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dynamics simulation
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Although a lot of research has been carried out on the adhesion mechanism of gecko bristles, the research

on materials inspired by gecko bristles is still limited to the design of geometric structure and the

optimization of preparation process, and the adhesion mechanism of materials is still unclear. In this

paper, the molecular structure of the end of the bristle-like material is focused on, and the interaction

between functional group modified carbon nanotubes and the interface is analyzed by molecular

dynamics simulation. Thus, the influence of different polar functional groups on the interfacial force

between carbon nanotubes and silica is revealed, and the adhesion enhancement mechanism of polar

groups on the interface between carbon nanotubes and silica is further verified.
1. Introduction

Geckos can walk or climb on the surface of walls, ceilings, glass
and other materials using the strong adhesion of bristles on
their toes. Scientists have put forward many hypotheses to
explain the strong adhesion of gecko bristles, including sucker
force, electrostatic force, micro-interlocking force, capillary
force, van der Waals (vdW) force and so on.1–5 For example,
Autumn et al. conrmed that the adhesion of gecko bristles
comes from the intermolecular force between keratin molecules
of bristles and the contact surface, that is, the van der Waals
force mechanism.2,3 In recent years, Alibardi et al. proposed that
the adhesion of gecko sole bristles comes from the joint action
of van derWaals force and electrostatic force, which is related to
the biological tissue and chemical composition of the bristle
surface.6–8 With the adhesion characteristics of gecko bristles
revealed by many scientists, a series of adhesion materials
inspired by the structure of gecko bristles have also been
developed, mainly including polymer arrays and vertically
aligned carbon nanotubes (VACNT) arrays.9–12 VACNT arrays not
only have the advantages of high adhesion strength, no damage
to contact surface, and low requirements for use environment,
but also have higher elastic modulus, higher thermal conduc-
tivity and thermal stability, and good electrical and electro-
chemical properties, so they have a wide application prospect in
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electronic devices, wall climbing robots, aerospace and other
elds.12–14

Although a lot of research has been carried out on the
adhesion mechanism of gecko bristles, the research on adhe-
sion materials is still limited to the design of geometric struc-
tures and the optimization of preparation process, and its
adhesion mechanism is still unclear, and in particular the
inuence of terminal molecular composition on its adhesion is
rarely studied.15–17 As reported in our recent publications
(ref. 18–20), we have used different plasma treatment processes
to modify the surface of VACNT arrays and analyzed the inu-
ence of surface chemical composition on its adhesion, thus
preliminarily revealing that graing polar functional groups
can effectively enhance the adhesion of VACNT arrays through
experiments. However, the microscopic mechanism caused by
molecular structure is difficult to be obtained by experimental
methods, and the specic adhesion enhancement mechanism
has not been clearly explained. Therefore, this paper proposes
to analyze the interaction between VACNT arrays modied by
different functional groups and the interface by molecular
dynamics simulation. As described in the reference, the adhe-
sion between VACNT array and interface in the experiment
mainly comes from the interfacial adsorption between the
sidewall of CNTs on the surface of VACNT arrays and the glass
surface. So, the adsorption energy between CNTs with different
functional groups and the interface of silica (SiO2) can be
calculated by molecular dynamics simulation to analyze the
adhesion enhancement mechanism.

Based on the previous experimental research, this paper
proposes a molecular dynamics simulation method to study the
adhesion mechanism between CNTs and SiO2 interface before
and aer modication with different functional groups. In this
paper, the interaction between CNT modied by uorine-
RSC Adv., 2024, 14, 21425–21431 | 21425
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View Article Online
containing group (–F), carboxyl group (–COOH) and amino
group (NH2) and SiO2 interface is discussed respectively, so as to
obtain the adhesion mechanism of functionalized VACNT
arrays.
Fig. 1 (a) The side view of an unmodified CNT model; (b) the cross-
sectional view of an unmodified CNT model; (c) the CNT model of
grafted with F atoms; (d) the CNT model grafted with COOH groups;
(e) the CNT model of grafted with NH2 groups.
2. Experimental
2.1 Molecular dynamics simulations

Molecular mechanics (MM) and MD simulations have been
carried out using a commercial soware package called mate-
rials studio (MS) developed by Accelrys Soware, Inc. The
interaction between CNTs and SiO2 interface were calculated in
the condensed-phase optimized molecular potential for atom-
istic simulation study (COMPASS) force-eld using Forcite
module of MS.21,22 The COMPASS potential function calculation
includes all bonding energy and non-bonding energy, which is
more accurate than general force eld, so it is more suitable for
this research work.23,24 In the COMPASS force-eld, the total
potential energy (E) of a molecular system includes the
following terms:25

E = Evalence + Enonbond + Ecrossterm (1)

Evalence = Estretch + Ebend + Etorsion + Einversion + EUB (2)

Enonbond = Evdw + Eelec + EH (3)

Evdw ¼
X
i;j

3ij

2
42
 
r0ij

rij

!9

� 3

 
r0ij

rij

!6
3
5 (4)

Eelec ¼
X
i;j

qiqj

30rij
(5)

The total potential energy (E) of a molecular system includes
a valence energy (Evalence), a nonbond interacting energy
(Enonbond), and a crossterm interacting energy (Ecrossterm). The
valence energy (Evalence) generally includes a bond stretching
term (Estretch), a bond bending term (Ebend), a dihedral bond-
torsion term (Etorsion), an inversion (or an out-of-plane interac-
tion) term (Einversion), and an Urey–Bradley (involves interac-
tions between two atoms bonded to a common atom) term
(EUB). The nonbond interacting energy (Enonbond) includes a van
der Waals interaction energy (Evdw), an electrostatic interacting
energy (Eelec), and a hydrogen bonding energy (EH). Atom i is the
charge acceptor, atom j is the charge donor, qi, qj are the charges
of two atoms. Where rij is the distance between two atoms, r0ij is
the atomic distance when the action potential is zero, 3ij is the
lowest value of the action potential, and 30 is the coefficient.
2.2 Interaction between CNT and SiO2 substrate

Firstly, the SiO2 model is established in MS soware, and the
model is changed into a rectangular cell to facilitate the
subsequent calculation. Aer expanding the unit cell, the unit
cell is sliced along the (001) direction, a vacuum layer with
a height of 50 Å is added, and the end cap is hydrogenated. On
the one hand, the uncapped silica is negatively charged, and
21426 | RSC Adv., 2024, 14, 21425–21431
CNT will stand up aer calculation, so that the hydrogen end is
close to the surface of SiO2. On the other hand, the surface of
SiO2 is oen partially hydroxylated by environmental inuence
in experiments. The structure of the SiO2 model is shown in
Fig. 1, in which the cell parameters are a = 42.54 nm, b =

49.13 nm, c = 66.72 nm, a = b = g = 90°, with a total of 3560
atoms.

Then, the CNT (sawtooth) model is established in the build
module of MS soware, and the structural index is set to N= 10,
M = 0, and 5 carbon ring unit periods, and the periodicity is
removed and the end cap is hydrogenated. For CNTs modied
with different functional groups, functional groups are manu-
ally added according to the atomic number ratio of 5% (ratio of
functional groups to carbon atoms) to obtain CNTs modied
with uorine-containing groups (–F), carboxyl groups (COOH)
and amino groups (NH2), which are labeled as CNT–F, CNT–COOH
and CNT–NH2

respectively. Fig. 1 is amodel diagram of the initial
state of carbon nanotubes (10, 0) before and aer modication
with different functional groups.

Finally, CNT models with different functional groups were
added to the model of SiO2 and moved to the middle position
(Fig. 2). All atomic coordinates except the outermost atoms in
SiO2 are xed to reduce the amount of calculation. As reported
in the existing literature (Hu26 and Qu27 etc.), the tangled frag-
ments at the end of VACNT array make the CNTs sidewall and
the contact surface form a “line” contact, which provides
a larger contact area and produces a greater tangential adhe-
sion. Therefore, the adhesion mechanism between the carbon
nanotube array and the interface can be revealed by analyzing
the interaction between the sidewall and the interface.

The Forcite module of MS soware is used to simulate the
dynamics of the contact system model, and the canonical
ensemble, which can also be called NVT ensemble (that is, the
atomic number N, volume V and temperature T of the system
remain constant under this ensemble, and the total momentum
of the system is zero) is used to control the simulated temper-
ature of the system at 298 K. Before the calculation, the smart
algorithm is used to optimize the geometry. The essence of this
algorithm is to combine Steepest descent, ABNR and Quasi-
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 State of unmodified CNT on SiO2 surface at different time. (a)
0 ps; (b) 50 ps; (c) 100 ps; (d) 150 ps; (e) 200 ps; (f) 250 ps.

Fig. 2 Initial model of interface systems between carbon nanotubes
with different functional groups and SiO2. (a) Unmodified CNT; (b) the
CNT grafted with F atoms; (c) the CNT grafted with COOH groups; (d)
the CNT grafted with NH2 groups.
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Newton methods to eliminate the unreasonable contact
between atoms, so as to reduce the amount of calculation and
make the results more accurate. Then, the dynamic calculation
of the optimized model is carried out, and the time step is set to
2 fs, and the total calculation time is 2000 ps. In the calculation
process, the bond length is xed by LINCE algorithm. In the
non-chemical bond action, van der Waals force belongs to
short-range force, and its action range is very small, while
electrostatic force is a long-range force, and the cutoff distance
is always 7.5–12 Å in the calculation of long-range force.28 As
reported in the literature, the most computationally tractable
treatment of nonbonded interactions in MD utilizes a spherical
distance cutoff (typically, 8–12 Å) to reduce the number of
pairwise interactions.29 Therefore, the cutoff radius of cutoff
distance is set to 10.5 Å in this work. van der Waals interaction
adopts atom based algorithm, which is oen used to directly
calculate the non-bond interaction energy between atoms.
Ewald algorithm is used in electrostatic interaction, which is
a common method to calculate the long-range electrostatic
interaction energy in periodic systems. The calculation
formulas of adsorption energy Eadhesion at the interface between
different CNT and SiO2 in simulation systems are as follows:

Eadhesion = ECNT-SiO2
− ECNT − ESiO2

(6)

where Eadhesion is the adsorption energy between CNT and
interface, ECNT-SiO2

is the total energy of the interface system
composed of CNT and SiO2, ECNT is the single point energy of
CNT aer removing all atoms of SiO2, and ESiO2

is the single
point energy of SiO2 aer removing all atoms of CNT. Here, the
CNT in the formula represents different carbon nanotubes,
including unmodied CNT, CNT–F, CNT–COOH and CNT–NH2

.
Finally, the average atomic distance between interfaces can be
calculated by VESTA soware.30,31
Table 1 Interaction of CNT-SiO2 interface before and after fluorine
modification (kcal mol−1)

ECNT (–F) ESiO2
ECNT-SiO2

Eadhesion

Unmodied 9313.1 −18382.8 −9123.5 −53.8
–F (5%) 7264.5 −28928.0 −21723.7 −60.2
–F (10% 5548.3 −17277.5 −11792.0 −62.8
3. Result and discussion
3.1 Interaction between uorine-modied CNT and SiO2

substrate

As reported in our previous experiments (ref. 18–20), the gra-
ing amount of uorine, oxygen and nitrogen atoms by exposure
to plasma is in the range of 0–15%. In the simulation calcula-
tion, the graing amount is 5% and 10% in the above range
respectively, so that it is convenient to compare the graing
© 2024 The Author(s). Published by the Royal Society of Chemistry
effects of different functional groups. In order to compare the
changes of adsorption energy between CNT and SiO2 interface
before and aer modication with uorine-containing groups,
the adsorption energy between the original CNT and the inter-
face between CNT and SiO2 modied with uorine-containing
groups (–F) was calculated by molecular dynamics simulation.
Fig. 3 shows the morphological changes of the original CNT (10,
0) on the SiO2 interface at different times. As the simulation
time goes on, the CNT approaches the SiO2 surface and rotates
rapidly (at least two times at 250 ps), showing extremely
unstable dynamic changes. Combined with the calculation
results in Tables 1 and 2, it is concluded that the adsorption
energy between unmodied CNT and SiO2 interface is about
−53.8 kcal mol−1, and it mainly comes from the non-chemical
bonding energy (−55.5 kcal mol−1), in which the van der
Waals force energy accounts for the main part
(−47.6 kcal mol−1), while the electrostatic force energy is very
small, only −1.6 kcal mol−1. The shortest contact distance
between carbon atoms on CNT and SiO2 interface (the average
distance of four pairs of atoms) is about 3.15 Å by VESTA
soware.30,31

In order to compare the effects before and aer functional
group modication, uorine atom (–F) was added to the CNT
model according to the graing amount of 5% of F/C atom
percentage, and then geometric optimization and simulation
calculation were carried out. As shown in Fig. 4, uorine-
modied CNT at 100 ps produced a small amount of deec-
tion on the surface of SiO2 substrate, and reached a basically
RSC Adv., 2024, 14, 21425–21431 | 21427
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Table 2 Non-chemical bond interaction and interface distance of CNT-SiO2 interface before and after fluorine modification

Enonbond (kcal mol−1) Evdw (kcal mol−1) Eelec (kcal mol−1) Distance (Å)

Unmodied −55.5 −47.6 −1.6 3.15
–F (5%) −63.5 −45.7 −10.9 3.11
–F (10%) −65.7 −45.1 −9.5 3.18

Fig. 5 State of CNT grafted with 10% fluorine groups on SiO2 surface
at different time. (a) 0 ps; (b) 50 ps; (c) 100 ps; (d) 150 ps; (e) 200 ps; (f)
250 ps.
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stable adsorption state at 150 ps. Combined with the calcula-
tion results in Tables 1 and 2, the adsorption energy at the
interface between uorine-modied CNT and SiO2 substrate is
improved (from −53.8 kcal mol−1 to −60.2 kcal mol−1). As re-
ported in ref. 18, our previous experimental results show that,
the untreated VACNTs exhibit the adhesion strength of 21.1 N
cm−2, while the sample aer CF4 plasma treatment (XPS data
showed that polar uorine-containing functional groups were
introduced) shows the higher adhesion strength of 29.3 N cm−2.
Therefore, both theoretical calculation results and experimental
results show that the introduction of polar uorine-containing
functional groups can increase the adhesion between carbon
tubes and glass interface, and theoretical calculation results
reveal that the mechanism is mainly from the enhancement of
electrostatic interaction. Among them, the non-chemical bond
action energy is about−63.5 kcal mol−1, the van der Waals force
action energy has little change, but the electrostatic action
energy is obviously enhanced (−10.9 kcal mol−1). At this time,
the average distance between carbon atoms on CNT and SiO2

interface atoms is about 3.11 Å, which has little change
compared with that before modication.

In order to analyze the inuence of different graing
amounts of functional groups, uorine atoms (–F) were added
to the original CNT model according to the graing amount of
10% F/C atom percentage. As shown in Fig. 5, CNT graed with
uorine atom produces a small amount of deection on the
surface of SiO2 within 50 ps, and has reached a basically stable
Fig. 4 State of CNT grafted with 5% fluorine groups on SiO2 surface at
different time. (a) 0 ps; (b) 50 ps; (c) 100 ps; (d) 150 ps; (e) 200 ps; (f)
250 ps.

21428 | RSC Adv., 2024, 14, 21425–21431
adsorption state at 100 ps. Combined with Tables 1 and 2 and it
is calculated that the adsorption energy of the interface between
10% uorine-modied CNT and SiO2 is further increased
(−62.8 kcal mol−1), and the non-chemical bonding energy is
further enhanced (−65.7 kcal mol−1). However, the van der
Waals force energy (−45.1 kcal mol−1) and electrostatic energy
(−9.5 kcal mol−1) decreased slightly, which may be due to the
slight increase of interface distance.

3.2 Interaction between carboxyl-modied CNT and SiO2

substrate

As reported in ref. 19, the experiment reveals that carboxyl
groups with strong polarity can signicantly improve the
adhesion of VACNT arrays. In order to reveal the adhesion
enhancement mechanism, here, the carboxyl groups (–COOH)
were added to the original CNT model with 5% graing
amount, and then the simulation calculation was made. As
shown in Fig. 6, the CNT modied by carboxyl groups within
250 ps did not undergo any rotation movement, and was always
stably adsorbed on the surface of SiO2. The calculation results
show (Tables 3 and 4) that the adsorption energy of the interface
between carboxyl-modied CNT and SiO2 is −69.7 kcal mol−1,
which is more obvious than the adhesion enhancement effect of
uorine atom modication (−60.2 kcal mol−1). This is because
the carboxyl group with the negatively charged oxygen,32,33

which greatly enhances the electrostatic interaction (the
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 State of CNT grafted with 5% carboxyl groups on SiO2 surface at
different time. (a) 0 ps; (b) 50 ps; (c) 100 ps; (d) 150 ps; (e) 200 ps; (f)
250 ps.

Table 3 Interaction of CNT-SiO2 interface system before and after
carboxyl modification (kcal mol−1)

ECNT (–COOH) ESiO2
ECNT-SiO2

Eadhesion
Unmodied 9313.1 −18382.8 −9123.5 −53.8
–COOH (5%) 3699.8 −18374.7 −14744.6 −69.7
–COOH (10%) 2200.9 −18453.2 −16323.7 −71.4

Fig. 7 State of CNT grafted with 10% carboxyl groups on SiO2 surface
at different time. (a) 0 ps; (b) 50 ps; (c) 100 ps; (d) 150 ps; (e) 200 ps; (f)
250 ps.

Fig. 8 State of CNT grafted with 5% amino groups on SiO2 surface at
different time. (a) 0 ps; (b) 50 ps; (c) 100 ps; (d) 150 ps; (e) 200 ps; (f)
250 ps.
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electrostatic interaction energy is enhanced from 1.6 kcal mol−1

to −31.8 kcal mol−1). In addition, the non-chemical bonding
energy at the interface between 5% carboxyl-modied CNT and
SiO2 increased to −74.6 kcal mol−1, in which the electrostatic
interaction energy was signicantly enhanced
(−31.8 kcal mol−1), while the van der Waals force energy was
reduced (−35.3 kcal mol−1). This is because the action distance
of van der Waals force is small (suddenly decreased within 3–5
Å), and the carboxyl group with large geometric structure
hinders the contact between CNT and interface, which
increases the interface distance (3.45 Å) and weakens the action
of van der Waals force. However, the action distance of elec-
trostatic force is large (micron level), so this obstacle has rela-
tively little inuence on electrostatic action.

Aer adding 10% carboxyl groups according into CNT,
geometric optimization and simulation calculation were carried
out again. As shown in Fig. 7, the carboxyl-modied CNT was
always stably adsorbed on the surface of SiO2. The calculation
Table 4 Non-chemical bond interaction and interface distance of CNT

Enonbond (kcal mol−1) Evdw (k

Unmodied −55.5 −47.6
–COOH (5%) −74.6 −35.3
–COOH (10%) −77 −21.1

© 2024 The Author(s). Published by the Royal Society of Chemistry
results show (Table 3) that the adsorption capacity of the
interface between CNT and SiO2 modied by 10% carboxyl
group can be further enhanced to −71.4 kcal mol−1, indicating
that increasing the graing amount of carboxyl groups will
make the adhesion enhancement effect more obvious. Table 4
shows that the non-chemical bond interaction between 10%
carboxyl modied CNT and SiO2 interface can be further
improved to −77 kcal mol−1, which is mainly due to the
-SiO2 interface before and after carboxyl modification

cal mol−1) Eelec (kcal mol−1) Distance (Å)

−1.6 3.15
−31.8 3.45
−42.1 3.78

RSC Adv., 2024, 14, 21425–21431 | 21429
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Table 5 Interaction of CNT-SiO2 interface system before and after
amino modification (kcal mol−1)

ECNT (–NH2) ESiO2
ECNT-SiO2

Eadhesion

Unmodied 9313.1 −18382.8 −9123.5 −53.8
–NH2 (5%) 3805.3 −18380.9 −14658.4 −82.8
–NH2 (10%) 2688.6 −7992.1 −5381.1 −77.6

Table 6 Non-chemical bond interaction and interface distance of
CNT-SiO2 interface before and after amino modification

Enonbond
(kcal mol−1)

Evdw
(kcal mol−1)

Eelec
(kcal mol−1)

Distance
(Å)

Unmodied −55.5 −47.6 −1.6 3.15
NH2 (5%) −87.6 −45.1 −35.5 3.06
–NH2 (10%) −81.2 −37.9 −30.6 3.25
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electrostatic interaction energy (−42.1 kcal mol−1). At this time,
the interface distance between CNT and SiO2 increased to 3.78
Å, which made the van der Waals force decrease more obviously
(−21.1 kcal mol−1).
3.3 Interaction between amino-modied CNT and SiO2

substrate

As shown in Fig. 8, when 5% amino groups were graed on the
original CNT model, the adsorption morphology of CNT on the
surface of SiO2 changed little, and CNT was always stably
adsorbed on the surface of SiO2. Combined with the calculation
results in Table 5, it is concluded that the adsorption energy of
the interface between amino-modied CNT and SiO2 can reach
−82.8 kcal mol−1, indicating that the adhesion enhancement of
NH2 is more obvious than that of F and COOH groups under the
same graing amount. The calculated data in Table 6 show that
the non-chemical bonding energy between 5% amino modied
Fig. 9 State of CNT grafted with 10% amino groups on SiO2 surface at
different time. (a) 0 ps; (b) 50 ps; (c) 100 ps; (d) 150 ps; (e) 200 ps; (f)
250 ps.
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CNT and SiO2 can reach −87.5 kcal mol−1, of which the elec-
trostatic force can reach −35.5 kcal mol−1 and the van der
Waals force can reach −45.1 kcal mol−1.

As shown in Fig. 9, CNT is always stably adsorbed on the
surface of SiO2 aer 10% amino (–NH2) modication. The
calculation results in Tables 5 and 6 show that the adsorption
energy (−77.6 kcal mol−1) at the interface between CNT and
SiO2 is obviously increased with 10% amino graing amount,
but it is slightly lower than that with 5% amino graing
amount. This is because more amino groups increase the
distance between CNT and SiO2 interface (3.25 Å), which
reduces the non-chemical bonding energy including van der
Waals force energy and electrostatic energy. In addition,
compared with the calculation results of the previous two
sections, it is found that the adsorption energy between
unmodied CNT and SiO2 interface modied by F, COOH and
NH2 groups increases in turn, and the adhesion enhancement
effect of F, COOH and NH2 groups increases in turn. Combined
with the experimental data we reported before,20 the results of
atomic force microscopy showed that the adhesion of CNT
modied by amino group increased from 23.1 nN to 39 nN,
which was signicantly increased by 69%, while the adhesion of
CNT modied by carboxyl group and uorine group increased
by 39%,18,19 and the effect of amino group modication seemed
to be more obvious. However, ion collision will occur in the
actual experiment process, which will produce defects and
active sites on the CNT walls, and may also react with other
exposed atoms, thus affecting the adhesion measurement
value. Therefore, the theoretical calculation results can only
reveal the mechanism of the enhancement trend, which is not
completely consistent with the experimental values.

4. Conclusions

In this paper, the previous experimental conclusions were
veried by molecular dynamics simulation, and the mechanism
of polar group modication on enhancing the adhesion
between CNT and SiO2 interface was revealed. Firstly, the
simulation results show that the adsorption energy between
modied CNT (including F, COOH and NH2 groups) and SiO2

interface is greater than that between unmodied CNT and SiO2

interface, which is consistent with the previous experimental
results, further proving that these polar functional groups can
enhance the adhesion of CNT. Secondly, the adsorption energy
between unmodied CNT and SiO2 interface mainly comes
from van der Waals interaction, while the adsorption energy
between modied-CNT and SiO2 interface by functional groups
comes from the comprehensive action of van der Waals force
and electrostatic force. Therefore, it is revealed that the adhe-
sion enhancement of CNT modied by functional groups
mainly comes from electrostatic force. Finally, especially for
groups with large geometric structure, the van der Waals force
decreases slightly. However, in the actual adhesion test process,
the shear force measured by CNT modied by groups with large
geometric structure and high graing amount may be stronger,
and its surface roughness becomes larger, which hinders the
shear movement between sidewalls of CNT and SiO2 interface
© 2024 The Author(s). Published by the Royal Society of Chemistry
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and increases frictional adhesion. In addition, the inuence of
CNT walls and defects should be considered in the experiment,
and the effect of modication should be analyzed by combining
various factors. This work conrmed by theoretical calculation
that polar groups can enhance the dry adhesion between carbon
nanotubes and the interface, and revealed the adhesion
enhancement mechanism. Therefore, when designing carbon
nanotube adhesive materials, we can introduce polar groups
with more charges through surface modication to enhance the
electrostatic interaction at the interface, so as to obtain higher
adhesion performance.
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