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ABSTRACT: We characterize how film thickness affects the thermo-
mechanical response of free-standing nanofilms composed of a
thermoset polymer, diglycidyl ether of Bisphenol A (DGEBA) with
3,3-diaminodiphenyl sulfone (33DDS), via molecular dynamics.
We find that the glass transition temperature, Young’s modulus, and
yield stress of the films decrease with decreasing thickness with the
later two properties deviating from their bulk values at slightly larger
thicknesses. The relative role of (i) intrinsic size effects, (ii) changes
in quench depth (T — Tg), and (iii) variability in curing degree, on
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the depression of mechanical response of ultrathin films, are quantified. We find that intrinsic size effects contribute over 60% of the

total change in mechanical response for the entire range of thicknesses studied.

1. INTRODUCTION

Free-standing polymer nanofilms, with a macroscopic area buta
thickness in the order of few tens or hundreds of nanometers,
have many important applications in chemical sensors,' nano-
mechanical sensors and actuators,”> chemical separation,4 tissue
engineering,s’6 and electronics.” Novel fabrication techniques have
enabled nanoscale (thicknesses below 100 nm) free-standing
polymer membranes in the past decade.* "' Although extending
a nanometer structure laterally to millimeter or centimeter sizes
remains a major challenge,' the potential applications of polymer
nanofilms in numerous areas have stimulated great research
interests in characterizing their physical properties and investigat-
ing surface and size effects. Understanding the surface and size
effects is also important for polymers used in numerous traditional
industries. For example, in polymer-based composite materials it is
not uncommon to find very thin polymer regions separating or
covering reinforcing fibers or particles.'> Most of the work to date
has focused on thermoplastic polymers and little is known about
size effects in thermosets, despite their technological importance.
In this paper we conduct molecular dynamics (MD) simulations to
characterize the thermo-mechanical response of thermoset thin
films consisting of epoxy resin diglycidyl ether of Bisphenol A
(DGEBA) and cross-linking agent 3,3'-diaminodiphenyl! sulfone
(33DDS).

The glass transition temperature (T,) is perhaps the best-
characterized property in polymer nanofilms and a fundamental
understanding of this phenomenon is critical since several others
physical properties of amorphous polymers are associated with
this transition point. The current state-of-the-art on the T, of
polymer films is reviewed by Alcoutlabi and McKenna in ref14.
Although disagreements persist among different experimental
methods, the general conclusion is that a free surface tends to
reduce the T, of an ultrathin polymer film with thickness below
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approximately 80 nm and the magnitude of reduction and the
critical thickness depends on chemistry and molecular
weight.'>'® An empirical relation between film and bulk T,
proposed for golystyrene (PS) films'” has been supported by
other studies.'® However, the relationship between changes in T,
with size, especially for thermosets, have not been fully
established.

To fully realize the potential applications of polymer nano-
films, an in-depth understanding of their mechanical properties is
also needed; however, few studies have addressed this topic
because of the difficulties in nanoscale measurements. Stafford
et al."” investigated the elastic moduli of ultrathin PS and
poly(methyl methacrylate) (PMMA) films (with thickness from
S to 200 nm) using a buckling-based metrology. The modulus
was found to decrease from the bulk value when the thickness
was reduced below 40 nm. Torres et al.”>*' measured the elastic
modulus of a series of PS and PMMA wrinkled films on an elastic
substrate at ambient temperature using atomic force microscopy
(AFM) and optical microscopy. They found that the elastic
modulus also decreases in comparison to the bulk value as film
thickness decreasing below a critical threshold. These studies
indicate a critical film thickness for mechanical response below
100 nm for various systems. To our knowledge, the yield
behavior of polymer nanofilms has not been characterized. The
interplay between size effects on T, and mechanical response is
critical to develop a fundamental understanding of the response
of nanoscale polymer films.

Although molecular modeling on polymers has become an
indispensible tool for characterizing polymers alongside experiments,
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the overwhelming majority of these studies have concentrated
on thermoplastics.””” ** Among them, a few have studied free-
standing polymer films and mostly concentrated on the glass
transition temperature.”> >* The prediction based on MD
simulations that the glass transition temperature decreases with
film thickness is consistent with experimental results. Yoshimoto
et al.”” used a coarse-grained polymer model to calculate local
dynamic mechanical properties of free-standing thermoplastic
thin films and found that overall stiffness of glassy thin films
decreases with film thickness. Thermoset thin films remain vastly
uncharacterized.

The objective of this paper is to understand the thermo-
mechanical response of free-standing nanofilms of thermoset
polymers. We employ a procedure previously developed by the
authors to build molecular structure of DGEBA/33DDS thermo-
set films that combines MD simulations with a distance-based
chemistry model.*® The thermo-mechanical properties of the
resulting structures are obtained via MD using the open source
code LAMMPS?" and the general-purpose Dreiding force field.**
An alternative to all-atom simulations is coarse grain modeling
where groups of atoms are lumped together into mesoparticles.
These methods are computationally less intensive than all-atom
MD due to the reduction in degrees of freedom and also because
longer time scales can be used to integrate the equations of
motion; consequently, they enable simulations of larger systems
for longer times. However, while there have been significant
advances in coarse-grain potentials”™ >> we are not aware of
generally applicable parametrizations for thermoset polymers
that provide the level of predictive power of all-atom simulations.
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Figure 1. Molecular structures of (a) DGEBA, (b) activated DGEBA,
and (c) 33DDS.

2. DGEBA/33DDS SYSTEMS AND MOLECULAR FORCE
FIELD

2.1. Model System. Figure 1 shows the molecular structures
of DGEBA and 33DDS. Our cross-linking procedure starts with
the “activated” DGEBA molecule shown in Figure 1b. The
reactive sites are highlighted in red. A small model system
consisting of 16 monomers of DGEBA and 8 monomers of
33DDS, denoted (16, 8), is packed into a simulation cell using
the MAPS software.*® With an amine/epoxy molecular ratio
equal to 1/2, a 100% conversion can be, in principle, reached.
The small system is initially energy-minimized using conjugate
gradients method and then equilibrated using an isothermal and
isochoric (NVT ensemble) MD simulation for SO ps. The
simulation cells used for this study are obtained by replication
of this small (16, 8) system followed by additional thermaliza-
tion. The replication depends on the desired film thickness which
ranges from S to 95 nm with a total number of atoms in the initial
models from 17000 to the largest 691 200, as listed in Table 1.

The initial model was packed at 600 K but at a low density
0.5 g/cm’ and an isothermal, isobaric (NPT) simulation with
pressure of 1 atm was conducted for 400 ps to take the system to
its equilibrium atmospheric density, which is about 0.8 g/cm®.
The bulk models were then converted into films with free
surfaces normal to the z-direction by increasing the cell length
along z to create a vacuum separating periodic images of the
films. Periodic boundary conditions are maintained in all three
dimensions. After the liquid film is created it is further equili-
brated by 100 ps of NPT simulations using a Nose—Hoover
barostat that maintains the pressure at 1 atm and the ratios
between the three cell dimensions constant, which prevents the
periodic simulation cells from collapsing in the z direction and
forming a bulk sample. The simulation times are enough for the
liquid samples to achieve equilibrium; this is ensured by mon-
itoring the time evolution of total energy and volume.

2.2. Force Field. The general-purpose Dreiding force field
with harmonic covalent potential functions is employed in all
our simulations. As was done previously, we use Lennard-Jones
(LJ 6—12) functions to describe van der Waals interactions during
the cross-linking process and Buckingham (exponential-6) dur-
ing the calculation of the thermo-mechanical properties of the
films. The Dreiding paper’ describes an initial parametrization
denoted Dreiding/A; we use the final, optimized parameters.
Partial charges on DGEBA/33DDS, are obtained from self-
consistent calculations using the electronegativity equalization
method described in ref 30. The choice of interatomic potential is
motivated from the fact that despite its simplicity, wide range
of applicability and relatively small number of parameters,
Dreiding with electronegativity equalization charges provide a

Table 1. Details of the Computational Samples

Mmonomers

film (DGEBA, 33DDS) initial atoms PBC cell size (nm?)
F1 (256, 128) 17280 10 X 10 X 20

F2 (512, 256) 34560 10 x 10 x 20

F3 (1024, 512) 69120 10 x 10 x 25

F4 (2048, 1024) 138240 10 x 10 x 35

FS (3072, 1536) 207360 10 X 10 X 45

F6 (5120, 2560) 345600 10 X 10 X 65

E7 (10240, 5120) 691200 10 x 10 x 115

film thickness at
300 K (nm) cross-linking time (ns) conversion degree (%)

S.18 3.50 81.25

6.98 3.55 83.89
12.73 3.90 85.06
21.86 2.05 85.01
3143 1.25 85.60
52.00 0.45 89.79
95.53 1.25 84.01
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Figure 2. Conversion degree as a function of simulation time during
MD simulations for bulk and various films.
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Figure 3. Mass density changes during curing for the film F3
(1024, 512) system (T = 600 K).

very accurate description of amorphous polymers. In particular,
it provides an accurate description of elastic properties and
glass transition temperature and the role of cross-linking degree
in epoxy-based thermosets® and thermoplastics.”” We include
electronic versions of the LAMMPS input files for film F1 in the
Supporting Information.>®

3. CROSS-LINKING PROCEDURE

We use our recently developed MD-based polymerization
simulator (MDPoS) to simulate the curing process of
thermosets.”® This method uses MD to describe the dynamics
of the system and periodically check for nearby reactive atoms;
new bonds are created between reactive atoms within a capture
radius and a multigroup, multistep relaxation procedure is used
to turn on new bonds smoothly. We run the procedure at T'= 600
K, higher than experimentally, since we found that the increased
mobility decreases network strain. The degree of conversion is
defined as the ratio between the number of new bonds created
and the maximum possible number of bonds between reactive
carbon and nitrogen atoms. The conversion procedure is
stopped when the conversion degree exceeds 85% or when the
simulation time reaches a limit of 4 ns; as will be described below
this leads to conversion degrees varying from 81.25 to 89.89% for
the various films and bulk systems.

During simulations of the curing process, the conversion
increases very quickly in the early stage but then slows down
while the network grows continuously. All the seven model
systems reached over 80% conversion. Figure 2 shows the
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Figure 4. Density profiles across the film thickness for films F1 and F3
(T =300 K).

evolution of conversion degree as a function of time; interest-
ingly, thin films, with a larger fraction of undercoordinated
surface molecules, exhibit slower reaction rates. Limited by the
maximum simulation time (~4 ns), final films with different
thicknesses have slightly different conversion degrees from
81.25% to 89.89%. This will be taken into account in the
comparison of film properties.

The curing process can be further monitored following the
change of total energy or density. Figure 3 shows the changes of
average mass density as a function of conversion degree for film
F3 (thickness 12.73 nm). As expected, the density increases with
increasing conversion degree. Interestingly, we find a density
increase of 20% for the F3 film system, much higher than the
approximately 14% for (1024, 512) bulk system.

4. DENSITY PROFILE AND SURFACE ENERGY

Before cooling down, the cross-linked systems are equilibrated
at 600 K for 200 ps using NPT simulations. The equilibrated
structures are then cooled down to 300 K using NPT simulations
where the ratio between cell dimensions are kept constant to
avoid the collapse of the simulation cell dimension in the
direction normal to the film surface. The cooling is performed
in steps of 20 K running 40 ps at each temperature. Cooling rate
has a significant effect on structural relaxations and T,; conse-
quently, rate effects should be accounted for when comparing
results corresponding to different rates, for example when MD
results are contrasted with experiments.*>** In our case, all films
and bulk are cooled down with the same rate and, thus, size
effects can be compared directly.

4.1. Density Profile. In order to calculate density profiles of
the films we divide them into bins of roughly 2 A width along
their thickness and compute the total mass inside each bin based
on atomic coordinates. Two typical density profiles are shown in
Figure 4. We see that the average density in the interior of the
films recovers almost exactly the bulk density (~1.17 g/cm® from
our MD simulation and slightly less than the experimental value
~1.23 g/cm”) regardless of film thickness. In the surface layers in
both sides of a film, the density decreases to nearly zero. The
thickness of the surface layer is less than 1.5 nm if counted from
where the density begins to drop from its average values and does
not depend on film thickness. This value is consistent with
previous studies on thermoplastics.””***!

On the basis of the method of Gibbs dividing surface (GDS) =
we also calculated the effective film thickness h.g, defined as the
distance between the left and the right GDS positions. The
average density of a film is obtained by taking the mean value of
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mass densities of 1/3 bins located at the central part of the film.
The interfacial thickness is then obtained by (hm. — heg)/2,
where h,,,, stands for maximum film thickness. The calculated
interfacial thickness is approximately 0.75—0.85 nm at the room
temperature and in excellent agreement with previous predic-
tions for thermoplastics.*’ This result indicates that thermosets
and thermoplastics thin films exhibit very similar interfacial
thickness. Temperature has a weak influence on interfacial
thickness, see Figure 5. While our simulations exhibit large
fluctuations intrinsic to the size of MD simulations, it is inter-
esting to note that fluctuations in interfacial thickness increase for
high temperatures. We see a noticeable increase at a temperature
just below the overall T, of the film, Figure 5; this observation
may be related to the glass transition temperature of the surface
layer being lower than that of the entire film.**

4.2. Surface Energy. A fundamental property of free-standing
nanofilms is the surface energy (SE). For amine-cured epoxies,
similar to our systems, experimental values of SE have been
reported between 41 and 47 mJ/m”.*> We calculate the SE using
the standard expression (Ugy — Upuic) /24, where the Ugy, is the
potential energy of a film, U,y is the corresponding energy of a
bulk sample and A is the area per free surface of the film (two free
surfaces for a free-standing film).

Table 2 lists the total SE and the contributions from bonded
and nonbonded components of the Dreiding force field com-
puted for the film F3 (12.73 nm in thickness). The standard
errors in the SE calculations were obtained by propagating
standard deviations in the individual MD results, ie.,, Og5” =
Oﬁlmz + Opu’. The total SE of 30 & 15 mJ/m? is in good
agreement with the experimental value for amine-cured epoxies.
We find the dominant term in the SE to be van der Waals
interactions. The energy contributions from the changes in bond
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Figure 5. Interfacial thickness for a system (F3) as a function of

temperature (the corresponding T, = 507 K; open symbols represent
individual thickness data corresponding to different times at the same
temperature; filled symbols are averaged thickness).

angles, bond torsions and electrostatic interactions are of similar
magnitude though different in contributing positively or nega-
tively. Interestingly, angle and torsion energies in the thin films
are lower than in the bulk; this is due to relaxation of network
strain near the free surfaces.

5. GLASS TRANSITION TEMPERATURE

The glass transition temperature (Tj) for nanofilms can be
determined from the density changes during cooling down of
systems. Figure 6 shows the average density as a function of
temperature for two films: one is very thin and another is
relatively thick. A general trend of density increasing with
decreasing temperature can be observed and the change in
slope of the curves denotes T,. Despite the larger fluctuation for
very thin films, the slope change can be accurately determined
by linear fits to the data for the low and high temperature
regimes. The actual number of T, and associated error esti-
mates are obtained from the density—temperature data using
segme1)1t3e9d regression (R* > 0.998 with p value <0.0001 for
F_test).
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Figure 6. Determination of glass transition temperature for nanofilms:

(a) film F1; (b) film F6.

Table 2. Calculation of Surface Energy

energy Egiim (kcal/mol) Epux (kcal/mol)
bond 27896 (£153) 27824 (£136)
angle 38963 (£105) 39114 (£135)
dihedral 15394 (+49) 15570 (£84)
improper 1832 (£20) 1849 (£20)
van der Waals 22183 (£102) 21521 (£119)
coulomb —58558 (£170) —58688 (+190)
total 47710 (£170) 47190 (£+199)

“Surface area: A = 59.84 nm* * Surface energy for amine-cured epoxy by experiments: 41—47 mJ/m".

Egim — Epu (keal/mol) surface energy (mJ/m”)"

72 (£205) 4(£12)
—151(£171) —9(£10)
—176 (£97) —10 (£6)
—17 (+28) —1(£2)
662 (£157) 38 (£9)
130 (4255) 8 (£15)
520 (£262) 30 (£15)°

243
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Figure 8. Stress—strain curves for films under in-plane uniaxial tension.

Figure 7 displays the variation of T, as a function of film
thickness h. T, gradually decreases as the film thickness de-
creases. The maximum T, depression for the thinnest film in this
study is about 60K from the bulk value. Experimental works on
PS films have led to an empirical relation for T as a function of
film thickness (h): Ty(h) = Tg(bulk)[1 — (a/h)°] with param-
eters a = 3.2 nm and O = 1.8 for PS."”"® We find that this function
captures our MD data for DGEBA/33DDS thermosetting films
accurately with a = 1.8 nm and 0 = 2.0. The fitting curve is shown
as a dashed line in Figure 8.

Note the T, shown above can only be understood as an
averaged property for a film because it is based on the averaged
density of the film. There is evidence that the T, in the surface
layers around the GDS positions would be much lower as
suggested by previous studies of a two-layer model.** The lower
T, at the surface layers may be counted as the main reason for the
T, depression for the overall film. However, in thermoset
polymers there is also another contributing factor for T, depres-
sion in ultrathin thermoset films: changes in conversion degree.
Figure 2 shows that conversion becomes much slower for
ultrathin films. So the thinner films are very likely to have a
lower conversion degree than the thicker film. Our previous
studies®**” on bulk polymers have concluded that a 5% variation
in conversion degree leads to a change of approximately 10—15
K on T,. The inset in Figure 7 shows the conversion degree for
films with different thickness. Thus, we estimate that 20%
depression can be attributed to the lower conversion.

6. YOUNG'S MODULUS AND YIELD STRESS

The mechanical properties of nanofilms are important for
most applications. We obtain the Young’s modulus and yield
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Figure 9. Mechanical properties versus film thickness: (a) Young’s
modulus and yield stress; (b) yield strain (colored shadows indicate
error estimates for the bulk polymer).

stress for the film structures via nonequilibrium MD simulations.
The films are uniaxially stretched along one of their periodic
directions and a stress of 1 atm is maintained in the transverse
direction. The cell dimension normal to the film surface is kept
fixed at the initial value chosen to minimize electrostatic inter-
actions between periodic images of the films. Because of this large
fixed size in the dimension normal to film surfaces, the stress
computed using the virial theorem by the MD simulation code
(LAMMPS in our case) is not the actual stress and needs to be
corrected by multiplying with the ratio of the fixed dimension to
the actual film thickness. Stress—strain curves, as shown in
Figure 8, are obtained under a strain rate of § X 10% s *. While
this rate is high compared to what is used in experiments (other
than shock loading) it is standard in MD simulations.

We obtain Young’s modulus by linearly fitting the MD raw data
up to 4% strain (the error estimate in the figures is from the
fitting). The yield stress is taken as the average between the
maximum stress peak and its nearest local minimum (the error bar
represents the difference between these two values) from the
stress—strain curve, which is for the stress and strain after 100-
points rolling average over the MD raw data. Figure 9a shows the
Young’s modulus and yield stress at T = 300 K for films with
different film thickness. It is clear that both Young’s modulus and
yield stress decrease with film thickness relative to the bulk values.
We calculate the yield strain corresponding to the yield stress
defined above and its dependence with film thickness is depicted
in Figure 9b. We find that while yield stress shows a clear size
dependence, all the yield strain values lie within the range 10—14%
(error bar indicates the difference of maximum and minimum).
These values are also very close to the yield strain of bulk samples
indicating that yield strain is very insensitive to film thickness.

Three factors can contribute to this reduction of film mecha-
nical response with decreasing size. First, the conversion degree
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Figure 10. Effect of quench depth on mechanical properties (open
symbols, films and bulk tested at various temperatures; full symbols,
films of different thicknesses tested at T = 300 K).

is slightly different for films with different thickness, as men-
tioned above. Previous MD simulations on a similar thermoset
system” quantified the increase in Young modulus and yield
stress with conversion degree. In the present case, the maximum
deviation in film and bulk conversion is £5%. Our prior results
indicate this conversion factor contributes no more than 10% to
the reduction of film mechanical properties.”® The second and
third factors are associated with size effects on T, and intrinsic
mechanical properties. The ultrathin films have T, lower than the
bulk system. Thus, room temperature mechanical properties
represent different degrees of quench depths (T - T,) for
different polymer thicknesses with the consequent effect on
mechanical response. Thinner film samples with smaller quench
depths would be expected to exhibit depressed moduli and
strength. These effects are extremely difficult to separate
experimentally.”® To test this effect we carried out mechanical
deformation simulations for the various films at different testing
temperatures, to vary the quench depth independently of film
thickness. Parts a and b of Figure 10 show the Young’s modulus
and yield stress, respectively, as a function of T — T, for various
films tested at different temperatures (the testing temperature can
be recaptured by adding T' — T, with T for a specific film given in
Figure 7). The black lines with full symbols show the data obtained
at room temperature but for different film thicknesses; the other
curves correspond given thicknesses tested at various tempera-
tures. Figure 10 separates the contribution to quench depth (open
symbols) and intrinsic size effects on mechanical properties for a
constant quench depth. We find a decrease in Young’s modulus of
approximately 0.7 GPa from bulk to a 7 nm film when compared at
equivalent quench depths. Interestingly this stiffness depression is
relatively insensitive to quench depth since the various samples
exhibit similar softening with temperature. Very similar trends are
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Figure 11. Mechanical properties versus film thickness at the same
quench depth T — Ty= —160 K.

observed for the yield stress, Figure 10(b), with a rather significant
reduction in strength of about 100 MPa. If we compare the
properties at the same T — T,, the temperature effect on the
reduction of the film properties relative to bulk system is estimated
within 10—30%. Larger effect is seen on thinner films because of
their lower T,

The intrinsic size effects on mechanical response are shown
Figure 11 where mechanical properties are shown versus film
thickness at the same T — T, = —160 K, i.e., excluding the
quench depth effect. The remaining issue is the origin of this
intrinsic size effect. In section 4.1 we have seen that the thickness
of the surface layer is about 1.5 nm regardless of film thickness.
The mass density in this surface layer is nonuniform and much
lower than the density in the interior layer. The surface layer also
has been predicted to have a much lower T,. Thus, lower stiffness
and strength are expected for the two surface layers. Simulations
of Yoshimoto et al.*’ on local mechanical properties of thermo-
plastics provide a support to this expectation. If we describe the
polymer nanofilm as a composite with a stiff and strong interior
surrounded by two softer and weaker surface layers, the rule of
mixtures for an isostrain condition can be used to model the
reduction of film stiffness and strength. Assume that the surface
layer with thickness hg,fce =1.5 nm has a average Young’s
modulus Eg,fe. =1.0 GPa and a yield stress Ogyface =60 MPa,
and the interior layer exhibits bulk properties, simple calculations
based on the rule of mixtures (E = Epu(l — hgyace/h) +
Esmj'ace(hsmj'ace/h)) 0= ohulk(l - hsu;fuce/h) + Osmface(hsm:face/h))
in which h is the film thickness) result in the two dash lines in
Figure 11, leading to very good agreement with the simulation
data. Because of the roughly fixed thickness of the surface layer,
the volume fraction of surface layers in thicker film is small
compared with thinner films. Thus, the surface effect on thicker
films is relative small. This explains why film properties approach
to the bulk’s when film thickness increases.

7. CONCLUSIONS

‘We have conducted MD simulations on free-standing thermo-
set polymer nanofilms. The curing simulations using MDPoS
indicates that a significant slowdown of chemical reactions as the
thickness of the films decrease and that ultrathin films may
exhibit lower curing degrees than their bulk counterparts. The
glass transition temperature is found to decrease with decreasing
film thickness deviating from their bulk value at critical thickness
in the range of 50—80 nm. Young’s modulus and the yield stress
are also found to decrease with decreasing film thickness but with
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a slightly larger critical thickness of around or over 100 nm. Our
simulations also show that the depression of mechanical proper-
ties in thin films is dominated by intrinsic size effects with the
difference in quench depth and variations in cross-linking degree
accounting for less than 40% of the change observed from the
bulk to a 5 nm film.

B ASSOCIATED CONTENT

(s ) Supporting Information. Dreiding and LAMMPS data
files. This material is available free of charge via the Internet at
http://pubs.acs.org.
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