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ree-dimensional terephthalic acid
supramolecular growth mechanism on a stearic
acid buffer layer by molecular simulation methods†

Chia-Hao Su,‡a Hui-Lung Chen,‡b Shih-Jye Sun,c Shin-Pon Ju, *de Tsu-Hsun Houd

and Che-Hsin Lin d

The terephthalic acid (TPA) supramolecular growth mechanisms on the stearic acid (STA) buffer layer, such

as the phase separation and layer-by-layer (LBL) mechanisms, were considered by molecular simulations.

The electrostatic surface potential (ESP) charges obtained by the semi-empirical ab initio package VAMP

with PM6 were used with the Dreiding force field. The stochastic tunneling-basin hopping-discrete

molecular dynamics method (STUN-BH-DMD) was first used to construct the most stable STA buffer

layers (STA100, STA120, and STA140) on graphene. At STA100 and STA120, the STA molecule stacking

along their long axis is the major mechanism to obtain the stable STA buffer layer. At STA140, the

hydrogen bond network between the terminal COOH groups of STA molecules makes the STA buffer

layer the most stable, leading to a higher disintegration temperature among all STA coverages. In the

early growth of the TPA supramolecule, TPA molecules were first adsorbed by the holes between STA

piles. At STA100 and STA120, the subsequent TPA molecules were adsorbed by the TPA molecules

within the holes, leading to the phase separation growth. At STA140, the TPA supramolecule tends to

grow by the LBL mechanism.
Introduction

Advanced self-assembly technology has allowed novel two-
dimensional (2D) nanostructure materials to become wide-
spread.1 Among these nanomaterials, the 2D supramolecule is
made up of one or several types of molecules through the self-
assembly process, which forms an ultra-thin lm on
a substrate.2,3 The self-assembled 2D supramolecule nano-
structure is generally monotonic and its pattern is also straight-
forward to control. Accordingly, different 2D supramolecules
have been extensively used in many elds, such as for anti-
cancer drug delivery,4,5 gene delivery, photothermal therapy
(PTT), photodynamic therapy (PDT), biosensing, and regenera-
tive medicine.6
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Since 2D supramolecules are mainly formed by the
ordered arrangement of compositional molecules on the
substrate, two key factors in constructing such a 2D supra-
molecule with specic textures are the relative orientations
of the compositional molecules as well as the molecule's
orientation to the substrate.7 Consequently, understanding
at the atomic scale how compositional molecules arrange
themselves on the substrate is key to developing new 2D
supramolecules. An analysis of the ordered pattern of
compositional molecular arrangements observed by scan-
ning tunneling microscopy (STM)8,9 indicates that these
compositional molecules are stabilized by the intermolec-
ular hydrogen bonds and van der Waals force.10 Moreover,
the textures of self-assembled supramolecules can be
tailored by using molecules with different chirality,10,11

substrates with different surface facets,12 different fragment
positions of functional groups,13 and side chains of different
lengths.14 For example, Liu focused on the self-assembly
process of hydrogen-bonded supramolecular complexes of
nucleic-acid–base (guanine, G) and fatty-acid (SA) molecules
at the liquid–solid interface. Their STM results conrmed
that different electronegativity conditions for N and H atoms
at different positions in the G molecules have an important
effect on the length and strength of hydrogen bonding
between the G–SA molecules in the supramolecule.14 In
Bernasek's study,11 STM was used to study the chiral
arrangement of self-assembled arachidonic anhydride
RSC Adv., 2020, 10, 1319–1330 | 1319

http://crossmark.crossref.org/dialog/?doi=10.1039/c9ra07007a&domain=pdf&date_stamp=2020-01-06
http://orcid.org/0000-0002-9454-8899
http://orcid.org/0000-0002-0722-4854
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c9ra07007a
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA010003


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

8 
Ja

nu
ar

y 
20

20
. D

ow
nl

oa
de

d 
on

 1
2/

4/
20

25
 9

:4
6:

21
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
monolayers on graphite. According to the STM morphol-
ogies, they proposed that two chiral isomorphic domains
with a highly ordered itinerary on graphite can be attributed
to the inuence of weak van der Waals interactions between
molecules. In another Bernasek study,15 STM was used to
study the molecular arrangement of 5OIA and terephthalic
acid on highly oriented pyrolytic graphite (HOPG) substrates.
They proposed that the stable supramolecular arrangement
was formed by the intermolecular hydrogen bond network
between 5OIA and terephthalic acid. In a related study,
Costantini studied the effect of substrate type on the supra-
molecular morphologies aer the self-assembly process by
Fig. 1 Molecular structures of (a) STA, (b) TPA, and (c) graphene with pe

1320 | RSC Adv., 2020, 10, 1319–1330
using TPA molecules on pristine Si(111) and Si(111)–O3 �
O3-Ag surfaces.12 The experimental results showed that TPA
molecules do not form an ordered supramolecular structure
on the pristine semiconductor surface because of the
stronger molecule–substrate interaction. In contrast, the
TPA molecule has a weaker interaction with Si(111)–O3 � O3-
Ag, leading to the formation of an ordered supramolecular
layer stabilized by carboxyl hydrogen bonds, which are very
similar to the supramolecular layer of TPA formed on
Ag(111). The PVBA molecule was used in Lin's study for
investigating two-dimensional chiral self-assembly on
Cu(100) substrates.10 Their experimental results indicated
riodic boundary conditions in the x- and y-dimensions.

This journal is © The Royal Society of Chemistry 2020
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Fig. 2 The most stable 2D STA supramolecules on graphene after the STUN-BH-DMD search at coverages of (a) STA100, (b) STA120, (c) STA140
and (d) STA145. Red rectangle represents the formation of a second layer atop the monolayer.
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that the nal molecular arrangement on the substrate was
signicantly dependent on the PVBA coverage. In Li's study,16

they wanted to fabricate the three-dimensional terephthalic
acid (TPA) supramolecule on the HOPG substrate. They rst
prepared a two-dimensional stearic acid (STA) as the buffer
layer on HOPG, which can effectively reduce the interaction
between TPA and HOPG and promote the growth of the 3D
TPA supramolecule. Their experimental results indicated
that the molecular arrangement of a 2D STA supramolecule
on HOPG is a critical factor in obtaining the 3D TPA
supramolecule.

Although experimental studies have proposed the possible
molecular interaction mechanism in the formation of stable 2D
supramolecules on substrates, there is still no direct
Table 1 The ultimate lowest energies of each STA molecule as calculat
substrate area 145.14 Å� 126.66 Å). The average of the H-bond indicates
coverages when they arrange in the configurations with the ultimate low

Coverage
Average STA interaction
energy with STA (kcal mol�1)

STA100 �9.01
STA120 �9.08
STA140 �9.72
STA145 �10.07

This journal is © The Royal Society of Chemistry 2020
experimental evidence to show clear atomic interactions such as
hydrogen bonding or p–p interactions at the atomic scale.
Therefore, using numerical simulation is an alternative approach
to investigate the local compositional molecular arrangements of
2D supramolecules on a substrate. Among different numerical
methods, molecular dynamics (MD) simulations have been
successfully used to observe the molecular behaviors of 2D
supramolecules on different surfaces. For instance, Hentschke
used molecular dynamics simulations to predict molecular
arrangements of alkanes adsorbed by a graphite surface.17 They
found that MD simulations were a valuable complementary tool
for the interpretation of STM data, because the combination of
STM and MD approaches can describe in detail the molecular
structural and dynamical behaviors of ultrathin organic lms. In
ed by the BH method for three different coverage ratios (at the same
the average number of hydrogen bonds per STA chain for different STA
est energies

Average STA interaction
energy with graphene (kcal mol�1)

Average of H-bond
(per STA)

�35.81 0.38
�35.80 0.51
�35.75 0.53
�35.17 0.65

RSC Adv., 2020, 10, 1319–1330 | 1321
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Fig. 3 Square displacement (SD) profiles during the temperature elevation process for (a) STA100, (b) STA120, and (c) STA140. Td is used to
indicate the disintegration temperature for each case.
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Wang's study,7 they used MD simulations to predict the molec-
ular arrangement of organic thin lms (OTFs), which can be
tailored by adjusting the strength of the van der Waals interac-
tion with the substrate. Their simulation results reveal that the
2D ordered structure is mainly driven by the molecule–molecule
interactions during the self-assembly process, and the interac-
tion between the molecule and substrate governs the array
orientation of the adsorbed molecules, which has only an indi-
rect inuence on the molecular order. In Martsinovich's study,13

the advantages and disadvantages of MD and Monte Carlo (MC)
simulations were applied to the self-assembly processes of TPA,
IPA, and PA molecules on substrates. Both MD and MCmethods
can predict the ordered TPA supramolecular structure because
the geometry of TPA is the most symmetric one among these
three molecules. According to their simulation results, they
stated MD simulations are more robust, whereas MC simulation
results tend to depend on the choice of the initial molecule
distribution.

In the current work, the stochastic tunneling-basin hopping-
discrete molecular dynamics (STUN-BH-DMD) method was
used to predict the most stable supramolecular structure on the
1322 | RSC Adv., 2020, 10, 1319–1330
substrate and explore the mechanisms driving the interaction
of compositional molecules in the supramolecule. The growth
mechanisms of a 2D STA supramolecule on the graphene and
3D TPA supramolecule on the 2D STA supramolecule were
studied, and the simulation results were compared with the
corresponding STM experimental results presented in Li's
experimental study.16
Simulation model and STUN-BH-DMD
method

Fig. 1(a) and (b) show the molecular structures and the molec-
ular sizes of STA and TPAmolecules, respectively. The graphene
size with the periodic boundary conditions in the x- and y-
dimensions is shown in Fig. 1(c), and the x and y lengths of the
graphene are 145.14 Å and 126.66 Å. The Dreiding force eld18

was used to describe the interatomic interactions of STA, TPA,
and graphene. For the partial charges of STA and TPA atoms,
the electrostatic surface potential (ESP) charges were used,
which were obtained by the semi-empirical ab initio VAMP
This journal is © The Royal Society of Chemistry 2020
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Fig. 4 (a) SD profiles and (b) order parameter (OP) profiles of STA100,
STA120, and STA140 during the MD simulation at their corresponding
disintegration temperatures. The disintegration temperatures are
presented in the parentheses and the labels A, B, and C with different
symbols (for STA100, STA120, and STA140, respectively) on the OP
profiles are used to indicate the order parameter variations from the
local maximum (label A) to the local minimum (label B) and then to the
next local maximum (label C) of OP during the MD simulation.
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View Article Online
package with the neglect of diatomic differential overlap
(NDDO) Hamiltonian approximation method in PM6 (parame-
terization method 6).

To nd the most stable STA buffer supramolecule on the
graphene, the following sequential steps were taken: (1)
rstly, the STA molecules were randomly imposed into the
region above the graphene. (2) A virtual wall paralleled to the
graphene, located above the highest STA molecule, was
gradually moved toward the graphene to force all STA
molecules to contact the graphene surface. The virtual wall
had a weak repulsive interaction with all STA molecules. (3)
The NVT MD simulation was conducted at 1500 K for 50 ps in
order to produce a completely random STA distribution on
the graphene. (4) Finally, the STUN-BH-DMDmethod19–23 was
conducted to predict the most stable two-dimensional STA
supramolecule on the graphene. The detailed STUN-BH-
DMD process used for the current system can be found in
the ESI.†

The large-scale atomic/molecular massively parallel simu-
lator (LAMMPS) package24 was employed to conduct the STUN-
BH-DMD search and MD simulation. All MD simulations using
the most stable congurations aer the STUN-BH-DMDmethod
search considered the long-ranged coulombic interaction by the
particle–particle particle–mesh (PPPM) method.18,25 The Open
Visualization Tool (OVITO) package26 was used to visualize the
simulation results and to do the post processing.

Results and discussion

The experimental results of Lin's study10 show that the nal
supramolecular morphologies on the Cu(100) substrate signif-
icantly depend on the coverage of the supramolecule composi-
tional molecule. Moreover, in Li's experimental study,16 they
found the growth mechanisms of three-dimensional TPA thin
lms were different when the coverage of the STA buffer layer
was different. They found that the mechanisms of phase sepa-
ration growth and layer-by-layer (LBL) growth occur at lower and
higher buffer layer coverages, respectively. Consequently, four
STA coverages on the graphene were considered in this study,
which used 100, 120, 140, and 145 STA chains on the graphene,
with the surface area shown in Fig. 1(c). For convenience in
presenting our simulation results, these four coverages are
designated as STA100, STA120, STA140, and STA145.

Fig. 2(a)–(d) shows the most stable congurations aer the
STUN-BH-DMD search for different STA coverages, and the
corresponding average interaction strengths of STA–STA and
STA–graphene as well as the average hydrogen bond number
are listed in Table 1. For STA100, STA120, and STA140, one can
see that all STA molecules are adsorbed by the graphene
surfaces. For STA145, two STA molecules marked by the rect-
angle in Fig. 2(d) are on the rst STA buffer layer, indicating
that the STA145 is oversaturated in terms of forming a single
buffer layer on the graphene surface. For the lower coverages
(STA100 and STA120), there is more open space on the gra-
phene for STA chains to adjust their orientations relative to
their neighbor STA chains in order to reach the most stable
conguration. Fig. 2(a) and (b) indicate that there are two
This journal is © The Royal Society of Chemistry 2020
main mechanisms causing the system to have the lower
energy. The rst one is the formation of hydrogen bonds
between the terminal COOH groups of the two STA chains, and
the second one is the stacking of STA chains by their long axis.
At STA100 and STA120, the stacking mechanism is dominant
and several domains are formed by the STA stacking, which
can be seen in Fig. 2(a) and (b). At the higher STA coverages
shown in Fig. 2(c) and (d), one can see most STA stacking piles
are connected by the hydrogen bonds forming between the
STA chains of neighbor piles. In Table 1, the average hydrogen
RSC Adv., 2020, 10, 1319–1330 | 1323
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bond numbers of STA140 and STA145 are higher than those of
STA100 and STA120. The average STA interaction energies of
STA140 and STA145 are also higher than those of STA100 and
STA120, because the average hydrogen bond numbers in
STA140 and STA 145 are higher. It should be noted that the
interaction energy between the STA and the graphene is nearly
the same for all coverages.

In Fig. 2(c) and (d), one can see some local herringbone
structures formed by the hydrogen-bonded STA pair, as indi-
cated by the red arrows. In Rabe's study,27 the 1-octadecanol
molecule with the same alkyl part as that of the STA molecule is
used to form the supramolecule on the HOPG. Their experi-
mental results show that the herringbone arrangements formed
by a hydrogen-bonded 1-octadecanol pair exist, because the
pairing of hydrogen bonds requires a tilt angle between two
molecules to ensure the stability of the hydrogen bonds, thus
forming a herringbone arrangement. Their experimental
nding is conrmed by these simulation results presented in
Fig. 2(c) and (d).
Fig. 5 The corresponding STA morphologies on the graphene surface
coverages animation from A to C in the ESI.†).

1324 | RSC Adv., 2020, 10, 1319–1330
Aer the most stable STA structures were obtained by the
STUN-BH-DMD method, their thermal properties were further
investigated by MD simulations. Since STA145 is oversaturated
on the graphene, only the cases of STA100, STA120, and STA140
were used for this MD study. The square displacement (SD)
prole during the temperature elevation was used to observe the
thermal stability of 2D STA supramolecules on graphene at
different coverages. The denition of SD at time t is presented in
eqn (1):

SDðtÞ ¼
PN
i

½riðtÞ � rið0Þ�2

N
(1)

where ri(0) is the atom position of atom i at a time of 0, ri(t)
represents the atom position of atom i at a time of t, and N is
the total atom number of all STA molecules. During the MD
simulation, the temperate increment is 10 K per 20 ps from
300 to 600 K, so the SD(t) given in eqn (1) also corresponds to
the SD variation with the increasing temperature. The
at labels A, B, and C indicated in OP profiles of Fig. 4(b) (see three

This journal is © The Royal Society of Chemistry 2020

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c9ra07007a


Fig. 6 The MSD profiles at the corresponding melting point for the
coverages of STA.
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particle–particle particle–mesh (PPPM) method was employed
to the long-ranged coulombic interaction, and the cutoff
distance is 12 Å.28

Fig. 3 represents the square displacement (SD) proles of
STA100, STA120, and STA140 during the temperature eleva-
tion from 300 to 600 K. For each case, the SD proles present
the H-bond donor and acceptor atoms of all STA terminal
COOH groups, as well as the alkane part of the STA molecule.
One can see these SD proles slightly increase with the
temperature at the early elevation process up to 380 K, 400 K,
and 470 K for STA100, STA120, and STA140, respectively.
When the temperatures exceed these temperatures, the SD
has a tendency to increase more signicantly with the
increasing temperature. This identies the point at which STA
buffers of different coverages begin to disintegrate, so these
temperatures are designated as Td, the disintegration
temperature. In Fig. 3(a)–(c), morphologies at temperatures
20 K lower and 20 K higher than the corresponding Td are
shown as insets. Note that the morphologies at the tempera-
tures 20 K lower than Td are very similar to the corresponding
initial morphologies shown in Fig. 2. At Td, the morphologies
of the STA buffer layers are slightly different from those at the
lower temperatures, indicating that the kinetic energies at Td

begin to overcome the STA binding energy. In contrast, when
the temperatures exceed Td, the arrangements of STA chains
(e.g., insets showing temperatures 20 K higher than Td) are
considerably different from those shown in Fig. 2, implying
that the STA buffer layers disintegrate when the system
temperature exceeds Td. A comparison of these Td values
shows that the Td value is higher at higher STA coverage. This
is because the average STA bonding energy is higher at the
higher STA coverage, as shown in Table 1. The SD proles of
the COOH group and the alkanes clearly show that the COOH
This journal is © The Royal Society of Chemistry 2020
and alkane proles begin to separate in STA100 and STA120
when the system temperatures exceed Td, implying that the
disintegrations in these two cases start from the breakage of
hydrogen bonds. For STA140, the COOH and alkane SD
proles still closely match at temperatures lower than 570 K,
which is about 100 K higher than its Td. This is likely due to
the crowding of the STA molecules and therefore there is
insufficient space to disintegrate.

To investigate the STA disintegration processes, Fig. 4(a) and
(b) show the SD proles and the order parameter (OP) variations
at the corresponding Td during the MD simulations, respec-
tively. Fig. 4(a) shows the values of SD proles increase with the
simulation time, indicating that the STA molecules have le
their equilibrium positions and can continually move on the
graphene surface. In order to investigate the STA molecular
arrangement change on the graphene surface at the system
temperatures of Td, Fig. 4(b) shows the variations of OP during
the MD simulation. The OP, P2, is expressed by the following
formula:29

P2 ¼ 3hcos2 qi � 1

2
(2)

where P2 is the second-rank order parameter commonly used in
the analysis of OP, and the value of cosine in eqn (2) is written as

cos q ¼ u$n (3)

where u is a unit vector representing the long axis direction of
a specic STA molecule and can be calculated based on the
eigenvector corresponding to the smallest eigenvalue of the
moment of the inertia tensor for the specic STA molecule.
The unit vector n stands for the direction of all STA molecules
in the system and can be determined by diagonalizing the
second-rank ordering tensor Q of the STA molecules. The
denition of Q is shown below:

Qab ¼ 1

N

XN
i¼1

�
3

2
uiauib � 1

2
dab

�
(4)

where N is the total number of STAmolecules in the system, and
uia and uib are molecular units of the eigenvector coordinate
component, with uia$uib representing the multiplication of the
different components of the eigenvector. The term dab is the
delta function. According to the OP value, the STA molecules
tend to be in a disordered conformation as P2 approaches zero,
whereas they behave like an ordered-arranged conformation as
P2 approaches unity.

In Fig. 4(b), one can see the OP values of STA100, STA120,
and STA140 range between 0.3 and 0.7 with signicant uctu-
ations during the MD simulation. To observe the conguration
change when the OP decreases from the local maximum to
a local minimum and then increases to another local
maximum, labels A (local maximum), B (local minimum), and C
(local maximum) on the OP proles for each case are demar-
cated by different symbols in Fig. 4(b), and the corresponding
morphologies of STA100, STA120, and STA140 for labels A, B,
and C are shown in Fig. 5.
RSC Adv., 2020, 10, 1319–1330 | 1325
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In Fig. 5, STA molecules marked in red for all STA coverages
were used as the reference STAmolecules for presenting the STA
subdomains at label B. It can be seen the STA subdomains
marked in green or dark-green at label B are perpendicular to
the reference subdomain, resulting in lower OP values. At labels
A and C, the STA molecules in these two subdomains seem not
signicantly perpendicular to each other, leading to the rela-
tively higher OP values, as shown in Fig. 4(b). At the disinte-
gration temperatures, one can see the STA molecules can move
on the graphene surface to adjust their arrangement for making
the STA layer more stable with a higher OP value (see Animation
1–3 in ESI†) However, ordered STA layers at Label A can only be
maintained for a very short time because the kinetic energies at
Td are high enough to disintegrate the ordered STA layer.

In order to study the diffusion behaviors of STA, the mean
square displacement (MSD) proles were obtained rst. The
MSD is calculated on the basis of eqn (5):

MSDðtÞ ¼

�PN
i

½riðtÞ � riðt0Þ�2
�

N
(5)
Fig. 7 The early growth mechanism of the TPA supramolecule on (a) STA
the TPA arrangement, the graphene structure is hidden.

1326 | RSC Adv., 2020, 10, 1319–1330
where ri(t0) is the mass center of the STA molecule i at the time
origin t0, and ri(t) represents the mass center of the STA mole-
cule i at a delay time t aer t0. N is the total number of STA
molecules and the angle brackets stand for the average over the
number of time origins used for MSD. For all STA cases, the MD
at the Td was rst conducted for 50 ps to reach the thermody-
namic equilibrium, and an additional 500 ps were used for the
MSD calculations using 200 time origins. In Fig. 6, it can be
observed that the MSD proles for each case exhibits a relatively
linear rise aer 160 ps. It is well-known that MSD proles are
linear to the delay time over the long term, and thus the diffu-
sion coefficients of STA at Td can be derived from the slopes of
the MSD proles aer a longer delay time by the Einstein
equation:

D ¼ 1

6
lim
t/N

d

dt
MSD (6)

where D is the self-diffusion coefficient. The MSD proles
between 160 and 480 ps were used to get the diffusion coeffi-
cient, and the self-diffusion coefficients are about 3.77, 1.96,
and 1.48 � 10�9 m2 s�1 for STA100, STA120, and STA140,
100, (b) STA120, (c) STA140, and (d) graphene. For clear observation on

This journal is © The Royal Society of Chemistry 2020
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Fig. 8 The side and top views of the preferential adsorption morphologies of TPA molecules on (a) STA100, (b) STA120, and (c) STA140 when
more TPA molecules were adsorbed on the STA buffer layers. For clear observation on the TPA arrangement, the graphene structure is hidden.
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respectively. The orders of calculated self-diffusion coefficients
are close to the experimental ones in Slevin's study for the
stearic acid monolayer at the air interface.30 For investigating
This journal is © The Royal Society of Chemistry 2020
the TPA supramolecular growth mechanism at the early growth
stage, the same STUN-BH-DMD process was used for TPA
molecules on the STA buffer layer and graphene again. Fig. 7(a)–
RSC Adv., 2020, 10, 1319–1330 | 1327
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(c) show TPA molecules on the STA100, STA120, and STA140
buffer layers with very few TPA molecules. Fig. 7(d) displays the
arrangement of TPA molecules directly on the graphene. In
Fig. 7(a)–(c), it can be seen the TPA molecules preferably occupy
the holes that are not covered by STAmolecules, resulting in the
TPA/STA phase separation. Fig. 7(d) shows the monolayer of
TPA molecules when the TPA molecules are adsorbed on gra-
phene, demonstrating the layer by layer growth mechanism for
TPA on graphene.

Fig. 8(a)–(c) show the top and side views of TPA/STA
arrangement when more TPA molecules were adsorbed onto
the STA buffer layer. For STA100 and STA120 shown in Fig. 8(a)
and (b), aer lling the holes with TPA molecules, the subse-
quent TPA molecules turn out to be adsorbed by the TPA
molecules near or within the holes, resulting in the three-
dimensional TPA growth. One can see the TPA/STA phase
separation is still dominant for STA100 and STA120. In Fig. 8(c)
for STA140, the subsequent TPA molecules nally form
a complete TPA monolayer on the graphene, indicating that the
layer by layer growth mechanism of TPA on the STA buffer layer
results in high coverage.

For observing the local number density distribution of
three-dimensional TPA supramolecular structures on the
STA140 and graphene through the layer-by-layer growth
mechanism, 2500 TPA molecules were placed on the estab-
lished STA140 buffer layer and pristine graphene rst. A virtual
repulsive wall parallel to the graphene surface was also used to
Fig. 9 The number density distribution of TPA molecules on STA140 an

1328 | RSC Adv., 2020, 10, 1319–1330
conne all molecules between the graphene surface and the
virtual repulsive wall. The distance between the graphene
surface and the virtual repulsive wall was adjusted until the
average pressure was close to 1 atm during the NVT MD
simulation at 300 K. Then, the NVT MD at 300 K was per-
formed for another 4 ns to completely relax the system. The
integration time step was 0.5 fs and the Nosé–Hoover ther-
mostat was introduced to control the system temperature. A
cut-off distance of 12 Å was utilized for calculate the 2
dimensional long-range electrostatics by Ewald summation
and van der Waals interactions.

Fig. 9 shows the number density distribution of TPA
molecules on the STA140 and pure graphene along the z
dimension, respectively. It can be seen the rst two density
peaks of each case are relatively more distinct than other parts
of the density proles. For a certain range of z, the density
value almost uctuates with a constant value, which corre-
sponds to the bulk TPA density. In Table 2, the order param-
eters of TPA molecules within the rst, second peaks, and bulk
region are listed. It should be noted that the reference vector is
the direction normal to the graphene surface and the direction
normal to the six-membered ring of the TPA molecule is used
for the molecular reference vector. Consequently, if all TPA
molecules are adsorbed completely at on the substrate, the
OP value is 1. For the pure graphene, the rst density peak is
the highest and the narrowest among all the density peaks.
The corresponding OP of the rst peak in Table 2 is about 0.81
d pure graphene along the thickness direction.

This journal is © The Royal Society of Chemistry 2020
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Table 2 The order parameters of TPA molecules in the first and
second layers, and the bulk region. The reference vector for order
parameter is the direction normal to the graphene surface and the
direction normal to the six-membered ring of TPA is used for the
molecular reference vector of each TPA molecule

1st peak 2nd peak Bulk region

STA140 0.57 0.22 0.04
Pure graphene 0.81 0.42 0.06
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and the density between the rst and second peak is close to 0,
indicating that most TPA molecules within the rst peak were
adsorbed completely at on the graphene surface with the 2-
dimensional hydrogen bonding network. For the second layer
of the pure graphene case, the OP becomes lower, implying
that the TPA molecules within the second peak can form the
three-dimensional hydrogen bonding network with TPA
molecules above the second TPA layer. For the STA140 case,
the OP values of the rst and second peaks are lower than the
corresponding peaks of the pure graphene case and the
density between the rst and second peaks are not close to
zero, indicating that the TPA supramolecules on STA140 are
formed by the three dimensional hydrogen bond network
through the LBL mechanism.
Conclusions

The STUN-BH-DMD method with the Dreiding force eld has
been used to nd the most stable STA supramolecular struc-
tures on the graphene and TPA supramolecular structures on
the STA buffer layer. Twomajor TPA growth mechanisms, phase
separation and LBL growth, are observed. According to the
simulation results, the following conclusions can be made:

(1) The STA molecule arrangement on the graphene depends
on the STA coverage. At the relatively lower coverages, STA100
and STA120, the stacking of STA molecules by their long axis is
the main mechanism to stabilize the STA buffer layer. At the
higher STA coverage, STA140, the hydrogen bonding between
the terminal COOH groups of two STAmolecules makes the STA
buffer layer more stable than those at the lower STA coverages.

(2) The disintegration temperature of STA140 is higher than
those of STA100 and STA120 aer the thermal stability simu-
lation by the temperature elevation process. It is because the
average hydrogen bond number of STA140 is the highest.

(3) At the early growth stage of the TPA supramolecule on the
STA buffers, the TPA molecules were rst adsorbed by the holes
formed between the STA piles on the graphene. At the lower STA
coverages, STA100 and STA120, the subsequent TPA molecules
were adsorbed by the TPA molecules within the holes, resulting
in the phase separation growth.

(4) At the higher coverage STA140 or on the pure graphene,
the TPA supramolecule tends to grow in all three dimensions by
the LBL mechanism.

In this study, a general process using the STUN-BH-DMD
method was developed to predict the TPA supramolecular
This journal is © The Royal Society of Chemistry 2020
structure on the STA buffer layer or on the graphene. The same
numerical process can be further used to predict the arrange-
ment of any other molecule type on a surface with different
textures. For the STUN-BH-DMD search process, the nal
congurations of STA100, STA120, and STA140 were obtained
by the quenching process from 1100 to 300 K with a cooling rate
of 0.008 K per STUN-BH-DMD iteration. A much slower cooling
rate than the current one obtains very similar congurations to
those presented in the current study. Consequently, the STA
molecules completely arranged in parallel (molecular axis of
each STA aligns along the same direction) are not as stable as
those forming subdomains according to the current simulation
results.
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