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ABSTRACT: Understanding the surface properties of polymer melts is crucial for
designing new polymeric coatings, adhesives, and composites. Here, we study the
effect of molecular architecture on surface and interfacial tension of melts of graft
and linear polymers by molecular dynamics simulations. In particular, we elucidate
the effect of the degree of polymerization of the side chains nsc and their grafting
density 1/ng on the surface tension of the graft polymer/vacuum interface, γG, and
the interfacial tension of the interface between graft and linear polymer melts, γGL.
For the case of the graft polymer/vacuum interface, our simulations confirm that the
surface tension is a linear function of the fraction of the backbone ends f be and side
chain ends fse, γG = γ∞ − γbe f be − Δγfse, where γ∞ is the surface tension of the system
of graft polymers with infinite molecular weight and γbe and Δγ are surface tension
contributions from backbone ends and difference between contributions coming
from the side chain ends and grafting points, respectively. This dependence of the
surface tension highlights the entropic origin of the surface tension corrections associated with the redistribution of the grafting
points and ends at the interface. However, the interfacial tension of the interface between graft and linear polymer melts does
not show any significant dependence on the molecular structure of the graft polymers, thus pointing out the dominance of
enthalpic contribution to the interfacial tension.

■ INTRODUCTION

Properties of graft polymers consisting of side chains attached
to a polymer backbone are reflections of their molecular
structure.1−10 This unique chemical architecture allows for the
control of the material properties at the synthesis stage. For
example, independent variation in the side chain grafting
density and their degree of polymerization (DP) results in
effective disentanglement through the backbone dilution
manifested in lower entanglement plateau shear modulus and
zero shear viscosity.1−9,11 This disentanglement feature of the
graft polymers paved the way for computationally driven
design of the solvent-free hyperelestic polymeric networks with
modulus approaching that of gels and soft biological
tissues.12−17 Such networks were recently utilized to regulate
a balance between elastic and capillary forces and to accurately
map the entire range of particle−substrate interactions leading
to the development of an approach for measuring the work of
adhesion and surface tension of the elastic substrates.18,19

Furthermore, the variation of the surface properties of the graft
polymer melts and networks with the strand’s molecular
architecture is of paramount importance for improving these
materials’ adhesive and surface properties.
Chemical modifications of the graft polymers through

attachment of the linear or graft chains to both ends of the
graft polymers (ABA-type copolymers) led to a new class of
thermoplastic materials (plastomers).14,20,21 Under appropriate
conditions, these macromolecules self-assemble forming
composite materials consisting of glassy domains imbedded

in the soft polymeric matrix of graft polymers. The spatial
organization, symmetry, and size of the domains are a result of
the fine interplay between the interfacial energy of the interface
between A- and B-domains and the elastic energy of the graft
polymer blocks’ deformation. These composites have unique
mechanical and optical properties depending on the special
organization of the domains.14 Therefore, to be able to predict
what type of the domain structure one should expect for a
particular ABA copolymer composition it is necessary to know
the effect of the molecular architecture on the surface
properties of the AB interface.
In this paper, to address the question of how the molecular

architecture of the graft polymers influences their surface and
interfacial properties, we performed coarse-grained molecular
dynamics simulations of films of graft polymers in contact with
a film of linear chains. The rest of the paper is organized as
follows: (i) first we use classification of the graft polymers into
combs and bottlebrushes to illustrate to what regime of the
diagram of states the studied systems belong; (ii) then the
effect of the ends and grafting points on the surface and
interface properties is discussed; and (iii) finally, we establish
dependence of the surface tension of the studied systems on
the volume fraction of the ends and grafting points and
compare it with existing models.22−24
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■ MODEL AND SIMULATION DETAILS
We performed molecular dynamics simulations of films of the
graft polymers having the DP of the backbone nbb, DP of the
side chains nsc, and the number of bonds between neighboring
side chains ng (see Figure 1a)16,25 in contact with a film of

linear chains as shown in Figure 1b. The structural parameters
of the studied systems are summarized in Table 1. Graft
polymers and linear chains are modeled as bead-spring chains
made of beads with diameter σ interacting through truncated-
shifted Lennard-Jones (LJ) potential.
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The strength of the interaction potential is controlled by the
LJ-interaction parameter ε. The value of the interaction
parameter between monomers belonging to graft polymer
chains was set to εGG = 1.0kBT (where kB is the Boltzmann
constant and T is the absolute temperature), and for the
monomers of linear chains it was εLL = 1.5kBT. We used the
geometric mean approximation to calculate the interaction
parameter between monomers belonging to graft polymers and
linear chains, GL GG LLε ε ε= . The cutoff distance for pair-wise
interactions was rcut = 2.5σ. The beads are connected to
polymers by a bond potential which is modeled by a
combination of the FENE and pure repulsive LJ-potentials.
The repulsive part of the bond potential is described by the
truncated-shifted LJ potential with ε = 1.0kBT and rcut = 21/6σ.
In our simulations, we used the FENE potential
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with the spring constant kspring = 30kBT/σ
2 and the maximum

bond length Rmax = 1.5σ.

Simulations were carried out in the canonical (NVT)
ensemble. The constant temperature is maintained by coupling
the system to a Langevin thermostat. In this case, the equation
of motion of the ith bead is

m
v t
t

F t v t F t
d ( )
d

( ) ( ) ( )i
i i i

R
ξ⃗ = ⃗ − ⃗ + ⃗

(3)

where m is the bead mass set to unity for all beads, vi⃗(t) is the
bead velocity and F⃗i(t) is the net deterministic force acting on
the ith bead. The stochastic force F⃗i

R(t) acting on the ith bead
has a zero average and δ-function correlation ⟨F⃗i

R(t)·F⃗j
R(t′)⟩ =

6kBTξδijδ(t − t′). The friction coefficient ξ coupling a system
to a Langevin thermostat was set to ξ = 0.143m/τLJ, where τLJ
= σ(m/kBT)

1/2 is the standard LJ time to maintain temperature
kBT = 1.0 in energetic units. The velocity-Verlet algorithm with
time step Δt = 0.005τLJ was used for integration of the
equations of motion. All simulations were performed using
LAMMPS26 under two-dimensional periodic boundary con-
ditions in the x and y directions (see Figure 1b).
All systems were prepared using the following procedure.

First, polymers were randomly placed in a simulation box with
dimensions 50.0σ × 50.0σ × 104.0σ to make the total number
of monomers approximately 85 300. An initial simulation run
of 2.0τLJ was carried out without pair-wise interactions to relax
the initial chain conformations. The pair-wise interactions were

Figure 1. (a) Graft polymer chain with the DP of the backbone nbb,
number of bonds between grafted side chains ng, and DP of the side
chains nsc. Backbone and side chain monomers are shown as blue and
green beads, respectively. (b) Snapshot of the simulation box showing
films of graft polymers (top) and linear chains (bottom) in contact.
System is periodic in x- and y-directions.

Table 1. Summary of the Studied Systems

ang = 0.5 corresponds to the systems with two side chains grafted to a
monomer of the backbone.
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slowly turned on to full strength by performing a run lasting
26τLJ with truncated-shifted LJ potential modified by a soft-
core potential with the parameters rcut = 2.5σ and α = 0.5 as
implemented in LAMMPS26
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During this simulation run, the parameter δ, describing the
weight of the LJ-potential in the soft-core potential was
increased from 0.1 to 1.0 with an increment of 0.1. Note that
the soft-core interaction potential prevents the divergence of
forces acting on the beads during the system preparation step
and recovers the LJ-potential as δ becomes 1.0. A simulation
run of 710τLJ was then carried out using the truncated-shifted
LJ-potential (eq 1). These preparatory steps were completed
for each of the graft polymer films and for the films of linear
polymers.
Once the preparation steps were completed, a film of the

linear polymers was placed under the film of graft polymers. An
attractive harmonic potential with spring constant K =
0.5kBTσ

−2 was imposed on the center of masses of the film
of graft polymers and of the film of linear chains. These
simulations were continued for 250τLJ, then harmonic potential
was removed and a run of 500τLJ was performed to relax the
interface. Next, a simulation run of 5 × 104τLJ was carried out
to insure that the radius of gyration of the chains reached
equilibrium (saturated as a function of time). After
equilibration was complete, a simulation run of 5 × 104τLJ
was performed for the data collection.

■ RESULTS AND DISCUSSION
Diagram of States. The molecular architecture of the graft

polymers is described in terms of the graft polymer
composition

n

n n
g

g sc
φ =

+ (5)

characterizing the volume fraction of the backbone monomers
and the DP of the side chains, nsc. Our classification of the graft
polymers into combs and bottlebrushes in a melt is based on
the degree of mutual interpenetration of the side chains
belonging to neighboring graft macromolecules.25 This is
quantified by the value of the crowding parameter, Φ, defined
as a ratio of the volume occupied by monomers of the given
graft macromolecule within the pervaded volume of chains of
blobs, each with the size of a side chain (see ref 25 for details).
For combs, the value of the crowding parameter is Φ < 1,
whereas for bottlebrushes, it is Φ > 1. Computer simulations of
the graft polymer melts show that the crossover from combs to
bottlebrushes takes place when the value of the crowding

parameter is on the order of Φ ≈ 0.7.25 Using the expressions
for the crowding parameter in terms of the monomer excluded
volume v, bond length l, and Kuhn length b, we obtain an
expression defining the crossover line for graft polymers with
flexible (long) side chains (nsc ≥ b/l)

v
lb

n lb n
( )

0.7 0.7 ( )3/2
1

sc
1/2 1 3/2

sc
1/2φ φ ρΦ ≈ ≈ ⇒ ≈− − −

(6)

and with rod-like (short) side chains (nsc < b/l)
v
l

n l n0.7 0.73
1

sc
2 1 3

sc
2φ φ ρΦ ≈ ≈ ⇒ ≈− − −

(7)

In rewriting eqs 6 and 7, we estimated the excluded volume
from the monomer density v = ρ−1. Note that for our set of
parameters, defining interaction and bonding potentials, the
excluded volume, v = ρ−1 = 1.024σ3, bond length l = 0.985σ,
and the Kuhn length b = 1.845σ were calculated from the
bond−bond correlation function in the melt of linear chains.25

The diagram of states of graft polymers in terms of φ−1 and
DP of the side chains, nsc, is shown in Figure 2. The crossover

lines described by eqs 6 and 7 are shown as a thick solid line.
Below, we briefly overview the main features of the graft
polymers in Comb and Bottlebrush regimes.25 In the Comb
regime, both side chains and backbones of graft polymers
interpenetrate and remain in their unperturbed ideal chain
conformations such that the effective Kuhn length of combs is
equal to that of the linear chains (bK ≅ b). In the Bottlebrush
regime, the excluded volume interactions between side chains
result in (i) withdrawal of its side chains from neighboring
macromolecules, (ii) extension of the backbone and side
chains, and (iii) stiffening of a graft macromolecule (bK > b).
Because of the changes in conformations of the side chains and
backbone, there are three sub-regimes in the Bottlebrush
regime. Bottlebrushes with extended backbones belong to the

Figure 2. Diagram of states of graft polymers. The solid black line
corresponds to a crossover between Comb and Bottlebrush regimes
and is calculated using eq 6 for flexible side chains. In this calculation,
we used l = 0.985σ, b = 1.845σ, and v = ρ−1 = 1.024σ3. The location of
the intersection point is obtained by substituting nsc = b/l = 1.873 into
the expression for φ−1 at the crossover between Comb and Bottlebrush
regimes: φ−1 ≈ 0.7ρb2l ≈ 2.29. The boundary between Comb and
Bottlebrush regimes for rod-like side chains nsc < 1.873 is given by φ−1

= 1 + 0.368ρl3nsc
2, which goes through points with coordinates (0, 1)

and (1.873, 2.29). The crossover between SBB and SSC sub-regimes
is given by φ−1 ≈ 0.7ρbl2nsc, whereas for the crossover SSC/RSC, we
used φ−1 ≈ 0.7ρl3nsc

2 (see ref 25). See Table 1 for symbol notations.
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Stretched Backbone (SBB) sub-regime, whereas those with
stretched side chains are within the Stretched Side Chain
(SSC) sub-regime. Bottlebrushes with fully stretched side
chains belong to the Rod-like Side Chain (RSC) sub-regime.
The crossover lines between different sub-regimes are shown
as red lines in Figure 2. The points in this diagram of states
correspond to studied graft polymer systems listed in Table 1.
It is important to point out that the graft polymer with side
chain nsc = 1 represents an extreme case of graft polymers with
rod-like side chains. This type of graft polymer has the largest
fraction of the ends per backbone monomer among all graft
polymers with the same value of ng. Thus, the selected range of
architectural parameters of graft polymers covers both Comb
and Bottlebrush regimes. In the next section, we describe

surface and interfacial properties of these graft polymers in a
melt.

Surface and Interface Properties. Figure 3 shows the
end and grafting point density of six systems as a function of
the z-coordinate near the vacuum interface and the interface
between melts of graft and linear polymers. To highlight
surface affinity between the ends and grafting points and the
interface, we have normalized the corresponding density
functions ρi(z) by the total monomer density ρ(z). Note
that in the bulk, these normalized densities saturate at values
corresponding to the ratio of the number of ends or grafting
points to the total number of monomers per graft polymer or
linear chain. As evident from all plots in Figure 3, the ends are
attracted to the interface, which is manifested by the broad
peaks. The distribution function of ends for linear chains and

Figure 3. Normalized density distribution of the ends and grafting points across the interface. (a) Interface of vacuum and melt of linear chains
with N = 32. (b) Interface between melts of linear chains with N = 32. (c) Interface of vacuum and melt of combs with nbb = 23, ng = 7, nsc = 6. (d)
Interface between melt of combs with nbb = 23, ng = 7, and nsc = 6 and melt of linear chains with N = 32. (e) Interface of vacuum and melt of
bottlebrushes with nbb = 20, ng = 0.5, and nsc = 2. (f) Interface between melt of bottlebrushes with nbb = 20, ng = 0.5, and nsc = 2 and melt of linear
chains with N = 32. Location with z = 0 corresponds to a half of the monomer bulk density for polymer/vacuum interfaces and to a point of equal
monomer density of corresponding components for the interface between two melts.
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combs look qualitatively similar (panels a−d). The main
difference between combs and linear chains is the appearance
of the peaks corresponding to the accumulation of the grafting
points at the interface. This feature becomes more pronounced
for bottlebrush systems (panels e and f) where we see multiple
peaks for the distribution functions of both ends and grafting
points. These peaks are out of phase indicating an effective
“polarization” of the ends and grafting points close to the
interface. It is important to point out that, in the case of
density distribution across the interface between melts of the
graft polymers and linear chains, the peaks appear to be
broader for both comb and bottlebrush systems (panels b, d,
and f).
Changes in the density distribution of the ends and grafting

points influence the surface tension of the interface. To
establish this correlation, we have calculated the surface and
interfacial tension for all studied systems. In simulations, the
surface tension is obtained from integration across the interface
of the pressure difference ΔP = Pn − Pt between the normal Pn
and transversal Pt to the interface pressure tensor compo-
nents.27 These components are expressed in terms of the
diagonal pressure tensor components (Pxx, Pyy, Pzz) as follows
Pt = (Pxx + Pyy)/2 and Pn = Pzz. Figure 4 illustrates distribution

of the time averaged pressure difference ΔP across the film
thickness. This function has nonzero values in the interface
regions, whereas it fluctuates around zero in the film bulk.

Integration of this function across the interface region provides
the value of the surface tension for the graft polymer/vacuum,
graft polymer/linear polymer, and linear polymer/vacuum
interfaces. For example, in the case of the i-th interface the
integration is performed between left z = ξi,l and right z = ξi,r
integration boundary

P z P z P z z( )
1
2
( ( ) ( )) di zz xx yy

i

i

,l

,r
Ä

Ç
ÅÅÅÅÅÅÅÅ

É

Ö
ÑÑÑÑÑÑÑÑ∫γ = − +

ξ

ξ

(8)

The results of these calculations are presented in Figure 5. In
particular, Figure 5a shows surface tension for the graft chain/
linear chain interface as a function of the fraction of the ends.
As shown in this figure, γGL has no discernible trend, with all
values falling within the 0.22−0.26kBTσ−2 interval. Thus, the
variation in the chemical structure of the graft polymer chains
does not have a well-established trend on the surface tension.
This indicates that the surface tension is dominated by
interactions between monomers rather than redistribution of
the ends and grafting points. The surface tension of the
vacuum interface, however, shows a much more peculiar
behavior (see Figure 5b). First, there is a general trend of
decrease in the surface tension with increasing fraction of the
ends. This type of behavior is expected for systems of linear
chains. In addition to this linear decrease, we also have several
saturation levels illustrated by the dashed lines which
correspond to combs and bottlebrushes, belonging to different
regimes of the diagram of state. This peculiar behavior of the
surface tension is a reflection of the changes in the
corresponding density profiles (see Figure 3).
The calculations in the framework of the linear response

approximation22−24 and self-consistent field calculations23,24,28

have shown that the surface tension of the branched polymers
is a linear function of the fraction of ends and branching
points. This was confirmed for systems of linear polymers,29−34

branched polymers of different molecular architectures,24,35,36

and polymer-grafted nanoparticles.37 Our case of the graft
polymers is a special case of the branched polymers for which
the number of branching points is equal to the number of the
side chains or double this number per graft polymer. Thus for
systems with ng ≥ 1, there are two ends per backbone and the
number ngr of grafted side chains is equal to the number of
grafting points and to the number of side chain ends. We can
define the fraction of the backbone ends, f be, side chain ends,
fse, and grafting points, fgr, as follows

Figure 4. Typical time averaged pressure difference profile for a
bottlebrush system with ng = 0.5 and nsc = 3. Integration intervals used
for calculations of the surface tension are highlighted in gray. Insets
show the type of macromolecule the films are made of.

Figure 5. Dependence of surface tension of the melt of graft chains on the end fraction of the graft polymers for the interface with the melt of linear
chains (a) and with the vacuum (b). Symbol notations are the same as in Table 1.
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f N f f n N n2/ , / for 1be se gr gr g= = = ≥
(9)

where the total number of monomers in a graft macromolecule
is equal to N = nbb + nscngr. In the case when there are two side
chains grafted to the same grafting points, the fraction of the
backbone ends, side chain ends, and grafting points is equal to

f N f f n N n2/ , 2 / for 0.5be se gr gr g= = = =
(10)

The surface tension of the graft polymer/vacuum interface is
written as22−24

f f fG be be se se g grγ γ γ γ γ= − − +∞ (11)

where γ∞ is the surface tension of the system of graft polymers
with infinite molecular weight, γbe, γse, and γg are surface
tension contributions from backbone ends, side chain ends,
and grafting points, respectively. Since, for our graft polymers,
there is a linear relationship between the fraction of side chain
ends and grafting points, we will only be able to find a
difference in contributions from the side chain ends and
grafting points to the surface tension

f fG be be seγ γ γ γ= − − Δ∞ (12)

where Δγ = γse − γg for ng ≥ 1 and Δγ = γse − γg/2 for ng = 0.5.
Note that this dependence of the surface tension of graft
polymers is a manifestation of the redistribution of the ends
and grafting points and thus entropic in origin.22−24

Figure 6 shows a three-dimensional (3-D) plot of the surface
tension dependence as a function of the fraction of backbone

and side chain ends for all our studied systems. Analysis of the
data shows that we have to separate systems with ng ≥ 1 and ng
= 0.5. By fitting together the data for ng ≥ 1 to eq 12, we find
that γ∞ = 0.96kBT/σ

2, γbe = 0.55kBT/σ
2, and Δγ = 0.12kBT/σ

2.
As evident from the fitting results, the data for ng = 0.5 systems
are outside the confidence level for the best fit plot. The
analysis of the data set for ng = 0.5 with a fixed γbe = 0.55 kBT/
σ2 gives γ∞ = 0.88kBT/σ

2 and Δγ = 0.032kBT/σ
2. The

difference between fitting parameters indicates that there is a
difference in parameter γg depending on the number of grafted

chains per backbone monomer which is manifested in the
smaller value of Δγ = 0.032kBT/σ

2 for systems with ng = 0.5.
This points out the breakdown of the simple addition
approximation for contribution of the number of grafted side
chains into γg.

■ CONCLUSIONS
We have presented results of the molecular dynamics
simulations of the surface properties of graft polymers as a
function of their molecular architecture. Analysis of the
simulation data confirms a linear relationship between surface
tension of the graft polymer melt/vacuum interface and the
fraction of the backbone and side chain ends for systems with
side chain grafting density ng

−1 ≤ 1. In particular, we show that
it is more convenient to plot data in 3-D representation (see
Figure 6). However, for systems with ng = 0.5, the values of the
fitting parameters are different from those for systems with ng
≥ 1, indicating additional corrections to parameter γg because
of packing restrictions of the grafting points with four bonds
connected to the grafting point. Thus for densely grafted side
chains, there are strong correlation effects in distributions of
the side chains close to the grafting points which could be
responsible for the observed trend.
In Figure 7, we have combined our simulation results for the

graft polymer/vacuum interface into the diagram of states. This

data representation highlights that the lowest surface tension is
observed for the films of bottlebrushes with the highest density
of the ends per macromolecule. The surface tension gradually
increases toward the region of the diagram of states
corresponding to combs with loosely grafted long side chains.
Such systems are characterized by low fraction of the ends and
thus higher surface tension but still being smaller than that of
the linear chains with the same total DP. These results provide
confirmation for the surface affinity of graft polymers and their
segregation at the interface in mixtures of linear and graft
polymers.38−40

The strong effect of the molecular architecture of the graft
polymers on the interfacial properties disappears in the case of
the interface between melts of linear and graft polymers
(Figure 5a). This points out the enthalpic origin of the
interfacial tension which is dominated by the interactions

Figure 6. Dependence of the surface tension γ of the melt of graft
chains on the fraction of backbone chain ends f be and the fraction of
the side chain ends fse. The blue plane is the best fit for densely grafted
bottlebrushes with ng = 0.5. The gray plane is the best fit for systems
with ng ≥ 1. Symbol notations are the same as in Table 1.

Figure 7. Diagram of states of graft polymers and surface tension of
the graft polymer melt/vacuum interface shown by different point
colors. The surface tension scale is in kBT/σ

2 units. The solid black
line corresponds to a crossover between Comb and Bottlebrush
regimes.
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rather than by the entropy change because of redistribution of
the grafting points and ends.
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