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ABSTRACT: Here we demonstrate a simple, yet powerful
method, atomic force microscopy (AFM) nanomechanical
mapping, to directly visualize the interdiffusion and micro-
structure at the interface between two polymers. Nano-
mechanical measurements on the interface between poly(vinyl
chloride) (PVC) and poly(caprolactone) (PCL) allow
quantification of diffusion kinetics, observation of micro-
structure, and evaluation of mechanical properties of the
interdiffusion regions. These results suggest that nano-
mechanical mapping of interdiffusion enables the quantifica-
tion of diffusion with high resolution over large distances
without the need of labeling and the assessment of mechanical
property changes resulting from the interdiffusion.

Techniques to detect and study diffusion and micro-
structure at an interface have played a central role in

various processings of materials technologies.1−6 Over the past
decades, several techniques have been developed, such as
forward recoil spectroscopy (FRES), dynamic secondary ion
mass spectroscopy (DSIMS), neutron scattering, or neutron
reflectivity, to quantify concentration profiles at buried
interfaces.7−20 In general each requires the selective labeling
of one of the components, and none can simultaneously
provide information related to the microstructure and
mechanical properties within an interfacial region, which can
be important for the ultimate properties of a material.
Recently developed atomic force microscopy (AFM) nano-

mechanical measurements, such as force volume (FV),21−23

harmonic force microscopy,24 band excitation methods,25 and
contact resonance based techniques,26 have become simple and
efficient methods to obtain the elastic and adhesive properties
of materials with surface heterogeneities. In the present work,
by exploiting mechanical properties changes accompanying the
diffusion of two polymers,27 we use AFM nanomechanical
mapping to investigate interdiffusion of two miscible polymers,
poly(vinyl chloride) (PVC) and poly(caprolactone) (PCL).1,28

The variation in the stiffness in the interfacial regions enables
the simultaneous quantification of diffusion kinetics and the
characterization of the microstructure and mechanical proper-
ties within the concentration gradient between the two
polymers.

■ EXPERIMENTAL SECTION
The bilayer samples were prepared according to ref 28. A brief
description is included here: PCL sheets, having a thickness of ∼250

μm and a surface roughness Rq (r.m.s.) of 4.2 nm over 5 × 5 μm2, were
placed on top of the PVC sheets, having a thickness of ∼250 μm and
Rq of 1.3 nm over 5 × 5 μm2. The two sheets were first pressed
together by hand (the press does not induce the diffusion, as
demonstrated by Macosko20) and were then placed in a vacuum oven
at temperature above the melting temperature of PCL (Tm = 60 °C)
but lower than the Tg (80 °C) of PVC to investigate the diffusion
behaviors at a glassy (here is PVC) and rubbery (liquid, here is PCL)
interface. Initially, PCL flowed sufficiently to provide excellent contact
between the two layers. After a set period of time the samples were
quenched in liquid nitrogen to arrest the interdiffusion and freeze-in
the morphology. The bilayers were then ultramicrotomed using a
Leica EM FC6 at −120 °C to obtain a flat surface for AFM
characterization. The cut is normal to the diffusion direction to
minimize influence of the interface morphology. Detailed experimental
information is provided in the Supporting Information (SI).

Nanomechanical mapping was operated in PeakForce QNM
(Quantitative NanoMechanics) mode on a Bruker MultiMode AFM
at ambient conditions. The samples were scanned at constant peak
force of 20 nN using a rectangular silicon cantilever with nominal
spring constant of 25 N/m (OMCL-AC160TS-R3, Olympus Micro
Cantilevers). Actual spring constant was measured by a thermal tuning
method. The applied force between the tip and sample is designed to
be smaller than the yield stress of both PVC (83 MPa, obtained by
compression testing29) and PCL (22 MPa), and only elastic
deformation is involved in the measurement. The oscillation frequency
of the Z-piezo was 1 kHz, and the peak force amplitude was the default
value of 150 nm. The tip radius was obtained by tapping mode
imaging of a Nioprobe tip-check sample and then analyzed by
commercial SPIP software. The reduced Young’s modulus, E*, is

Received: June 3, 2013
Accepted: August 2, 2013
Published: August 6, 2013

Letter

pubs.acs.org/macroletters

© 2013 American Chemical Society 757 dx.doi.org/10.1021/mz400281f | ACS Macro Lett. 2013, 2, 757−760

pubs.acs.org/macroletters


obtained by fitting the unloading curve using the Derjaguin, Muller,
Toropov (DMT) model,30 which takes into account the adhesive force
between the tip and the surface. The DMT theory is expressed by the
following equation

* =
−

E
F F

Rd

3( )

4

tip adh

3 (1)

where Ftip is the force on the AFM tip; Fadh is the adhesive force; R is
the tip radius; and d is the deformation value. E* is the reduced elastic
modulus and has the relationship to sample Young’s modulus, Es, as
follows

ν= − *E E(1 )s s
2 (2)

where νs is the sample Poission’s ratio. Thus, a combination of eqs 1
and 2 gives Es.
When the AFM tip presses against the sample surface at a
constant force, the cantilever will deflect to higher values in
stiffer regions and lower values in softer regions. Figure 1 shows

two typical force curves corresponding to the PCL and PVC. In
the resulting Young’s modulus maps shown in Figure 2, red
regions with lower Young’s modulus are assigned to the PCL,
while purple-black regions with higher Young’s modulus are
assigned to PVC. The histogram in Figure 3 shows statistical
results of the Young’s modulus for samples annealed for 5 and
50 min. The statistical distribution of the Young’s modulus can

be well-described by a Gaussian function with a mean value of
340 ± 38.0 MPa for PCL and 3.2 ± 0.4 GPa for PVC, which are
consistent with that of bulk values.31,32 Thus, the nano-
mechanical mapping can accurately describe the mechanical
properties of these pure components. It should be noted that
the variance in both the Young’s modulus maps and section
profiles in Figure 2 reflects heterogeneities or fluctuations in
both glassy PVC and semicrystalline PCL. Our previous work
has shown that even in standard glassy polystyrene (PS) there
are mechanical heterogeneities that are 2 to 3 nm in size, which
can be identified with fluctuations in viscoelastic properties or
density fluctuations in the material.33 PCL, quenched from melt
into liquid nitrogen, will partially crystallize after it is brought to

Figure 1. Typical force−Z-piezo displacement curve of PCL and PVC.

Figure 2. Young’s modulus maps of the PVC/PCL sample annealed at 72 °C for (a) 5, (b) 20, and (c) 50 min and corresponding modulus profiles
(a’), (b’), and (c’) across the interface, respectively. The Young’s modulus of PVC and PCL is indicated as a dashed line in (a’).

Figure 3. Histograms of nanomechanical mapping. (a), (b) PVC/PCL
samples annealed for 5 and 50 min, respectively, corresponding to the
image shown in Figure 2 (a) and (c).
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room temperature because of its low glass transition temper-
ature (Tg = −60 °C). The coexistence of crystalline and
amorphous regions will lead to the variations in the Young’s
modulus. Other factors, like surface roughness, capillary force,
and density fluctuations will also produce a variation in the
measured Young’s modulus.34

Between the two pure layers of PVC and PCL an area with a
gradient in the Young’s modulus is evident (dark blue to green
to yellow), arising from the interdiffusion of the polymers. The
histogram in Figure 3b shows a broadening of the modulus
distribution in this region that can be fit with a weighted sum of
Gaussian distributions and gives a mean Young’s modulus of
1.08, 1.30, 1.59, 1.78, 1.95, and 2.21 GPa of the interdiffusion
regions. A Young’s modulus profile across the diffusion region
shows that the transition between the Young’s modulus of the
two polymers broadens significantly with increasing diffusion
time (Figure 2 and Figure S1, SI). The width of this interfacial
region is taken as the diffusion length (it was determined using
at least 20 single modulus profiles) and can be obtained by
measuring the transition distance that the Young’s modulus
increases from that of PCL to that of PVC. The diffusion length
for the sample annealed for 5 min is ∼92.0 nm and after
annealing for 20 min increases to ∼421 nm. As shown in Figure
4a the diffusion length increases linearly with time, indicating

that the diffusion rate v between the two polymers is roughly
constant, similar to that seen with Case-II diffusion.35−37

We also directly observed a nonuniformity in the mechanical
properties along the diffusion front, as evidenced by the
mottled texture in the gradient in the Young’s modulus maps at
the diffusion front, as seen in the samples annealed for 5 min
(the inset in Figure 2a) and 50 min (Figure 2c). This
heterogeneity arises, more than likely, from plasticization,
where the glassy PVC at the interface is plasticized by the PCL

chains which, driven by favorable segmental interactions, diffuse
further into the PVC.8 The penetration of the PCL chains may
cause a pressure-driven mechanical deformation process,35

leading to the formation of heterogeneous structure in the
diffusion front. When sufficient PCL segments have diffused
into the plasticized PVC layer, individual PVC chains can then
diffuse into the rubbery PCL layer. Therefore, as chain diffusion
takes place, the width of interfacial regions broadens linearly
with time. The diffusion of PCL into glassy PVC is similar to
the Case II diffusion seen when a solvent diffuses into a glassy
polymer. The major difference here is that the polymer being
“dissolved” here, PVC, cannot be taken away from the interface
rapidly and gives rise to the observed broadening. A detailed
discussion about the nature of the diffusion can be found in the
SI (Figure S2).
We also carried out the diffusion process at different

annealing temperatures. The results plotted in Figure 4b
show an Arrhenius type behavior for the diffusion rate v = v0
exp(−Q/RT), where v0 is the pre-exponential factor, R is the
universal gas constant, and T is the diffusion temperature. A
value for the apparent activation energy for diffusion, Q, can be
calculated from diffusion data at several temperatures. Figure 4b
shows this (80, 85, 90, 95, 100, and 105 °C), giving a value for
Q of 69.8 kcal/mol for the PVC/PCL system. The value is in
the same order of magnitude as that reported previously.28

To conclude, we have shown that the nanomechanical
mapping of diffusion has high resolution (typical spatial
resolution is 5−10 nm, depending on the tip radius and ap-
plied forces) to detect large-range diffusion without external
labeling and staining, allowing one, based on the Young’s
modulus maps, to directly quantify diffusion kinetics, evaluate
the mechanical property, and observe the microstructure of the
interdiffusion regions. These results suggest that nano-
mechanical mapping of diffusion promises to detect various
diffusion behaviors as long as mechanical properties change is
involved.
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