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ABSTRACT: Fabrication of nanoscale polymer-based devices,
especially in biomedical applications, is a challenging process
due to requirements of precise dimensions. Methods that involve
elevated temperature or chemical adhesives are not practicable
due to the fragility of the device components and associated
deformation. To effectively fabricate devices for lab-on-a-chip
or drug delivery applications, a process is required that per-
mits bonding at low temperatures. The use of carbon dioxide
(CO2) to assist the bonding process shows promise in reach-
ing this goal. It is now well established that CO2 can be used
to depress the glass transition temperature (Tg) of a polymer,
allowing bonding to occur at lower temperatures. Furthermore,
it has been shown that CO2 can preferentially soften a polymer
surface, which should allow for effective bonding at tempera-
tures even below the bulk Tg. However, the impact of this effect

on bonding has not been quantified, and the optimal bonding
temperature and CO2 pressure conditions are unknown. In this
study, amolecular dynamicsmodel is used to examine the atomic
scale behavior of polystyrene in an effort to develop understand-
ing of the physical mechanisms of bonding and to quantify how
the process is impacted by CO2. The final result is the identifi-
cation of a range of CO2 pressure conditions which produce the
strongest bonding between PS thin films at room temperature.
© 2011 Wiley Periodicals, Inc. J Polym Sci Part B: Polym Phys
49: 1183–1194, 2011

KEYWORDS: adhesion; carbon dioxide; decohesion; interfaces;
mechanical properties; molecular dynamics; polystyrene; sur-
faces; thin films

INTRODUCTION Polymer bonding at the nanoscale is a crit-
ically important part of the processing and fabrication of
biomedical nanodevices for lab-on-a-chip and drug delivery
applications. Conventional techniques such as welding at ele-
vated temperatures or using chemical adhesives may not be
practicable for two reasons:

1. The required precision of the geometric features in the
devices is destroyed;

2. Biomolecules implanted in the polymer surfaces cannot
survive excessive heat or harsh chemicals.

Carbon dioxide (CO2) assisted bonding techniques are being
developed to yield a process that is biologically benign and
that preserves nanoscale features. Experimental setups like
the one schematically depicted in Figure 1 are being used to
study the impact of macroscopic variables like time, temper-
ature, CO2 pressure, and applied force on the development of
adhesive strength during the CO2 assisted bonding process.1

Parallel experimental efforts are being made to understand
the nanoscale properties that govern the effectiveness of vari-
ous processing conditions,2 but a limited understanding of the
process at the nanoscale is still a barrier to fabrication. In this

study, molecular dynamics (MD) is used to access information
about material behavior at the atomic level, thereby providing
quantitative analysis of some of the fundamental mechanisms
of the bonding process.

The CO2 assisted bonding process relies on the plasticization
of the polymer to allow diffusion of chain segments across the
bonding interface. A substantial body of experimental, the-
oretical, and simulation work3–6 has established that CO2 is
able to depress the bulk glass transition temperature or Tbg
of polystyrene (PS) by as much as 65 ◦C. This phenomenon
effectively plasticizes the polymer at lower temperatures. The
softening is characterized by heightened chain mobility and
increased free volume.6,7 It has also been established that
there exists a surface region in PS thin films where molecules
undergo the glass transition at an even lower surface glass
transition temperatures.8,9 These two effects can be effectively
utilized to bond polymeric nanodevices at near room tem-
peratures in the presence of CO2, while maintaining precise
geometries and dimensionalities of the constituents.

Adhesive strength at a symmetric polymer-polymer interface
is known to depend on the amount of diffusion across the
bonding interface.10 As this diffusion process takes place, a

© 2011 Wiley Periodicals, Inc.
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FIGURE 1 Schematic representation of an experimental setup for the CO2 assisted bonding process in PS thin films for fabricating
nanoscale devices.

region develops where atoms from both sides persist. This
process has been extensively studied and accurately quantified
by both experimental means11,12 and through simulations.13–15

It has been shown in previous studies that the strength of the
adhesion at the interface is dependent on the width of this
region.16–18 The rate of diffusion depends on the temperature,
external force and the amount of time elapsed.19 This study
shows that gas sorption as a result of processing in a CO2
environment also impacts diffusion, increasing the amount of
diffusion that occurs across the interfacebetween two polymer
thin films.

The adhesive strength at symmetric PS–PS interfaces has been
examined in a number of experimental studies using various
methods including T-peel tests and lap-shear tests.20–23 At the
atomic level, adhesive strength is dependent on the proxim-
ity of atoms from molecules on opposite sides of the interface.
Beyond a threshold amount of atomic separation, the attractive
forces due to nonbonded interactions are insufficient to cause
adhesion between opposing atomic surfaces at the interface.
This paper presents a novel computational method for evalu-
ating adhesive strength via MD modeling of deformation and
decohesion. This method, which captures data at finer scales
than is possible with current experimental techniques, allows
investigation of the nanoscale mechanisms at work during
the macroscopic processes of bonding and bonding interface
decohesion.

The present MD-based study shows that the introduction of
CO2 increases the local separation between the film surfaces
on either side of the interface. This phenomenon reduces the
adhesive strength of the interface due to the increase in free
volume at the interface that is driven by absorption of CO2.
Results of the MD simulations conclude that the addition of
CO2 molecules into the bonding process produces a compe-
tition between one mechanism that serves to facilitate the
bonding process and another that hinders it. This suggests
that there exists an optimal amount of CO2 that when intro-
duced into the polymer system will produce the best bonding.
This optimal amount of CO2 is assessed in this study by exam-
ining the functional relationship between bond strength and
the amount of CO2 present during bonding.

MODEL DEVELOPMENT AND SIMULATION PROCEDURES

Overview of Modeling Scheme
Molecular dynamics models of binary PS-CO2 systems are
simulated for understanding the operating atomic-scale

mechanisms during CO2 assisted polymer bonding. Each sys-
tem consists of two PS thin films containing a prescribed
number of molecules in a CO2 environment. The system is
subjected to a controlled pressure environment that is applied
in the non-periodic thickness direction by repulsive walls. A
representative molecular system for this simulation setup is
shown in Figure 2. Simulations are carried out in a three-stage
process. In the first stage, the initial configurations are created
and equilibrated via methods previously described.6,24 These
include separate procedures for pure PS, pure CO2, and binary
PS-CO2 systems. After equilibration of each component sepa-
rately and subsequent equilibration of the full binary system,
the bonding process is simulated. Lastly, the CO2 is elimi-
nated, and simulations are carried out to test the integrity
of the bonded interfaces under tensile loading. All simulations
are carried out with the LAMMPS software package, with an
NVT ensemble implementing a Nose/Hoover thermostat set
to 300K with a relaxation time of 10 fs.

Modeling Polystyrene: Potential Functions and
Equilibration Procedure
The simulated polymer is monodisperse atactic PS with 200
monomers per chain molecule. This results in a molecular
weight of MW = 21 kg/mol. This low molecular weight is cho-
sen in order to create a model system wherein the relevant
chain dynamics happen on a fast timescale while retaining a
close correspondence to a useful physical material. For exam-
ple, MW = 21 kg/mol is well below the critical entanglement
molecular weight for PS, Mce = 36 kg/mol,21 thus avoiding
the effects of chain entanglement that are expected to show
up only on much longer time scales than those investigated
here.25 Also, a low molecular weight is advantageous for MD
study, since the time required for bonding has been found to
depend strongly on chain length.26,27 Two film sizes are sim-
ulated in this study. They contain 10 and 15 chain molecules
each, respectively denoted as “10 × 200” and “15 × 200”.
The PS chains are assembled in the form of freestanding thin
films, with periodic boundaries imposed in the two horizontal
directions of the cross-section. Nonperiodic, finite boundary
conditions are enforced in the vertical thickness direction. The
PS molecules are assembled using the augmented Phantom
Chain Growth (PCG) scheme that has been developed by the
authors.24 Additional monomers are introduced in the PCG
model based on a predetermined conditional probability. In
this algorithm, monomers are introduced based on sampling
of a random distribution of the backbone dihedral angle. The
total energy change �U resulting from the introduction of a
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FIGURE 2 A molecular simulation system for the thin film bonding process: (a) The full MD representation of the PS thin films and
CO2 with the films shaded differently for identification, (b) The surfaces of the PS thin films are represented by an interpolation of the
van der Waals surfaces as used for the measurement of film separation.

new site is calculated as the sum of the dihedral and non-
bonded interactions. The probability of the acceptance of the
new monomer is expressed as:

p=min[1, exp(−��U)] (1)

where � is the reciprocal of the product of the Boltzmann con-
stant kB and the temperature of the system. If after a certain
number of trials, the new monomer segment is not accept-
able, the chain is shortened by a single segment and the entire
procedure is repeated with another dihedral angle. In the
direction of the film thickness, an additional penalty poten-
tial function Up is imposed to contain the growing chains. This
potential energy function is given as:

Up(d) = εb

(�b
d

)12
(2)

where d is the distance to the prescribed simulation boundary,
and εb = 10 kcal/mol and �b = 5Å are empirically determined
Lennard-Jones (LJ) parameters. For a monomer to be added
to a growing chain, the condition Up <Utol must be satisfied.

The potential functions governing the interactions of the PS
united atoms are adapted from the work of Wick et al.28 and
previously employed by Harmandaris et al.,29 with the excep-
tion of using a harmonic bond potential. The total potential
energy for PS is given by
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The parameter values for the bond stretch energy are taken
from Han and Boyd30 and are given in Table 1. Actual values
from spectroscopy are used for the parameters.

After chain creation, the films are equilibrated at 500K and
then cooled to 300K over a simulation time of 6 ns. Equili-
bration takes place in a simulation volume measuring 8 nm
by 8nm in the two periodic directions of the cross-section. At
the end of the equilibration phase, the height of the film in the
10× 200 system is approximately 5 nm and the height of the
15× 200 film is 7 nm.

Modeling Carbon Dioxide: Potential Functions and
Equilibration Procedure
For CO2, the EPM2 model developed by Harris and Yung31

is used with a harmonic flexible bond potential. The total
interatomic potential function for CO2 is given as:

UCO2 = 1
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TABLE 1 Parameter Values (Energies in kcal/mol) in the
Potential Energy Functions for PS

Bond Stretch Parameters

Bond type kB r0 (Å)

CHx -CH 316.92 1.54

CH-Caro 316.92 1.51

C(H)aro-CHaro 525.81 1.40

Bond angle parameters

Bond type k� �0 (◦)

CH3-CH-CH2 62.14 112

CH-CH2-CH 62.14 114

C(H)aro-C(H)aro-CH(aro) 119.50 120

Bond torsion parameters

Bond type k 1
� k 2

� k 3
�

CHx -CH-CH2-CH 1.41 −0.27 3.14

Bond improper dihedral parameters

Bond type k� �0 (◦)

C(H)aro-CHaro-CHaro-CHaro 20.00 0

CH-CHx -CHy -Caro 40.01 35.26

LJ pair potential parameters

Interaction type � � (Å)

CH3-CH3 0.1950 3.750

CH2-CH2 0.0915 3.950

CH-CH 0.0199 4.650

Caro-Caro 0.1003 3.695

CHaro-CHaro 23 0.0596 3.700

The mixed LJ parameters are calculated via the Lorentz-Berthelot mixing
rule.34

where the values of the parameters are given in Table 2. For
a given simulation volume, the number of CO2 molecules is
determined by solving and inverse problem for the van der
Waals equation of state for a target pressure. The target CO2
pressures in this study are: 0.0 (absence of CO2), 0.7, 1.4, 2.8,
and 5.5MPa, respectively. This corresponds to the range of
pressures that has been considered in the experimental stud-
ies of Ellis et al.1 and Yang et al.2 The pressures reported in
the results are the CO2 virial pressures developed in the com-
bined PS-CO2 systems. These differ from the target pressures
achieved in the pure CO2 systems mainly due to the volume
exclusion of the PS. The CO2 molecules are initially positioned
in simulation volumes with the same dimensions as the PS
volumes via an algorithm that minimizes the total potential
energy, which is the sum of that due to the repulsive part of
the LJ pair interactions and the energetic penalty potential
Up. The nonperiodic boundaries in the thickness direction are
maintained by employing a LJ-type wall interaction given by

Uboundary(r) = 4εb

[(�b
r

)12 −
(�b
r

)6]
, r ≤ 21/6�b (5)

Parameters εb and �b are determined empirically and set at
10 kcal/mol and 5Å, respectively. The cutoff is set to include
only repulsive interaction while eliminating force discontinu-
ity at the cutoff. Following the initial positioning, the pure

CO2 systems are brought to equilibrium at 300K during an
equilibration phase of 100 ps.

Modeling the PS-CO2 Binary Systems: Potential
Parameters and Equilibration Procedure
To equilibrate the binary systems before the bonding simu-
lation, two identical simulation volumes, each containing an
equilibrated freestanding PS thin film are interfaced after
translating each film in the nonperiodic thickness direction
by �(h/2 + 0.2 nm), h being the film height. This creates a
simulation volume containing two identical freestanding films
separated by a gap of at least 0.4 nm in the thickness direction.
The two-film configuration is then re-equilibrated over 100 ps
to create a symmetric PS–PS interface. At the end of this equi-
libration, the gap between the films is reduced significantly
due to movement of the film mass centers, but the interface
between the two films is readily identifiable by a marked drop
in PS density.

A simulation volume containing the equilibrated CO2 sample
is then superimposed on the two-film volume to create the full
PS-CO2 binary system. A soft potential, given in the LAMMPS
literature32

E(rij) =A
[
1+ cos

(
�rij
rc

)]
rij < rc (6)

is initially used between PS and CO2 to eliminate any exces-
sive forces due to the physically unrealistic overlap that may
initially occur between the atoms. The system trajectories are
evolved over a short simulation period of 10 ps in preparation
for the bonding simulations.

For the remaining simulations, a full LJ potential is imple-
mented between PS and CO2 atoms. The potential parameters
are determined using the mixing rule that has been developed

TABLE 2 Parameter Values (Energies in kcal/mol) in the
Potential Energy Functions for CO2

Bond Stretch Parameters

Bond type kB r0 [Å]

C=O 557.45 1.149

Bond angle parameters

Bond type k� �0 [◦]
O=C=O 147.71 180

Coulombic interaction parameters

Atom type q [e]

O −0.3256

C +0.6512

LJ pair potential parameters

Interaction type � � [Å]

O-O 0.1937 3.033

C-C 0.1228 2.757

C-O 0.1542 2.892

The mixed LJ parameters are calculated via the Lorentz-Berthelot mixing
rule.
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TABLE 3 Mixed LJ Parameters for PS-CO2 Interaction Calculated
via the Halgren Mixing Rule

LJ Pair Potential Parameters

Atom type � �

CH3 O 0.1944 3.4665

CH2 O 0.1286 3.6099

CH O 0.0456 4.1674

Caro O 0.1357 3.4285

CHaro O 0.0986 3.4319

CH3 C 0.1527 3.4016

CH2 C 0.1054 3.5592

CH C 0.0404 4.1576

Caro C 0.1107 3.3595

CHaro C 0.0828 3.3633

Energies are in kcal/mol and distances are in angstroms.

in Srivastava et al.6 This mixing rule determines the values of
the LJ parameters via the formulae given in Halgren33

�ij =
�3ii + �3jj
�2ii + �2jj

, εij = 4εiiεjj(
ε
1/2
ii + ε

1/2
jj

)2 (7)

where the ith atom is from a CO2 molecule, and the jth atom is
from a PSmolecule. Parameter values calculated by this mixing
rule are given in Table 3. As detailed in Srivastava et al.,6 this
mixing rule is implemented for interactions between dissimi-
lar species for its ability to produce experimentally observed
free volume characteristics better than the commonly used
Lorentz-Berthelot rule.34

FIGURE 3 Polystyrene density along the nonperiodic thickness
direction for a single freestanding film. To highlight the change
in profiles upon addition of CO2, the plotted curves are obtained
by fitting smooth curves to the surface region densities and the
average core densities.

FIGURE 4 Percentage volume change for two PS thin film under
various CO2 pressure conditions (zero pressure corresponds to
absence of CO2). Error is of the order of the marker size.

INVESTIGATIONOF THIN FILMBEHAVIOR:MODELVALIDATION
AND PRELIMINARY STUDY

Film Density Characteristics
Prior to modeling the actual interface bonding process, a study
of the thin film characteristics is performed to validate param-
eters in the potential functions and the overall simulation
setup. The thin film model for PS is first validated by com-
paring density at the film core to the experimental value of
1.05 g/cm3 reported in Wissinger and Paulitis.35 As shown in
Figure 3, the simulation values for both films of pure PS are
within 1% of the experimental value. Near the film surfaces,
however, there exists a gradient in the density. The extent of
this surface region is roughly constant for the two film heights
studied. The addition of CO2 extends this region somewhat, for
reasons discussed below. In addition, CO2 causes an expan-
sion in the PS at the film core. This expansion is quantified
in terms of the change in volume for the pure PS system
shown in Figure 4. The agreement with the experimental data
of Wissinger and Paulitis35 confirm the accuracy of the MD
simulation model in predicting swelling due to the presence
of CO2.

Chain Dynamics in the Thin Films
In addition to the variation in surface density characteristics,
the efficacy of bonding is determined in large part by the chain
dynamics that take place at the bonding interface. Significant
studies have been conducted on the surface dynamics of thin
PS films. It has been argued by Kawaguchi et al.36 that there
exists a gradient in mobility across the thickness of the film.
Kawana and Jones37 have demonstrated that there exists a
liquid-like surface layer that persists below the glass tran-
sition temperature. The computational methods used in this
study allow the investigation of surface dynamics at atomic
resolution and in the absence of the substrate effects that are
necessarily present in any experimental study. To quantify the
deviation in mobility found near the film surface, a relative
measure of MSD is defined as:
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FIGURE 5 Layer-wise mobility, MSDrel, for polymer atoms in
a thin film. Error bars represent the standard deviation in the
measurement.

MSDrel =MSDlayer/MSDcore (8)

where MSDlayer corresponds to the mean squared displace-
ment for atoms in a given layer, and MSDcore is averaged over
atoms in all layers from the center of the film, where there
is no layer-wise gradient in mobility. As shown in Figure 5,
the model in this study is able to quantify the effect of the
free surface on mobility. It shows that an enhancement in the
mobility extends ∼1nm into the film. This effect contributes
to a two to three fold increase in the mobility of atoms near a
free surface in comparison with those in the film cores. This is
in agreement with the measurements presented in the work
by Baljon et al.38 This increase in mobility at the free sur-
face is not present at the film–film interface during bonding.
However, as discussed below, the addition of CO2 can similarly
increase the mobility at the bonding interface, causing the film
surfaces there to behave more like free surfaces.

NUMERICAL EXPERIMENTS ON THE BONDING PROCESS

Simulation of Bonding in PS-CO2 Binary Systems
As described by Prager and Tirrell,39 bonding at a symmetric
polymer-polymer interface is brought about as the interface
heals, eventually becoming indistinguishable from the rest of
thematerial. During this healing process, the adhesive strength
of the interface gradually grows as the material surfaces on
opposite sides of the interface rearrange and the discontinu-
ities in the material properties that define the interface are
eliminated. In this study, three mechanisms of healing are
identified and quantified in the initial part of the bonding pro-
cess. First, the discontinuity in material density at the interface
is eliminated as the film surfaces rearrange to conform more
closely to one another. Second, groups of atoms near the film
surfaces start to diffuse across the boundary and the inter-
face between molecules of different films begins to resemble
the interface between molecules within a film. Third, chain

segments from molecules belonging to one film begin to pen-
etrate into the space occupied by molecules of the opposite
film. The numerical experiments performed in this study are
designed to study these mechanisms under various CO2 pres-
sure conditions in terms of their impact on interfacial adhesive
strength.

Using procedures described above, simulations of the bonding
process are carried out for ten model systems, corresponding
to two film heights and five CO2 pressure conditions. The sim-
ulations are conducted at a constant temperature of 300K for
a period of 3 ns with a timestep of 3 fs. This simulation time is
orders of magnitude lower than the experimental times, dur-
ing which Fickian diffusion has been identified as amain driver
of the development of interfacial adhesive strength. Thus, the
simulations presented here attempt to identify the mecha-
nisms at work during the initial healing of the interface at
times shorter than the Rouse time.40 Additionally, longer sim-
ulations of 33 ns are carried out for two systems of interest in
order to analyze the time-dependence of some of the impor-
tant results. During the simulations, statistical data is collected
and subsequently analyzed using the procedures detailed in
the remainder of this section in order to provide a compre-
hensive quantification of the atomic behavior critical to the
development of adhesive strength at the bonding interfaces.

Density Profiles and Diffusion at the Interface
At the outset of the bonding process, the material disconti-
nuity between the two polymer surfaces at the interface is
the most obvious obstacle to the development of interfacial
strength. For PS at 300K, the timescale of MD simulation is
such that bulk diffusion does not occur at a significant level
within the available sampling window. However, the simulated
surfaces are much smoother than a typical experimental sam-
ple, due to the small surface area and regularity resulting from
the careful equilibration of the individual films. This results in
the rapid elimination of the discontinuity in the density of
the polymer at the interface during the simulation. Figure 6

FIGURE 6 Polystyrene density along the nonperiodic thickness
direction for two 10 × 200 films with 1.7MPa CO2 pressure at
several times during a bonding simulation.
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FIGURE 7 (a) Example of the measurement of surface separation at the interface versus time using the 15 chain molecule, 200 psi
PS-CO2 system; (b) Equilibrium surface separation S0 at the interface following 3ns of simulation time as a function of CO2 pressure.
Error bars represent the standard deviation in the measurement.

plots the polymer density across the thickness direction of two
films during a bonding simulation. As shown in this figure,
the deviation in material density from point to point across
the thickness obscures time-dependent change in the den-
sity at any given point. Additionally, the interfacial width—as
measured by the density—does not appear to widen appre-
ciably over the MD timescale. Thus, it is necessary to intro-
duce additional measures to analyze the persistence of the
interface.

A small, localized separation between the surfaces of the
films persists at the interface even after the density stabilizes.
To identify this material discontinuity, the local separation
between atomic surfaces of the films at the interface is mea-
sured by calculating the perpendicular distance between the
van der Waals surfaces of surface atoms in opposite films over
a square grid with resolution 1Å. A mean value is obtained by
averaging the separation at each grid point.

During the bonding simulation, the mean surface separation
rapidly decreases and subsequently stabilizes to roughly its
final value at times ∼300 ps. This is depicted in Figure 7(a).
The curve is typical of all simulation systems, except that the
equilibrium separation S0 depends on CO2 pressure, as seen in
Figure 7(b). In Figure 7(b), the final separation between the
film surfaces increases with increasing CO2 pressure. Thus,
according to this measure, the interface becomes more pro-
nounced with increasing CO2 pressure. This phenomenon
indicates that at least one effect introduced by the presence of
CO2 serves to degrade adhesive strength. However, the mean
separation does not change appreciably over time after the ini-
tial 300 ps of the simulation, while the strength of the bonded
interface continues to develop up to experimental timescales.
This suggests that there are additional factors contributing to
the development of adhesive strength at the interface.

Although the variation in density across the film thickness
partially obscures changes at the interface, it is possible to
measure the rearrangement of the structure of the film sur-
faces at the interface. The diffusion of chain segments across

the interface between the upper and lower thin films is quanti-
fied using the average monomer inter-penetration depth X(t),
given by

X(t) =
∫ ∞
z=0 z(t)C(z, t)dz∫ ∞
z=0 C(z, t)dz

(9)

where C(z, t) is the monomer concentration profile and z(t) is
the distance from a diffusing monomer back to the interface,
as discussed by Wool.25 For the discrete atomistic system, this
measure is calculated as

X(t) =
∑N

i=1 zi(t)mi

2
∑N

i=1mi

(10)

where N is the number of atoms that have crossed the inter-
face, and mi is the atomic mass of the i-th atom. The factor of
1/2 is added to account for the symmetric nature of the films
across the interface. In Figure 8, data from the shorter 3 ns
simulations are shown for all systems, as well as values from
the two extended 33 ns simulations of the 10 × 200 systems
without CO2 and with 1.7MPa CO2. As seen in this figure, the
value of the interpenetration depth increases with increas-
ing CO2 pressure for both film sizes. Contrary to the trend
seen in the mean separation between the atomic surfaces at
the interface, this measure suggests that the bonded interface
becomes stronger with increasing CO2 pressure. Additionally,
the measured values of the inter-penetration depth are shown
to increase appreciably for the longer 33 ns simulations, indi-
cating that a stronger interface should be observed for the
resulting systems. Thus, it is seen that diffusion at the inter-
face is measurably affected upon introduction of CO2 into the
system. However, the overall impact on the development of
adhesive strength is not clearly elucidated by these simple
measurements.

Free Volume Characteristics and Chain Bridging at the
Interface
To further investigate the atomic structure of film surfaces at
the bonding interface, two additional measures are introduced.
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FIGURE 8 Average monomer inter-penetration as a function of
CO2 pressure for two different timescales and film thicknesses.
Error bars represent the standard deviation in the measurement.

First, the free volume at the surface is characterized in terms
of the number and average size of cavities at the interface. A
cavity is assumed to be a contiguous set of grid points where
the separation between film surfaces is greater than 1Å. The
cavity volume is calculated as as discrete sum, expressed as:

VC =A
N∑
i=1

hi (11)

where A is the area of a grid square, N is the number of
grid squares occupied by the cavity, and hi is the separation
between the film surfaces at the grid square. In Figures 9
and 10 free volume data from the shorter 3 ns simulations
are shown for all systems, as well as values from the two
extended 33 ns simulations of the 10 × 200 systems without
CO2 and with 1.7MPa CO2. As seen in these figures, the num-
ber of cavities decreases while their mean sizes increase with
increasing CO2 pressure. It is also noted that the changes in the
cavity number and volume values plotted in Figures 9 and 10
are not statistically significant for the extended 33 ns simu-
lations, indicating that the free volume characteristics do not
contribute significantly to any changes observed in the sys-
tems resulting from the longer simulation time. The combined
effect of these two trends results in an increasing free volume
with increasing CO2 pressure. This is the main contributor to
the mean surface separation trend, detailed above. With this
information, it is possible to reconcile the opposing trends in
diffusion observed above. On the one hand, CO2 plasticizes
the polymer, enhancing diffusion across the interface. At the
same time, pockets of adsorbed CO2 on the film surfaces merge
and persist, inhibiting close surface contact and increasing the
mean surface separation.

Next, the number of chain segments that bridge the inter-
face is considered. The existence of a bridging segment is
identified by a contiguous set of grid points over which the
penetration of a chain of atoms from one film into the other
is greater than the van der Waals radius of the PS united

FIGURE 9 Average number of cavities at the interface as a
function of CO2 pressure for two different timescales and film
thicknesses. Error bars represent the standard deviation in the
measurement (for the 33ns simulations, the error is smaller than
the marker size). Lines are a guide to the eye.

atoms. In Figure 11, the numbers of chain bridges measured
in the shorter 3 ns simulations are shown for all systems, as
well as values from the two extended 33 ns simulations of the
10× 200 systems without CO2 and with 1.7MPa CO2. The fig-
ure illustrates a remarkable trend in the number of bridges.
This value increases with the CO2 pressure, reaches a max-
imum at ∼2MPa, and subsequently decreases with further
pressure elevation. The attainment of the plotted values occurs
in the first few nanoseconds of the simulations, and the val-
ues do not change in a statistically significant way beyond 3 ns
for the two extended simulations. Thus, the development of
chain bridges does not contribute significantly to any changes

FIGURE 10 Average volume of cavities at the interface as a
function of CO2 pressure for two different timescales and film
thicknesses. Error bars represent the standard deviation in the
measurement. Lines are a guide to the eye.
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FIGURE 11 Number of chain segments bridging the interface as
a function of CO2 pressure for two different timescales and film
thicknesses. Error bars represent the standard deviation in the
measurement. Lines are a guide to the eye.

observed in the systems resulting from the longer 33 ns sim-
ulation times. Of the measurements discussed thus far, this
is the first quantity directly related to strength development
that has a maximum at a finite CO2 pressure. The goal of the
remainder of this section is to identify a dynamic mechanism
that can explain why this maximum is observed.

Dynamic Behavior of Chains at the Interface
A study of the dynamic behavior of atoms at the bonding inter-
face sheds light on the trend in the development of bridging
chain segments. The mean-squared displacement for atoms at
the interface is measured as

MSD= 〈|�x(t) − �x(0)|2〉 (12)

where �x(t) and �x(0) correspond to the positions of the atoms at
time= t and time= 0, respectively. The data is gathered over
a period of 200 ps during the bonding process simulations.
In a volume with a height of 1 nm centered at the interface,
the mobility of atoms is found to increase with CO2 pressure
up to a maximum at ∼2MPa. Increasing the CO2 pressure
beyond this begins to limit mobility, as shown in Figure 12,
where MSD data is collected and averaged over the last 2 ns
of the simulation of bonding. Thus, for a particular range of
CO2 pressures, the mobility at the interfacial surfaces can be
enhanced in a manner similar to that observed at the free sur-
faces studied. This trend is similar to that found in the number
of bridges being developed. This infers that an increase in
mobility promotes chain bridging.

Simulation of Interface Decohesion
After the simulations of the initial phase of the bonding pro-
cess, simulations are performed to test the adhesive strength
of the PS interfaces. At the outset of these simulations, inter-
actions between PS and CO2 atoms are turned off, and the
systems are allowed to relax for a simulation period of 50 ps
to mitigate the residual stresses induced by the termination of

the PS-CO2 interactions. A layer of atoms 1 nm thick is frozen
at the edges of the films away from the interface in the non-
periodic thickness direction. These atoms are then displaced
with a uniform velocity to keep the effective engineering strain
rate at ė= 2e8 s−1. This rate is chosen for computational effi-
ciency after performing a sensitivity study to determine the
dependence of strain energy density on the strain rate. In
simulations employing a strain rate of ė= 2e9 s−1, the strain
energy developed is 18% higher than the value obtained for
ė= 2e8 s−1. However at a lower rate of ė= 2e7 s−1, the strain
energy measurement is within 1% of the value obtained at
ė = 2e8 s−1. The films are strained until the interface fails,
over a period of around 0.5 ns, with decohesion occurring at
εf ≈ 6%. This is shown in Figure 13, which plots the stress-
strain curve for each system as it undergoes the process of
decohesion. In every system simulated, the films separate
completely, with decohesion occurring at the original interface.

Interface Integrity: A Strain Energy Density Based Metric
The importance of the chain bridging and mobility data is
demonstrated by the measurement of integrity of the inter-
face that has developed during the simulation of bonding. To
measure this integrity, the stress is calculated for a collec-
tion of atoms initially contained in a volume including the
entire cross-section perpendicular to the thickness direction
and spanning 2 nm around the interface in the thickness direc-
tion. The stress tensor is calculated from the sum of the local
atomic virial stresses as41,42

� = 1

V

∑
i


1
2

∑
j 	=i

(
�rij ⊗ ∂�

∂rij

�rij
‖�rij‖

)
−mi �vi ⊗ �vi


 (13)

Here, �rij is the vector from the position of the i-th atom to
the position of the j-th atom. The velocity �vi is the total veloc-
ity vector of the i-th atom less the contribution due to the

FIGURE 12 Mean-squared displacement for atoms in the inter-
face region over 200ps as a function of CO2 pressure. Error bars
represent the standard deviation in the measurement.
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FIGURE 13 Stress-strain curves for the simulations of interface decohesion. Carbon dioxide pressures in MPa are given in the legend.

affine transformation of the deformation. From this measure
of stress, the strain energy is calculated as

W =
∫ εf

0
� : dε ≈

∫ εf

0
�33dε33 (14)

Here, ε is the Cauchy strain tensor, and εf denotes the strain
developed at interface decohesion, where the maximum nor-
mal stress �33 is achieved. The strain ε33 is defined as the
ratio �L/L0 of the change of length in the nonperiodic direc-
tion to the original length in that direction. It is assumed that
the in-plane stresses and strains are significantly smaller than
those (�33, ε33) in the thickness direction. This measure of
strain energy is used as a metric to determine the relative
integrity of the interface in each molecular system. Figure 14
demonstrates that the integrity is enhanced by CO2 pressure
conditions up to a maximum at ∼2 MPa. Further addition of
CO2 beyond this begins to degrade the integrity of the partially
healed interface.

FIGURE 14 Strain energy density developed up to decohesion as
a function of CO2 pressure.

The strain energy density measured for the system consisting
of two 10×200PS films under 1.7MPa CO2 is 7.67MJ/m3. This
is greater than 50% of the value 414.56MJ/m3 that is obtained
for a virgin 20 × 200PS film subjected to similar simulation
conditions for decohesion. It points to a significant develop-
ment of strength. A sensitivity study is performed to test the
dependence of the strain energy values on time across the
range of MD-accessible simulation times. This study is per-
formed by simulating an interface healing example between
two 10×200 films for 0.5, 1.0, 2.0, 3.0, 6.0, and 33.0 ns under
no CO2 and 2MPa CO2 pressure conditions respectively, and
subsequently testing the decohesion behavior as described
above. As shown in Figure 15, there is an initial phase of lim-
ited strength development for times less than 1 ns, followed
by a rapid development of strength in the 1–3 ns range. This
is followed by a final regime of slow strength development

FIGURE 15 Strain energy density developed up to decohesion as
a function of simulation time for the 10 × 200 polymer system
under two CO2 pressure conditions.
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beyond 3 ns, continuing to 33 ns. This regime of slow strength
development is marked by an increase in the inter-penetration
depth, while the other measured values are stable. This is seen
as an indication of the initial period of strength development
giving way to the longer timescale bond strengthening charac-
terized primarily by the bulk diffusion and interface widening
observed in experiments.

CONCLUSIONS

This molecular dynamics based study is intended to investi-
gate the effect of CO2 on the interface of PS thin films. This
property is important in the fabrication of nanoscale film
structures by bonding thin films. Simulations of bonding at
the thin film interfaces are carried out on 5 and 7 nm thick PS
thin films at 300K. This temperature is below the bulk glass
transition temperature Tbg , but above the surface glass transi-
tion temperature T sg .

9 This temperature is sufficiently high to
allow for limited diffusion of PS chain segments across sym-
metric interfaces between the thin films. The introduction of
increasing pressures of CO2 is found to affect certain important
properties of the polymer at the bonding interface, produc-
ing a strong dependence between interface integrity and CO2
pressure.

Part of this dependence is brought about by two competing
trends. First, the average monomer inter-penetration depth
is found to increase with increasing CO2 pressure. This indi-
cates that the introduction of CO2 facilitates the diffusion of
chain segments across the interface, with increasing amounts
of diffusion for CO2 pressures up to ∼7MPa. The inherent
limitations on the timescale accessible by MD simulation pre-
vents a detailed study of this important mechanism over its
characteristic timescale. However, the extended simulations
performed in this study show that the continued increase
in inter-penetration is accompanied by an increase in the
measured integrity of the film-film interface. Second, the intro-
duction of CO2 into the polymer systems is found to impact
the free volume characteristics of the bonding interface. At
elevated pressures of CO2, free volume cavities at the inter-
face are fewer and larger, and account for a net gain in free
volume at the interface. This increase in free volume leads
to a greater average separation between the film surfaces for
the range of CO2 pressures investigated up to ∼7MPa. It is
found that the changes in free volume characteristics at the
interface stabilize within the MD timescale, with no evidence
of time-dependence observed in the 3–33 ns range of the two
extended simulations that are performed.

The competing mechanisms point to an optimal amount of CO2
required for a maximum enhancement of adhesive strength
at the bonded interface. Much of the strength that is devel-
oped is due to the van der Waals attraction between atoms on
opposite sides of the thin film interface. Processing in a CO2
environment facilitates diffusion of atoms across the interface.
It increases the surface area of the films at the interface and
therefore the number of atoms from opposing films that are
in close proximity. This phenomenon enhances the strength of
the adhesion at the interface. At the same time, CO2 enhances

the free volume in the polymer. Separation between the film
surfaces increases, limiting the strength of the attractive forces
that atoms at the film surfaces exert across the interface.

A second source of adhesive strength at the interface is the
existence of chemically bonded atoms from molecules in one
film, bridging the interfacial gap and penetrating into the
opposing film. It is shown that this process is enabled by the
enhanced mobility that is maximized under CO2 pressure con-
ditions in the neighborhood of 2MPa. As a bridging segment
from one film penetrates into the other, the adhesive strength
of this bridge approaches the strength of the covalent bonds in
the segment. Thus, the energy required to separate the inter-
face at a bridge is potentially much higher than that required
to separate the films when the surfaces are held together with
the weaker van derWaals attraction between the film surfaces.
In fact, increasing the number of bridging segments is demon-
strated to be a mechanism for the development of significant
adhesive strength, as previously theorized.43,44 The develop-
ment of these bridging segments is only observed in the first
few nanoseconds of the bonding simulations. Thus, conclu-
sions the conclusions drawn from the trends observed in this
quantity with respect to varying CO2 pressure are expected to
remain valid at longer timescales.

This study finds that the strongest adhesion is produced for
CO2 pressure conditions in the neighborhood of 2MPa in the
model systems studied. As the sorption of CO2 has a negligi-
ble affect on the tensile strength45 and elastic modulus46 of
PS, it is asserted that the observed increase in strength is due
to enhancement of the interfacial adhesion. While the exact
values of the temperature and CO2 pressure are almost cer-
tainly material- and size-dependent, twomain ideas are widely
applicable. First, for nanoscale polymer structures, the differ-
ence between bulk and surface glass transition temperatures
can be exploited to produce viable bonds at a processing tem-
perature T sg < Tp < Tbg . Second, the enhancement of adhesive
strength at the bonding interface via CO2 is directly related to
the enhancement of chain mobility at the interface, which is
maximum at a finite CO2 pressure.

Lastly, it is noted that the MD timescale prevents the simula-
tion of the complete bonding process. To circumvent this lim-
itation, a careful examination is made of the time-dependence
of the quantities investigated to explain the observed trends
in adhesive strength with respect to CO2 pressure. As a result
of this analysis, it is expected that the conclusions made based
on the results of this study should remain valid even for more
realistic timescales.
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