
9634 | Phys. Chem. Chem. Phys., 2014, 16, 9634--9642 This journal is© the Owner Societies 2014

Cite this:Phys.Chem.Chem.Phys.,

2014, 16, 9634

The molecular configuration of a DOPA/ST
monolayer at the air–water interface: a
molecular dynamics study†

Chui-Peng Kong,ab E. A. J. F. Peters,b Qing-Chuan Zheng,a G. de With*b and
Hong-Xing Zhang*a

In this study, surface pressure–area isotherms for N-stearoyldopamine (DOPA) and 4-stearylcatechol

(ST) monolayers are obtained by means of molecular dynamics simulations and compared to

experimental isotherms. The difference between DOPA and ST is an amide group, which is present in

the alkyl tails of DOPA molecules. We find a large difference between the isotherms for DOPA and ST

monolayers. Upon using TIP4P/2005 for water and OPLS force fields for the organic material and a

relatively large system size, the simulated results are found to be consistent with experiments. With

molecular dynamics simulations, the configurations of molecules in the monolayers can be directly

analyzed. When the surface pressure is high, a regular molecular orientation is observed for ST

molecules, whereas regular orientations are only observed in local domains for DOPA molecules. The

differences between DOPA and ST monolayers are attributed to the amide groups in DOPA molecules,

which are useful for both steric effects and the formation of hydrogen bonds in the DOPA monolayers.

This study clearly demonstrates that hydrogen bonds, due to the presence of the amide group in DOPA,

are the cause of the disorder in its Langmuir monolayers. Thus, the conclusion may be helpful in making

ordered organic monolayers in the future.

Introduction

Langmuir–Blodgett films, which are obtained by transferring an
air–water interface monolayer onto a solid substrate, are widely
used because of their capability of building highly ordered struc-
tures on substrate surfaces.1–4 The molecular structure of the
monolayer is of critical importance and is mainly controlled by
compressing the monolayer at the interface of air and water.5–8

For example, the Langmuir–Blodgett films of triphenylene-based
pyridinium and imidazolium salts with bromine had been studied.
For Langmuir–Blodgett films transferred at different surface
pressures, different configurations of molecules on hydrophilic
silicon substrates are observed.9

While the macroscopic results of the monolayers are usually
revealed by experimental investigations, the formation of a
monolayer at the air–water interface has been also extensively

studied using simulation methods.10–14 Kox et al.15 carried out
one of the first molecular dynamics (MD) simulations, by
simulating a lipid monolayer based on a relatively simplified
model. Since then a number of studies based on Lennard-Jones
(LJ) and Coulomb interactions have been performed with the
purpose of studying the details of the molecular structures on
the surface of the water.12–14,16 Most of these simulation studies
are based on well-developed force fields or coarse grained
methods combined with the NVT ensemble.14,17–19

The target molecules in this study are derived from blue
mussel’s foot proteins.20 A number of studies21–23 have revealed that
the unusually frequent appearance of 3,4-dihydroxy-L-phenylalanine
in mussel’s protein is the main reason for its unmatched adhesive
ability.24–26 The adhesion is mainly due to the catechol and amide
groups. Thus, by combining the amide and catechol groups with
an aliphatic tail, a molecule with both hydrophilic and hydro-
phobic groups has been formed, namely N-stearoyldopamine
(DOPA). The monolayer of DOPA can be potentially used as an
adhesion promoter. To assess the role of the amide groups during
the formation of a DOPA monolayer, a molecule with a similar
structure except for the amide group, namely 4-stearylcatechol
(ST), is also included for comparison. The properties of DOPA and
ST on a gold surface has been studied both experimentally and
theoretically in our previous studies.27,28
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It has been known that the results of a molecular simulation
containing water molecules can be influenced by the choice of
the water model.29,30 Thus, to assess the influence of water
models, DOPA/ST monolayers on a water surface are simulated
with two kinds of water models (TIP4P/200531 and SPC32,33).
The influence of different boundary sizes on the simulation
results has also been considered. To construct surface pressure–area
(p–A) isotherms, MD simulations were performed by control-
ling the surface tension of the whole system and the tail
correction item is added.30,34 The p–A isotherms obtained using
our simulation scheme are consistent with experimental
results.27 The different configurations for DOPA and ST mono-
layers are displayed. The configurations of the hydrophilic and
hydrophobic groups have been analyzed, so as to exhibit the
difference quantitatively. Finally, steric effect and hydrogen
bonds have been employed to explain the different configura-
tions between DOPA and ST monolayers.

Simulation details

All simulations were carried out using GROMACS 4.5.535–39 and
Visual Molecular Dynamics (VMD)40 was used for visualization.
The Particle Mesh Ewald (PME) method was employed to
accurately compute electrostatic interactions.41 The cut-off for
the Coulomb interaction and L-J interaction was set at 10 Å. The
simulation temperature was kept at 300 K with V-rescale
coupling.42 We performed simulations at constant surface
tension to obtain equilibrate structures and used NVT for
production runs.

A. Calculating surface tension

We employed the surface tension as defined in GROMACS:

g = 1
2Lz[PZZ � 1

2(PXX + PYY)] (1)

where Lz is the box length in the z direction, Paa is the aa
element of pressure tensor,43 and the ‘‘1/2’’ is due to the two
surfaces present in the system.

The cutoff (rc) of the L-J interactions has a minor influence
on the molecular arrangement, but significantly influences the
computed value of the surface tension. The so-called tail
corrections can be employed to improve the computed values.
The dispersion correction to the surface tension for the LJ
interactions is included following Chapela et al.,34

gtail ¼ 12pes6ðrL � rVÞ
2

ð1
0

ds

ðþ1
rc

dr cothðrs=dÞ � ð3s3 � sÞr�3

(2)

where e and s are LJ parameters of surface atoms from the
applied force field. rc is the cutoff radius. d can be evaluated by
fitting density profile with the hyperbolic tangent function44

rðZÞ ¼ 1

2
ðrL þ rVÞ �

1

2
ðrL � rVÞ tanh

Z � Z0

d

� �
(3)

where Z is the distance along the z axis and Z0 represents the
position of liquid surface. It should also be noted that in a

organic–water system, for the liquid surface is mainly occupied
with alkyl tails, the LJ parameters are taken from alkyl carbons.
On the other hand, we chose the water density to be the average
liquid density (rL). The fitting profile can be found in the ESI†
(Fig. S2). Thus, the exact surface pressure can be calculated as

Psurf = (gwater + gtail
water) � (gset + gtail

set ) (4)

where gset is the surface tension had been set up in our simula-
tion. gwater refers to the surface tension of pure water. gtail refers
to the tail correction item.

B. Simulation settings for the water interfaces

Clearly, to compute the surface pressure and have a direct compar-
ison with experiments, we need the simulated pure water surface
tension with the chosen force field, because it turns out that the
surface tension of water is a quantity that is very sensitive to the
details of the force field used. Moreover, the differences
between the simulated surface tensions and the experimental
values are significant. Thus, a simulation of a water slab containing
4320 water molecules in a periodic box (5.0 � 5.0 � 20.0 nm3) had
been carried out to determine the surface tension of the applied
water models (Fig. S1, ESI†). The system was equilibrated for 2 ns
first. After that, another 2 ns NVT simulation run was used to
calculate the surface tension. The calculation was repeated three
times to obtain an average surface tension of 65.2 mN m�1 for
TIP4P/2005 and 49.0 mN m�1 for SPC. Tail corrections34,45 have
been applied for both TIP4P/2005 (4.3 mN m�1) and SPC
(5.2 mN m�1) systems. These values are in good agreement
with previous studies30,33 and are employed as the pure-water
surface tension data in this study to compute the surface
pressure.

C. Simulation settings for the water–organic interfaces

In the molecular dynamic simulations of DOPA (ST) molecules
on water, the organic molecules are simulated using the OPLS
all atom force field.46–48 For comparison, both the large size
system (containing 480 DOPA/STs, with TIP4P/2005 for water)
and the relatively small size system (120 DOPA/STs, with TIP4P/
2005 and SPC for water) have been employed. In order to
simulate a monolayer at a prescribed surface tension, the
system is initiated with a large enough surface area (Fig. S3,
ESI†). An equal number of the organic (DOPA or ST) molecules
are assigned to either of the two sides of the water slab to make
two organic–water interfaces (Fig. 1A). To control the constant
surface tension simulations, the Berendsen pressure coupling
is used.49 For this coupling method to be effective, a value of
the compressibility that is close to the real compressibility of
the system,50 4.5 � 10�5 bar�1, is required. The next step is
to gradually increase the surface pressure to generate the
pressure–area isotherms. At each chosen surface pressure,
the surface tension coupling molecular dynamics has been
performed while monitoring the change of box size on x and
y axes. Until the system size has reached its stable state for 2 ns,
we consider the system to be in its equilibrium state (Fig. S3, ESI†,
lower figure). Then, another 2 ns NVT simulation with V-rescale
coupling is performed to accumulate the data for the analysis.
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The tail correction for these organic–water systems are considered
by coupling the gas–liquid phase (see Fig. S2, ESI†). The surface
tensions are then corrected according to eqn (2)–(4).

D. Structural aspects

In order to characterize the configurations of the molecules,
several quantities (Fig. 1B) are evaluated.28,51 The position of
the aromatic rings is described by the angle y. To characterize
the degree of orientation and stretching of the aliphatic tails, a
vector Re that contains the carbon atoms labelled from 1 to 18
as shown on the right-hand side of Fig. 1B, is used.52 The
projections of Re on xy plane are then employed to describe the
orientations. The angle of orientation of the tails with respect to
the surface normal is defined as at. The condition at = 0 indicates
a complete perpendicular to the surface. In order to evaluate
the average orientation of the alkyl tails, the order parameter
has been defined as15,53

Sz = 3
2
hcos2 yzi � 1

2 (5)

where yz is the angle between the z-axis of the monolayer
normal and the molecular axis under consideration. The brackets
indicate an average taken over time and molecules. The order
parameter calculation is following the definition in GROMACS,

in which the direction at the carbon atom Ci is constructed
from the vector pointing from atom Ci�1 to atom Ci+1. These
vectors are counted from atom C2 to atom C17.

Results and discussion
A. Pressure–area isotherms

The isotherms computed using both TIP4P/2005 and SPC water
models as well as the isotherms with different system sizes are
summarized in Fig. 2A. The surface tension of water using
different water models have been discussed in a number of
studies.30,32 In the present study, when comparing the two
water models, only a minor shift of surface area per molecule
(1 Å2 at maximum) between the two isotherms is observed (ST:
SPC and ST: TIP4P/2005) for ST monolayers. For DOPA molecules,
the influence of the water model on the isotherm is much more
pronounced. When using the SPC model, the surface area per

Fig. 1 (A) Illustration of the large system set up. (B) Quantities used to
characterize the molecular configuration. L0 is the contour distance of
C1–C18; Re represents the C1–C18 vector; the angle y is used to describe
the orientation of aromatic ring; the angle between the Re vector and the
Z vector is defined as at.

Fig. 2 (A) Comparison of isotherms at SPC and TIP4P/2005 models,
including both small and large system size (L). (B) Comparison between
TIP4P/2005 large (L) isotherms with experiments. The error bars of
experimental values are obtained by averaging batch results.27
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molecule is smaller than the area obtained using the TIP4P/
2005 model (with a difference of more than 5 Å2). The TIP4P/
2005 isotherms are consistent with experiments (Fig. 2B). The
different results of TIP4P/2005 and SPC are mainly attributed to
the non-bonded parameters and Coulomb charges applied in
the water model.30–32

For the TIP4P/2005 water model, both the small size system and
the large size system have been computed. It is also worthwhile to
compare the size effect in this simulation (Fig. 2A). Usually, the
artificial boundary effect is decreased with a larger size system.
Thus, to better understand molecular configurations for DOPA/ST
monolayers, the following analysis is based on the simulation
results of TIP4P/2005 large size systems. Although it seems that
the system size does not change the DOPA/ST isotherms very
much, the configuration of organic molecules in the monolayers
are different (Fig. 3 and Fig. S4, ESI†). This issue is explicitly
addressed in the later discussion.

While the p–A isotherms for both sizes (large and small) of
the simulation systems are consistent with experiments,
the shape of the isothermal curve of the large size DOPA system
fits with experimental data, for the finite size effect is less.

A comparison between simulation and experimental surface
pressure–area (p–A) isotherms for DOPA and ST is shown in
Fig. 2B. The experimental results have been reported before by
some of the authors and their collaborators.27 In the experi-
ments, a monolayer of DOPA/ST usually collapses at a surface
pressure of around 50 mN m�1 (Fig. 2B). Most likely, the time
scale that is connected to the dynamics of the monolayer is
much larger than the nanosecond scale. Also the relatively small
size of the system can have a stabilizing effect. Therefore it is not
possible to observe the collapse in a fully atomistic simulation as
ours. On the time and length scales of the simulation the
compressed state at high surface pressures is metastable. Only
a relatively rough water surface is observed in this simulation.
The DOPA/ST monolayers at a surface pressure of around
60 mN m�1 are analyzed subsequently to show an ideal mole-
cular configuration of the monolayer. In Fig. 2B, the TIP4P/2005
results fit the experimental results while a small difference is
observed for ST in the range of 25–45 mN m�1. This difference
may be due to stronger LJ interactions in TIP4P/2005 than in
SPC. Thus, a more accurate water model is expected to describe
water–organic interactions.

B. Orientations of DOPA/ST molecules

In order to visualize the overall orientation of molecules, a single
DOPA/ST molecule has been simplified to a circle (representing
the catechol group) and a vector (representing the alkyl tail). The
projections of vectors on x–y plane are displayed in Fig. 3 and
the water molecules are not shown. For ST monolayers, while the
surface pressure is relatively low (Fig. 3A), the catechol groups
(green circles) are homogeneously distributed in local patches.
Because of the relatively large surface area per molecule (28.9 Å2

per molecule) some of the alkyl tails exhibit arbitrary orientation,
but we also observe some locally ordered orientations. This
indicates that the ST monolayer formation starts with small
regions of regular structure. When the surface pressure gets
higher (Fig. 3B), a more homogenous distribution of catechol
groups on the water surface is observed. Also, a number of the
hydrophobic groups (alkyl tails) start to orient towards the same
direction. In Fig. 3C (60.5 mN m�1), nearly all the ST molecules
become homogenously oriented, with the catechol groups
distributed regularly and almost all the vector arrows pointing
to the same direction.

For DOPA monolayers, the configurations are different. For
lower surface pressure (Fig. 3D, 1.6 mN m�1), some space of the
water surface is not occupied with DOPA, which is probably due
to the stronger intra-molecular forces incurred by the amide
groups in DOPA than in ST. Thus, the applied surface tension is
reached even before the water surface is fully covered with
DOPA molecules. With the increase of surface pressure, the
water surface is gradually covered with DOPA molecules (Fig. 3E
and F). For Fig. 3F (61.0 mN m�1), the distribution of catechol
groups on water surface is almost homogeneous. However,
probably due to the intra-molecular forces and steric effect of
amide groups, the surface area per molecule for DOPA is larger
than for the corresponding ST system. Consequently, domains
of regular oriented alkyl tails are only observed locally (Fig. 3F).

Fig. 3 Projection of the vectors Re on x–y plane. The circles represent the
catechol groups. The arrow pointing from C1 to C18 (Fig. 1) represents
alkyl tails. A–C are ST results, 0.5 mN m�1, 45.5 mN m�1, and 60.5 mN m�1

correspondingly. D–F are DOPA results, 1.6 mN m�1, 46.6 mN m�1, and
61.0 mN m�1.
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Some of the very short vectors projected on top of the circles
indicate perpendicular orientation to x–y plane, while some
others seem to be pointing to certain directions. These results
are different from the corresponding ST molecules (Fig. 3C),
where there is a long ranged orientation order.

In previous studies,52,54–56 the necessity of using a larger cell
for simulating linear molecular systems has been discussed. In
a periodic system, a linear molecule is possibly interacting
(non-bond interactions) with itself in the neighbouring cell,
which leads to an unusual uniform structure. Thus, the chosen
cell size should be large enough to avoid these interactions. In
this study, it should be noticed that the vector projections also
depend on the system size. The graphs for small size systems
can be found in the ESI† (Fig. S4). Comparing these two cell
sizes (Fig. 3 and Fig. S4, ESI†), the artificial boundary effect
for the ST system is more obvious at a lower surface pressure
(0.5 mN m�1). For DOPA, this effect is clearly shown when the
cell sizes are small (Fig. S4c and d, ESI†). This is because the
small size cell vector (about 5.0–3.0 nm) is too small. Thus,
a molecule may be both interacting with itself in the neigh-
bouring cell, and influenced by a neighbouring molecule and
its images in all the nearby cells. According to our simulation, a
cell size at least larger than twice the linear molecular length is
preferred while simulating water–organic monolayer system
composed with linear molecules.

The tilt angle distribution of alkyl tails (at) is displayed
in Fig. 4. For ST (Fig. 4A), most of the at locate in the range
of 201–401 except for 0.5 mN m�1. This indicates that the

orientation of alkyl tails becomes gradually more vertical with
increasing surface pressure (According to Fig. 1, a relatively
small tilt angle demonstrates a more perpendicular alkyl tails.).
For DOPA (Fig. 4B), the trend is identical. The most favourite
range for at gradually moved from 50–60 to 30–40 with the
surface pressure increasing from 1.6 mN m�1 to 46.6 mN m�1.
However, at a surface pressure of 61.0 mN m�1, the at are
relatively equally distributed from 01to 501 while the two most
favourite ranges are 101–201 and 301–401 correspondingly.
This difference is because of the relatively large surface area
per DOPA molecule and in accordance with Fig. 3F.

C. Configurations for DOPA/ST molecules in monolayers

The distribution and configuration of catechol groups are displayed
in Fig. 5. At the beginning of the compression (Fig. 5A and C), both
ST and DOPA molecules are not well distributed on the water
surface. At a higher surface pressure (61.0 mN m�1 for DOPA and
60.5 mN m�1 for ST), the distributions of catechol groups become
more uniform. For both surface pressures, there are always more
uniformly distributed catechol groups observed for ST than for
DOPA on the water surface. This is not only because of the larger
surface area per molecule for DOPA than that of ST but also due to
the extra amide groups in DOPA.

The average values of y, at, and |Re| (see definition in Fig. 1)
corresponding to different surface pressures are listed in
Table 1. For catechol groups, all y values increase with the
increase of surface pressures, and catechols groups in DOPA
are more perpendicular to the z axis especially at lower surface
pressure. These values are consistent with Fig. 5. For |Re|, it is
seen that the values are all close to the calculated ideal counter
length (21.8 Å). This indicates that the preferred configuration
of the DOPA/ST molecules during compression is the stretched
position. This also implies that representing alkyl tails by the
vector Re (see Fig. 3) is reliable. Considering the statistics of tilt
angles in DOPA (at), first of all, the standard deviation increases

Fig. 4 Statistics of tilt angle at (degree) of alkyl tails with the increase of
surface pressure. (A) ST; (B) DOPA.

Fig. 5 Top view of catechols distributions on top of water surfaces. The
squares represent the cell boundary. (A) 0.5 mN m�1 (ST); (B) 60.5 mN m�1

(ST); (C) 1.6 mN m�1 (DOPA); (D) 61.0 mN m�1 (DOPA). The detailed tilt angle
(y) distribution for catechol groups are summarized in Fig. S5 (see ESI†).
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with the increase of surface pressure. Secondly, the average
value of at decreases correspondingly. These results are in
accordance to Fig. 3D–F and Fig. 4B. For ST molecules, the tilt
angle at decreases normally with the increase of surface pres-
sure. This is consistent with Fig. 3A–C.

To further investigate the alkyl tails in the monolayers, order
parameters with respect to z-axis are calculated for both DOPA
and ST (Fig. 6). For each curve, values from C2 to C17 are
located in a narrow range (less than 0.1), indicating the
straightness of the alkyl tails. For both DOPA and ST, the order
parameter of each carbon atom increases continuously as the
surface pressure increases, indicating the more vertical orienta-
tion of alkyl tails. At each surface pressure, the order parameter
of DOPA is smaller than that of ST. This is because the surface
area per molecule of DOPA is larger than that of ST, which is
also mainly attributed to amide groups.

D. Hydrogen bond influences on monolayer formation

In order to understand the reason for different configurations
between ST and DOPA monolayers, the role of amide groups
and the formation of hydrogen bonds are analyzed. Density
profiles for water and amide groups are displayed in Fig. 7. The
water surface is from around 3 nm to 5 nm. The highest density
for amide groups is in the range of 3.5–4.5 nm. This indicates
that some of the amide groups are located on the water surface.
Hence, the volume of hydrophilic group for DOPA may be
enlarged by the amide groups compared to ST. Moreover, water
molecules are likely to interact with amide groups because of
the hydrogen bond donors and acceptors in DOPA. This may
lead to stronger intra-molecular forces in the DOPA system.

Hydrogen bonds are of great importance in various systems.57–59

The main function of amide groups is increasing the formation
of hydrogen bonds in a monolayer. The statistics of hydrogen
bonds formed in a DOPA/ST monolayer are listed in Table 2. It is
clearly seen that because of the amide groups, there are many
more hydrogen bonds in DOPA than in ST. According to Table 2,
in a ST monolayer, the hydrogen bonds are only formed between
two hydroxyl groups, with the numbers around sixty (except for
the case of 0.5 mN m�1). However, in a DOPA monolayer, there
are many more hydrogen bonds. Unlike ST, the total number of

Table 1 Average values and standard deviation of y, at, and |Re| (see
definition in Fig. 1). Area per DOPA/ST is taken from Fig. 2B simulation
results (ST-L and DOPA-L)

pa

(mN m�1)
Area per
DOPA (Å2) y (Degree) |Re|b (Å) at (Degree)

DOPA 1.6 54.0 56.1 � 20.5 20.8 52.6 � 13.9
24.2 32.8 62.6 � 18.5 20.6 41.9 � 15.9
30.5 30.5 63.3 � 18.1 20.6 40.1 � 16.2
46.6 28.7 66.2 � 17.5 20.7 36.0 � 16.9
61.0 26.2 70.5 � 15.8 20.8 30.7 � 18.0

p
(mN m�1)

Area per
ST (Å2) y (Degree) |Re| (Å) at (Degree)

ST 0.5 28.9 67.4 � 17.2 20.7 40.8 � 16.1
23.0 24.3 72.2 � 14.3 20.8 30.3 � 14.6
31.7 31.7 73.9 � 14.0 21.0 30.2 � 14.4
45.5 23.5 74.8 � 12.1 21.0 30.3 � 12.9
60.5 22.7 74.9 � 11.8 21.1 29.1 � 11.7

a The differences of surface pressures for DOPA and ST monolayers are
caused by the tail correction of surface tension. b The calculated ideal
counter length of Re is 21.8 Å.

Fig. 6 Z dimension order parameters for DOPA and ST monolayers. (a)
DOPA 1.6 mN m�1; (b) ST 0.5 mN m�1; (c) DOPA 61.0 mN m�1; (d) DOPA
68.5 mN m�1; (e) ST 60.5 mN m�1; (f) ST 69.1 mN m�1.

Fig. 7 Density profile for water and amide groups in DOPA system with a
surface pressure 61.0 mN m�1. The density calculation includes C O N H
atoms in amide group.

Table 2 Hydrogen bonds between organic molecules for the large
water–DOPA system and the large water–ST system (Water model:
TIP4P/2005)

DOPA ST

p (mN m�1) Type 1a Type 2 Type 3 Totalb p (mN m�1) Totalb (3)

1.6 231.8 140.8 31.7 404.3 0.5 31.7
24.2 245.4 143.1 38.1 426.6 23.0 60.2
46.6 269.9 140.4 39.3 449.6 45.5 59.3
61.0 288.3 130.3 47.0 465.6 60.5 62.6

a The definition of hydrogen bonds is from GROMACS: 0.35 nm
(donor–acceptor), 30 degree (donor–H–acceptor). Type 1: amide–amide
hydrogen bonds; type 2: amide–hydroxyl hydrogen bonds; type 3:
hydroxyl–hydroxyl hydrogen bond (see Fig. S7, ESI for further informa-
tion). b The number of hydrogen bonds is obtained by averaging over a
2 ns NVT simulation. There are 480 DOPA (ST) molecules in total.
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hydrogen bonds increases slightly (from 404.3 to 465.6) with
the increase of surface pressure. Nearly each molecule in a
DOPA monolayer is linked to others with hydrogen bonds. As
illustrated in Fig. 8, there are three kinds of hydrogen bonds in
a DOPA monolayer. The hydrogen bonds that contribute most
are those between two amide groups (type 1). There are also a
large number of hydrogen bonds between an amide group and
a hydroxyl (type 2) group. The type 3 hydrogen bonds are the
interactions between two hydroxyls. Among these three types of
H-bonds, type 2 decreases slightly during compression. But
type 1 and type 3 H-bonds increase in contrast to the decrease
of surface area per molecule (the surface pressure increases in
the meantime). The results show that during compression, the
amide groups, as well as the catechol groups, get closer to each
other. This indicates a relatively ordered arrangement for DOPA
molecules at higher surface pressures. These observations are
consistent with the previous analysis (Fig. 3 and 5).

The statistics in Table 2 indicate that during compression,
the intra-molecular interactions in DOPA molecules are consid-
erably enhanced by the hydrogen bonds introduced from amide
groups compared to ST. There are also hydrogen bonds between
amide groups and water molecules (Table S1, ESI†). The hydro-
gen bonds in DOPA are considered as the main reason for the
different configuration of a DOPA monolayer as compared to ST.
These hydrogen bonds may be strong enough to fix DOPA
molecules to some extent and is difficult to move or rotate when
the surface pressure is low. When the surface pressure gets
higher, the DOPA molecules can then be moved and reoriented.
But the hydrogen bonds are still effective. Finally, DOPA mole-
cules can distribute relatively uniformly on the water surface (see
Fig. 3F) at a high surface pressure.

With all the analysis given above, the influence of hydrogen
bonds in DOPA can be summarized as follows. During surface
compression, DOPA molecules are connected with various
kinds of hydrogen bonds (Fig. 8). Sometimes, the hydrogen
bonds can also connect some water molecules to amide groups

(Fig. S7 and Table S1, ESI†). The hydrogen bonds are relatively
strong (for non-bonded interactions) and therefore the network
of hydrogen-bonds can resist being broken or compressed.
Thus, one will need much higher surface pressures to overcome
the non-bonded interaction in the DOPA system than in the ST
system, because these kinds of interactions are not present in
the ST monolayer. Consequently, the stronger interactions and
steric effect in DOPA lead to a larger surface area per molecule
for DOPA than for ST when the surface pressures of the two
systems are similar. This is the main reason for the formation
of the not well-organized monolayer of DOPA molecules (com-
pared to the ST monolayer).

Concluding remarks

The simulations of organic monolayers on water surface have
been of great interest.60–62 In this study, the experimental
results of compressing DOPA/ST monolayers27 have been
carefully reproduced with all-atomic force field (OPLS-AA) and
the surface-tension coupling. By employing proper force
field for water molecules (TIP4P/2005) and treating surface
tension with tail correction, the obtained simulated surface
pressure–area (p–A) isotherms for DOPA and ST are consistent
with experimental results. More importantly, comparing to
the coarse grain19 method and the NVT coupling,17,18 a main
advantage of the simulating scheme in this study is that the
detailed configurations for molecules (e.g. hydrogen bonds
interactions) can be collected and the compressing process
can be reproduced.

According to our analysis, the distribution of DOPA mole-
cules is less homogeneous than that of ST molecules at each
point of the p–A isotherm. Because of the hydrogen bonds
present in the DOPA system, DOPA molecules are restricted in
their local positions when the surface pressure is not sufficient
to move them. With the increase of surface pressure, only
locally ordered arrangements are gradually obtained for DOPA.
Thus, DOPA monolayers are not as regularly oriented as ST
monolayers. Hence, the different surface pressure–area (p–A)
isotherms for DOPA/ST in the experiments are well explained
using our simulation. It is also worthwhile to point out that
decorating hydrophobic tails (adding an amide group onto an
alkyl tail in this case) may be not always helpful to the uniform
formation of the monolayer on water surface. According to
previous experiments63 and the present study, the added group
sometimes causes the molecules to orient less regularly
because of the hydrogen bonds.

To sum up, the simulating scheme used in this study
has been proved effective in reproducing experimental surface
pressure–area (p–A) isotherms comparing to coarse grain
method or the traditional NVT coupling. The result in the
present study may be useful for choosing decoration groups
on alkyl tails during a monolayer synthesis. Further works
based on the influences of water models or a combination
of experiments and simulations are welcome to strengthen
our conclusion.

Fig. 8 Hydrogen bonds in DOPA system. Only amide groups and cate-
chol groups are shown. Dashed blue lines represent type 1. Dashed cyan
lines represent type 2. Dashed red lines represent type 3 (see Table 2).
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