine π-stacking catechols with polar or charged functionalities to 
achieve robust surface attachment.

3.4. Implications for bio-inspired adhesive design

Our theoretical results provide quantitative support and novel in
sights for designing high-performance bioinspired adhesives and coat
ings, particularly on carbon-based surfaces. They reinforce experimental 
observations, such as the strong adhesion of synthetic polymers incor
porating catechol to diverse materials [59,60], and indicate that func
tionalizing catechol with specific substituents can further enhance 

Fig. 8. Top-view snapshots of optimized adsorption geometries for catechol-based molecules on the graphite surface. (a) Catechol, phenol, and representative phenol 
derivatives functionalized with − CF3, –COOH, and –NH2; (b) Catechol derivatives bearing carboxyl-terminated alkyl chains of varying length; (c) Ortho-substituted 
catechol derivatives with the following functional groups: –NH2 & –COOH, –COOH, –NH2, –NO2, –CN, − CF3, –CH3, and –OH; (d) Para-substituted catechol de
rivatives containing the same set of functional groups as in (c).
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adhesion to nonpolar substrates like graphite. The fact that both 
electron-rich and electron-deficient substitutions improve adsorption 
mirrors how mussels employ DOPA—which can act as both a hydrogen- 
bond donor and acceptor and participate in redox or metal-coordination 
chemistry—together with neighboring residues (e.g., positively charged 
lysine) to maximize adhesion under varying conditions [61,62]. In 
applied contexts, catechol-based adhesives for carbon surfaces could be 
tuned by incorporating co-monomers that modulate the aromatic ring’s 
electron density. For example, integrating aniline-like units (–NH2 do
nors) or carboxylated phenyl units (–COOH acceptors) into a catechol- 
functionalized polymer may strengthen bonding to carbon fibers or 
graphitic fillers in composites.

Additionally, the pronounced effect of flexible alkyl linkers un
derscores the advantage of amphiphilic design in adhesive molecules. A 
hydrophobic tail allows the molecule to maximize van der Waals in
teractions by lying flat on a hydrophobic surface, while a polar catechol 
“head” anchors strongly through π interactions (and potentially covalent 
crosslinking if oxidized). This dual-mode interaction can be leveraged to 
achieve robust yet reversible noncovalent coupling between otherwise 
inert carbon surfaces and functional coatings. Overall, combining aro
matic catechol units with flexible hydrophobic segments represents an 
effective strategy for adhesives targeting graphitic or other hydrophobic 
surfaces.

Another implication of our findings lies in electronics and sensing. 
For example, graphene-based electrodes or sensors could be function
alized with a thin catechol-derived layer to impart specific properties. 
Our results indicate that selecting appropriate substituents allows con
trol not only of adhesion but also of the interfacial electronic charac
teristics through charge redistribution. Thus, beyond mechanical 
adhesion, the tunable interfacial charge redistribution identified here 
may influence the electronic environment at graphene or graphite 
interfaces.

To evaluate the possible influence of catechol oxidation, we also 
examined the adsorption of the corresponding quinone species on the 
graphite surface. The calculated adsorption energy of quinone is –62 
kJ⋅mol− 1, which is slightly more negative than that of catechol (–55 
kJ⋅mol− 1). This result suggests that oxidation does not necessarily 
weaken adsorption on graphitic surfaces. Although quinone lacks the 
catechol diol functionality, it still contains an aromatic ring that can 
interact with the graphitic π system, which is known to contribute 
significantly to catechol adsorption on graphite.

Finally, although the present calculations were performed in vac
uum, it should be noted that mussel adhesion naturally occurs in 
aqueous environments. In wet environments, interfacial water mole
cules may influence adsorption in several ways. Water can form 
hydrogen bonds with polar functional groups such as –OH and –COOH, 
which may stabilize certain molecular conformations near the surface. 
In addition, solvent screening may partially reduce electrostatic in
teractions and interfacial dipoles, and solvation effects may influence 
the conformations of flexible side chains.

Previous theoretical studies have shown that catechol adsorption on 
hydrated graphite surfaces is still primarily governed by π–π interactions 
between the aromatic ring and the graphitic basal plane, while sur
rounding water molecules mainly interact with the adsorbed molecule 
through hydrogen bonding. For example, Chitumalla et al. reported that 
catechol adsorbs on wet graphite through π–π stacking with the graphite 
surface, and that water molecules further stabilize the adsorbed 
configuration via hydrogen bonding [63]. Therefore, although the ab
solute adsorption energies may vary in aqueous environments, the 
fundamental adsorption mechanism and the substituent-dependent 
trends identified in this work are expected to remain qualitatively 
similar under aqueous conditions.

4. Conclusions

This work uses first-principles calculations to investigate the 

adsorption of catechol and its derivatives on graphitic carbon surfaces. 
Catechol itself shows strong adsorption on graphite, with an adsorption 
energy of about –55 kJ⋅mol− 1. Chemical functionalization of the aro
matic ring further enhances adsorption: both electron-donating groups 
(e.g., –NH2) and electron-withdrawing groups (e.g., –COOH) increase 
the adsorption strength relative to unsubstituted catechol, while the 
effect of substitution position (ortho vs. para) is comparatively minor. A 
more substantial increase in adsorption is achieved by introducing 
flexible alkyl linkers terminated with polar groups, which enlarge the 
effective contact area with the surface. Charge analysis further indicates 
that substituent polarity influences interfacial charge redistribution. 
Although the calculations were performed in vacuum to isolate intrinsic 
molecule–surface interactions, the trends identified here provide 
molecular-level guidelines for designing catechol-based molecules and 
polymers with improved affinity for graphitic and other hydrophobic 
surfaces.
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