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Abstract

Molecular mechanics (MM) and molecular dynamics (MD) simulations on ten perfluoroalkyl methacrylates and four copolymers derived
from methyl methacrylate (MMA) and 1,1-dihydroperfluorohendecyl methacrylate (F10MA) in different ratios have been performed to predict
surface properties. 1,1-Dihydroperfluorohendecyl methacrylate, which contained highest number of fluorine atoms, exhibited lowest surface
energy, a trend that is in accordance with experimental observations. Density calculations on selected perfluoroalkyl methacrylates have
been performed using NPT dynamics, for which no experimental data are available. Computations were performed to obtain bulk properties
like cohesive energy density and solubility parameter through MM and MD simulations in the NVT ensemble under periodic boundary
conditions. From the equilibrated structures, surface energies were computed, which compared well with the experimental data reported in
the literature. Surface energies of copolymers decreased with increasing number of perfluoroalkyl groups. Various components of energetic
interactions have been examined in detail in order to gain a better insight into interactions between bulk structure and the film. The dominant
contributions are from van der Waals and Coulombic energy terms. The computed mass density profile for thin films gave an indication whether
the film is of sufficient thickness so that the interior of the film is indistinguishable from the bulk structure. The total pair correlation and bond
correlation functions have been analyzed to confirm the amorphous nature of the simulated structures.
� 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Surface properties of polymers are important for under-
standing adhesion and wettability [1]. The prediction of
polymer surface properties is important in designing high
performance materials for various applications such as coat-
ings, adhesives and biomaterials [2e4]. However, an in-depth
understanding of polymer surfaces at molecular level offers
a tremendous capability to tailor the surfaces for specific
applications. In the earlier literature, several theories have
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been advanced to predict surface properties of polymers of
which CahneHilliard theory [5] in conjunction with Flory,
Orwoll and Vrij (FOV) equation of state [6] has been successful
to provide a unified picture of surface tensions of oligomers as
well as polymer single component liquids. Subsequently, the
lattice model approaches developed by Helfand [7,8], Dill
and Flory [9,10], and Scheutjens and Fleer [11] have been
useful in studying the surface properties of polymers. Later,
Theodorou [12] examined the bulk homopolymers at inter-
faces using the site lattice model approach of Scheutjens and
Fleer [11] for polymer solutions. In recent years, molecular
mechanics (MM) and molecular dynamics (MD) simulations
as well as Monte Carlo (MC) techniques are considered to
be the most powerful tools in predicting many important
properties of polymers [13e22]. Eichinger et al. [23] com-
puted cohesive energy density and solubility parameter values
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of polyetherimide (Ultem) to demonstrate the usefulness of
MM and MD simulation protocols to predict the bulk proper-
ties of polymers for which experimental data are neither avail-
able nor such investigations would be inherently difficult.
Further, these studies have shown that calculated cohesive
energy densities and solubility parameters are in reasonable
agreement with the experimental data.

Realizing these aspects and as a part of our continuing efforts
to understand the dynamics of polymer chains, we have selected
series (n¼ 1e10) of perfluoroalkyl methacrylates as model
compounds to compute their surface properties. These fluoro-
monomers, either alone or mixed with other monomers, could
help to extend higher flexibility while designing new polymers.
Fluorocarbon polymers have been widely studied as materials
having low surface energy coatings and hence, are useful in
non-wetting biological applications [3]. Particularly, polymers
containing atomic fluorine along the backbone or in the side
chain possess many desirable properties [24] such as low surface
energy, resistance to corrosive chemicals and organic solvents,
high thermal stability, water repellency, low refractive index
and low coefficient of friction. These characteristics are due to
low polarizability and strong electronegativity of the fluorine
atom; moreover, electronegativity induces a strong dipole in
the CeF bond [25,26], which would make fluorocompounds
simultaneously oleophobic and hydrophobic [27]. Taking ad-
vantage of these physical properties, fluoropolymers have been
used as oil and water repellent agents, moisture proof coatings
and cladding materials in polymeric optical fibers for medical
diagnosis [28]. Moreover, fluoroalkyl compounds exhibit sur-
face characteristics that are particularly important because
they affect the structure and functions of the products, and sur-
face characteristics of these polymers depend upon the charac-
teristics of perfluoroalkyl group side chains [29]. There are
other studies in literature [30] on acryl-based polymers having
side chains of perfluoroalkyl group, wherein the influence of
chain length and crystallinity of polymers has been investigated.
Fluoropolymers have the propensity to migrate to the surface
when dissolved or dispersed in other media, which would allow
the perfluoroalkyl group to concentrate on the surface. The high
concentration of perfluoroalkyl groups at the surface lowers the
surface energy, thus creating very repellent surfaces, even at
a very low concentration of perfluoroalkyl group, which could
dramatically impart this effect. Such inherent characteristics
of fluoropolymers can be successfully exploited to develop
new polymers and materials with desired properties by blending
or copolymerization with other polymers.

The commercial application of any fluorine-containing
acrylate polymer system depends upon the effective and
efficient use of fluorine i.e., the increasing amount of fluorine
would lower the surface tension relative to the parent mate-
rial. Efficiency refers to the minimum concentration of fluo-
rine necessary to reach the minimum surface tension. The
origin of these effects can be seen from the famous Gibbs
adsorption equation [31] given in the form:

g¼ A�
X

i

Gim
s
i ð1Þ
where g is surface tension, G is surface excess of i in moles per
unit area of surface s, ms

i is surface chemical potential of the
ith species and A is Helmholtz free energy per unit area of
surface, s. Due to their low surface tensions, the application
of perfluoroalkyl containing polymers as thermally stable
materials for coating applications has attracted the attention
of many investigators [32,33]. However, one of the drawbacks
of perfluorinated polymers is their poor solubility in common
organic solvents, which renders them intractable materials.
This problem can be overcome by copolymerization of
perfluorinated compounds with non-fluorine-containing mono-
mers such as acrylates, methacrylates or styrene [34e39].
Fluoroalkyl acrylate and methacrylate homopolymers as well
as their copolymers are being increasingly used in plastics’
formulations. However, the synthesis and characterization of
these new polymeric materials are time-consuming and hence,
molecular modeling approaches would be an alternative solu-
tion to precisely predict the structural and functional proper-
ties of polymer surfaces. The principle objective of this
investigation is to predict the surface properties of perfluori-
nated polymers by performing MM and MD simulations.
The issues addressed here are: (i) how an increase in CF2 units
could influence the surface properties of polymers? and (ii)
how does copolymerization of perfluoroalkyl methacrylates
with other polymers would modify their surface properties?
In order to further support these computations, density calcu-
lations, total pair correlation, bond correlation functions and
mass density profiles have been calculated and analyzed.
The general structure of perfluoroalkyl methacrylates used in
this study is given in Fig. 1 and model perfluorinated homo-
polymers selected in this study are compiled in Table 1.
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Fig. 1. Structure of perfluoroalkyl methacrylate (n¼ 1e10).

Table 1

Nomenclature of the perfluoroalkyl methacrylates chosen to study surface

properties

No. of

units (N)

Perfluorinated homopolymers Code

1 2,2,2-Trifluoroethyl methacrylate F1MA

2 2,2,3,3,3-Pentafluoropropyl methacrylate F2MA

3 2,2,3,3,4,4,4-Heptafluorobutyl methacrylate F3MA

4 3,3,4,4,5,5,6,6,6-Nonafluoropentyl methacrylate F4MA

5 3,3,4,4,5,5,6,6,7,7,7-Trioctafluorohexyl methacrylate F5MA

6 3,3,4,4,5,5,6,6,7,7,8,8,8-Tridecafluoroheptyl methacrylate F6MA

7 1H,1H-dihydroperfluorooctyl methacrylate F7MA

8 1H,1H-dihydroperfluorononyl methacrylate F8MA

9 1H,1H-dihydroperfluorodecyl methacrylate F9MA

10 1H,1H-dihydroperfluorohendecyl methacrylate F10MA
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2. Computational strategies

2.1. Modeling details

MM and MD simulations were performed using MS
modeling 3.1 software [40] purchased from Accelrys Inc.
(San Diego, CA, USA) on a Discover package by employing
the COMPASS (condensed-phase optimized molecular poten-
tials for atomistic simulation studies) force field [41,42]. Min-
imization was performed using the steepest descent approach
followed by the conjugate gradient method. The temperature
in all simulations was equilibrated with the Andersen algo-
rithm [43]. The velocity Verlet algorithm [44] was used to
integrate the equations of motion. The cutoffs [45] commonly
encountered are atom-based and group-based. In the former
case, when atoms with large partial or formal charges are pres-
ent, significant errors have been introduced if non-bonded
interactions were computed using the atom-based cutoffs. In
principle, it was possible to eliminate these artifacts by
dispensing with the cutoffs for electrostatic interactions. In
a periodic system, evaluation of electrostatic interactions by
means of standard lattice summation methods (e.g., the Ewald
method) was considered. However, one disadvantage is that
such methods are computationally expensive and are thus
not suited in generating long chain dynamics trajectories.
The approximate computational cost of Ewald summation
and charge group-based cutoff approach is in the ratio of
10e20:1 for systems with 1000e2000 atoms. However, the
group-based approach is very efficient and well-suited to con-
ditions in which the system consists of molecules composed of
essentially neutral fragments with dipoles and performs sub-
stantially accurate calculations in an efficient manner. Thus,
non-bonded interactions have been calculated using the
group-based method with explicit atom sums being calculated
with the distance of 9.5 Å.

2.2. Density calculation on perfluoroalkyl methacrylates

Polymer density can be readily computed with greater ac-
curacy using MM and MD simulations that rival experimental
observations. Experimental density data on many perfluoro-
alkyl methacrylates are not available in the literature. Thus,
density calculation was attempted using the method of con-
stant pressure simulation (NPT dynamics), where N is number
of particles, P is pressure and T is temperature. The overall
methodology and the calculation of density of perfluoroalkyl
methacrylates (F1MAeF10MA) were described in the earlier
paper [46].

The polymer chain for the amorphous cell construction was
generated by considering its isotactic stereochemical structure.
The method used in the amorphous cell module of Material
Studio is the combined use of an algorithm developed by
Theodorou and Suter [47] and scanning method of Meirovitch
[48]. Initially, the proposed structure was generated by using
rotational isomeric state (RIS) theory of Flory [49] that de-
scribes conformations of the unperturbed chains. In order to
avoid excessive overlaps between chains, modified conditional
probabilities were used to account for non-bonded interactions
between atoms to be placed and rest of the system. In the scan-
ning method, all possible continuations of the growing chain
were considered while calculating conditional probabilities.
However, in practice, it was not possible to examine all con-
tinuations of the chain and look ahead is normally restricted
to a few backbone bonds. The number of look ahead bonds
represents the number of forward bonds that is considered
during the construction, which was subsequently refined to
provide the input for further calculations.

Then, by using MD protocol, systems were equilibrated in
NPT ensemble at 298 K. The equilibration dynamics of 20 ps
was performed prior to the production stage of duration 200 ps,
which enabled us to find density of the simulated system. The
procedure was adopted for different oligomers (N¼ 5, 10, 20,
30, 40 and 50) to obtain the best average density value in
each case. The average density of different perfluoroalkyl
methacrylates are F1MA¼ 1.235� 0.021, F2MA¼ 1.3003�
0.025, F3MA¼ 1.3609� 0.027, F4MA¼ 1.4535� 0.028,
F5MA¼ 1.4843� 0.032, F6MA¼ 1.533� 0.018, F7MA¼
1.5518� 0.019, F8MA¼ 1.5612� 0.013, F9MA¼ 1.5873�
0.025 and F10MA¼ 1.6030� 0.033.

2.3. Amorphous cells

Polymer chains were generated with 50 monomer units.
The chain was minimized and amorphous cells were con-
structed for series of perfluoroalkyl methacrylates, using the
methodology described in Section 2.2. The edge lengths of
bulk cells vary from 22.4409 to 31.7579 Å and cubic bulk cells
were constructed by packing a single chain into the box with
periodic boundary conditions. An amorphous model of the
polymer is shown in Fig. 2 (CPK model structure).

The NVT ensemble (the constant volume refers to cell
volume, but not the effective volume occupied by atoms in the
periodic box) molecular dynamics simulation was employed

Fig. 2. The amorphous model of perfluoroalkyl methacrylate e F10MA

(carbon atoms e grey, hydrogen e white, oxygen e red and fluorine e pale

blue color) (For interpretation of the references to color in this figure legend,

the reader is referred to the web version of this article).
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to relax the bulk cells. Initial structures have very high potential
energy and relaxation of these high-energy structures followed
a three-step strategy. Potential energy of the structure was
minimized using an algorithm described above; high
temperature molecular dynamic run was performed at 500e
1000 K for 10 ps to shake the cell out of the unfavorable local
minima that had high energies. Subsequently, systems were sub-
jected to 50 ps of dynamics at 300 K with snapshots being saved
every 0.1 ps during the last half of the run, and the conformer
with a minimum potential energy was selected and minimized
to a convergence of 0.01 kcal/mol/Å. The size and shape of
cubic cells were kept unchanged during the MD runs. The
cells having acceptable potential energies were selected and
relaxation molecular dynamics simulation was performed at
300 K on short listed samples for 300 ps. The final energy
minimized samples were used for all property calculations.
These amorphous cells were subsequently used to generate
thin films.

2.4. Thin films (free surfaces)

Polymer thin films are important in various technologies
including adhesion, coatings, paints and microelectronics.
Thin films experience a directional asymmetry during interac-
tion with their surroundings. The properties and structures of
films are thus different than those of the bulk states. Compared
to several experimental methods to study film properties, MM
and MD simulations can offer very detailed atomistic informa-
tion using only the chemical constitution and inter-atomic
force parameters.

In this research, thin films were constructed from amor-
phous cells by elongating one of the boundary conditions until
the parent chain no longer interacts with its image along the
coordinate. This coordinate is considered to be z coordinate,
which represents the coordinate that is normal to planes of
all surfaces and interfaces. Thin films were constructed by
employing the methodology used in literature [50e52] for
other polymers and by extending z dimension of the 3D bulk
periodic cell to 100 Å. This cell extension resulted in two
free surfaces per thin film. Relaxation of the initial structures
formed by conversion from bulk to film was achieved by
subjecting thin films to MM energy minimization followed
by high temperature MD stage (500e1000 K) using the
NVT ensemble. The choice of a relatively higher temperature
was essential to remove packing inefficiencies generated by
the initial cell extension process. This was followed by
300 ps of MD simulation at 300 K. Snapshots of the trajectory
were taken at every 0.01 ps. The lowest energy snapshot
among the later half of the trajectories were chosen and mini-
mized with the convergence of 0.01 kcal/mol/Å. No additional
thermodynamic constraints on atoms or cell were employed
other than those posed by the MD method as described in
3D bulk cell relaxation. Sufficient relaxation of the structures
and acceptable fluctuations were observed for potential energy
in order to ascertain whether samples were suitable for the
purpose of estimating surface properties.
Surface energy was calculated from the difference in
energy between thin film (Ethin film) and energy of the corre-
sponding 3D bulk amorphous cell (Eamorphous cell) divided by
the surface area created upon formation of thin film which is
given by:

g¼
�
Ethin film�Eamorphous cell

��
2A ð2Þ

here, the surface area is 2A, as two surfaces of area A, was
formed due to the creation of thin film. Total potential energy
decomposition for the formation of thin films includes bond
length (stretch) and bond angles (bend), torsional potential
(torsion), energy deviations due to out of plane inversion
(oop) and cross-terms to account for bond or angle distortions
caused by the nearby atoms. The non-bonded interactions
involve van der Waals (vdW) and electrostatic (Coulomb)
energy terms. The contributions of these terms will be dis-
cussed later in Sections 3.3 and 3.4.

2.5. Simulation of random copolymers

The construction strategy as implemented in MS Accelrys
was followed for building random copolymers of methyl
methacrylate (MMA) and 1,1-dihydroperfluorohendecyl meth-
acrylate (F10MA). An illustration of the structure of random
copolymers of MMA and F10MA is shown in Fig. 3. The dis-
tribution of repeat units in random copolymers counts on the
conditional probabilities. The conditional probability for chain
growth was entered as an n� n matrix. A single parent chain
of 50 monomer units with different compositions of MMA and
F10MA has been simulated to study the influence of incorpo-
ration of perfluorinated methacrylate monomers on surface
properties of copolymers. The sequence along MMA and
F10MA copolymers was assembled based on the probability
of composition: (MMA-co-F10MA e 0.99/0.01); (MMA-co-
F10MA e 0.95/0.05); (MMA-co-F10MA e 0.90/0.10) and
(MMA-co-F10MA e 0.75/0.25). A simulated structure of
the random copolymer is shown in Fig. 4 (CPK model). The
surfaces of homopolymers and random copolymers were
treated with equal success using the same technique [53],
but relaxation was adequately robust such that different mono-
mer units of the random copolymer were assigned correctly
between anisotropic surface and isotropic interior of the
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Fig. 3. Structure of copolymer of MMA and F10MA.
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Fig. 4. Simulated structure of the random copolymer of MMA and F10MA.
film. Amorphous cells of three-dimensional periodicity and
films were constructed and relaxed using the methodology dis-
cussed before. Edge lengths were varied depending upon the
cell size, which in turn, depends upon the density of the sys-
tem. Density of the chosen systems are, r(MMA)¼ 1.188 g/cm3

and r(F10MA)¼ 1.603 g/cm3. Densities of copolymer systems
[51] were calculated based on different compositions of
weight fractions of MMA and F10MA. Surface property
calculations followed the same trends as discussed before for
perfluorinated methacrylates.

3. Results and discussion

3.1. Cohesive energy density and Hildebrand solubility
parameter

The cohesive energy properties of perfluoroalkyl methacry-
lates are difficult to determine experimentally because the
chosen polymers are insoluble, have high glass transitions
and are sometimes poorly characterized. Therefore, we
thought of using MD simulations, which could provide useful
information of higher quality than can be obtained by other
methods. We have performed simulations in order to evaluate
the cohesive energy density of the polymers. The cohesive
energy, Ecoh is defined as an increase in energy per mole of
a polymer if all intermolecular forces are eliminated. On the
other hand, cohesive energy density (CED) corresponds to
cohesive energy per unit volume. If Vmol is molar volume of
the polymer, then CED is defined as:

CED¼ ðEcoh=VmolÞ ð3Þ

The Hildebrand solubility parameter, d is given as:

d¼ ðEcoh=VmolÞ1=2 ð4Þ

Calculated values of CED and d from MD simulation per-
formed on perfluorinated homopolymers and copolymers are
given in Tables 3 and 5. However, in order to validate the
simulation protocol, we found it worthwhile to compare the
solubility parameter values of poly(methyl methacrylate)
(PMMA) and polystyrene (PS) (see data presented in Table 2
and compared with the literature data [54]). The d values
agreed well within the limits of experimental errors. For in-
stance, the computed d value of 9.62 (cal/cm3)1/2 for PMMA
agreed well with the literature value of 9.45 (cal/cm3)1/2; sim-
ilarly, the computed d value of 8.40 (cal/cm3)1/2 for PS agreed
well with the experimental value of 9.0 (cal/cm3)1/2.

3.2. Validation of modeling strategy for surface energy
calculations

In order to validate the theoretical simulation protocol used
for the calculation of surface energies, we have taken PMMA
and PS as model polymers for which experimental data [54] of
surface energy are available to compare with the simulated
results. Calculated surface energy for PMMA and PS (see
Table 2) is agreeable within the limits of experimental errors,
suggesting that molecular simulation strategies provide the
reliable estimates of surface properties. For PMMA, the calcu-
lated surface energy value of 38.40 mJ/m2 matched well with
the experimental value of 39.0 mJ/m2. Similarly, in case of PS,
the surface energy value of 32.01 mJ/m2 agreed closely
with the experimental value of 33.0 mJ/m2. Hence, molecular
modeling simulation strategies are useful in predicting the
surface properties of polymers for which experimental data
are either not available or difficult to obtain.

3.3. Fluorinated polymers

Surface properties of ten perfluorinated methacrylates have
been predicted by the MD simulation approach such that any
synthetic effort can be minimized for selecting a suitable
candidate to develop new polymers that exhibit water and
oil repellent properties [55]. Surface properties of the chosen
Table 2

Comparison of calculated surface energy for model polymer systems

Polymers Density (g/cm3) Dimensions (Å) CED (cal/cm3) d (cal/cm3)1/2 Surface energy (mJ/m2)

Simulation Literature [54]

Poly(methyl methacrylate) 1.188 19.1271 92.61 9.62� 0.12 (9.45) 38.40� 3.95 39.0

Polystyrene 1.040 20.2594 70.63 8.40� 0.04 (9.0) 32.01� 2.49 33.0

Values in the parentheses represent literature data [54].
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Table 3

Calculated CED, solubility parameter and surface energy of perfluoroalkyl methacrylates

Perfluoroalkyl

systems

Density (g/cm3) Dimensions (Å) CED (cal/cm3) d (cal/cm3)1/2 Surface energy (mJ/m2)

Free surfacea Zismanb

F1MA 1.2350 22.4409 39.88 6.32� 0.08 19.61� 4.1 21.98

F2MA 1.3003 24.0586 29.45 5.43� 0.05 15.60� 5.2 18.0

F3MA 1.3609 25.3830 25.59 5.06� 0.06 13.99� 1.2 16.40

F4MA 1.4535 26.2891 19.30 4.39� 0.12 11.96� 4.6 13.62

F5MA 1.4843 27.4077 15.10 3.89� 0.10 11.01� 2.9 11.58

F6MA 1.5330 28.2902 13.57 3.68� 0.06 10.27� 2.0 10.79

F7MA 1.5518 29.2566 11.44 3.38� 0.05 9.04� 3.7 9.64

F8MA 1.5612 30.2023 10.12 3.18� 0.09 8.36� 5.4 8.89

F9MA 1.5873 30.9725 8.85 2.97� 0.14 7.51� 4.0 8.14

F10MA 1.6030 31.7579 7.35 2.71� 0.04 6.71� 3.3 7.20

a See Eq. (2).
b See Eq. (5).
perfluorinated methacrylates are summarized in Table 3 along
with the results of solubility parameter and cohesive energy
density. It is observed that CED and surface energy values de-
creased continuously with increasing number of perfluorinated
methacrylate in the PMMA side chain. Details of internal en-
ergy components in the bulk and the film for the chosen homo-
polymers are given in Table 4. Notice that van der Waals and
Coulombic electrostatic interaction energy terms contribute
considerably to the formation of free surface of the films.
Also, with increasing fluorine content of the side chain of
PMMA, there is a noticeable decrease in van der Waals energy
with a systematic increase in Columbic energy. However,
torsional, bending and bond stretching energies of the films
are lower than the amorphous cells. Of particular interest in
this research is the prediction of surface energy, which de-
creased from 19.61 to 6.71 mJ/m2, respectively, for F1MAe
F10MA homopolymers. This trend is in accordance with the
experimental observation that with increasing fluorination,
the surface energy decreases [56e59].
Alternatively, surface energy was also calculated from the
solubility parameter values using the empirical equation of
Zisman [60].

g¼ 0:75ðEcohÞ2=3 ð5Þ

The surface energies calculated from Eq. (5) along with the
CED values obtained from bulk simulations are included in
Table 3. These values compare very well with surface energies
obtained directly from simulations according to Eq. (2). Fur-
thermore, surface energy values of perfluorinated homopoly-
mers, F1MA, F6MA and F7MA calculated from Eqs. (2)
and (5) are comparable with literature [56,57] available exper-
imental values of 20.7, 9.8 and 9.0 mJ/m2. This demonstrates
a good agreement between calculated and experimental
surface energy values, suggesting that simulation strategy
adopted here is quite reliable to compute the surface energy
values of the polymers.
Table 4

Components of the contribution of internal energy to surface energy of perfluorinated homopolymers

F1MA F2MA F3MA F4MA F5MA

Bond �2.24� 2.3 �2.11� 3.4 �1.69� 2.0 �5.55� 3.1 �4.90� 1.0

Angle �10.81� 1.4 �13.10� 2.6 �10.79� 3.9 �9.56� 2.3 �5.88� 1.8

Torsion �1.67� 4.5 �1.80� 3.2 �2.08� 7.1 �1.03� 3.7 �4.52� 6.2

Oop �0.65� 0.9 �1.16� 1.8 �0.41� 0.3 �0.39� 0.6 �0.66� 1.7

Cross �2.62� 2.1 �3.60� 0.7 �6.3� 1.5 �5.33� 0.9 �6.85� 2.4

vdW 32.62� 11.8 31.40� 12.4 29.24� 13.5 27.33� 9.8 26.67� 13.0

Coulomb 4.98� 3.5 5.97� 4.5 6.02� 2.5 6.49� 5.4 7.15� 3.0

Surface energy (mJ/m2) 19.61� 4.1 15.6� 5.2 13.99� 1.2 11.96� 4.6 11.01� 2.9

Surface area (A)2 503.59 578.81 644.30 691.12 751.18

F6MA F7MA F8MA F9MA F10MA

Bond �3.60� 3.1 �2.33� 1.9 �4.48� 3.1 �1.08� 4.0 �4.93� 2.4

Angle �2.73� 3.3 �4.30� 3.2 �1.02� 1.2 �1.09� 4.1 �2.84� 3.5

Torsion �11.8� 2.7 �9.04� 1.1 �10.77� 2.4 �8.89� 2.5 �9.62� 2.6

Oop �0.50� 1.3 �0.26� 0.45 �0.37� 1.2 �0.14� 0.9 �0.53� 0.2

Cross �3.21� 1.6 �5.55� 5.2 �4.09� 2.5 �9.75� 3.0 �2.49� 1.1

vdW 24.4� 10.3 21.84� 11.3 19.88� 12.8 18.57� 15.7 16.65� 9.3

Coulomb 7.71� 3.7 8.68� 4.2 9.21� 3.0 9.89� 2.8 10.47� 3.8

Surface energy (mJ/m2) 10.27� 2.0 9.04� 3.7 8.36� 5.4 7.51� 4.0 6.71� 3.3

Surface area (A)2 800.34 855.95 912.18 959.30 1008.56
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Table 5

Calculated CED, solubility parameter and surface energy values of copolymers of MMA/ F10MA

Copolymer composition Mole fraction

of F10MA units

Density

(g/cm3)

Dimensions

(Å)

CED

(cal/cm3)

d (cal/cm3)1/2 Surface energy (mJ/m2)

Free surfacea Zismanb Literature [56]

P(MMA-co-F10MA) 0.99/0.01 0.02 1.1921 19.7419 37.83 6.15� 0.08 24.3� 4.4 21.23 23.0

P(MMA-co-F10MA) 0.95/0.05 0.06 1.2088 20.8096 19.69 4.44� 0.06 12.95� 1.7 13.80 12.7

P(MMA-co-F10MA) 0.90/0.10 0.10 1.2295 21.7285 17.60 4.20� 0.05 10.4� 3.0 12.81 11.4

P(MMA-co-F10MA) 0.75/0.25 0.26 1.2918 24.7111 10.68 3.27� 0.10 9.58� 3.5 9.21 9.7

a See Eq. (2).
b See Eq. (5).
3.4. Random copolymers

In the present research, we have typically considered four
different ratios of MMA and F10MA to calculate their surface
energies. The chain proportion, density, dimensions and cal-
culated surface energy values of the random copolymers of
MMA and F10MA are given in Table 5. These data clearly
indicate the noticeable changes in surface energies due to co-
polymerization. An increase in F10MA content of the random
copolymer, produced a decrease in surface energy of the co-
polymer. Molecular contributions to surface energy of the ran-
dom copolymers are presented in Table 6. As explained before
for homopolymers, van der Waals and Coulombic energy con-
tributions are the major part of the surface energy. For each co-
polymer composition, the calculated surface energy values of
the random copolymers from Eqs. (2) and (5) are in excellent
agreement with the published data [56]. A direct comparison
of the simulated surface energy with van de Grampel experi-
mental data [56] is listed in Table 5 and plotted in Fig. 5 as
a function of mole percent of F10MA segments in the chain.
The agreement is excellent, which implies that the simulated
results could effectively predict the experimental surface ener-
gies. It is thus realized that one can vary the surface energy by
altering the concentration of MMA and F10MA in the copol-
ymer chain for different applications.

3.5. Radial pair distribution functions

Pair correlation (or radial distribution, RDF) functions have
been calculated for various pairs of atoms of the molecules

Table 6

Components of the contribution of internal energy to surface energy of random

copolymers of MMA/ F10MA

R99/1 R95/5 R90/10 R75/25

Bond �10.72� 1.9 �11.22� 2.0 �8.30� 1.6 �6.03� 2.3

Angle �5.22� 2.0 �8.43� 5.9 �9.76� 4.2 �4.4� 1.4

Torsion �4.05� 1.0 �3.30� 4.1 �5.1� 2.3 �6.64� 3.1

oop �0.33� 0.3 �0.30� 0.2 �0.76� 0.75 �0.53� 0.41

Cross �3.68� 2.2 �11.24� 3.5 �4.08� 3.0 �5.66� 3.6

vdW 40.65� 9.3 38.7� 13.3 26.86� 12.0 18.48� 11.2

Coulomb 7.36� 2.5 8.74� 4.1 11.54� 2.8 14.36� 3.1

Surface

energy

(mJ/m2)

24.01� 4.4 12.95� 1.7 10.4� 3.0 9.58� 3.5

Surface

area (A)2
389.74 433.04 472.13 610.64
under consideration for mainly three types of contributions
viz., total, intermolecular and intramolecular. RDF can pro-
vide an insight as to how the atoms pack in an amorphous
structure. RDFs are usually designated by the symbol,
gAB(r) and calculated from the average of the static relation-
ship of every given pair of particles, AB as:

gABðrÞ ¼
hnABðrÞi

4pr2DrrAB

ð6Þ

where hnABðr iÞ is the average number of atom pairs between r
and rþDr and rAB is the density of atom pairs of type AB.
The total pair distribution function, g(r), which gives a measure
of the spatial organization of atoms about the central atom, can
be used to demonstrate long-range order in the structure.
Therefore, the function g(r) was utilized to distinguish be-
tween amorphous and crystalline structures. Fig. 6(a) and
(b), respectively, displays the total pair distribution function
as a function of r for both bulk and surface simulated struc-
tures of F10MA and the random copolymer of MMA-co-
F10MA e 99/1.

However, the distributions of those atom pairs that present
relevant information are discussed here: (i) prominent peak
having relatively high intensity is observed for side chain
CeF pairs in the vicinity of 1.35 Å, (ii) main chain CeCH3

bond and the ester side chain OeCH3 display distribution in
the range 1.5e2 Å and (iii) skeletal carbons of different chains
are kept apart by the substituents surrounding them, so that the
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Fig. 6. Total pair distribution function, gAB(r) for (a) F10MA and (b) MMA-co-F10MA.
CeC distribution shows a broad hump at distances around
2.5e3 Å. Further, the absence of any peaks beyond 4 Å dis-
tance indicates that there is no long-range order in the systems.
At long distances, gAB(r) approaches unity, which is quite
probable for a purely amorphous system. A similar pattern
was observed for other perfluorinated homopolymers and
random copolymer, but not displayed here to avoid redun-
dancy and to minimize the number of plots.

3.6. Bond directional correlation function

The bond order parameter has been used to characterize the
orientation of bonds in a polymer chain. As a measure of
orientation correlation between bonds and bond directional
correlation function, S, is defined by the equation:

SðrÞ ¼ 3hcos2qi � 1

2
ð7Þ

where q is the angle between two skeletal bond chords of the
chain. The S(r) was calculated as a function of number of
carbonecarbon backbone bonds, indicating the correlations
at given spatial distances. When the function, S(r) becomes
zero, then no correlation exists along the chain. Its positive
value indicates the tendency of parallel alignment of bond
chords, while negative values imply the tendency towards per-
pendicular arrangements. Of special interests are the intermo-
lecular contributions to S(r) for bulk of the simulated systems
and only these are demonstrated here. Purely intermolecular
part of Sinter(r) obtained by considering CeC bond chords of
perfluoroalkyl methacrylates and random copolymers is dis-
played in Fig. 7. The homopolymers, F6MA and F10MA
have shown a positive correlation at approximately 7.65 Å
and 8.65 Å. Similarly, random copolymers of MMA/ F10MA
at 99/1 and 95/5 compositions have shown the positive cor-
relation between distances of 5 Å and 6 Å. Thus, there is
a tendency towards parallel alignment in perfluorinated
homopolymers and random copolymers. The fact that Sinter(r)
goes to zero at longer distances proves that there is no long-
range correlation. These results imply that perfluorinated
systems are in an amorphous state. A similar observation
was found for other homopolymer and random copolymer
systems. Also, a trend towards the perpendicular arrangement
was observed. This could be possible due to the limited
statistics on bond orientations contributing to the orientation
function.

3.7. Mass density profiles

The mass density profile for a thin film gives an indication
of whether the film is of sufficient thickness so that interior
of the film is indistinguishable from the bulk. Density profiles
in the films as a function of distance from the center of mass of
the film are shown in Fig. 8. Density was calculated by slicing
the z-axis (normal to surface) with a thickness of 2 Å. Density
profile was described by a hyperbolic tangent function [61] of
the type:

rðzÞ ¼ ðr0=2Þ½1� tanhðz=xiÞ� ð8Þ

where r0 is bulk density and xi is width of the surface region
(2 Å). Profiles near the surface are sigmoidal, as expected.
However, density in the interior of the films reached bulk
values as shown in Tables 3 and 5 for perfluorinated homopol-
ymers and random copolymers. The density drops rapidly at
a distance between 5 Å and 10 Å from the surface for per-
fluorinated homopolymers and random copolymers. However,
density profiles for both homopolymers and random copoly-
mers showed an excellent agreement with the density values
of the 3D bulk structures. The agreement of density of the
interior film region with that of the bulk is consistent with
the previous simulations [50,62].
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4. Conclusions

Atomistic and molecular modeling approaches employing
the molecular mechanics and molecular dynamics simulations
in the NVT ensemble have been used to generate the bulk and
thin film structures of ten model compounds of perfluoroalkyl
methacrylates and four random copolymers of MMA and 1,1-
dihydroperfluorohendecyl methacrylate (F10MA). Density
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values have been calculated using the NPT dynamics by em-
ploying the COMPASS force field. It was found that density
data are reliable and agreed well with the available literature
findings on few systems. The surface properties of perfluori-
nated polymers have been evaluated using various simulation
strategies. The techniques employed in this study have reliably
reproduced the surface properties of the well-known polymers
like PMMA and PS. As expected, an increase in perfluorinated
chain attached to MMA produced a decrease in surface energy
of perfluorinated homopolymers. Also, surface energies of
F1MA, F6MA and F7MA were in close agreement with the
experimental observations. Surface energy values of the
random copolymers computed by the simulation protocols
are in close agreement with the existing experimental values.
The results for MMA/F10MA copolymers also suggest that
the sequence of monomers could influence the surface
properties.

The total pair distribution function showed an absence of
any peaks beyond 4 Å, signifying no long-range order in the
systems. Similarly, bond directional correlation function
reveals no correlation at longer distances in perfluorinated
homopolymers and random copolymers. These results suggest
that the simulated perfluorinated methacrylates are in an amor-
phous state. However, in the bulk region of perfluorinated
homopolymers and random copolymer thin films, the density
was uniform and attained the bulk value at the center of
mass of the film. A good agreement between simulation results
for geometry, density and surface energy calculations as well
as experimental data indicated the validity of COMPASS force
field approach. The ability of simulation methodology used to
obtain structural and energetic informations on the chosen
model compounds (amorphous phase in the bulk as well as
at the free surface) was successful, which further showed the
great promise to employ such protocols to other flexible poly-
mers. The present study clearly reveals that molecular model-
ing and simulation tools are quite useful in selecting the
possible polymeric systems with the desired surface proper-
ties, particularly while designing novel functionalized poly-
mers for various coating applications.
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