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Abstract
Molecular dynamics simulations of thin films and bulk melts of model self-associating polymers have been performed in order to gain
understanding of the influence of free surfaces on the morphology of these polymers. The self-associating polymers were represented by a
simple bead-necklace model with attractive groups (stickers) at the chain ends (end-functionalized polymer) and in the chain interior
(interior-functionalized polymer). The functionalized groups were found to form clusters in the melt whose size is representative of that
found experimentally in many ionomer melts. While the size distribution and shape of the clusters in the thin films were found to be relatively
unperturbed compared to their corresponding bulk melts, the morphology of the self-associating melts was found to be significantly perturbed
by the free surfaces. Specifically, a strong depletion of stickers near the interface and the emergence of clearly defined layers of stickers
parallel to the surface was observed. Increased bridging of clusters by the functionalized polymers was also observed near the free surface.
We conclude that these effects can be associated with a high free energy for stickers in the low-density interfacial regime: stickers prefer to be
in the higher-density interior of the film where relatively unperturbed sticker clusters can form.
q 2004 Elsevier Ltd. All rights reserved.
Keywords: Molecular dynamics; Ionomers; Telechelic polymers

1. Introduction
It is well established that the surface morphology and
surface properties of a polymer can differ significantly from
those of the corresponding bulk polymer [1–3]. In thin
polymer films, interfacial effects can in fact dominate the
morphology and properties of the polymer [4–7]. The
influence of interfaces on polymer morphology is particularly
dramatic in block copolymers that undergo self-association,
and has been the subject of extensive experimental [8–16],
theoretical [17–21] and simulation [22–26] studies.
The surface and thin-film morphology of self-associating
random copolymers such as ionomers and thermoplastic
elastomers (e.g. polyurethanes) has received significantly
less attention. These materials form nanoscopic domains
(termed variously clusters, multiplets or micelles) of the
minority component (ionomer groups, hard segments, etc.)
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[27 –33] due to preferential self-attraction of these components and/or the desire to minimize interactions between
non-compatible groups. These materials are employed in
many applications, such as coatings [34,35], protonexchange membranes [36 – 38], biomedical implants [39,
40] and binders in composites [41,42] where the surface
properties of the polymer are paramount. In such materials,
it is anticipated that the morphology at the surface may
differ significantly from that of the bulk [6]. For example,
AFM studies of a poly(ethylene-co-methacrylic acid)
copolymer film reveal the enrichment of ethylene groups
near the surface [43]. While there are several simulation
studies of the morphology of self-associating solutions
[44 –48] and melts [49], to our knowledge there are very few
simulation studies [50] of the influence of free surfaces or
interfaces on the morphology of these materials.
The primary focus of this work is to gain understanding
of the influence of free surfaces on the morphology of selfassociating polymers through molecular dynamics (MD)
simulations. Specifically, the morphology of bulk melts and
thin free-standing films of simple models that represent selfassociating polymers are compared. The impact of free
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surface on cluster size and shape, the spatial distribution of
clusters, and the interconnectivity of clusters is examined.
Additionally, the composition and free energy of the
vacuum – polymer interface formed by thin films of selfassociating and non-associating polymers are compared. The
effect of self-association on capillary waves is also explored.

2. Systems and simulation methodology
MD simulations were performed on the ensemble of 400
chains represented using a bead-necklace model similar to
that used in our previous studies of self-associating polymer
solutions [44,51]. Each polymer chain was represented as a
linear chain consisting of 20 beads with diameter of s;
defining the reference length scale. Bond lengths were
constrained at 0.965 using the SHAKE [52] algorithm. All
beads interacted via a shifted and truncated (at rc ¼ 2:5)
Lennard-Jones potential:
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where 1 ¼ 1:0 defining our energy scale. Two beads in each
chain are designated as the ‘stickers’. In addition to the
potential described above, the sticker groups had a shortrange attractive potential ð1c ¼ 5:4Þ [45]:
1c
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Systems with three types of chains have been investigated: (1) no stickers along the chain (reference system);
(2) the chain end-groups are stickers (end-functionalized
polymer), and (3) 6th and 15th atoms in the chain are
stickers (interior-functionalized polymer). A schematic
illustration of these chain structures and the interaction
potential between different beads are shown in Fig. 1.
For each chain type, film and bulk melt simulations were
performed. NPT (constant number of force centers,
pressure and temperature) simulations for bulk melt
systems were conducted in a 3-dimensional periodic
cubic box to determine equilibrium density for these
systems at T p ¼ 1:33ðT p ¼ kB T=1Þ and Pp ¼ 0ðPp ¼
Ps3 =1Þ: Subsequently, production runs have been performed using an NVT (constant number of force centers,
volume and temperature) ensemble and employing an
explicit reversible integrator [53]. Film systems were
simulated in an orthorhombic periodic box with the film
oriented perpendicular to the largest cell dimension ðzÞ:
The simulation cell size along the z-direction in these
systems was chosen large enough to ensure that the film
cannot directly interact with its own image. Film systems
were simulated using an NVT ensemble. In all systems, a
time step of 0.00547 ðtp ¼ ð1=ms2 Þ1=2 tÞ was used.
Initially, the interior-functionalized and reference systems
were equilibrated for more than 50 cluster lifetimes
(defined below) and then a production run equal to 200
cluster lifetimes was conducted. However, for the endfunctionalized systems, equilibration times were less than
one cluster lifetime and production runs of one lifetime
were utilized due to the very long cluster lifetime in the
end-functionalized (see below) systems. As a result,
many of the properties discussed below have a
significantly larger statistical uncertainty for the endfunctionalized systems compared to the reference and
interior-functionalized systems.

Fig. 1. The sticker –sticker, sticker –nonsticker and nonsticker–nonsticker pair potential as a function of separation distance. Also shown is a schematic
illustration of the chain architecture in the reference, interior-functionalized and end-functionalized systems.
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Table 1
Average cluster size and mean aspect ratio of clusters in self-associating systems
System

Average cluster size

Interior-functionalized melt
Interior-functionalized film, interior layers
Interior-functionalized film, surface layers
End-functionalized melt
End-functionalized film, interior layers
End-functionalized film, surface layers

Aspect ratio

12.78 ^ 0.03a
12.69 ^ 0.11b
12.62 ^ 0.07b
50.0 ^ 6.0a
56.9 ^ 5.4b
50.2 ^ 5.3b

R1

R2

R3

1.51
1.52
1.52
1.60
1.57
1.54

1.40
1.41
1.41
1.48
1.45
1.42

1.09
1.09
1.09
1.09
1.10
1.10

a
Error bars for melt systems were determined considering the average cluster size sampled over one cluster lifetime as the one statistically independent event
and employing a standard error analysis.
b
Same as in (a) but each layer was considered to be independent from other layers of the same type (surface or interior).

3. Characterization of self-associating polymer melts
The primary focus of this work is to understand the
influence of free surfaces on the morphology of selfassociating polymers. As the thin free-standing films will be
compared to the melts in order to discern the influence of
free surfaces on the morphology of self-associating polymers, we begin by analyzing the melt systems. In the
functionalized polymer melts the relatively strong attraction
between stickers (see Fig. 1) causes them to aggregate into
clusters. The clusters are interconnected via chains with
stickers belonging to different clusters, resulting in a
network of interconnected clusters. We define a sticker as
belonging to a particular cluster if it is within a distance of
2.0 from any other sticker in the same cluster. The
probability PðmÞ to find a sticker in a cluster of size m for
bulk interior-functionalized melt is shown in Fig. 2. The
distribution for the end-functionalized melt is not shown due
to relatively large statistical noise. The probability distribution indicates that there is a preferable size cluster m <
13 in the interior-functionalized melt. This cluster size
corresponds well with that observed experimentally in
several ionomer melts [54,55] indicating that the interior-

functionalized polymer is a reasonable model for cluster
formation in ionomer melts where cations and anions
remain closely associated. As shown in Table 1, the average
cluster size is much larger in the end-functionalized melt
compared to the interior-functionalized melt. In the model
interior-functionalized melt the attractive groups are
hindered in the middle of the chain and hence have more
steric constrains to aggregate [27,47,48] compared to the
end-functionalized chain, where the attractive groups are
located at the chain ends.
The lifetime of well-defined clusters ðm ^ 5Þ in the selfassociating melts was estimated by examining the cluster
lifetime autocorrelation function, given as
X
Hij ðtÞHij ð0Þ
i–j

CðtÞ ¼ X

Hij ð0ÞHij ð0Þ

ð3Þ

i–j

Here, the summation is performed over every pair ði; jÞ of
sticker groups. The function Hij ðtÞ ¼ 1 if sticker groups i
and j belong to the same cluster at time t; otherwise Hij ðtÞ ¼
0: The sticker lifetime autocorrelation functions for the endfunctionalized and interior-functionalized bulk melts are

Fig. 2. Cluster size distribution of the interior-functionalized melt and film.
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shown in Fig. 3, along with fits of a stretched exponential
(KWW)
CðtÞ ¼ expð2ðt=tÞb Þ

ð4Þ

to the autocorrelation functions. The cluster lifetimes, given
in Fig. 3, are taken to be the time constants t from the
stretched exponential fits. It can be seen that the cluster
lifetime for the end-functionalized melt is significantly
longer than that for the interior-functionalized melt,
resulting in relatively poor statistics for the former (see
Section 2 above).
The spatial correlations between stickers in the melt are
revealed in the sticker– sticker pair distributions shown in
Fig. 4. The sticker –sticker correlations are quite different
for end-functionalized and interior-functionalized melts
beyond the first coordination shell ðr . 1:5Þ: The enhanced
structure in the sticker–sticker distribution functions for
end-functionalized melt (increased intensity of the second
and third peaks) is consistent with ability of the endfunctionalized chains to form larger clusters as discussed
above. Depletion of stickers in the end-functionalized melt
in the interval 4 – 8s compared to the interval 3– 5s for the
interior-functionalized melt reflects the larger spacing
between the clusters along the end-functionalized chains.
The shape of the clusters was determined by
examining the ratio of eigenvalues ( l1 ; l2 ; l3 )
corresponding to the principal moments of inertia of a
cluster ðm ^ 5Þ: The aspect ratios are given by R1 ¼
ðl3 =l1 Þ1=2 ; R2 ¼ ðl2 =l1 Þ1=2 ; R3 ¼ ðl3 =l2 Þ1=2 where l1 #
l2 # l3 : The aspect ratios (shown in Table 1) indicate
that the clusters are roughly spherical (1 ¼ perfect
sphere) in both self-associating melts.
Finally, we examined the connectivity between clusters
by determining the fraction of chains participating as tails,
bridges, loops and free chains. A tail refers to a chain with
one sticker participating in a well-defined cluster ðm ^ 5Þ

Fig. 4. Sticker–sticker pair distribution function in the self-associating
melts. Also shown is the 2-dimensional sticker – sticker distribution
function in the surface layers for the self-associating films.

while the other is not associated with any cluster (i.e. it
participates in a cluster of size 1 # m , 5). A bridge is
formed between clusters if the two stickers in a chain are
associated with two different clusters (each with m ^ 5). A
free chain does not have any association with a cluster of
m ^ 5 and a loop is formed if both the stickers in a chain
belong to the same cluster ðm ^ 5Þ: The average fractions of
tails, loops, bridges and free chains for the self-associating
melts are reported in Table 2. For both the end-functionalized and interior-functionalized melts the fraction of free
chains is negligible. In the end-functionalized melt we
observe a larger fraction of chains participating in bridges
due to the greater distance between stickers along a chain
(see Fig. 1), which facilitates formation of bridges [49]. The
number of bridges between any two participating clusters
(averaged over all cluster pairs with at least one bridge), the
number of loops in a cluster (averaged over clusters with at
least one loop), the number of tails emerging from a cluster

Fig. 3. Cluster lifetime autocorrelation function for interior-functionalized and end-functionalized melts. Also shown are the corresponding fits to stretched
exponential function (KWW) and cluster lifetimes.
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(averaged over clusters with at least one tail emerging) is
also given for the self-associating melts in Table 2. The endfunctionalized melt, which more easily forms bridges and
has bigger clusters, exhibits significantly more bridges
between the clusters than observed in the interior-functionalized melt.

4. Characterization of self-associating polymer films
4.1. Film density profiles
We begin our analysis of the morphology of the free
standing end-functionalized and interior-functionalized
films by examining the overall bead density profiles. In
Fig. 5(A) the density profiles along z-direction (perpendicular to the film surfaces) for the self-associating and
reference (non-associating) films are compared. Also shown
are the corresponding densities in the bulk melt (straight
horizontal lines) for each system. In the self-associating
systems, both films and bulk melts, attraction between
stickers tends to increase the density compared to the
corresponding reference (non-associating) systems. Structure not present in the density profile for the reference film
can be seen in the self-associating films and is discussed in
detail below.
4.2. Sticker and end-group density profiles
The density profiles of stickers only for the selfassociating films are shown in Fig. 5(B). The free surface
induces ordering of stickers perpendicular to the surface.
The layering is sharp near the free surfaces and gradually
decreases as one moves away from the interface. The
thickness of the films considered in this work is not
sufficient to observe the melt-like (no preferred layering)
structure at the center of the films. The clusters are larger in
the end-functionalized film than in interior-functionalized
film, and hence we observe only three, relatively wide layers
of stickers in the former while five layers form in the latter

Fig. 5. (A) Density profiles for films as a function of z-coordinate with
respect to the center of mass of the film. Straight lines represent melt
densities. (B) Density profile of sticker beads in the self-associating films
and the definition of layers. The position of the surfaces (see text for
definition) is indicated by vertical lines. The surface layers are indicated by
horizontal arrows.

film of approximately the same thickness. The dashed
vertical lines in Fig. 5(B) indicate the location of the surface
obtained by fitting the overall density profile in Fig. 5(A) to
the tanh function [50] (position ¼ h in Eq. (5)).

rðzÞ ¼

1
2

rbulk ðzÞ{1 2 tanh½2ðz 2 hÞ=w}

ð5Þ

where rðzÞ is the density at position z; rbulk ðzÞ is the bulk
density, h is the position of the interface and w is the surface

Table 2
Fraction of bridges, loops, tails and free chains in self-associating systems
System

Bridges

Loops

Tails

Free chains

Interior-functionalized melt
Interior-functionalized film, interior layersd
Interior-functionalized film, surface layersb
End-functionalized melt
End-functionalized film, interior layersa
End-functionalized film, surface layersb

0.65a (1.31)c
0.49a (1.32)
0.44a (1.43)
0.79a (3.37)
0.48a (4.16)
0.55a (4.67)

0.26 (2.00)
0.43 (1.97)
0.44 (2.39)
0.21 (5.47)
0.51 (5.46)
0.45 (8.67)

0.08 (1.03)
0.08 (1.04)
0.11 (1.04)
0.00 (1.00)
0.00 (1.00)
0.00 (1.00)

0.00 (2)
0.00 (2)
0.01 (2)
0.00 (2)
0.00 (2)
0.00 (2)

a

All cross-layer bridges are excluded.
Averaged over two surface layers (defined in Fig. 5(B)).
c
Numbers in parentheses are the average number of bridges between any two clusters, average number of loops in a cluster and average number of tails
emerging from any cluster correspondingly).
d
Averaged over all bulk layers (defined in Fig. 5(B)).
b
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thickness (interfacial width). It can be clearly seen that the
stickers are ‘buried’ below the interface. This behavior can
be understood in terms of the free energy penalty of having a
sticker group in the less-dense interfacial region, where the
bead –bead coordination number is dramatically reduced.
Hence, the surface interferes with the ability of the stickers
to aggregate and form clusters of optimal size and shape.
The attractive sticker –sticker energy drives the stickers
away from this region, and results in the formation of a welldefined layer of stickers just below the interface where
sticker– sticker contacts can be maintained. The formation
of this first ‘surface’ layer of stickers promotes the
formation of a second layer with an intervening region
largely occupied by non-associating groups. The surface
layer is defined as the region from the first minimum in
density of stickers outward from the film, as illustrated by
horizontal arrows in Fig. 5(B).
We have also calculated the normalized fraction of end
groups and stickers using the following relation:


Ni ðzÞ
N
f ðzÞ ¼
ð6Þ
Ni
NðzÞ
where Ni ðzÞ is the number of beads of type i (i ¼ ‘stickers’
or ‘end-groups’) in the slab oriented parallel to the surface
and centered at distance z from the film center of mass
position, Ni is the total number of beads of type i in the film,
NðzÞ is the total number of any beads in the slab at z and N is
the total number of all beads in the film. Fig. 6 shows the
fraction profile for sticker and end groups in the reference
and self-associating films along the z-direction. The f ðzÞ
calculated using Eq. (6) indicates an enrichment ðf ðzÞ . 1Þ
or depletion ðf ðzÞ , 1Þ of stickers or chain ends as a
function of position in the film. We observe that in the
reference (non-associating) film the chain ends prefer the
surface due their relatively low cohesive energy density [50,
56] and the relatively low entropy penalty for having chain
ends at an interface [57]. In the case of interior-

Fig. 6. Normalized fractions (see Eq. (6) in text) of endgroups/stickers in
the films as a function of z-coordinate with respect to the center of mass of
the film. The position of the surfaces (see text for definition) is also shown.

functionalized chains there is a significant enrichment of
chain ends at the surface due to additional structure imposed
by the presence of the sticker layer just below the surface
and the depletion of stickers at the surface. In the endfunctionalized film the chain ends are stickers and hence do
not want to populate the surface. The favorable energetics
due to aggregation of the stickers (chain ends) in the endfunctionalized film below the surface dominates any
favorable entropic effect that would be associated with
enrichment of chain ends at the surface.
4.3. Cluster size, shape and sticker– sticker distribution
In order to investigate the effect of the free surface on the
size and shape of the sticker clusters, we compared the size
distribution of clusters in the interior-functionalized film to
that in the corresponding melt in Fig. 2. The cluster size
distribution in the film is quite similar to that in the melt.
Also shown in Fig. 2 is the size distribution of clusters in the
surface layer (see Fig. 5(B) for definition of layers). Stickers
form clusters of approximately the same size in the interior
film layers, the surface film layers and the bulk melt.
Additionally, the clusters maintain their roughly spherical
shape in the film, including the surface layer, as revealed in
Table 1. Hence, the presence of free surface does not appear
to significantly perturb the shape and size of the clusters.
Similar observations can be made regarding clusters in the
end-functionalized film within statistical uncertainties, as
shown in Table 1.
A 2-dimensional sticker– sticker pair distribution function was calculated by dividing the film into sub-layers of
thickness 0.5 and observing the distribution of distances
between any two stickers within a given sub-layer. The 2dimensional sticker – sticker pair distribution functions
(weighted by the density of pairs and averaged over all

Fig. 7. Snapshot of interior-functionalized (A) and end-functionalized (B)
films illustrating clusters (for clarity the nonstickers are shown for one
surface cluster only). The position of the surfaces (h in Eq. (5)) and the
layers are indicated.
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sub-layers) for surface layer are compared to the sticker–
sticker pair distribution functions in the melt in Fig. 4 in
order to elucidate any influence of the free surface on the
lateral structure of the film. We observe that the free surface
does not qualitatively influence the spatial distribution of
stickers (and hence of sticker clusters) parallel to the
surface, in other words, there is no indication of enhanced
ordering of sticker groups within the layers. We can
therefore conclude that within the layers stickers exist in
clusters that closely resemble those found in the bulk melt
and that the layering of sticker groups shown in Fig. 5(B) for
the self-associating films corresponds to layering of sticker
clusters. Fig. 7 illustrates the layering of clusters in the selfassociating films. Also shown in Fig. 7 is one surface cluster
with all chain units (sticker and non-associating). In contrast
to the end-functionalized film the chain ends of the surface
clusters in the interior-functionalized film tend to extend
outward from the surface layer. The position of the surface
(h in Eq. (5)), surface and interior layers for the selfassociating films are also illustrated in Fig. 7.
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Fig. 8. Probability of segments of length N (weighted by N) at the surface
(see text for definition of surface) for the films.

this purpose the surface is defined as the region of thickness
w from h 2 w=2 to h þ w=2; where h is the position of the
surface and w is the interfacial width. Fig. 8 shows a
probability (weighted by the length of the segment, N) of
finding a segment of N beads at the surface, averaged over
both surfaces. The average segment length at the surface
determined from distributions in Fig. 8 is 7.4, 8.6, and 8.3
for interior-functionalized, end-functionalized and reference films, respectively. In the case of the interiorfunctionalized film, there is an enrichment of short segments
at the surface. Here the stickers, which prefer to be away
from the surface, are in the interior of the chain and thus
restrain the maximum length of chain segment that can
populate the surface. In the end-functionalized film there is
an increased probability of finding much longer chain
segments at the surface, consistent with the greater distance
(along a chain) between the ‘surface-hating’ functionalized
groups.
We also analyzed capillary waves [58,59] at the surface
in order to understand the influence of self-association on
capillary wave formation. The width of the interface,
observed from fitting the average density profiles (obtained
by averaging the entire film) to tanh functions in Eq. (5),
includes the broadening of the width due to capillary waves.
The width thus obtained would also include the fluctuations
of the surface position itself. These fluctuations determine
the roughness of a surface. In order to determine the
fluctuations of the interface, it is convenient to split the film
into columns perpendicular to the surface (z-direction) and
to determine the local interface position, hðx; yÞ by fitting the

4.4. Cluster interconnectivity
The fraction of bridges, loops, tails and free chains (as
defined previously) for self-associating films are shown in
Table 2 for the surface layers and interior layers of the films.
The values for interior layers are obtained by averaging over
all interior layers (non-surface layers) whereas the values
for surface are averaged over the two (one on each side of
the film) surface layers. The fraction of bridges does not
include the bridges between clusters in different layers and
hence the fraction of bridges does not correspond to the
melt, even for the interior film layers. Despite the neglect of
inter-layer bridging we observe that the extent of cluster
bridging in the films is greater than that observed in the bulk
melts, indicating that layering of the clusters induced by the
free surfaces results in increased bridging within layers,
particularly in the surface layer.
4.5. Characterization of the free surface
The interfacial width or the surface thickness ðwÞ along
with the position of the surface can be obtained by fitting the
total density profile of each system to tanh function [50] (see
Eq. (5)). The interfacial widths for studied systems are
tabulated in Table 3. We further investigated the structure of
the surface by analyzing the distribution of lengths of the
segments of each chain that are located at the surface. For
Table 3
Surface tension, average thickness and surface width of simulated thin films
System

Surface tension ðgp Þ

Average thickness ðLz Þ

Surface thickness or interfacial width ðwÞ

Interior-functionalized
End-functionalized
Reference

0.088 ^ 0.008
0.121 ^ 0.009
0.081 ^ 0.003

26.51
25.83
28.62

2.52
2.86
2.95
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lized films indicate that the self-association and layering of
sticker clusters alone are not enough to reduce the surface
roughness. The chain architecture (position of sticker
groups in the chain and length of the chain) and its influence
on the intercluster structure are the key factors controlling
the surface roughness. Our simulations indicate that the
capillary waves that can cause solid substrate dewetting [61,
62] or lead to mechanical instability of the film can be
suppressed or controlled by choosing an optimal chain
architecture for a given underlying structure of the selfassembled polymer film.
Finally, we calculate the interfacial (surface tension) for
the films using the relation [63 – 65]

g ¼ ½Pzz 2 1=2ðPxx þ Pyy Þ £ Lz
Fig. 9. Distribution of local interface position (for columns of size B £ B £
L; B ¼ 6:66s; L ¼ Lz Þ and their corresponding Gaussian fits (s ¼ width of
the Gaussian). See Eq. (7) in text.

density profiles to tanh function (Eq. (5)) in each column
individually. We have divided the simulation box into nine
columns ðB £ B £ Lz Þ; where B ¼ 6:66s and Lz is the
thickness of the film. The value of B approximately
corresponds to the theoretical predictions of coarse graining
length scale [58]. The distributions of the local interface
position for the films are shown in Fig. 9. The width of these
distribution ðsÞ can be obtained by fitting to a Gaussian
function given below in Eq. (7) and is directly related to the
smoothness of the surface (smaller s and therefore narrower
distribution corresponds to a smoother surface) [60]
!
1
h2
PðhÞ ¼ pﬃﬃﬃﬃﬃﬃ exp 2 2
ð7Þ
2s
2ps2
Distribution widths indicate that the surface of the interiorfunctionalized film is the smoothest while that of the endfunctionalized film is the roughest. It is interesting that the
extent of surface roughness correlates nicely with the
average segment length at the surface discussed above. In
the interior-functionalized film layering of clusters along the
surface and the propensity for the surface to be populated by
chain ends results in a higher probability to find relatively
short chain segments at the surface. This, in turn, can
effectively limit density fluctuations at the surface, as these
relatively short segments tend to be ‘tied’ into the layer of
sticker clusters just below the surface. In the endfunctionalized film, where the length of chain segments
populating the surface is larger than in the interiorfunctionalized film, the distribution width of interfacial
position is the broadest and hence the surface in this system
has the largest roughness. It is reasonable to suggest that the
longer chain segments populating the surface in the endfunctionalized film perhaps are more suited to support larger
density fluctuations than the shorter segments in interiorfunctionalized film. The difference between the surface
roughness in the end-functionalized and interior-functiona-

ð8Þ

where Pxx ; Pyy and Pzz are the components of pressure tensor
and Lz is the thickness of the film. The average thickness of
the film is obtained by fitting the total density profile to tanh
function (Lz ¼ 2 h; h is the position of the interface as given
by Eq. (5). The surface tension in reduced units ðgp ¼
gs2 =1Þ for the films are tabulated in Table 3. The surface
tensions of the reference and interior-functionalized films
are comparable, indicating that the interfacial free energy
contribution due to the frustration of cluster formation by
the free surface is minimal for the interior-functionalized
film. It may be that unfavorable entropic effects associated
with the layering of the clusters in the interior-functionalized film are largely offset by the enrichment of chain ends
at the surface, at least for the low-molecular weight chains
investigated here. For the end-functionalized film a
significant increase in interfacial tension is observed
compared to the reference film, consistent with the stronger
layering and inability of the end-functionalized film to
populate the interface with chain ends. It may also be that
the relatively larger clusters formed by the end-functionalized chains are more perturbed by the presence of the
surface, as evidenced by the increased number of tails and
bridges within the first layer (see Table 2), thereby
contributing to the interfacial free energy. The statistics
on cluster size are not sufficient for the end-functionalized
film to determine whether the size of the clusters is
quantitatively perturbed (Table 1).

5. Conclusions
The influence of free surfaces on cluster formation in thin
films of self-associating polymers has been investigated
using MD simulations. Our simulations reveal that free
surfaces significantly perturb the morphology of the film
perpendicular to the surfaces exhibited by a strong depletion
of functionalized groups at the surface and the formation of
layers of clusters of functionalized groups below the film
surface. This perturbation (layering) persists well into the
interior of the film and introduces structure, on the length
scale of the mean spacing between clusters, which is
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significantly greater than in bulk melts of the selfassociating polymers. This ‘burying’ of functionalized
groups below the surface is thought to be due a free energy
driving force that restricts self-associating groups from
populating the low-density surface and promotes the
formation of ‘optimal’ clusters, i.e. clusters with a size
distribution and shape similar to that found in the bulk melt.
The influence of free surfaces on the morphology of these
self-associating polymers, the dependence upon the surfaceinduced structure and interfacial properties on the architecture of the polymer, and the persistence of the induced
structure well into the interior of the films have important
implications for the understanding of interfacial properties
of self-associating polymer melts, particular in applications
dominated by interfaces such as thin films and polymer
nanocomposites.
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