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Dynamics of poly(vinyl methyl ketone) thin films studied
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Local dielectric spectroscopy, which entails measuring the change in resonance frequency of the
conducting tip of an atomic force microscope to determine the complex permittivity of a sample with
high spatial (lateral) resolution, was employed to characterize the dynamics of thin films of poly(vinyl
methyl ketone) (PVMK) having different substrate and top surface layers. A free surface yields the
usual speeding up of the segmental dynamics, corresponding to a glass transition suppression of 6.5◦
for 18 nm film thickness. This result is unaffected by the presence of a glassy, compatible polymer,
poly-4-vinylphenol (PVPh), between the metal substrate and the PVMK. However, covering the top
surface with a thin layer of the PVPh suppresses the dynamics. The speeding up of PVMK segmental
motions observed for a free surface is absent due to interfacial interactions of the PVMK with the glass
layer, an effect not seen when the top layer is an incompatible polymer. Published by AIP Publishing.
[http://dx.doi.org/10.1063/1.4977785]

INTRODUCTION

Adding complexity to the unsolved problem of the glass
transition is the behavior of glass-forming materials subjected
to physical confinement. When the latter is on the nanoscale,
the resulting enormous surface to volume ratio and the intrusion of the confining geometry on correlation length scales and,
for polymers, the macromolecular coils, give rise to changed,
and often anomalous, properties. One dramatic effect is on
the glass transition temperature, which can be lowered or
increased when a material is confined, with corresponding
changes of the local or segmental dynamics.1–7 The alteration
of the dynamics is strongly influenced by the interface, including its rigidity and the nature of the interactions.8–12 Given the
potential to exploit nano-confinement for applications, understanding how confinement affects the structure and dynamics
of amorphous materials has drawn much attention. However,
progress requires not just further experimental characterization, but also new methods that can yield new insights.
One such method is local dielectric spectroscopy (LDS),
a variation on electrostatic force microscopy13,14 that combines the broad range of frequencies measured by dielectric
spectroscopy with the high spatial accuracy of atomic force
microscopy (AFM). LDS has been developed over the last 10
years, principally by three groups.15–22 In this method, the conducting tip of an AFM is used to polarize a very small area
of the sample (20–30 nm laterally). The tip is supported on a
flexible cantilever, whose resonance frequency, fo , changes on
application of a potential, V, due to the electrostatic force in the
approach direction, F z , between the tip and the substrate. The
most sensitive, highest resolution measurements are obtained
by detection of the force gradient dFz /dz.23 This gradient is
proportional to the shift of the system resonant frequency ∆f ,
.
f0 dFz
,
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where k is the cantilever spring constant. This frequency shift
can be determined very accurately, in particular by measuring
its second harmonic component, ∆f2ω , which is not influenced by the contact potential difference between tip and
sample. Both the modulus and phase are measured, yielding
the sample/tip capacitance, C ∗ ,
∆f2ω (t) = −

f0 2 ∂ 2 C ∗
V
sin (2ωt + δV ) ,
4k 0 ∂ 2 z

(2)

with the phase angle δV given by
.
∂ 2 C 00 ∂ 2 z +
*
/.
.
δV = arctan .
2 0
2
,∂ C ∂ z-

(3)

Thus, the permittivity, ε, of exceedingly small samples can be
obtained.
The polymer studied herein is poly(vinyl methyl ketone)
(PVMK), which has a convenient glass transition temperature, Tg (∼ 38 ◦ C) just above ambient temperature. Using
LDS we observe the usual effect of a thin-film geometry
with an air interface, speeding up of the local segmental
dynamics. However, when the free surface is coated with a
compatible polymer, we find the acceleration of the motions
to be suppressed. This behavior can be ascribed to the constraints arising from interactions with the second polymer,
poly-4-vinylphenol (PVPh), which has a substantially higher
glass transition (158 ◦ C). However, the interactions are not due
to mixing of the two materials, since the PVPh is always in
the glassy state. The PVMK and PVPh form hydrogen bonds,
which do not require interdiffusion of the polymers. These
results are quite different from that observed when the top
layer is an incompatible glassy polymer, for which the thin-film
dynamics are equivalent to that for a free surface.24
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EXPERIMENTAL

PVMK (Mw = 500 kDa) and PVPh (Mw = 25 kDa) were
obtained from Aldrich and used as received. Thin films were
prepared by spin coating solutions of the polymers onto
aluminum-coated glass slides. The thickness of the layers was
controlled by the solution concentration. The average roughness of the polymer film was about 0.25 nm. For bilayer
samples, the last polymer had to be deposited from a solvent
that was a non-solvent for the first polymer layer. For PVMK
on PVPh, chloroform was used, while for PVPh on PVMK,
the solvent was isopropanol. Before deposition of the second
layer, the first was dried under nitrogen at 75 ◦ C for about
15 min. Films were also prepared from a solution of PVMK in
methylketone; the measurements (not included herein) were
consistent with the results using chloroform. Both polymers
are hygroscopic; thus, samples were annealed at 75 ◦ C under
nitrogen for about an hour, stored in a dry box, and then
maintained in a nitrogen atmosphere during the measurements.
A Bruker Multimode 8 AFM was used for the LDS experiments. A first pass was made to measure the topographic
height, with the same path retraced in lift mode (lift height
≤15 nm). During the second pass, the cantilever was oscillated
at resonance (oscillation amplitude = 12 nm) with an ac voltage applied between the substrate and tip. LDS measurements
were performed in the frequency modulation mode described
above. The resonant frequency was tracked by a phase-locked
loop controller (RHK Technology PLLPro2); ∆f2ω and δv
were measured using a dual phase lock-in amplifier (Stanford Research Systems SR830DSP). Two different conductive
AFM tips were used, yielding results in good agreement:
One with a smaller radius (<30 nm) was a platinum-coated,
doped silicon AFM cantilever (Nanosensors PP-NCLPt), having a nominal spring constant k = 38 N/m, and f0 = 154 kHz.
The larger radius tips had a conductive diamond coating, with
nominal spring constant = 60 N/m and f0 = 193 kHz. Results
from the different tips were in good agreement. The instrument
was operated under a nitrogen atmosphere with controlled
temperature.
Note that while LDS probes the entire thickness of the
sample, the electric field is stronger at the surface, potentially
amplifying its contribution to the measured response. However, if any significant difference existed between the dynamics
at the film surface or nearer the substrate, there would be some
broadening of the relaxation spectra, which was not observed
herein. The electric field is uniform across the film area.

FIG. 1. Effect of changing tip distance on the resonance frequency, for
the aluminum substrate bare (squares) and with a PVMK top-side coating
(circles). The solid curves are fits of Eq. (4) with R = 100 nm; θ = 0.60 rad;
k = 68.9 N/m; f 0 = 193 kHz. For the polymer layer, the best-fit ε = 10.4, with
h = 175 nm as determined using the AFM in topographic mode. The frequency
was 100 Hz and the potential in the range from 2 to 9 volts. Error is less than
the symbol size.

frequency is measured as a function of the distance between
the tip and the sample, z. These data are fitted to a function
that takes into account the contribution to the capacitance from
both the apex and conical section of the tip,22
.
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in which ε 0 (= 8.85 pF/m) is the vacuum permittivity, R the
radius of curvature θ the half-angle of the AFM conical tip, and
k is the spring constant of the tip cantilever. These tip parameters are obtained by fitting Eq. (4) to data measured over an area
from which the polymer has been removed, exposing the bare
aluminum. The obtained values of R and θ are consistent with
SEM images of the tip. Subsequently, the measurements are
repeated over an area where the sample is present, and fitting
is carried out with only one adjustable parameter, the complex
permittivity of the polymer. This of course is the quantity of
interest; typical results are shown in Figure 1.
Segmental relaxation of PVMK thin films

RESULTS
Calibration of sample and AFM tip

The thickness of the sample, h, is determined by removing it from a small area of the substrate by scraping with a
sharp blade. The AFM in topographic mode is then used to
measure the resulting change in height. Next the AFM in lift
mode is used to measure the electrostatic interactions, from
which the sample permittivity, the desired material property,
can be extracted. This analysis requires accurate knowledge
of the dimensions of the AFM tip, considered as a cone with
a spherical apex. For each sample the shift in the resonance

The frequency dependence of the sample permittivity
ε ∗ (ω) is determined from the difference of phase angle measured for the bare metal substrate, δVm , and the coated substrate
p
p
δV ; i.e., ∆δV = δVm − δV . To describe the frequency dependence of the permittivity of the PVMK in Eq. (4), we used the
Kohlrausch-William-Watts function25
f
g

β 
(t/τ
)
d
exp
−
K
 + ε ,
(5)
ε ∗ (ω) = ∆ε L̂ −
∞

dt


with τK , β, and ε ∞ constants, and L̂ denotes the Laplace transform. This procedure was carried out for each sample to obtain
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FIG. 2. The phase shift of the resonance frequency for a 175 nm thick
PVMK film at the indicated temperatures. The solid line is the fit of Eqs.
(4) and (5), from which the complex permittivity and hence the relaxation
time are obtained. The scatter in the data points reflects the precision of the
measurements.

the relaxation dispersion. Representative results are shown in
Figure 2 for a 175 nm thick PVMK layer at several temperatures. Note that these peaks are shifted to higher frequency than
the underlying Kohlrausch dispersion. In Figure 3 is a comparison of the peaks for PVMK films of different thicknesses
(55 and 175 nm) at a common temperature. Film thickness has
only a small effect on the peak breadth (β∼ 0.39 ± 0.03), not
greater than the scatter in the measurements.
The relaxation times corresponding to the loss peak
maximum, τ (which is ∼20% larger than τK ), are collected
in Figure 4. The PVMK segmental dynamics become faster
with decreasing film thickness. This is the usual effect for
thin films having a free (air) interface. In Figure 5 we plot
the temperature at which τ = 5 ms. (This is much shorter
than the relaxation time at the calorimetric glass transition.)
For the thinnest film the transition temperature is suppressed
about 7K, with the behavior of the bulk material recovered for
h > 170 nm.

FIG. 3. The phase shift of the resonance frequency for PVMK having a film
thickness equal to 55 nm (squares) and 175 nm (circles) at the indicated
temperature. The solid lines are the fit of Eqs. (4) and (5). Data are normalized
to unity at the peak maximum.
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FIG. 4. Relaxation times determined from the inverse of the dielectric loss
maximum as a function of temperature for various thicknesses of PVMK. The
uncertainty in the ordinate values is less than the symbol size.

It has been shown that the nature of the substrate can
exert an effect on the thin-film dynamics.26,27 One point of
contention is whether the thickness effect is greater in freestanding films than for films supported on a substrate. If this is
the case, the extent of the acceleration of the dynamics would
depend on the strength of the interaction with the substrate. We
found previously that a weakly interacting polymer above an
aluminum substrate did not affect the dynamics of thin films.
Herein we investigate the case of a strongly interacting polymer (glassy PVPh) in contact with the PVMK thin film. As
seen in Fig. 5, there is no apparent change in the thickness
dependence of the dynamics even when the underlying substrate is a polymer that strongly interacts (H-bonds) with the
substrate. The fact that the thinnest films of PVMK had equivalent dynamics, whether on the bare Al substrate or the latter
coated with PVPh, indicates the predominant role of the free
surface.

FIG. 5. Temperature at which the local segmental relaxation equals 5 ms as a
function of the film thickness for PVMK with a free surface (hollow symbols)
and a glassy 15 nm PVPh top-layer (square). The presence (triangle) or absence
(circles) of a 15 nm PVPh layer between the Al substrate and the PVMK has
no effect on the dynamics. Error bars equal the symbol size.
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Effect of loss of free surface

The speeding up of the dynamics in thin supported films
is ascribed to faster dynamics at the polymer/air interface. We
previously found that the dynamics of thin films of poly(vinyl
acetate) (PVAc) was unaffected by a top layer of glassy poly
(4-vinylpyridine), a polymer incompatible with the PVAc.24
That is, replacing the free surface with a rigid material did not
affect the time scale of the segmental motions, in the case of
minimal interaction between the polymer layers. For miscible
polymers, however, a large interfacial region can develop if
both materials have segmental mobility (i.e., are above their
respective glass transition temperatures). The effect on the
dynamics of this interfacial mixing is very large if the two
polymers have different Tg .28
Herein we consider a third possibility—the two polymers
are thermodynamically miscible but one is in the glassy state,
precluding interdiffusion and presumably restricting interfacial interactions. A layer of PVPh (calorimetric Tg 120K
higher than Tg of PVMK29 ) was deposited onto the top (free)
surface of the PVMK. The relaxation times for PVMK in this
laminate are seen in Fig. 5 to be several orders of magnitude
longer than in the absence of the glassy PVPh layer, corresponding to a Tg increase of ca. 13K. There are two possible
origins for this: interdiffusion of the miscible polymers or interactions limited to the interface. The PVPh is in the glassy
state, except when being deposited from solution. However,
during this deposition, the PVMK is below Tg , and unaffected by the solvent (PVMK does not absorb isopropanol).
The presence of the glassy layer of PVPh is confirmed when
the polymer layers are removed by scratching: the top layer
of PVPh develops cracks reflecting its brittle nature (Fig. 6
top). This cracking does not occur when PVMK is scratched
without the PVPh present (Fig. 6 bottom). Thus, the change
in dynamics of the PVMK occurs without interdiffusion of
the PVPh. It arises due to interfacial interactions, specifically
hydrogen bond formation, with the PVPh. Note that although
the thickness of the top layer could not be measured directly,
it is estimated to be about 15 nm, based on deposition under
identical conditions onto a glass slide. This thickness is very
close to our limit for achieving a uniform layer. In principle
Tg of the PVPh in such a thin layer could be lower than in

FIG. 6. Lower image: AFM of the phase measured for 175 nm PVMK film
with no top layer—as prepared (left); after removal of the polymer by scraping
(far right). Upper image: AFM of the phase measured for 175 nm PVMK
film with 15 nm PVPh top layer—as prepared (far left); after removal of the
polymer by scraping (far right); cracked, glassy PVPh surface resulting from
scraping (middle).
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the bulk, but the bulk value is 120K higher than Tg of the
PVMK; thus, the top layer is certainly glassy over the range of
temperatures used (as confirmed by the surface cracking seen
in Fig. 6). For this reason, we would not expect any effect of
using a thicker layer of PVPh.
SUMMARY

The speeding up of molecular motions in thin films having a free surface is observed as well when the free surface
is covered by an incompatible, glassy polymer. The repulsive
nature of the interactions precludes steric or other constraints.
However, when the free surface is covered with a polymer
with which it strongly interacts, the enhanced mobility and a
depression of Tg are absent. We find herein that this suppression of the mobility enhancement occurs even when one of
the polymer layers is in the glassy state, notwithstanding the
restricted interfacial mobility and absence of interdiffusion.
These effects of interactions are not present when the interface is on the substrate side of the thin film; the free surface
enhancement of mobility prevails.
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