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ABSTRACT: Ostwald ripening can improve the long-range order of self-assembled monolayers by the
growth of large domains and disassembly of smaller ones. Here, coarse-grained molecular dynamics
simulations are used to study the dynamics of the stable assembly and the coarsening of defects of
physisorbed monolayers of long-chain functionalized alkanes. Our results show that the partial
desorption from the surface of one or more adsorbent molecules is the essential process that allows
other adsorbent molecules to rearrange on the surface and thereby improve alignment. We also show
that the ripening process is faster at higher temperature because the rate of partial desorption is higher.

■ INTRODUCTION

Long-range ordered physisorbed self-assembled monolayers on
a substrate surface are promising for building controlled
nanopatterned structures as an alternative to conventional top-
down methods currently used in industry.1−4 However,
obtaining perfectly aligned structures is still a challenging
task.5 The alignment of the final structure can be improved by
Ostwald ripening, in which large domains grow at the expense of
small ones.6−8 A better understanding of the process could
improve control over the alignment of the assemblies.
The Ostwald ripening of physisorbed self-assembled mono-

layers has been studied experimentally using scanning tunneling
microscopy (STM) by Stabel et al.6 They have shown that the
process occurs while the adsorbents remain on the surface and is
reaction-controlled, i.e., the limiting step is desorption from one
domain and adsorption to another. Such a reordering on the
surface was directly observed using STM.9 This explanation
assumes that a liquidlike zone exists between domains in which a
molecule can rearrange and adsorb to a domain. However, more
stable domains with tightly packed interfaces7 also can undergo
coarsening. For example, for an alkylated porphyrin on graphite,
the growth of one domain at the expense of another was shown
to occur only at a defect.9 Note that the term “coarsening” in the
context of domain formation and growth refers to the
appearance of large, long-range ordered domains. Experimental
studies of the molecular details of the coarsening process by
STM are limited by its spatial and temporal resolution, as well as

by potentially strong interactions between the probe and the
adsorbent.10

In this work, we provide a molecular-level description of the
coarsening process. Since the process happens on a short time
scale, we choose to use molecular dynamics simulations to study
these systems, which allow high resolution in time and space.

■ RESULTS AND DISCUSSION

Self-Assembly on Graphite. We utilize a recently
developed variant of the Martini model to simulate adsorption
from a solution and subsequent self-assembly of molecules on a
graphite surface at near-atomistic resolution.11 Molecules of a
six-bead adsorbent, representing a long-chain alkane function-
alized with amide groups (Figure 1a), were randomly placed in a
simulation box containing a graphite flake (Figure 1b), and
solvent, phenyloctane, was added. In repeated simulation runs at
298 K, the adsorbent preferentially adsorbs on the surface and
forms an ordered structure after about 2 μs, usually consisting of
several large domains (Figure 1c). The mechanism of this
process has been described elsewhere.12 Simulation of the
system for another 5 μs leads to the graphite surface being
covered by a single domain (Figure 1d), which has some
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remaining packing defects and is surrounded by a small number
of molecules near the edge of the flake that have a different
orientation, likely due to a mismatch between the width of the
lamellae and the size of the flake.
Dynamics of the Self-Assembled Monolayer. To better

understand the dynamics of the defects, we first analyzed the

dynamics of the molecules in a single, stable, and well-ordered
domain, as illustrated in Figure 2d. We measured the rates of full
and partial vertical desorption from and readsorption to the
surface during a period of 5 μs. As an example, Figure 1c,d
illustrates the initial and final structures of such a run. In partial
vertical desorption, two or more beads lift off the surface, but at

Figure 1. (a) Molecule studied in this work and its coarse-grained representation. (b) Snapshot of the initial system: graphite flake and randomly
distributed adsorbent in 1-phenyloctane (not shown for clarity), (c) snapshot of an initial self-assembled monolayer after 2 μs of simulation, (d)
snapshot of a well-ordered self-assembled monolayer after additional 5 μs of simulation. Inner lamellae (indicated by red; 2 nm from the edge of the
graphite flake) do not undergo substantial structural changes. In contrast, molecules on the edge of graphite flake stay dynamic.

Figure 2. (a) Snapshots and (b) schematic representation of examples of partially desorbed molecules. (c) Classification of different states and
processes analyzed in this work. Snapshots of initial (d) one-domain and (e) two-domain structures of assemblies on graphite. For analysis, two parts of
the assembly were distinguished: inner (molecules more than 2 nm away from the graphite edge, indicated by red for one-domain assembly and purple
for two-domain assembly) and outer (molecules within 2 nm from the graphite edge, indicated by white for one-domain assembly and yellow for two-
domain assembly). (f) Rates of full and partial desorption of molecules from a self-assembled monolayer on the graphite flake during 5 μs of
simulations.
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least one bead remains on the surface (see Methods). To give a
better impression of the types of desorption molecules display,
Figure 2a shows some examples of partially desorbed molecules
pointed out in snapshots taken from the simulations (and for
clarity Figure 2b shows its schematic representation). It can be
seen that one or more beads from a molecule can be lifted from
the surface at different positions within the chain. The
classification of different states and processes is schematically
represented in Figure 2c. Figure 2f summarizes the results
(additional results and study of different types of molecules can
be found in Figure S1 and Table S1). The rates are represented
by frequencies, that is, how often (on average) an adsorbed
molecule vertically fully desorbs or partially desorbs. The
process of full vertical desorption is observed rarely and mostly
at the edges of the graphite flake. The inner part of the assembly
is especially stable (compare Figure 1c,d). The full desorption of
these molecules is ∼10 times less frequent than desorption of
molecules close to the edge of the graphite flake.
Although it appears that the inner part of the assembly is

static, a closer look reveals that partial desorption is frequent
(the rate is ∼10−20 times larger than that of full desorption).
The lifetime of this partially desorbed unstable state is short (in
all simulations ∼1 ns; see Table S1), and molecules tend to
readsorb quickly on the surface.
It is noteworthy that the dynamics of the assemblies depends

on temperature and the chemical nature of the adsorbents. By
increasing the temperature, the monolayer becomes more
dynamic, which can be observed as the increased rate of full and
partial desorptions (see Table S1).
The dynamics of the molecules in the single domain was

contrasted with that in assemblies composed of two domains
separated by a domain boundary (Figure 2e), which shows that
the partial desorption in the latter case is more frequent (see
Figure 2f). This finding can explain “fuzziness” of domain
boundaries observed on STM images.8 At the domain interface,
molecules have different orientations, which hinders stabiliza-
tion by alignment of the functional groups, resulting in more
frequent partial desorption. An increased rate of desorption/
readsorption of molecules near defects was also observed
experimentally for systems of long-chain functionalized
alkanes.13

Ostwald Ripening. Ostwald ripening (in the context of
physisorbed self-assembledmonolayers sometimes referred to as
self-healing or domain coarsening) is a process in which large
domains grow at the expense of small ones.6 The thermody-
namic force driving this process is the decrease of interfacial
energy generated by different domain boundaries. In our earlier
work, most of the independent repeated self-assembly
simulations led to well-ordered lamellae in an equilibrated
state, but we observed several types of defects, with long
lifetimes. Here, we elaborate on the domain coarsening of two
types of defects: (a) two large domains that both occupy a large
area of graphite and (b) a small defect surrounded by a large
domain.
First, we analyzed coarsening of two domains with different

orientations, which span on the entire graphite flake. Figure 3a
shows a zoomed-in image on the domain boundary, and the full
graphite surface can be found in Figure S5. Molecules are
colored on the basis of their initial membership of one of the two
domains. As mentioned before, the structure is most dynamic on
the interface of two domains. We observed that in both
temperature regimes one of the domain orientations starts to
dominate. Figure 3b,c shows the changes in organization at

lower temperature and Figure 3d−f at higher temperature for
one of six independent simulations of this process. At low
temperature, the coarsening process occurs in several distinct
stages. Local fluctuation causes one of the lamellae of one
domain to grow at the expense of the second domain. One by
one, lamellae start to extend by rearrangement of the second

Figure 3. Reorganization of two domains with a different orientation.
(a−f) Snapshots of two representative trajectories. The color of the
molecules (red and yellow) indicates initial membership to one of the
original domains, whereas white color indicates molecules that are not a
part of the original domains (they originate in the supernatant or from
the edges of the flake). At both temperatures, the domains rearrange,
but at lower temperature (b, c), they do not mix extensively, whereas at
higher temperature (d−f), they do. (g) Nematic order parameter for
the process at room temperature (blue) and high-temperature regime
(red) for six independent simulations. The bold lines represent the
nematic order parameter for the simulations from which the snapshots
were taken. At higher temperature, molecules align faster.
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domain, until the entire surface is covered by a single domain.
The increased alignment can be seen as small jumps in the
nematic order parameter plot (see Figure 3g, blue line; see
Methods). In the higher-temperature regime, this trans-
formation is more dramatic. The instability on the domain
boundary progresses through the major part of one of the
domains, resulting in disassembly of the domain into partially
ordered clusters. These clusters restructure and align with the
second domain, covering the entire flake. This can be seen in the
nematic order parameter as a small decrease (disassembly of one
of the domains) followed by a sudden increase that leads to the
ordered structure (see Figure 3g, red line). At both temper-
atures, kinks occur in the lamellae structure, forming “zig-zag”
patterns. Such structures have been observed among others in
docosylether physisorbed on graphite and were characterized as
the effect of a pair of twin boundaries between lamellae. In the
study by Padowitz et al.,13 motion of the pair of twin boundaries
was observed. A twin boundary is the result of the change in
displacement or shift between two neighboringmolecules within
a lamella, in which the angle between the lamellar axis and the
molecular axis is not 90°, but 60°. In our model, there is such a
displacement between neighboring molecules because of the
coarse-grained nature of the beads. The lateral interaction
between neighbors is more favorable if the neighboring
molecules are displaced by half a bond length because a bead
interacts with two neighboring beads instead of one. More
discussion can be found in Supporting Information (SI).
Although both assemblies show an increased order, the

composition of the final structure is different. At the lower
temperature, the reorganization is local and molecules rearrange
on the surface, i.e., without full desorption. In the final structure,
it can be clearly seen that the assembly was formed from
different domains by reorientation of the molecules in one of the
domains. In contrast, the rearrangement in the higher-
temperature regime leads to extensive mixing of the molecules
in the final structure. This indicates that significant rearrange-
ment of the molecules was involved. By looking at the
trajectories, several types of molecular rearrangements can be
observed. It is difficult to quantitatively classify these events; we
feel that the nematic order parameter is a useful measure to
monitor the increased ordering. Movies of several rearrange-
ment events are provided in SI.
The second type of commonly observed defect is one in which

in the middle of the well-ordered structure a small defect is
incorporated, as shown in Figure 4a (snapshots of the whole
system can be found in SI). We constructed a single large
domain with one such defect in order to be able to study only the
rearrangement of the defect. This way, we avoided all of the
issues present in the two-domain study, such as edge effect,
imperfect packing, etc. Defects that are close to an edge of the
graphite flake rapidly disappear due to increased mobility on the
edge of the flake; see SI. We ran several instances of simulations
and observed different behavior at different temperatures
(Figure 4b−i). Similar as for coarsening of two domains, the
process is slower at the lower temperature (Figure 4k). At the
lower temperature, reorganization occurs on the surface of the
graphite flake; molecules partially vertically desorb, resulting in
free space on the graphite flake for other molecules to laterally
desorb from one domain and readsorb on the other. At the
higher temperature, the partial vertical desorption occurs more
often. This results in higher lateral mobility of the molecules on
the surface, effectively speeding up the healing. It is worth
mentioning that vacancies on the graphite flake were not

Figure 4. Reorganization of a small defect surrounded by a large
domain. Selected beads of the molecules that constitute the defect are
shown in red. (a) Snapshot of starting small structure defect. (b−e)
Representative snapshots of Ostwald ripening at higher temperature
and (f−i) at lower temperature (the molecule indicated by yellow takes
part in the final healed structure, although at the beginning, it was part
of the well-ordered lamella), (j) representative snapshot of the healed
structure. (k) Nematic order parameter of the defect molecules with
respect to the large-domain director for the process at lower
temperature (blue) and higher temperature (red). The bold lines
represent the trajectories from which snapshots were taken; the
snapshots are indicated by the letters. At high temperature, the process
starts early and it is fast, whereas at room temperature, it takes longer to
begin the process and when initiated it takes a longer time to complete.
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observed; the area freed by (partially) desorbing molecules is
occupied by beads of adsorbent or solvent molecules within the
time between snapshots (which is 30 ps).
Finally, simulations of an asymmetrically functionalized

molecule (see SI) showed that the rearrangement process of
the isolated domain occurs in a similar manner as for the
symmetric molecule described above. Although partial desorp-
tion rates for different molecules differ, we do not have enough
statistics to make statements about how these affect the rate of
the rearrangement of the isolated domain.
Mobility. Our simulations at different temperatures suggest

that the rate of coarsening depends on the partial vertical
desorption of molecules from the surface, which is enhanced
near the edge of the graphite flake, at domain boundaries, and at
a higher temperature. Partial vertical desorption is expected to
increase the lateral mobility of molecules on the surface because
packing is less tight. We previously also observed that when the
surface is not completely covered, the lateral mobility of
adsorbent on the surface is high.12 To investigate the influence
of the partial desorption on the surface mobility, we imposed
forces in the z-direction (the normal vector to the graphite
plane) restraining the adsorbedmolecules to the surface, thereby
suppressing (partial and complete) desorption. For a single
molecule, the restraining force can be related to adsorption
energy. We randomly removed ∼10% molecules from the
system and observed changes in the mobility. An increase in the
restraining force leads to a drop in mobility (see Table S2 for
quantification). Thus, the lateral mobility of the molecules on
the surface strongly depends on the level of partial desorption.
Our simulations are consistent with the view that molecules do
not need to fully desorb from the surface to enable coarsening;
the coarsening process is, however, slowed down considerably if
the molecules are more tightly bound to the surface.

■ CONCLUSIONS

In this work, we systematically studied the mechanism and the
parameters influencing the Ostwald ripening process of self-
assembled monolayers. We observed that molecules are more
mobile on the interface between different domains and they tend
to partially vertically desorb from the surface. Partial vertical
desorption allows Ostwald ripening to take place: molecules can
laterally desorb from one domain, laterally diffuse, and adsorb on
another. Since the rate of partial desorption is higher on the
interface, in the long term, the defects promote coarsening. In all
of the simulations, increasing the temperature resulted in
speeding up the healing of structure. This is caused by increased
desorption from the substrate. However, a higher temperature
also results in a substantial mixing of the adsorbed molecules on
the surface. If the assembly consists of identical molecules, as in
this work, this effect is irrelevant; however, it can be crucial for
assemblies consisting of various molecules and must be taken
into account. Although we did not follow the effect of different
solvents here, we expect it to be similar to the temperature effect;
a different solvent could influence partial desorption from the
substrate, thus speeding up or hindering the healing. We believe
that all of the presented results give a clear picture of the
mechanism of Ostwald ripening.

■ METHODS

Coarse-Grained Model. Simulations were performed using
Gromacs 5 software14 with the Martini coarse-grained force
field.15 The Martini force field, initially developed for lipids, was

adapted rapidly for other biomolecules15,16 and recently to
adsorption and self-assembly of small organic molecules on
graphite.11 As a rule of thumb, the force field represents the
system by treating four nonhydrogen atoms as one bead (except
for atoms inside a ring, where mapping is 2:1). Here, we studied
a six-bead molecule with two polar beads, which can be viewed
as a coarse-grained representation of N,N′-dodecanomethyle-
nebishexanoamide. Results for other adsorbents can be found in
the SI. Self-assembly on a graphite surface of these molecules has
been studied in the past.17 The molecules were randomly
distributed in the system and solvated in phenyloctane. The
molecules adsorbed on the surface and formed long-range
ordered lamellar structures, which were aligned with the
underlying graphite layer (see SI). After 2 μs of simulations,
an ordered structure formed on a graphite flake. Most often a
single, well-ordered domain was formed. However, in some
instances, we observed several domains. We used them to study
their coarsening by further simulation up to 6.5 μs. For self-
healing of the small defect, a well aligned long-range ordered
structure was used. Five molecules in the middle of the structure
were rotated by 60°. Then, the simulations were carried out for
another 4 μs. All simulations were run at two temperatures: 298
K, referred here as lower temperature, and 308 K, referred as
higher temperature. We intentionally avoid referring to the
absolute temperatures because in general it is difficult to
interpret temperature scales in coarse-grainedmodels.18 We also
performed simulations at 318 K, at which the long-range ordered
structure completely disappears (see SI).

Analysis ofMonolayer.Vertical desorption was analyzed as
two separate telegraph processes19 describing desorption and
partial desorption, respectively. For analysis of desorption,
molecules were assigned to one of two states: adsorbed (all
beads are adsorbed) or desorbed (all beads are desorbed). A
single bead is considered adsorbed if it is within 0.5 nm from the
graphite surface. The residence time of an adsorbed state was
calculated, and from it, the rate of desorption, i.e., the change
from the adsorbed to desorbed state, was calculated. Similar
calculations were performed for the partial desorption process,
in which molecules were assigned to one of three states: fully
adsorbed (five or six beads adsorbed), partially adsorbed (one to
four beads adsorbed), and fully desorbed (all beads desorbed).
The residence time of a fully adsorbed state was calculated, and
from it, the rate of partial desorption, i.e., change from the fully
adsorbed state to partial desorbed state, was calculated. Details
of this analysis can be found in SI.

Nematic Order Parameter. This parameter quantifies the
alignment of a structure. To calculate the parameter, first, the
preferred orientation (director) has to be found. This is achieved
by finding eigenvectors of the matrix

Q d d
1
2

(3 1)
j

j a j b

a b x y z

, ,

, ( , , )

Ä

Ç

ÅÅÅÅÅÅÅÅÅÅÅÅ

É

Ö

ÑÑÑÑÑÑÑÑÑÑÑÑ
∑= −

∈

where d denotes the molecular vector (vector connecting the
two ends of molecule) of molecule j and the sum runs over all
adsorbent molecules. The eigenvector with the largest
eigenvalue is called the director, D, and it is the preferred
orientation of the molecules. The nematic order parameter is
calculated as a sum

S
N
1

2
(3 cos 1)

j
j

2∑ α= −
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where αj is the angle between the director, D, and the molecular
vector of jth molecule, dj. Low values mean that the molecules
are oriented in random directions, and a value close to 1 means
that all molecules are aligned in the same direction. In the case of
self-healing of small defects, the director was calculated with
respect only to the large well-ordered structure.
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