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’ INTRODUCTION

Interfacial properties, such as adhesion, play an important role
in the performance of components in many areas including the
electronics, automotives, aerospace, and biomedical industries.
Accordingly, it is desirable to findways to enhance the strength of
polymer interfaces while maintaining characteristic bulk proper-
ties for a given application.

Inorganic nanoparticles (NPs), specifically those tailored with
polymer ligands designed to interact synergistically with a
surrounding polymer matrix, can greatly influence the mechan-
ical properties of a glassy polymer matrix.1�5 This influence is
strongly dictated by the nature of the matrix�particle interface.
Considerable work has focused on NPs that strongly interact
with a surrounding matrix to facilitate stress transfer and enhanced
stiffness. However, NPs with polymer ligands that weaken
interactions with the surrounding matrix have also been shown
to positively impact the balance of critical materials properties.5,6

For example, the addition of weakly interacting NPs to bulk
polystyrene alters the high strain mechanical properties and
mechanisms of failure. At an optimal volume fraction, NPs
significantly increase the failure strain of the otherwise brittle
polystyrene (PS), by altering the microstructure of the polystyr-
ene craze, which preempts complete fracture.1 While increasing
ductility significantly, the NPs only modestly decrease the elastic
modulus, E, and glass transition temperature, Tg.

7

Beyond changing bulk properties,8 it has also been demon-
strated that tailored NPs can interact favorably with polymer
interfaces. For example, NPs can spontaneously self-assemble,
similar to diblock copolymers, at immiscible polymer fluid inter-
faces. This effect is driven by a reduction of interfacial tension,
leading to a decrease in total free energy.9 Also, it has been
demonstrated that for enthalpically neutralNPs in a block copolymer,

NPs that are considered large relative to the domain size, remain
in the center of the domain, while small NPs migrate to the
interface.10,11 Furthermore, NPs can stabilize interfaces leading
to a suppression of polymer film dewetting,12,13 and fill in cracks
in polymer surfaces.14,15 Although these examples of interfacial
mobility combined with the demonstrated impact on bulk proper-
ties suggest the potential for using NPs to enhance interfacial
strength, to the best of our knowledge there have been limited
studies on the quantitative effect of NPs on adhesion. Here, we
address the ability of NPs on a polymer surface to affect adhesion
by demonstrating a simple concept for controlling the strength of
a glassy polymer interface.

Specifically, we show that adhesion, as measured by the critical
energy release rate, Gc, for separating an interface, is dictated by
the area fraction of the functionalized NPs at the interface. The
NPs are tailored with surface ligands that match the chemistry of
the two polymer melts, and have a size similar to the radius of
gyration, Rg, of the polymer molecules in the melt. Although a
wide experimental parameter space exists, our current focus is on
the NP area fraction at the welded interface.

’EXPERIMENTAL SECTION

Adhesion Characterization via Symmetric Double Canti-
lever Beam Specimen. The symmetric DCB test is a straightforward
method to quantify Gc at a glassy polymer interface. In this process, a
crack is propagated at the polymer�polymer interface by driving a razor
blade at a constant, slow velocity, v. At steady state, the crack length, a,
ahead of the razor blade remains relatively constant, and if the specimen
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geometry and elastic moduli of the polymer plaques are known, then Gc

can be determined from a.23

Gc ¼ 3Δ2Eh3

16a4R2
ð1Þ
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E is elastic modulus of the specimen plaques, h is the thickness of
the polymer sample, andΔ is the thickness of the razor blade. Here, the
DCB test geometry is exploited to quantify the nanoscale effects
of tailored NPs on adhesion via readily measurable, macroscale
parameters.

All mechanical tests were performed at room temperature. A single-
edge razor blade was inserted at the interface of the adhered PS plaques
to initiate a crack, and then driven at a constant velocity of 10 μm/s to
propagate the crack. The razor blade was mounted to, and translated by,
an automated Newport motorized actuator controlled by LabVIEW
software. A camera mounted above the sample collected images of crack
propagation every 10 s. Images were analyzed with ImageJ to determine
the crack length as a function of time. The elastic modulus, E, of the PS
plaques was measured to be 1.40( 0.073 GPa by uniaxial tensile testing.
A schematic of the general procedure is shown in Figure 1.
Synthesis of Surface-Modified Nanoparticles and Solu-

tion Preparation. Gold (Au) NPs were synthesized using previously
published procedures24 with an average diameter of ∼4 nm and func-
tionalized with short PS-SH ligands (MW ∼ 1500 g/mol) (Supporting
Information). The PS-SH ligands were prepared from a thiourea-
terminated PS precursor, which was synthesized by atom transfer radical
polymerization.25 NPs were dissolved in toluene to produce solutions
of varying volume fractions. A 5 wt % solution of high MW PS (MW =
278 kg/mol, PDI = 1.07, Polymer Source) in toluene was prepared for
coating the bulk PS plaques with a layer of well-defined polymer chains.
Additionally, a 1 wt % solution of low MW PS (MW = 1900 g/mol,
Polymer Source) in toluene was used in the fabrication of control
samples.
Sample Preparation. The PS samples used for DCB testing

consisted of two PS (MW = 350 kg/mol, PDI = 2.0, Aldrich) plaques
that were heated under pressure at 150 �C (Tg + 50 �C) in a melt press
and formed into plaques measuring∼50� 50� 2.3 mm3. To minimize
effects related to polydispersity, a film of low-polydispersity PS was
floated onto the surface of all plaques. The low-polydispersity PS films,
measured to be 300 nm thick by a Filmetrics Thin-Film Analyzer F20
interferometer, were produced via flow coating26 a 5 wt % PS solution in
toluene onto a silicon wafer. After drying, the film was floated in water,
placed on top of the PS plaques, and annealed at ∼130 �C for 3 h. All
flow coating was performed at a constant translational velocity of 7 mm/s
and a gap height of 300 μm.

Three interface types were defined with the following subsequent
procedures:
Nanoparticle Interface. A solution with a specified volume

fraction of PS-functionalized Au NPs in toluene was flow coated on
top of the PS plaques.
Low MW Interface. A 1 wt % solution of low MW PS was flow

coated on top of the PS plaques.
Solvent Treated Interface. Pure toluene solvent was flow coated

on top of the PS plaques.
As an independent control, “neat interfaces”, without NPs or

subsequent treatment, were also prepared.
Two plaques, one with a surface modified according to one of the

three interface treatments listed above, and one nontreated, were brought
together and annealed in a melt-press at 120 �C (Tg + 20 �C) for 2 h. The
resulting adhered plaques were cooled to room temperature and cut into
strips ∼50 � 5 � 4.6 mm3 with a circular diamond saw and then tested
with the DCB method as described above.

’RESULTS

It is well-established that the adhesion, or Gc, of glassy
amorphous homopolymer interfaces depends on the degree of
entanglement among polymer chains, which form effective
binding “stitches” at the interface.16�21 Therefore, Gc increases
with the degree of polymerization, N, of the bulk homopolymer
until the maximum entanglement density is reached.20,22 Gc also
increases with the square root of contact time as homopolymer
interfaces are annealed above the glass transition temperature,
Tg.

17 Therefore, maximum adhesion, or fracture toughness
approaching that of the bulk, develops at long times at temperatures
above Tg. The primary question of interest for this study was to
determine if inorganic NPs modified with short PS ligands can
enhance the adhesion of a glassy polystyrene interface at short times.

To deposit NPs onto a polymer surface, we used a simple
method of flow coating a “wet film” of a NP solution, with height
hwet and volume fraction ϕ. The NPs employed in this system
were surface-modified with PS ligands, allowing for uniform
dispersion without aggregation on the PS film. PS thin films
coated with solutions of NPs of varying ϕ were imaged with a
TEM (JEOL TEM200CX), as depicted in Figure 2. It is evident
that PS surface-modified NPs were well dispersed in PS over a
range of concentrations. Additionally, these images demonstrate
that the area coverage of NPs near the PS interface scales with the
volume fraction of NPs in the deposited solution, proving that
interfacial NP coverage can be adjusted by simply altering
solution concentration. The number of NPs per unit surface
area is proportional to the volume fraction of the NP solution in
the following manner

no. of NP
A

� ϕ
hwet
DNP

3

� �
ð3Þ

Figure 1. Overall experimental approach. (a) Two PS plaques, one of which contains a layer of Au NPs, are brought together and heated at 120 �C for
2 h under pressure in a melt-press to form (b) a self-adhered PS sample with NPs at the PS�PS interface. After cooling to room temperature, (c) a
symmetric DCB specimen test is used to quantify adhesion by driving a razor blade through the interface at a constant velocity, v, while the crack length,
a, is monitored.
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where DNP is the diameter of the NP. Since the factor (hwet/
DNP

3) is maintained relatively constant in our experiments by
maintaining consistent flow coating parameters, variations in NP
area coverage can be achieved by simply altering the ϕ of the NP
solution, as evident in Figure 2.

The strength of the welded interface, Gc, was quantified using
the DCB method as described above with eq 1. Accordingly, it
was found that interfacial strength increased as a function of NP
areal coverage until reaching a maximum value ofGc, nearly twice
the neat interfacial strength, at ϕ ∼ 0.07% (Figure 3).

Although Figure 3 demonstrates that the NP areal coverage
has a strong influence on interfacial strength, the simplicity of our
interface fabrication presents some complexity. To confirm the
role of the nanoparticles on controlling Gc, we conducted two
sets of control experiments.

Toluene is a good solvent for PS; therefore, it is expected that
the toluene will swell the underlying PS and cause disruptions in
surface topology when the toluene solution of NPs is flow coated
directly onto a PS film. To verify that this swelling does not
contribute significantly to the observed adhesion enhancement,
an experimental control test of the solvent treated interface was
carried out in an identical procedure as described earlier, except a
film of toluene only was flow coated onto one of the low-
polydispersity PS films. This solvent treated interface was tested
in the DCB specimen in the same manner, and the results are
included in Figure 4. Solvent treated samples exhibit adhesion
similar to that of the neat samples, much lower than the Gc at the
optimal value of ϕ ∼ 0.07%.

Studies into the effect of the NP capping ligands were under-
taken to further ensure that interfacial adhesion enhancement is a
result of the combined core-ligand and not ligands alone. The
short PS ligands (MW ∼ 1500 g/mol) attached to the NPs may
act as plasticizing agents and accordingly alter adhesion. To
probe this effect, a test of the lowMW interface was performed in
which a solution of low MW PS (1900 g/mol, Polymer Source)
was flow coated onto one of the low-polydispersity PS films

instead of a NP solution. It was calculated that a 1 wt % solution
of low MW PS in toluene correlates to the same mass fraction of
PS ligands present in the optimal ϕ = 0.07% NP solution
(Supporting Information). It was found that this lowMW interface
sample resulted in weakened adhesion relative to the neat samples,
indicating that the NP ligands are not responsible for the observed
enhancement in adhesion. The results are shown in Figure 4.

’DISCUSSION

We have shown that a significant enhancement of the inter-
facial self-adhesion of glassy PS is achieved by deposition of PS-
functionalized Au NPs at the PS�PS interface. The simplicity of
this approach is appealing, but it would be helpful to identify a
primary mechanism for this effect to generalize the approach for
other materials systems. Although no proven mechanism cur-
rently exists, insight can be gained by considering previous
studies concerning the impact of NPs on the mechanical proper-
ties of a polymer matrix on a similar system.7 Accordingly, we
have identified three possible mechanisms that could contribute
to the demonstrated impact of NPs on adhesion: NPs may (1)
alter themobility of polymermatrix chains, (2)modify the effective
local chain end density due to capping ligands, or (3) change the
fracture mechanism.

Figure 2. TEM micrographs of PS thin films flow coated over with Au
NP solutions of varying NP volume fractions, ϕ: (a) 0.001%, (b) 0.01%,
and (c) 0.1%. (d) Plot of the surface area fraction of the NPs calculated
from images a�c as a function of ϕ. It is evident that NP area coverage
scales linearly with solution concentration and NPs are well dispersed
in PS. Inset in (d) is a plot same data on log-log axes.

Figure 3. Adhesion of PS�PS interfaces as a function of AuNP solution
volume fraction, ϕ. The greatest increase in adhesion was observed for
ϕ ∼ 0.07%. The dotted line represents the average Gc for a neat sample
with one standard error shaded.

Figure 4. Plot of the adhesion, Gc, of the low molecular weight and
solvent treated interfaces compared to the neat interface and the optimal
case (ϕ = 0.07%).
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As discussed above, NPs have been shown previously to
decrease the glass transition temperature, or increase the mobility
of matrix polymer chains, in systems where the NP/polymer
interaction is weak.5,6 In our experiments, this effect could cause
polymer chains near NPs and near the bonded interface tomigrate at
an enhanced rate; thus forming more entanglements along the
interface for a given time and temperature of self-adhesion. An
increased number of entanglements would lead to enhanced adhe-
sion. Furthermore, as the area fraction of NPs at the interface
increases the maximum possible number of polymer entanglements
would decrease, thus leading to a decrease in interfacial strength at
higher area fractions of NPs. This effect is observed; Indicating that
competition between a localized increase in themobility of neighbor-
ing polymer chains and the overall decrease of polymer surface area as
a functionof increasingNP surface coverage is a plausiblemechanism.

However, a straightforward calculation indicates that an increase
in mobility leading to an optimization of polymer entanglements is
not a likely mechanism. To simplify calculations, an area of the
nanoparticle�polymer composite was considered, Figure 5, rather
than a volume.

The total area, AT, consists of the area fraction occupied by the
matrix polymer with mobility of bulk PS (ϕM), the area fraction
of NPs (ϕN), and an assumed area fraction of enhanced polymer
mobility at the NP interface (ϕI), such that

ϕM + ϕI + ϕN ¼ 1 ð4Þ
The areal concentration of entanglements can be written as

NE

AT
¼ 1� ϕN � ð1� kÞϕI

Rg, e
2 ð5Þ

where k is a constant representing a modified concentration of
entanglements within the interface region, NE is the number of
entanglements, and Rg,e

2 is the radius of gyration of PS at its
entanglement molecular weight. From geometry,

ϕI ¼ ϕN 1 +
l

DN

� �
l

DN

� �
, for ϕM g 0 ð6Þ

where l is the width of the interfacial region and DN is the NP
diameter. Substituting eq 6 into eq 5 yields

NE

AT
¼

1 + ðk� 1Þ 1 +
l

DN

� �
l

DN

� �
� 1

� �
ϕN

Rg, e
2 ð7Þ

This relationship is valid in the regime where the area of the
matrix is greater than zero, but at a critical concentration of NPs
where the interfacial regions impinge, ϕM is zero. In this regime,
ϕI + ϕN = 1 and

NE

AT
¼ kð1� ϕNÞ

Rg, e
2 ð8Þ

To make comparison to our fracture experiments, we assume

Gc ∼ C
NE

AT

� �
ð9Þ

where C is a material constant and plot Gc with respect to NP
concentration in Figure 5b. This plot assumes that k > 1
(specifically k = 2), or entanglements are enhanced at the
interface region to account for an increase in Gc. The value of
l∼ 10DN was chosen such that the maximum value forGc occurs
at a NP concentration within the same order of magnitude as that
observed in our experiments. This value implies that the interfacial
zone around the NP, where chain mobility is increased, is approxi-
mately 50 nm,which is significantly larger than other relevant length
scales in our materials suggesting that this mechanism is unlikely.

In addition to mechanisms related to the excluded volume of a
rigid, weakly interacting NP, short PS ligands present on the
surface of the NPs may also play a role in increasing the rate of
entanglement formation by increasing the PS chain end density
at the interface.28 This effect is well-known as described by the
bulk plasticization of PS with short PS chains.27 To test this
mechanism, we conducted a control experiment with short PS
chains dispersed at the interface in the absence of NPs. The
results of the control experiment (Figure 4) verified that these
short chains at the interface do not enhance adhesion, but instead
decrease it. Therefore, the presence of a rigid nanoparticle core is
important for developing an enhanced level of adhesion at a given
temperature and time.

Beyond altering the mobility of neighboring chains, the
presence of weakly interacting NPs has been demonstrated to
alter the fracture mechanism of amorphous PS. Lee et al.
demonstrated that CdSe NPs surface-modified with short PS
ligands can increase the failure strain of typically brittle PS thin
films, with a maximum increase of nearly 100% occurring at an
optimal NP volume fraction of 0.7%. Polystyrene, as with many
glassy polymers, generally fails through the formation of crazes,
which are interpenetrating microvoids and fibrils that often

Figure 5. (a) Schematic of a NP composite indicating variables definitions. (b) Calculated Gc as a function of nanoparticle area fraction, where k = 2, l =
10 nm, as described in the text.
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precede fracture. In NP�PS composites, it has been found that
NPs lead to an increase inGc by interfering with the formation of
craze cross-tie fibrils, as shown in Figure 6, which connect main
fibrils providing lateral load transfer to facilitate cracking. Dis-
rupting cross-tie fibrils prevents lateral load transfer therefore,
effectively “blunting” a propagating crack and increasingGc.

1 It is
possible that amechanism similar to the disruption of craze cross-
tie fibrils, which was previously observed directly with TEM in
thin films, is responsible for the observed enhancement of PS
interfacial self-adhesion in the current experiments. This is
supported by the fact that the PS-covered Au NPs in our system
disperse well in PS, and the peak in the plot of Gc vs ϕ is
qualitatively similar to the peak in strain of failure vs NP volume
fraction observed in a previous study on PS-NP composite films.1

Also, X-ray photoelectron spectroscopy (XPS) data (Supporting
Information) of the two fracture surfaces of a PS�PS interface
following a DCB test verify that Au is present on both sides, even
though NPs are initially deposited on only one surface. This
supports the ability of NPs to penetrate both sides of the matrix
at the interface and impact craze formation. A schematic of the

potential effect of NPs on the crazing mechanism at the interface
is depicted in Figure 6.

In addition to the increase in adhesion, Figure 3 reveals a
reduction in Gc at low and high ϕ. Again, this observation is
consistent with the craze/fracture observations of Lee et al.1 At
very low ϕ, there are too fewNPs to significantly disrupt cross-tie
fibril formation; whereas, at very large ϕ, the dense layer of NPs
hinders interpenetration and entanglement of polymer chains at
the interface. Therefore, a decrease in the as-prepared polymer
entanglement density is hypothesized at high values of ϕ,
consistent with the findings and theory presented previously.1

Direct visualization of this proposed mechanism is challenging
due the disruption of craze surfaces in postfracture sample prepa-
ration, but experiments are currently being conducted to provide
future, quantitative insight.

’CONCLUSION

We have demonstrated that PS-functionalized Au NPs in-
crease the self-adhesion of a glassy PS�PS interface. This control
of interfacial strength is achieved by a straightforward method of
NP deposition and characterized with the classical, symmetric
double cantilever beam fracture test geometry. At an optimal NP
solution volume fraction of 0.07%, the critical energy release rate,
Gc, was found to increase by approximately 100% relative to a
neat sample. Control experiments reveal that solvent swelling
and short PS chains alone will not lead to enhanced adhesion.
The mechanical advantages that NPs exhibit along with their
unique electronic and optical properties demonstrate the poten-
tial to produce advanced nanomaterials with numerous enhanced
functionalities.
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