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Abstract

Atomistic stress analysis in a methyl methacrylate (MMA) thin film on an Au 
(111) substrate is performed by the molecular dynamics simulations. Distributions 
of the normal stress, the tangential stress, and the surface tension across the film 
thickness are all examined in the present study. To inspect the stresses across the 
thickness of the MMA thin film, the whole thickness are divided into contact, 
transition, bulk, and surface regions according to the free energy profile of the 
MMA thin film. It is observed that in the contact region there is an obvious peak in 
the density profile of the MMA molecules. Temperature effects on the density 
profile are significant in this region and the density of the MMA molecules 
obviously decreases with an increase in the system temperature. The free energy in 
the bulk region is near zero and grows progressively in the surface region. In the 
area near the Au (111) surface, on average, the normal stress of the thin film is in 
compression and the surface tension is positive. In the bulk region, the normal 
stress and surface tension behave a fluctuation about a free stress state. In the 
surface region, however, the normal stress exhibits a tension state and it yields a 
negative surface tension. The tangential stress is lower than the normal stress and 
thus has lesser contribution to the surface tension in the current investigation. It is 
also noticed that the temperature effects on the stress and surface tension 
distributions are not manifest in the present study. 
Keywords: number density, free energy, normal stress, tangential stress, surface 

tension, molecular dynamics simulations 
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1. Introduction 

The structural and dynamic behavior 
of polymer molecules in a thin film on a 
solid substrate has attracted considerable 
interest in recent years [1-4]. This interest 
arises primarily because such molecules 
exhibit different material properties than 
those in the bulk and have the potential for 
application in such diverse fields as 
nanoimprinting [5], nanolithography [5, 6], 
nano-electronic devices and storage chips. 
One of the most exciting applications of 
very thin films is that of a new form of
atomic force microscope (AFM)-based data 
storage medium known as Millipede ,
in which a thin (50 nm) PMMA layer is 
used as an indentation substrate on the 
storage substrate [7-9]. This novel 
technique provides an ultrahigh storage 
density (about 400-500 Gb/in2) [7] and has 
many remarkable features such as a terabit 
capacity, a small form factor and a high 
data rate.

Many empirical studies have been 
conducted to investigate the surface and 
thickness effects of polymer thin films on 
a solid substrate. In recent studies, Keddie 
[10, 11] found that for polystyrene (PS) 
films, the film thickness has a significant 
effect on the glass transition temperature, 
Tg, when the film has a thickness of less 
than 40 nm. However, for poly (methyl 
methacrylate) (PMMA) thin films, Tg is 
relatively insensitive to the film thickness, 
but is significantly influenced by the 
substrate material. For example, van 
Melick et al. [12] showed that the value of 
Tg reduced when the PMMA film was 
deposited on an Au (111) surface, but 
increased when the film was grown on a 
silicon substrate with a native oxide layer. 
In recent studies, various experimental 
approaches have been employed to observe 
the structure and dynamic properties of 
polymer thin films on solid surfaces, 
including thermal probe measurements [13, 
14], ellipsometry [10], positron 
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annihilation lifetime spectroscopy [15], X-
ray reflectivity [16] and dielectric 
relaxation [17-20]. However, it is difficult 
to observe the structural arrangement of 
the polymer molecules at the interface 
between the thin film and the substrate at 
the atomic level using direct experimental 
methods. Accordingly, experimental 
approaches fail to provide an adequate 
understanding of the influence of the 
interface on the structure and properties of 
the thin film. However, the interface effect 
becomes increasingly important when the 
thickness of the film is less than several 
nanometers since the thickness of the 
interface then accounts for a considerable 
fraction of the total film thickness. 
Molecular dynamics (MD) simulations 
overcome the limitations of traditional 
empirical approaches and enable detailed 
observations of the interfacial behavior 
between a thin polymer film and a solid 
substrate at the atomic scale [21-24]. Xia 
[21] conducted MD simulations to 
investigate the variation in density profile 
of n-hexadecane films with different 
thicknesses on Au (111) surfaces. The 
results showed that the density profile had 
an oscillatory behavior in the region of the 
thin film near the interface, but gradually 
became smooth at a greater distance from 
the substrate. Daoulas [22] explored the 
volumetric, structural and conformational 
aspects of PE melt/graphite and PE 
melt/vacuum interfaces, respectively. The 
corresponding density profiles indicated 
that the PE thin film had at least three 
adsorption layers near the substrate. The 
chain conformations were mainly flattened 
in the first adsorption layer, but the 
polymer molecules gradually tended 

toward their bulk characteristics at greater 
distances from the solid surface. 
Additionally, sudden changes in the 
dihedral angle distribution of molecules 
were observed between one absorption 
layer and the next. The topics of liquids 
adsorbed on solid surfaces have been 
widely research using simulation 
approaches [25-31]. For example, Xin et 
al. [27] studied the spreading of polymer 
droplets of functional and non-functional 
PFPE (Perfluoropolyether) on solid 
surfaces using the coarse-grained MD 
simulations. The results revealed that the 
non-functional PFPE films will form cap-
like structures on the substrate, and the 
functional PFPE film will give rise to a hat 
structure in the spreading process. Grest et 
al. [28] conducted MD simulations to 
examine the spreading of liquid polymer 
droplets of varying chain lengths on 
chemically patterned surfaces. The 
numerical results showed that the 
spreading behavior was governed by the 
pattern width, the length of the polymer 
chain and the interaction strength of the 
lyophilic strips.  

From the discussions above, it is clear 
that MD simulation provides a powerful 
tool for investigating the interfacial 
behavior of polymer thin films on solid 
substrates at the atomic level. 
Accordingly, the present study adopts the 
MD simulation approach to investigate the 
molecular adsorption mechanism of methyl 
methacrylate (MMA) thin films on an Au 
(111) substrate. The density and free 
energy profiles were calculated to examine 
the arrangement characteristics of the 
MMA thin film. Temperature effects on the 
arrangement characteristics were 
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discussed. The atomistic stresses and the 
surface tension across the thickness of the 
MMA thin film were then investigated and 
the temperature effects on the stresses 
were thus examined. Finally, we discussed 
and summarized the important finding of 
the present research. 

2. Simulation model 

The MD simulation model used in the 
present research consists of an MMA-
oligomer thin film and an Au substrate on 
which the MMA oligomers are deposited. 
Fig. 1 depicts a schematic diagram of the 
present simulation model. There are three 
different groups of interactions existing in 
the simulation model, including 1) the 
intra- and intermolecular interactions of 
MMA oligomers; 2) the interaction of Au 
atoms; 3) the interaction between the 
MMA oligomers and the Au atoms. In the 
current MD simulations, three different 
potentials were employed to model the 
three groups of interactions. First, the 
ENCAD (Energy Calculations and 
Dynamics) potential [32, 33] was chosen to 
model the atomic interaction between the 
intra- and intermolecular interactions of 
the MMA oligomers. The interaction 
between the Au atoms of the substrate was 
described by the tight-binding potential 
[34, 35], whereas the Dreiding force field 
[36] was used to model the interaction 
between the MMA oligomers and the Au 
atoms. The expressions for the three 
potentials are described below.  
2.1. Potential for MMA oligomers 

In the present research, the ENCAD 
(Energy Calculations and Dynamics) 
potential [32] was employed to model the 
atomic interaction between the MMA 

molecules and the intra-interaction of a 
MMA molecule. In this model, the 
potential force field (FF) is expressed as 
the sum of the bond stretching energy 
Ubond, the bond bending energy  Ubend, the 
bond torsion energy U tors ion, the van der 
Waals energy Uvdw, and the electrostatic 
energy Uels. Accordingly, the total 
potential, U, is given by: 
U = Ubond + Ubend + U to rs ion + Uvdw + Uels  (1)
with 
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where i
bK , iK  and iK  are force constants 

representing the bond stretching, bond 
bending and torsion barrier of the ith bond, 
respectively, and ib , i , i , 0b  , 0  and 0

are the ith bond length, the ith bending 
angle, the ith torsion angle, the 
equilibrium bond length, the equilibrium 
bending angle and the equilibrium torsion 
angle, respectively. The bond torsion 
energy can be represented either by the 
true dihedral angles or the out-of-plane 
dihedral angles, and is represented by a 
cosine function with a periodicity ni and an 
equilibrium torsion angle 0 . All the 
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summations in the bonded energy terms 
(Equations 2 to 4) are carried out over all 
corresponding bonds.  

The van der Waals energy is expressed 
using the Lennard-Jones 6-12 potential, 
which includes both repulsive and 
attractive terms. In this potential model, rij

indicates the atomic distance between 
atoms i and j in a non-bonded pair, and scA
is used to compensate for the interaction 
lost at small cutoff distances. The value of 

scA  is determined by the cutoff distance 
specified in the ENCAD model. In the 
present simulations, the cutoff distance 
was specified as 8  and the value of scA
was assumed to be 0.84. These values were 
chosen because they were commonly 
utilized in the studies of MMA thin films. 
The values of the energy parameter, ij ,
the distance parameter, ijr0 , and the 
truncation shift function, vdwS , for the van 
der Waals potential can be found from 
Levitt et al. [32, 33]. The electrostatic 
energy in the ENCAD potential force field 
is modeled using the Coulomb potential, in 
which qi and qj (in units of electrons) 
represent the partial charges of atoms i and 
j of the MAA molecules within the cutoff 
distance and the truncation shift function, 

elsS , can be obtained from the reference 
[32, 33]. The constant 332 in Equation 6 is 
employed to convert the energy Uels to that 
with a unit of kcal/mol. The summations of 
the non-bonded terms (Uvdw and Uels) are 
executed over all non-bonded atom pairs i
and j closer than the cutoff distance. 
Moreover, the potential parameters in the 
ENCAD force field are derived from ab-
initio quantum mechanics, spectroscopy 
and crystallography. For the present study, 
these parameters were taken from those of 

Levitt et al. [32, 33]. These parameter 
values were determined to reproduce 
energetic, structural, and dynamic 
properties found from ab initio quantum 
mechanics calculations, spectroscopic 
measurements, and crystallographic data. 
2.2. Potential for Au atoms 

The interatomic force between the Au 
atoms in the substrate was modeled using 
the tight-binding potential [34, 35]. The 
main difference between a many-body 
potential model and a pairwise potential 
model is that the former considers the 
interaction between any two atoms to 
depend not only on the two atoms 
themselves, but also upon the surrounding 
atoms. It has been shown that the tight-
binding potential yields more accurate 
predictions of some characteristics of 
certain transition metals than the EAM 
(Embedded Atom Method) approach [34, 
35]. Moreover, the algorithm for 
computing this potential is simpler than 
that required for EAM. The tight-binding 
potential model commences by summing 
the band energy, which is characterized by 
the second moment of the d-band density 
of state, and a pairwise potential energy of 
the Born-Mayer type. The interatomic 
energy of atom i is thus expressed as:  

i
B

i
R

i UUU  (7)

with repulsive energy and bonding energy 
have the following forms 

j
ij

i
R rrpAU 1/exp 0  (8) 
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j
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i
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where  is an effective hopping integral, 
rij is the distance between atoms i and j,
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and r0 is the first- neighbor distance. The 
parameters A, p, q, and are determined 
by incorporating the experimental data 
relating to the cohesive energy, the lattice 
parameter, the bulk modulus and the shear 
elastic constants C44 and C = (C11-C12)/2, 
respectively. The parameter values of the 
tight-binding potential model employed in 
the present simulations are taken from the 
reference [35] and are 0.2061 eV, 1.790 
eV, 10.229, and 4.036 for A, , p, and q,
respectively. These parameter values were 
determined using experimental data related 
to the cohesive energy, lattice parameters, 
bulk modulus, and shear elastic constants. 
2.3. Potential for interaction between 

MMA oligomers and Au atoms 
The interaction between the Au 

substrate and the adsorbed MMA 
molecules is described using the Dreiding 
force field [36], which has the following 
exponential-6 form:  

6

6
1exp

6
6

r
r

r
r

z
DU ijij

ij (10)

where D is the energy barrier, r is the 
distance between the gold atom and the 
atom in the MMA molecule in an energy 
minimum state, rij is the distance between 
the gold atom and the atom in the MMA 
molecule, and  is a dimensionless 
constant whose value is dependent on the 
curvature or stiffness of the inner repulsive 
wall. The values of these parameters D, r,
and  are taken from the reference [36] 
and are listed in Table 1. These parameter 
values were optimized by fitting the 
geometry and binding energy calculated 
from quantum mechanics for organic 
molecules on Au (111) surfaces [36]. In 
addition, the parameter values were 

verified by experimental data as illustrated 
in the results of the reference, where 
structures and interfacial properties of 
self-assembled monolayers on Au (111) 
surfaces were examined. Our previous 
research also demonstrated that the 
parameter values applied very well to the 
investigation of structures and properties 
of MMA thin films on an Au (111) 
substrate. 
2.4. Simulation details 

The simulation system consists of an 
MMA thin film with 378 MMA molecules, 
which have a molecular formula of 
CH2=C(CH3)COOCH3, deposited on an Au 
(111) substrate with a thickness of 14
and comprising six separate Au layers. The 
simulation box has dimensions of Lx=
54.95  and Ly= 49.03  and periodic 
boundary conditions are imposed in both 
the x- and the y-directions. A virtual 
repulsive wall is introduced at an initial 
height of 81  above the bottom of the 
substrate. The objective of this wall was to 
confine the MMA molecules above the Au 
surface. Adopting a similar approach to 
that employed by Jang et al. [36], the 
following four-step procedure was 
performed to obtain the equilibrium 
structure of the MAA molecules on the Au 
(111) surface: (1) The MAA molecules 
were positioned on the Au (111) surface 
with an initial density of 0.35 g/cm3 and 
were then gradually compressed to a 
density of 0.94 g/cm3 (consistent with the 
experimental value) by moving the 
repulsive wall toward the substrate 
surface. To prevent the configuration from 
becoming trapped at a local minimum 
energy, the system was maintained at a 
temperature of 500 K for 500 ps. (2) Once 
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the required density had been obtained, the 
system was annealed from 500 K to room 
temperature at a cooling rate of 3 K/ps. 
The system was then equilibrated at room 
temperature for 100 ps. (3) The repulsive 
wall was gradually removed at room 
temperature. Subsequently, the temperature 
was gradually increased to 400 K. This 
process was use to release the MMA thin 
film, and reduce the artificial effect of the 
virtual repulsive wall. (4) Finally, an 
annealing process was performed to reduce 
the temperature from 400 K to the target 
temperature, and then the system was 
equilibrated at this target temperature for 
another 40 ps. In the simulations, the 
velocities of the atoms were randomly 
assigned according to a Maxwell 
distribution, and the velocity-rescaling 
thermostat [37, 38] was employed to 
maintain a uniform temperature. The time 
integration of the Newtonian equations of 
motion was performed using the Verlet 
algorithm to obtain the new velocities and 
positions of each atom [37, 38]. Moreover, 
a canonical (NVT) ensemble was employed 
during the simulations and data in the final 
10 ps were collected and averaged to 
examine simulation results. 

A canonical (NVT) ensemble was 
utilized in the present simulations because 
it can provide an easier way to calculate 
density distributions of the MMA thin 
films. To justify the use of a canonical 
ensemble in computing and comparing 
density distributions of the various cases 
studied in the current research, the 
pressure variations among the cases were 
examined. Since the external forces 
applied on the simulation system are 
negligible, the pressure variations among 

various cases of the present study are not 
apparent. This implies that the external 
forces imposed by the boundaries in both 
the x- and y-directions can be neglected. 
Because no external loads were applied on 
the top surface of the MMA thin film, the 
system under simulation can be regarded 
as an unloaded system. By the same 
reasoning, the present system can also be 
regarded as unloaded. Therefore, the 
pressure among various cases of the 
current study would be fairly close and it 
would not yield problems when a canonical 
(NVT) ensemble was utilized in calculating 
and comparing the density distributions of 
the MMA-oligomer thin films. 

Figure 1 presents a schematic 
illustration of the relaxed MMA film on 
the Au (111) substrate. As shown, the 
substrate was modeled as six separate 
layers, with five layers providing a thermal 
control function and the lowest layer used 
to fix the simulation system. The goal of 
the current MD simulations was to 
investigate the atomistic stresses and the 
surface tension across the thickness of the 
MMA thin film and the temperature effects 
on the stresses. For the study of the 
temperature effects, a temperature range 
from 200 to 300 K was selected. The MD 
simulations were performed using 
computer code developed by the authors. 

3. Results and discussion 

Figure 2 shows variations of number 
density and free energy (or equivalently 
the potential of mean force, PMF) across 
thickness of the MMA thin film at 
temperatures of 200, 245 and 300 K. The 
number density is computed by counting 
the number of molecules in a slab of 
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thickness 0.6  positioned parallel to the 
Au (111) surface at various heights above 
the substrate. Meanwhile, the value of the 
local free energy is derived as [39]: 

bulkB zTkzG /)(ln)(  (11) 

where kB, T, z , and bulk  are the 
Boltzmann constant, the system 
temperature, the local number density at 
height z and the bulk number density, 
respectively. The density variations at 200, 
245, and 300 K are shown in the upper 
panel of Figure 2. It is observed that the 
density profile at each temperature has a 
prominent peak at the interface of the 
MMA thin film and the Au (111) substrate. 
However, the number density reduces 
significantly within a short distance of the 
interface before increasing once again. 
Thereafter, the density fluctuates about an 
approximately constant value before 
reducing to zero at the surface of the thin 
film. According to the PMF profiles shown 
in the lower panel of Figure 2, the density 
distribution in the z-direction can be 
divided into four distinct regions, namely 
the contact region (I), the transition region 
(II), the bulk region (III) and the surface 
region (IV).  

In the contact region (region I), it is 
noted that the value of PMF has a negative 
value, which results in a higher number 
density and also indicates that the Au 
(111) surface and the MMA molecules 
have the attractive interaction. In the bulk 
region (region III), the PMF profiles have 
an average value of zero and fluctuate only 
mildly. The number density in the bulk 
region also has an approximately constant 
value. As expected, this indicates that the 
bulk region of the thin film behaves like 

the bulk MMA material. The contact 
region and the bulk region are separated by 
a transition region (region II), within 
which the density reduces from the high 
density of the contact region to the low 
density of the bulk region. The interaction 
between the substrate and the MMA 
molecules has a significant effect on the 
structure of the MMA thin film only in the 
contact region. Consequently, the compact 
stacking of the MMA molecules in the 
contact region prevents other MMA 
molecules from having a density as high as 
in the bulk region. This leads the transition 
region to have a density lower than that in 
the bulk region and to have positive free 
energy. In the surface region (region IV), 
the density distributions drop gradually to 
zero but the free energy distributions grow 
progressively. This means that the MMA 
molecules in the surface region have much 
lower stability than those in the other 
regions. In regard to the temperature 
effects, it is observed that the average 
density of the MMA film reduces with an 
increase in the temperature, especially in 
the contact region. 

The atomistic stresses of the MMA 
thin films examined in the present study 
are the normal stress and the tangential 
stress. The stresses can be calculated from 
the pressure tensor of the Kirkwood-Buff 
theory [40] with 
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where PN(z) and PT(z) are respectively the 
normal and the tangential components of 
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the pressure tensor (i. e. the normal and 
tangential stresses) in a slab in the z-
direction, z  denotes the number density 
of a slab positioned at point z on the z-
axis, Vslab is the volume of the slab, kB, is 
the Boltzmann constant, and T is the 
system temperature. The contents of the 
large angle brackets represent the 
ensemble average of all the atoms located 
in the slab. The quantity rij is the distance 
between atoms i and j, whereas xij, yij and 
zij are the three components of the vector 
from atom i to atom j, respectively, and 
U(rij) is the potential energy of the atomic 
pair i and j. The Kirkwood-Buff theory has 
been used successfully in former studies of 
complicated interfaces mediated by 
surfactant molecules [39] and of general 
liquid/vapor interfaces [41-43].  

Figure 3 presents variations of the 
normal stress across thickness of the MMA 
thin film at the various system 
temperatures. According to the Kirkwood-
Buff theory, a positive stress indicates a 
compressive stress of the analyzed volume. 
It is observed that at each of the 
temperatures considered, the normal stress 
of the thin film, on average, is in 
compression near the Au (111) surface. 
This result is consistent with that 
presented in Figure 2, which shows a 
compact stacking of MMA molecules (i.e. 
a higher density) near the Au (111) surface 
and thus there exists a compressive normal 
stress. The normal stress in the bulk 
region, however, exhibits a fluctuation 
about a zero state (i.e. a free stress state). 
This is also coherent to the fluctuation in 
the density profile of the bulk region 
depicted in Figure 2 and corresponds to the 
behavior of the bulk MMA material. 

Moreover, the normal stress in the surface 
region is in tension at the various system 
temperatures. The through thickness 
distribution of the normal stress of the 
current study are similar to that of Jang et
al. [36], although thin films from a 
different material were examined there. 

Figure 4 displays variations of the 
tangential stress across thickness of the 
MMA thin film at the various 
temperatures. It is noticed that the 
tangential stress is lower than the normal 
stress and behaves a fluctuation about a 
zero state through the film thickness for 
the system temperatures. Similar to the 
situation for the normal stress, temperature 
effects on the tangential stress distribution 
are not apparent. 

Figure 5 shows variations of the 
surface tension across thickness of the 
MMA film at various system temperatures. 
The surface tension can be calculated from 
difference of the normal and tangential 
stresses [36]: 

dzzPzP
L

L
TN

2

1

)()(  (14) 

where L1 and L2 indicate the limits of the 
integration range, i.e. the z coordinates 
representing the slab thickness in the 
current case. From Figure 5, it is observed 
that the surface tension of the thin film, on 
average, is positive near the Au (111) 
surface. This is because the MMA 
molecules in this area are adsorbed on the 
Au (111) surface and have a compact 
stacking. Thus yields a positive surface 
tension in this area. In the bulk region the 
surface tension also behaves a fluctuation 
about a zero state whereas has a negative 
value in the surface region. The negative 
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surface tension is ascribed to the tensile 
normal stress in the surface region (as 
discussed in Figure 3). The similar 
tendency between the through thickness 
distributions of the surface tension and the 
normal stress is owing to the lesser 
contribution from the tangential stress to 
the surface tension in the present cases (cf. 
Figures 3 and 4). 

4. Conclusions 

Atomistic stress analysis of a MMA 
thin film on an Au (111) substrate has been 
performed by the molecular dynamics 
simulations. For ease of investigation, the 
whole thickness is divided into contact, 
transition, bulk, and surface regions 
according to the free energy profile of the 
MMA thin film. It is observed that in the 
contact region there is an obvious peak in 
the density profile of the MMA molecules, 
which means that the MMA molecules 
have a higher concentration (i.e. a compact 
stacking) in the contact region. 
Temperature effects on the density profile 
are significant in the contact region. As the 
temperature increases, the density of the 
MMA molecules obviously decreases in 
this region. The free energy in the bulk 
region is near zero and grows 
progressively in the surface region. This 
means that the MMA molecules in the 
surface region have much lower stability 
than those in the other regions. 
The normal stress of the thin film, on 
average, is in compression near the Au 
(111) surface. However, it behaves a 
fluctuation about a free stress state in the 
bulk region and exhibits a tension state in 
the surface region. The tangential stress is 
lower than the normal stress and thus has 

smaller contribution to the surface tension 
in the present cases. Furthermore, the 
surface tension of the thin film, on 
average, is positive near the Au (111) 
surface. In the bulk region the surface 
tension also behaves a fluctuation about a 
zero state whereas has a negative value in 
the surface region. It is also observed that 
the temperature effects on the stress and 
surface tension distributions are not 
significant in the current study. 

It should be noted that an Au (111) 
substrate was selected in the present study 
because the (111) crystal plane of gold is a 
highly symmetric crystal and has a 
maximum planar atom density, which lets 
it have many applications in 
nanotechnology. The conformational 
behavior of MMA-oligomer thin films on a 
gold substrate with a different orientation, 
e.g. (100) or (110), might differ from that 
of the present case. This is an interesting 
issue worthy of further investigation. 
Nevertheless, some aspects could be 
inferred based on results from related 
studies. In our earlier research on the 
behavior of water molecules confined 
between parallel gold plates [44], we found 
that the molecules on the Au (110) surface 
had behavior distinct from that on the Au 
(111) and (100) surfaces. The distinction 
between the behavior of water molecules 
on the Au (111) and (100) surfaces was not 
evident. Similar findings were obtained for 
metal oxide thin films [45, 46] and 
polymer thin films [47] on Au (111), 
(100), and (110) substrates. Thus, one 
could anticipate that the MMA-oligomer 
thin film on an Au (100) substrate would 
have conformational behavior similar to 
that on an Au (111) substrate. However, 
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due to the loose structure and low 
symmetry of the (110) crystal plane, the 
MMA-oligomer thin film on an Au (110) 
substrate might have different 
conformational behavior. Detailed 
comparisons require further analysis. 
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Table 1 Optimized parameters used in the 
Dreiding force field 

Interaction D (Kcal/mol) r( )
Au-C 0.064 3.561 12.0
Au-H 0.041 3.082 12.0
Au-O 0.048 3.395 12.0

Figure 1  Relaxed model of the MMA thin 
film on the Au (111) substrate. 

Figure 2  Variations of number density and 
free energy across thickness of the MMA 
thin film at different temperatures, where 
vertical dashed lines are used to indicated 

the four distinct regions (I: contact, II: 
transition, III: bulk, IV: surface). 

Figure 3  Variations of the normal stress 
across thickness of the MMA thin film at 
different temperatures. 
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Figure 4  Variations of the tangential 
stress across thickness of the MMA thin 
film at different temperatures. 
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Figure 5  Variations of the surface tension 
across thickness of the MMA thin film at 
different temperatures. 

(I)  (II)           ( III)                ( IV) 




