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The order formation dynamics of self-assembled monolayers (SAM) of long-chain molecules were studied
using coarse-grained molecular dynamics simulations. The primary kinetic processes of surface order forma-
tion from solution are adsorption to the surface and surface diffusion. For long-chain molecules, the degrees of
freedom of the chain structure and motion add various complexities to the order formation dynamics. Specifi-
cally, the strength of the chain interaction, the chain flexibility and the chain length play a significant role, and
this work focused on the effects of these chain properties on the order formation dynamics. The adsorption
dynamics of SAM molecules can be explained by the same theoretical framework as the polymer brush. On the
other hand, the evolution of highly ordered structure is specific to SAM systems. Simulation results revealed
that the development of oriented domains can be grouped into three types, isolated island growth, packing
growth, and growth suppression, which depend on temperature and chain flexibility. In packing growth,
oriented domains are formed gradually due to the decrease in free volume as the surface density becomes high,
while the tilt of the adsorbed chain molecules does not become upright gradually as a whole. Rather, inside the
oriented domains, the adsorbed chains adopt “standing” states with tilt angles almost equal to the final values,
which contributes to the gradual increase in the total tilt order. The effect of chain length was also studied. In
the case of semirigid chain molecules, longer-chain systems showed slightly slower growth in adsorption but
faster growth in oriented domains. These simulation results reveal how chain properties influence the dynamics

of oriented structure formation on surfaces.

DOI: 10.1103/PhysRevE.81.021801

I. INTRODUCTION

A self-assembled monolayer (SAM) is obtained by the
adsorption and arrangement of molecules on a flat surface.
The molecules which form such ordered monolayer struc-
tures have many variations in structure, from small to long-
chain molecules [1]. There have been many experimental
studies on the dynamics of self assembly processes [2-8]. It
has been shown that the ordering processes of chainlike mol-
ecules such as alkanethiol systems consist of two steps of
differing speeds, in which adsorption processes are ascribed
to the fast step, and chain ordering processes are ascribed to
the slow step. However, compared to experiments concern-
ing SAM static structure properties, the dynamics have been
less well explored, and there remain many unresolved ques-
tions concerning the details of the ordering dynamics. In or-
der to obtain a highly ordered monolayer structure, it is im-
portant to understand the fundamental mechanism of
structure formation on the substrate. These are complicated
ordering processes, in which various factors such as adsorp-
tion to the substrate and surface diffusion of the molecules
are concerned. In addition, for monolayers of long-chain
molecules, the interactions between chain molecules and
chain flexibility may play a large role in ordering. These are
the distinct differences between the order formation dynam-
ics of small molecular systems and those of chain molecules.
For long-chain systems, the molecules have large internal
degrees of freedom due to the extended connectivity. It
would be interesting to elucidate how these properties affect
ordering dynamics through chain orientation or hindrances
by other chain molecules. An understanding of these effects
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would be useful in designing chain molecules and the prepa-
ratory conditions for the production of a highly oriented
monolayer film.

For studies of the physical properties of monolayer for-
mation, simulation is a useful tool since the various detailed
microscopic behaviors of the chain molecules can be ob-
tained simultaneously during a single simulation run. There
have been many simulation studies on self-assembled mono-
layers, but most of them have discussed various equilibrium
properties, such as orientation structure, once the molecules
were completely, or at least partially, adsorbed on the sur-
face. These include the static properties of self-assembled
monolayers of various kinds of molecules [9-19], the coarse-
grained approach [17], the mixture system [18], and tribol-
ogy [19]. As a result, there has been considerable knowledge
obtained concerning the structure and physical properties of
the self-assembled monolayer. However, the kinetic aspects,
including the order formation processes from solution, have
been seldom studied by molecular simulation before now.

It would be important to consider the relationship between
the order formation processes of SAMs and those of polymer
brushes. The polymer brushes are surface grafted polymers.
Their structures have some kind of similarity to those of
SAMs. The dynamics of the polymer brush formation has
been studied by kinetic Monte Carlo simulations [20-24].
These studies revealed the adsorption processes of polymers
and the changes of chain conformation on the surface. Since
the adsorption processes of polymer chains are single chain
problems especially at the initial period, the adsorption pro-
cesses of SAM molecules might be explained by those of
polymer brushes. However, SAMs have dense packed
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aligned structures, in which high orders in the alignment and
the chain orientation are essential properties. Hence, in the
case of SAMs, the surface diffusion and the attractive inter-
action between chain molecules would become important
factors. In addition, the chain bending rigidity is an addi-
tional factor that must be taken into consideration, since it
plays an important role in the development of the orientation
orders. These factors have not been included in the past
simulation studies of the polymer brush formation, in which
the excluded volume effect of the chain molecules has been
the dominant interaction for the chain molecules. Thus, it
would be interesting to find out how these additional new
factors affect the order formation dynamics, especially for
the orientation orders.

For studying the slow dynamics of SAM formation pro-
cesses, molecular simulation by the atomistic model, often
used for precise reproduction of real systems, is not appli-
cable due to computational resource limitations. On the other
hand, coarse-grained models have been useful for the eluci-
dation of structure formation dynamics in polymer systems,
and they are suitable tools for understanding the basic phys-
ics of structure formation dynamics involving slow relax-
ation processes and large systems [17-19,25-28]. Thus, such
models would be helpful in elucidating such universal fea-
tures as the role of chain connectivity on the ordering dy-
namics. SAMs have some structure formation features in
common with polymer systems in that they are the order
formation processes of chain molecules. Hence, in this study,
the order formation dynamics of SAMs of long-chain mol-
ecules were considered by means of coarse-grained molecu-
lar simulations, specifically focusing on the effects of chain
interactions, chain flexibility, and chain length.

II. MODEL

The difficulties in simulating structure formation dynam-
ics as opposed to static properties come from the extremely
slow dynamics and the large number of solvent molecules
which may be included in the solutions. In order to overcome
these obstacles, a coarse-grained model was used, along with
a higher initial concentration of chain molecules, and suit-
able interactions to avoid aggregation in the initial states.

In coarse-grained molecular dynamics simulations, chain
molecules are represented by a beads-springs model in which
bending rigidity is included. The merit of the coarse-grained
model is the fast ordering dynamics. Since the dynamic or-
dering processes of soft materials are generally slow, it is
important to omit unnecessary potential barriers which could
significantly slow the chain dynamics. In addition, the
smaller effective friction between segments in the coarse-
grained models would accelerate the order formation dynam-
ics [29-31]. Although some detail might be lost in coarse-
grained dynamics, these models are effective in
understanding the basic physics and universal features of
complicated ordering dynamics. Since the time scale of over-
all order formation is sufficiently long, we suppose that these
effects would not alter the basic mechanism of order forma-
tion.

In this study, chain segment connectivity is introduced by
the harmonic potential as given by U(b)= %Kc(b—bo)z. Here,
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by is the equilibrium bond length and K. is the force
constant. The chain rigidity is given by U(6)
= %Kb(cos 6—cos 6)%, in which @ is the angle formed by two
adjacent bonds and K, is the force constant.

The chain molecules consist of two parts, head segment
groups and tail segment groups, in which the interaction po-
tential is different. For the pairwise interactions, both the
Lennard-Jones (LJ)-type attractive interaction and the soft-
core repulsive interaction were used. The LJ-type attractive
interaction potential is given by U(r)=4g[(a/r)'?>=(a/r)°],
which applies to the interactions between: tail segments and
tail segments of chain molecule pairs; tail segments of chain
molecules and solvent pairs; the solvent and solvent pairs;
and head segments and head segments of chain molecule
pairs. Nearest-neighbor and second-nearest-neighbor seg-
ments along the same chain molecule were excluded in the
pairwise calculations. The strength of the attractive potential
e was 1.0, and the cutoff distance was 3o0. The soft-core
repulsive interaction is given by U(r)=4¢,[(o/r)"*—(a/r)%]
+&,, and the cutoff distance was 2"°a. This repulsive poten-
tial was used for the interaction between the head segments
and tail segments of chain molecules pairs, and the solvent
and head segments of chain molecule pairs. The strength of
the repulsive potential &, was 1.0.

The model parameters and simulation results are ex-
pressed in dimensionless reduced units, where the segment
diameter o, the energy parameter & of the LJ interaction
potential, and the segment mass are all 1.0. The equilibrium
bond length b, was 0.4, the elastic constant K. of the bond
springs was 9000, and the equilibrium angle 6, was 0. The
bending force constant K, was 2000 for the semiflexible
chain molecules, and 4000 for the semirigid chain molecules.
Detailed properties of this coarse-grained model polymer
were reported in Ref. [28]. The chain length N was 20, 30, or
40. The number of head segments, N, and tail segments, N,,
were N,=3 and N,=17 for the N=20 chain, N,=4 and N,
=26 for the N=30 chain, and N,=5 and N,=35 for the N
=40 chain. The number of polymers in the system was 320.
The number of solvent molecules in the system was 23 200
for the N=20 systems, 20 000 for the N=30 systems, and
16 800 for the N=40 systems. The number of solvent mol-
ecules was determined so that the total number of chain and
solvent segments in the entire simulation box was constant.
The initial size of the simulation box was 19.98 along the x
axis, 20.507 482 along the y axis, and 90.0 along the z axis.

At the bottom of the simulation cells, four layers of (111)
surface substrate were prepared. The positions of surface at-
oms belonging to the bottom layer were fixed, and the sur-
face atoms belonging to the other three layers were con-
nected by harmonic potentials with a force constant of
20 000. The mass of a surface atom was 10, and the diameter
of surface metal atoms was 0.74. There were strong attrac-
tive forces between the edge segments of the chain head and
the surface. This attractive potential is given by U(r)
=D[1-e*""J2—D, where here D=100, a=5.0, and r,
=0.75. The cutoff distance of the interaction was 3.0. Al-
though this study focused on universal properties and not
specific materials, the interaction usually corresponds to
S-Au bonding in alkanethiol-gold systems, and thus, the
strength of interaction was chosen to be near the same range
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FIG. 1. The interaction potentials used in the simulation. The
length and energy scales are shown in dimensionless reduced units.
The bold, solid, dashed, and dotted lines indicate the Lenard Jones,
surface-polymer head, repulsive wall, and soft-core interactions,
respectively.

as follows. There have been large varieties in the calculated
values of adsorption energy between alkanethiol and gold
surface, but they are in the range of 2.4-3.9X107" J
[32-34]. Although the unit of the reduced energy scale in the
coarse-grained model is often an adjustable parameter, it
might be roughly in the range of 0.8—1.7X 107! J. Since
the number of the nearest-neighbor atoms at hollow sites is
three, we have estimated the strength of potential D as 100.
For interactions between the surface atoms and the solvent or
chain molecules, an LJ-type attractive interaction was ap-
plied for the head segments of chain molecules and surface
pairs, and a soft-core repulsive interaction was applied for
both the solvents and surface pairs as well as the tail seg-
ments of chain molecules and surface pairs. In order to con-
fine the solvent and the chain molecules to the simulation
box, a repulsive wall at the top of simulation box was also
prepared. The potential is given by U(r)=48[§(%)10—%(%)4
+0.3], in which the cutoff distance of the interaction is 1.0.
Periodic boundary conditions were applied in the horizontal
directions (along the x and y axes). The profiles of the po-
tentials used in this study are summarized in Fig. 1.

The initial states were prepared by thermally equilibrating
using an NVT ensemble with the condition that the chain
head-surface attractive interaction was disabled and replaced
by a soft core repulsive potential in order to avoid adsorption
in the equilibrium runs. Then, the chain edge-surface attrac-
tive interaction was suddenly introduced, which corresponds
to immersing the metal surface into the solution. In the simu-
lations, the mass of the thermostat was 30 000. The equa-
tions of motion were integrated using a fourth-order
predictor-corrector method with a time step of 0.001. Since
the ordering processes are affected by random noise and
fluctuations, it may not be sufficient to discuss the evolution
curves of only one sample. Therefore, four simulation runs
were carried out from different initial states and the average
properties of all simulation runs were examined.

In order to compare and discuss the ordering behaviors in
these systems, the surface coverage, oriented domain ratio,
and order parameters of the adsorbed molecules were calcu-
lated. The surface coverage was calculated by the ratio of
adsorbed chain molecules to the maximum possible adsorp-

PHYSICAL REVIEW E 81, 021801 (2010)

tion number for the area given. The maximum possible ad-
sorption number was determined by the lattice structure of
the surface metal, and the ratio of the diameter of the chain
head to that of a surface atom. In these simulations, it corre-
sponded to one-third of the number of the first layer of sur-
face atoms. The oriented domain ratio was calculated as the
ratio of the segment number belonging to ordered domains
over the ideal segment number (in which the surface is com-
pletely covered by the oriented chain molecules). Here, an
ordered domain was defined as a group of segments whose
bond vectors were within a distance of 1.5 of each other and
whose orientation difference was less than 10°. Groups of
less than 50 segments were not included among the ordered
domains. The order parameters of the molecular orientation
are given by (3 cos? 6—1)/2, where 6 is the angle formed by
two bond vectors of the main chain. Using these calculation
methods, the orientation order parameters can be classified
into three types. The global order was obtained by averaging
over all bond pairs in the entire set of adsorbed molecules,
except for bond pairs within the same molecule. The interlo-
cal order was calculated only for pairs of adjacent bonds in
different adsorbed molecules. (In this simulation, two bonds
were regarded as adjacent when the distance between them
was less than 1.5.) The intralocal order was calculated for
pairs of adjacent bonds within the same adsorbed molecule.

III. RESULTS AND DISCUSSION

A. Growth curves of the surface coverage and oriented
domain formation

Structure formation of the oriented layer of chain mol-
ecules from solution is largely affected by the chain rigidity,
intermolecular interactions and temperature. In Fig. 2, ex-
amples of the monolayer formation processes of semirigid
(K,=4000) chain molecules with a chain length of N=30 at
low temperature (T=12) are shown. Under these conditions,
as shown in Fig. 2(b) for +=1000, molecules that were ad-
sorbed on the surface form the oriented domains initially.
The layer formation ratio and the orientation order param-
eters under these conditions are plotted against time in Fig.
3. The adsorption rate, the gradient of the surface coverage
curve, takes its maximum value at time=0, and decreases
gradually thereafter. There are many theories on the adsorp-
tion dynamics of molecules on the surface. One is the Lang-
muir Kinetics given by

do

— =k, —0)—kyo (1)

a ¢
in which o is the surface coverage ratio, k, is an adsorption
rate constant, k; is a dissociation rate constant and c is the
concentration of chain molecules. The solution to Eq. (1) is
given by the exponential function

k,c
o(t) = ——{1 —exp[~ (k,c + k,)t]}. 2
0= el vyl @)
As shown in Fig. 4(a), the simulation result is not expressed
by the single exponential behavior of Eq. (2). Even if we
consider the effect of concentration change of chain mol-
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FIG. 2. Representations of the order formation processes of
semirigid chain molecules on a surface at low temperature (7'
=12) over time. Time is shown in dimensionless reduced units.

ecules described by c¢(f)=cy[1-0.90(r)] in our simulation
conditions, the solution given by Eq. (3) does not agree with
the simulation results.

_(A+B)[1 —exp(t/7)]

o(1) (3)

1- exp(t/7)

A-B
in which ¢ is the initial concentration and

A=[(19/18) + (5k,/9%,co)],

B={[(19/18) + (5k /9%,c,) 1> — 10/9}'/2,
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FIG. 3. Growth of various ordering properties during the order
formation process. The circles and squares indicate surface cover-
age and oriented domain ratio, respectively. The lines indicate the
orientation order parameters. The upper, middle, and lower lines
indicate the intralocal, interlocal, and global order parameters,
respectively.

1/7=1.8Bk,co. (4)

Another theory is the diffusion limited adsorption. When the
adsorption is governed by the diffusion of molecules in so-
lutions, the adsorption kinetics in the initial period can be
expressed by the power function [21-23,35,36]

o(t) ~ At'? (3)
In this case, the simulation results were described by
o(r) = At” (6)

in which A=0.012 and v=0.43. Although the exponent v was
slightly smaller than the theoretical value of 0.5, the function
gives better fitting as shown in Fig. 4(b). Hence, these results
indicate that the adsorption kinetics of the SAM molecules
could be explained by the same theoretical framework as the
polymer brush.

On the other hand, the order formation kinetics of chain
orientation showed different behaviors compared with the
adsorption. As shown in Fig. 4(b), the growth dynamics of
the oriented domain ratio was not described by the power
function. It is well described by the sum of two exponential
functions with an induction time given by

S(t) = Ashort[l - exp(— t,/Tshort)] + Along[l - eXP(— t,/Tlong)]'
(7

Here, t'=t—1,, which subtracts the induction time 7,=250,
and Ao =0.089, 740 =330, Ajppe=0.55, and 7j,,,=6300.
The fitting curve using Eq. (7) is shown in Fig. 4(c). The
growth of the oriented domain ratio in the initial period is
slower than that of the surface coverage, although the growth
of the oriented domain ratio in the middle and late periods
takes similar behavior to that of the surface coverage. In the
initial period before t=2000, the intermolecular local orien-
tation order grows rapidly as shown in Fig. 3, which indi-
cates that the orientation of neighboring molecular chains

021801-4



MOLECULAR DYNAMICS STUDY OF THE EFFECTS OF...

(a) 08

0.6 1

0.4

Ratio

0.0

0 2000 4000 6000 8000 10000

Time

(b) !

0.1 1

Ratio

10 100 1000 10000

Time

(c) 06

0.5 1

0.4 -

Ratio

0.3 1

0.2

0.1 -

0.0

0 2000 4000 6000 8000 10000

Time

FIG. 4. (a) Fitting of the surface coverage over time. The circles
indicate the simulation results. The solid and dashed lines indicate
the fitting curves obtained using Egs. (2) and (3), respectively. (b)
Fittings of the surface coverage and oriented domain ratio over time
in logarithmic scales. The circles and squares indicate the simula-
tion results of surface coverage and oriented domain ratio, respec-
tively. Best fitting is obtained using Eq. (6) for the surface coverage,
which is shown in solid line. (c) Fitting of the oriented domain ratio
over time. The squares indicate the simulation results. The solid line
indicates fitting curve obtained using Eq. (7), which mostly over-
laps the simulation results.

aligns even in low surface coverage conditions. In this con-
dition, the molecules that are adsorbed on the surface con-
tribute to the formation of the orientation domains efficiently.

The domain formation behavior can be understood in de-
tail by observation of the diffusion or assembly processes of
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FIG. 5. Positions of adsorbed chain heads on the surface during
order formation processes. The chain clusters are formed in the
initial period.

the head position of the adsorbed chain molecules. As shown
in Fig. 5, domains are not formed clearly until about 7=200,
when chain adsorption has just begun. After =500, the as-
sembled clusters can be observed due to the surface diffusion
of chain molecules. Once large clusters are formed in the
system, the molecules that had been adsorbed on the surface
are immediately incorporated into them. Thus, the ordering
behavior of semirigid chain molecules at low temperature
can be grouped into isolated island growth.

Next, the ordering behavior of the semirigid chain mol-
ecules at high temperature (7=15) is shown in Fig. 6. The
surface coverage over time is similar to the previous result at
low temperature shown in Fig. 3, and can be described using
Eq. (6) with A=0.014 and v=0.42. However, the intermo-
lecular local order and the oriented domain ratio differ
greatly over time from those at low temperature. The inter-
molecular local order grows very slowly for an extended
period of time. This behavior is in sharp contrast to the re-
sults shown in Fig. 3, since the intermolecular local order at

1.0
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0.6

Ratio, Order

0 2000 4000 6000 8000 10000

Time

FIG. 6. Growth of various ordering properties during the order
formation processes of semirigid chain molecules at high tempera-
ture (T=15). The circles and squares indicate surface coverage and
oriented domain ratio, respectively. The lines indicate the orienta-
tion order parameters. The upper, middle, and lower lines indicate
the intralocal, interlocal, and global order parameters, respectively.
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FIG. 7. Positions of adsorbed chain heads on the surface during
order formation processes. Formation of chain clusters is not re-
markable under these conditions.

low temperature grew rapidly before r=2000 and showed
little change afterward. The oriented domain ratio demon-
strates slow linear growth with no initial rapid rise under
these conditions. A remarkable difference in the ordering dy-
namics can be observed in the change of the distribution of
the head position of chain molecules over time. As shown in
Fig. 7, clusters are not formed on the surface, even at ¢
=2000, when the surface coverage exceeds 30%. Even in
such a system, chain molecules gradually form a surface
monolayer in which the orientation direction of the mol-
ecules is aligned, as the surface coverage increases and the
chain molecules become more closely packed on the surface.
These gradual ordering behaviors are observed at high tem-
perature, and can be grouped into the packing growth.

The rigidity of the chain molecules also influences the
order formation dynamics, especially at high temperatures
when the packing growth is dominant. Figure 8 shows an
example of the structure formation processes of semiflexible
(K,=2000) chain molecules at high temperature (T=15). A
large number of chain molecules are adsorbed on the surface
at t=4000, but the oriented domains are not yet formed, and
the chain molecules take up random orientations on the sur-
face. In this case, the long-chain molecules cover the surface
roughly like brush, and these become an obstacle for the
adsorption of additional chain molecules on the surface. In
Fig. 9(a), order formation over time is shown. The growth of
surface adsorption proceeds as usual from the initial periods,
but the growth of intermolecular local order and that of the
oriented domain ratio has been greatly inhibited. In the case
of flexible chain molecules at high temperature, the chain-
chain interactions become weak and it is expected that the
order formation dynamics comes closer to that of polymer
brushes. In Fig. 9(b), the growth curve of adsorption is plot-
ted in logarithmic scales. As shown in this figure, the fitting
curve using Eq. (6) is valid until r=3500, in which A
=0.0095 and »=0.45. When the surface is covered by flex-
ible polymers, the adsorption of chains is governed by the
penetration processes of surface brush layers and the rate of
adsorption decreases. Hence, the adsorption dynamics
changed from the diffusion limited to the penetration limited
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(c) t=4000 (d) t=10000

FIG. 8. Representations of the order formation processes of
semiflexible chain molecules on a surface at high temperature (T
=15).

at this time range, which is the feature in common with the
polymer brush. The dashed line in the Fig. 9(a) indicates the
ideal oriented domain ratio when the chain molecules cover
the surface completely. Hence, if the chain molecules on the
surface become dense by some means, the oriented domains
could approach this level. However, in practice, chain mol-
ecules with low orientation order cover the surface, and the
development of oriented domains is seldom observed. Since
the kinetic pathway to the surface through a brushlike region
is limited, an ordered monolayer structure would not be
formed under such conditions. In Fig. 10, an example of the
development of the head position of adsorbed chain mol-
ecules is shown, and although the dispersion is not com-
pletely random, a large domain structure is not formed. The
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FIG. 9. (a) Growth of various ordering properties during order
formation processes. The circles and squares indicate surface cov-
erage and oriented domain ratio, respectively. The lines indicate the
orientation order parameters. The upper, middle, and lower lines
indicate the intralocal, interlocal, and global order parameters, re-
spectively. (b) Fitting of the surface coverage over time in logarith-
mic scales. The circles indicate the simulation results. The solid line
indicates fitting line obtained using Eq. (6). In the late period, there
is a difference between the simulation results and fitting line.
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FIG. 10. Positions of adsorbed chain heads on a surface during
order formation processes. The chain heads are scattered on the
surface, and large clusters are not formed.
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results of fitting curves for the surface coverage and oriented
domain ratio at various simulation conditions are summa-
rized in Table 1.

B. Order formation dynamics of chain molecules inside the
oriented domains

In order to elucidate the chain alignment dynamics inside
the oriented domains, the effect of temperature on the order-
ing dynamics is considered. In Fig. 11, the surface coverage
and oriented domain ratio of semirigid chains is shown at
different temperatures. The difference in surface coverage
with temperature is not large, but there is a large difference
in the growth of the oriented domain ratio, which reflects the
differences in the isolated island growth and packing growth.
For a more detailed analysis, the change in the tilt angle of
the chain molecules with time is plotted in Fig. 12. The co-
sine of the tilt angle # is shown, where 6 is defined as the
angle formed by the bond vector of the chain molecule and
the z axis (perpendicular to the surface plane), and two types
of cos 6 are calculated. One is the average over the bonds of
all adsorbed chain molecules, and the other is the average
over the bonds which belong to the oriented domains. The
former is largely affected by temperature, developing gradu-
ally at high temperature. For the latter, only the data after ¢
=900 are plotted, since few oriented domains were formed
during this initial period, and data fluctuations were large.
The average tilt of chain segments belonging to the oriented
domains shows a different temperature dependence, varying
only slightly over the entire period observed. The mechanism
of order formation of semirigid chain molecules at high tem-
perature is shown schematically in Fig. 13. In the packing
growth cases, the orientation order gradually proceeds by the
packing effect. This is caused by the restriction of the de-
grees of freedom of chain orientation due to increased chain
molecule density on the surface. During structure formation,
the increase in the overall tilt angle does not come from a
gradual “standing up” of chain molecules as illustrated in
Fig. 13(a). Rather, the simulation results support the scheme
of Fig. 13(b), in which the oriented part of the chain mol-
ecules constitutes an upright structure whose tilt angle is
almost identical to the final value, and the chain molecules
on the surface are gradually pressed into oriented domains.

Next, the surface coverage and oriented domain ratio of
semiflexible chains were evaluated at different temperatures,
as shown in Fig. 14. In the initial period before #=4000,
differences in surface coverage are small. However, there is a
large temperature dependence in the oriented domain ratio.
At high temperature, hardly any growth is observed. This
affects the adsorption behavior of the middle and late peri-
ods, during which surface coverage at high temperature
slows considerably compared to that at low temperature.
Hence, as shown in Fig. 15, unless intermolecular interac-
tions occur to some extent, order formation on the surface
will be inhibited from a kinetic point of view, and a highly
oriented SAM will not be obtained.

C. Effects of chain length on the order formation dynamics

In the formation of a self-assembled monolayer of chain
molecules, the chain length may play two opposing roles in
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TABLE 1. Fitting results of the surface coverage and oriented domain ratio over time. The parameters of
surface coverage were obtained using Eq. (6). The parameters of oriented domain ratio were obtained using
Eq. (7). NA means that the fitting is not available for almost linear growth in the simulation range.

Stiffness Temperature Surface coverage Oriented domain ratio

Kh T A v Ashon Tshort Along Tiong
4000 12 0.012 0.43 0.089 330 0.55 6300
4000 13 0.013 0.43 0.092 620 0.51 6300
4000 15 0.014 0.42 0.66 16000
2000 12 0.011 0.44 0.009 1170 0.42 5200
2000 13 0.007 0.48 NA NA
2000 15 0.009 0.45 NA NA

structure formation. When the chain length is long, domain
formation on the surface is expected to be accelerated due to
the larger attractive interactions between chain molecules,
which might result in an improvement of the orientation or-
der. On the other hand, the long-chain molecules could in-
hibit further chain adsorption due to brushlike coverage of
the surface, which might result in a lower orientation order.
Thus, the structure formation dynamics of chain molecules
of varying chain lengths (N=20, 30, and 40) were examined.

In Fig. 16, the surface coverage vs time and oriented do-
main ratio vs time curves of semirigid chain molecules of
different chain lengths at high temperature (7=15) are
shown. The growth of the surface coverage becomes slower
for longer chain molecules, but the difference is small.

In general, the diffusion coefficient of a polymer chain is
given by

Do~ Ly, ®
nb

in which v is approximately 0.5-0.6 [26]. Therefore, the dif-
fusion of the molecule slows for longer chain molecules. If
the adsorption dynamics are determined by molecular diffu-
sion in the solution, the chain length might have a more
remarkable effect. In this study, the polymer concentration
was high and the difference of the diffusion coefficient does

1.0
0.8
T=12_T=13
0.6 Surface coverage T=1s
£ - =5
et =
© 04
T=15
0.2 1
Oriented domain ratio
0.0

0 2000 4000 6000 8000 10000 12000
Time

FIG. 11. Temperature dependence of surface coverage and ori-
ented domain ratio over time for semirigid chain molecules.

not appear significant. Thus, it is hypothesized that the weak
N dependence of the surface coverage might result from
other factors, such as relaxation of chain orientation or dif-
ferences in the effective free surface area.

In contrast to the surface coverage, the growth of the ori-
ented domain ratio shows faster ordering for longer chain
molecules. In long-chain molecules, the attractive molecular
interaction increases, accelerating the domain formation of
adsorbed molecules.

(a) 1.0

0.9

0.8

cosH

0.7

0.6

0.5

0 2000 4000 6000 8000 10000 12000

Time

(b) 1.0

0.8

cosH

0.7 4

0.6 1

0.5

0 2000 4000 6000 8000 10000 12000
Time

FIG. 12. The cosine of the tilt angle 6 of chain molecules. (a)
The average for chain molecules adsorbed on the surface. (b) The
average for chain segments which belong to an oriented domain.
The values at low temperature (7=13) are shown in bold lines, and
the values at high temperature (7=15) are shown in thin lines.
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FIG. 13. Schematic picture of the order formation processes of
chain molecules. (a) As the surface adsorption increases, the chain
molecules are gradually packed. As a result, the chain molecules
gradually “stand” on the surface. (b) Oriented domains of chain
molecules are formed on the surface. As the surface adsorption
increased, the domains become large. Within the oriented domain
clusters, the chain molecules stand on the surface. The tilt angle
inside the oriented domain is not drastically changed, although the
average overall tilt on the surface may gradually increase by merg-
ing the chain molecules outside the domains.

There have been several reports concerning the chain
length dependence of SAM formation dynamics, but the dy-
namics are quite complicated, and there remain many unre-
solved questions. In general, for fast initial kinetics, often
ascribed to adsorption processes, the ordering speed is faster
for shorter-chain alkyl systems [1,6—8]. On the other hand,
for slow kinetics in intermediate periods, often ascribed to
chain ordering processes, the ordering speed is faster for
longer-chain alkyl systems [1,6]. Thus, the chain length de-
pendence of the structure formation dynamics in these simu-
lation results is consistent with the reported experimental
results. However, there remains the possibility that there ex-
ists some optimum chain length for SAM formation, espe-
cially for flexible chain systems, since the surface adsorption
may be inhibited by longer-chain molecules. In this simula-
tion study, longer-chain systems cause association of chain
molecules in solution, which results in the failure of efficient

PHYSICAL REVIEW E 81, 021801 (2010)
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FIG. 14. Temperature dependence of surface coverage and ori-
ented domain ratio over time for semiflexible chain molecules.

SAM formation. Except for these cases, clear inhibition of
SAM formation from longer chains due to the behavior of
chain molecules on the surface was not observed.

However, as shown in Fig. 17, when semiflexible chain
molecules are used at high temperature (7=15), the growth
of the oriented domain ratio is slightly inhibited for longer
chains. There is also a large N dependence on the growth of
the surface coverage. Since the difference is not significantly
large for the duration of this simulation, further simulation
for a longer period at more suitable conditions may be re-
quired for detailed analysis.

Thus, the dynamics of SAM formation of long-chain mol-
ecules involves complicated ordering processes, in which the
internal degrees of freedom due to the long connectivity of
chain molecules is coupled with the dynamics of adsorption
and surface diffusion. This simulation study systematically
reveals the effects of various factors such as flexibility, chain
length, and temperature on the order formation dynamics.
The microscopic details of the order formation processes,

(a)
~ )

MNWNS

(b)

NN

W<

FIG. 15. Effect of chain rigidity on order formation processes on
a surface. (a) Flexible chain molecules often randomly cover the
surface, which may interfere with further adsorption of chain mol-
ecules. (b) For rigid chain molecules, the formation of ordered do-
mains create free surface, which helps the highly ordered
monolayers.
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FIG. 16. Comparison of order formation for semirigid chain
molecules of different chain lengths.

such as adsorption, domain formation, and orientation order
parameters, were observed at once. These are not always
easy to obtain in a single experiment, especially in the initial
periods when surface coverage is small. In this simulation
study, the surface-aligned state at low initial coverage peri-
ods was not observed, likely due to the weak chain-surface
interaction parameters. It is hypothesized that when the
chain-surface interaction assumes some appropriate value,
the surface aligned order state might be possible before the
formation of an upright, ordered SAM. However, the strong
interaction between the middle segments of chain molecules
and the surface would make the formation of a SAM ex-
tremely slow. The simulation would require further compu-
tational resources beyond the scope of the present simulation
study. Another interesting point is the comparison of SAM
formation in solutions with that in a vacuum. In the case of
SAM formation from gaseous phases, the molecule concen-
tration is extremely low in the bulk region. The lack of sol-
vent molecules would reduce the screening effect of chain-
chain interactions and the hydrodynamic effect. Since the
adsorption process is a single chain problem, we suppose
that the adsorption process would not be altered significantly
especially in the initial period. On the other hand, the chain

0.6 1 N=20
Surface coverage

0.4 -

Ratio

0.2 4

N=20

N=30
0.0 : polON ; s - N=40

0 2000 4000 6000 8000 10000 12000

Oriented domain ratio

Time

FIG. 17. Comparison of order formation for semiflexible chain
molecules of different chain lengths.
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orientation and the growth of the oriented domain are driven
by chain interactions. It might be expected that the highly
ordered structures by the spontaneous domain formation
would be easily realized in this condition. Both problems
would be interesting to explore in the future. Since the simu-
lation of slow ordering dynamics such as SAM formation
requires a coarse-grained model and appropriate simulation
conditions to carry out the calculations at present, this simu-
lation study is but a single primitive step toward the full
simulation of SAM formation dynamics. The understanding
of these microscopic details of SAM formation dynamics
will provide us useful hints for exploring the optimum con-
ditions for structure control.

IV. CONCLUSION

The ordering dynamics of self-assembled monolayers of
long-chain molecules were studied using coarse-grained mo-
lecular dynamics simulations. The adsorption dynamics of
SAM molecules can be explained by the same theoretical
framework as the polymer brush, in which the diffusion lim-
ited adsorption and penetration limited adsorption play im-
portant roles. On the other hand, the evolution of highly
oriented monolayer structure is specific to SAM systems, in
which the chain-chain attractive interaction, chain stiffness,
and surface diffusion control the order formation dynamics.
For semirigid chain molecules at low temperature, the order-
ing dynamics are characterized by isolated island growth, in
which oriented domains are formed spontaneously at the low
surface coverage conditions found in the initial periods, and
the ordering proceeds by growth of these island domains. In
such conditions, a highly ordered monolayer is efficiently
obtained. On the other hand, at high temperature, the forma-
tion of the oriented domain of chain molecules on the surface
is not remarkable in the initial periods. In this case, the or-
dering dynamics are characterized by packing growth, in
which the oriented domains are gradually formed due to the
decrease in free volume as the surface density of chain mol-
ecules becomes high. During this order formation process,
the righting of the average tilt angle of chain molecules that
were adsorbed on the surface is quite slow, but the average
tilt angles of chain molecules belonging to oriented domains
took larger values that did not change significantly from the
initial period to the intermediate period. This indicates that in
the case of packing growth, the “standing up” of the chain
molecules does not proceed gradually as a whole. The
growth of the average tilt angle of adsorbed chain molecules
is caused by an increase in packed domain areas. For semi-
flexible chain molecules, the ordering dynamics at low tem-
peratures are similar to those of semirigid chain molecules,
while at high temperature, there is different behavior. In this
case, the chain molecules randomly cover the surface and the
ordering processes are kinetically inhibited even when the
oriented monolayer appears as if the surface were covered by
these molecules completely. The effect of chain length on the
ordering dynamics was also examined, and for semirigid
chain molecules, longer chain systems showed slightly
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slower growth of the surface adsorption, but faster growth of
the orientation order. These simulation results generally
match the experimental. Therefore, the order formation dy-
namics of self-assembled monolayers of long-chain mol-
ecules have unique features, due to the effects of chain or-
dering and domain formation of adsorbed molecules on the
surface. It has been demonstrated that control of chain flex-

PHYSICAL REVIEW E 81, 021801 (2010)

ibility and intermolecular interactions is important for the
preparation of highly oriented SAM films.
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