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Neutron reflectivity and dielectric permittivity of alternately stacked thin films of protonated and
deuterated poly(methyl methacrylate) were measured to elucidate a correlation between the time
evolution of the interfacial structure and the segmental dynamics in the stacked thin polymer films
during isothermal annealing above the glass transition temperature. The roughness at the interface
between two thin layers increases with the annealing time, whereas the relaxation rate and strength
of the a-process decrease with an increase in the annealing time. A strong correlation between the
time evolution of the interfacial structure and the dynamics of the a-process during annealing could
be observed using neutron reflectivity and dielectric relaxation measurements. Published by AIP

Publishing. [http://dx.doi.org/10.1063/1.4974835]

. INTRODUCTION

Mechanical and thermal stability, especially, the glass
transition behavior of thin polymer films are important factors
in the application of polymeric materials.' Since the discovery
of a strong deviation of the glass transition temperature T in
thin polymer films from that of the bulk,” there has been much
research on the glass transition and dynamics in thin poly-
mer films using various experimental techniques.>* The results
mainly support the existence of a distinct deviation of the glass
transition temperature from the bulk values, although there
are some exceptions.>® There are several candidates for the
physical origin of the deviation of T, including confinement
effects,’ surface and interfacial effects,® the effects of residual
stress and solvents,’ and the effect of adsorbed layer forma-
tion.'” Recently, the non-equilibrium behavior of T, deviation
from that in the bulk and its relationship with the formation
of adsorbed layers have been discussed for some cases.!' Var-
ious experiments have shown that enhanced mobility near a
free surface can exceed the bulk mobility by several orders of
magnitude and can extend for several nanometers into the bulk
polymer, as discussed in the review by Ediger and Forrest.®

In our previous papers,'>~16 T, and the a-process of
stacked ultrathin polymer layers with thicknesses of several
tens of nanometers were investigated when annealed above
T,, to elucidate the effect of the interface on 7, and on the
dynamics of the a-process in thin polymer films. There are
many interfaces between the thin polymer layers in stacked
thin polymer films, which can be regarded as an ideal sys-
tem to investigate the interfacial effects on the glass transition
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dynamics. Thermal measurements using differential scanning
calorimetry (DSC) revealed that T, for as-stacked 13-nm-
thick films of polystyrene (PS) is approximately 26 K lower
than that of the bulk, and T, increases with the annealing
time during the isothermal annealing process and approaches
T, for the bulk,'? which is consistent with previous reports
by Koh and Simon.!”!8 Furthermore, dielectric relaxation
spectroscopy (DRS) measurements on stacked thin films of
poly(2-chlorostyrene) (P2CS)'?>!3 and poly(methyl methacry-
late) (PMMA)'® show that the dynamics of the a-process
changes from thin-film-like dynamics (Arrhenius type temper-
ature dependence of the relaxation time for the a-process, 7,)
to bulk-like dynamics (Vogel-Fulcher-Tammann type temper-
ature dependence of 7, '°-??) with an increase in the annealing
time. Therefore, the deviation of Ty and 7, in thin polymer
films from those of the bulk system can be considered to be
strongly associated with the change in the interfacial interac-
tion or the structure of the interfaces between thin polymer
layers. Direct measurement of the structural changes at the
interface between thin polymer layers within stacked thin poly-
mer films has thus been highly desired, in addition to DSC and
DRS measurements.

The time evolution of the interface between two polymer
layers, i.e., the interdiffusion of polymers, has widely been
studied using various experimental techniques.”>~3? In partic-
ular, neutron reflectivity (NR) is a powerful method for the
investigation of buried interfaces in multilayered thin films.3
A combination of NR with deuterium labeling has enabled the
precise measurement of interdiffusion between two polymer
layers in various polymeric systems.?~32

In the present study, direct observation of the time evo-
lution of the interfacial structure between thin polymer layers
within stacked thin polymer films during isothermal annealing
was performed using NR measurements. DRS measurements
of the a-process on the same stacked thin polymer films during

Published by AIP Publishing.
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the annealing process were also performed. Through combined
NR and DRS measurements, we have attempted to eluci-
date how the change in the interfacial structure between two
layers is associated with the change in the dynamics of the
a-process or the segmental motion of polymer chains in
a stacked thin film geometry. The experimental details are
described in Sec. II, and the results obtained for 2- and 5-
layered thin films of deuterated PMMA (d-PMMA) and pro-
tonated PMMA (h-PMMA) are given in Secs. III A and III B,
respectively. DRS results for 5-layered thin films are given in
Sec. III C. In Sec. III D, a comparison of the results from NR
and DRS is given before the concluding remarks.

Il. EXPERIMENTAL
A. Sample

The polymer samples used in this study were atactic
h-PMMA and d-PMMA, purchased from Polymer Source,
Inc. The respective weight-averaged molecular weight, M,
and the number-averaged molecular weight, M,,, were 1.826
x10° and 1.304x 10° for h-PMMA, and 1.558 x 10° and
8.20 x 10° for d-PMMA. Figure 1 shows the chemical struc-
ture of d-PMMA, where five of the eight hydrogen atoms of
the monomer unit are replaced by deuterium. The scattering
length densities (SLD) of h-PMMA and d-PMMA are
1.14x 10" cm™ and 4.70 x 10'° cm™2, respectively. T, for
bulk h-PMMA and d-PMMA used in this study were 398.3 K
and 401.5 K, respectively, which were measured by DSC dur-
ing heating at 10 K/min after cooling down from 493 K to
room temperature at 10 K/min. The peak temperature of the
dielectric loss due to the a-process T, at 20 Hz is 391.0 K
and 391.9 K for the 22-nm-thick film of h-PMMA and the
27-nm-thick film of d-PMMA, respectively.

Two different types of alternately stacked thin films of d-
PMMA and h-PMMA were prepared for NR measurements.
The thin films were prepared on glass substrates by spin-
coating solutions of 0.5 wt. % d-PMMA or h-PMMA in
toluene. The film thickness was evaluated directly by atomic
force microscopy (AFM) measurements. A d-PMMA film was
floated onto a water surface and transferred to the top of a glass
substrate. An h-PMMA film was then floated onto the water
surface and transferred to the top of the d-PMMA layer on
the glass substrate to form a 2-layered thin film of d-PMMA
and h-PMMA (2-layered thin film). In addition, three films of
d-PMMA, h-PMMA, and d-PMMA were stacked in this order
on the 2-layered thin film, which yielded 5-layered thin films
consisting of alternately stacked d-PMMA and h-PMMA lay-
ers (5-layered thin film). The present geometry of the 2- and
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FIG. 1. Chemical structure of d-PMMA used in the present measurements.
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5-layered thin films of d-PMMA and h-PMMA was used for
NR measurements to obtain structural information from each
layer separately.>*¢ As-stacked thin films were annealed at
333 K for several hours prior to NR measurements.

For DRS measurements, 5-layered thin films of d-PMMA
and h-PMMA with the same geometry as that for the NR mea-
surements were prepared on an aluminum-deposited glass sub-
strate. Aluminum was then vacuum deposited on the 5-layered
thin film to serve as an upper electrode.’”-*® The thicknesses
of the d-PMMA and h-PMMA layers measured by AFM were
27 and 22 nm, respectively. The samples for DRS measure-
ments were also annealed below 350 K to stabilize them before
measurements, as described in Sec. II C.

B. NR measurements

Time-resolved specular NR measurements were per-
formed on a reflectometer, the Soft Interface Analyzer
(SOFIA, BL-16, Materials and Life Science Facility, Japan
Proton Accelerator Research Complex, Tokai, Japan), with
polychromatic wavelengths ranging from 0.25 to 1.76 nm
(double frame mode).>>*® The modulus of the neutron scat-
tering vector in NR is ¢ = 4T” sin 8, where 6 is the specular
reflection angle and X is the wavelength of neutrons. 6 was
set to 0.80° to obtain a ¢ range of 0.1 nm™! <4 <0.7 nm~!.
Two types of NR samples were mounted on the temperature
controllable sample cell. NR measurements were conducted
during isothermal annealing at 409 K. The annealing time ¢,
is defined as the time elapsed from when the temperature of
the sample reaches 409 K. Observed reflectivity profiles were
analyzed using Motofit*! within the IGOR software package to
evaluate various parameters such as roughness and thickness
for characterization of the interface.

As fitting parameters for the 2-layered thin films, we
evaluate two thicknesses of the d-PMMA layer (d;) and the h-
PMMA layer (d}), and two interfacial roughnesses described
by an error function between the d-PMMA and h-PMMA lay-
ers (rp/q4), and between the h-PMMA layer and air (r4/3), as
shown in the inset of Fig. 2. For the 5-layered thin films, fit-
ting parameters were five thicknesses of the top first d-PMMA
layer (d1), the second h-PMMA layer (d5), the third d-PMMA
layer (d3), the fourth h-PMMA layer (d4), and the bottom
fiftth d-PMMA layer (ds), in addition to five roughnesses, r;
(i=1,2,...,5), as shown in the inset of Fig. 5. The r; value
corresponds to the roughness between air and the top d-PMMA
layer, and the r; values (i = 2, ..., 5) correspond to the rough-
ness between the ith and i + 1th layers. Here, the sixth layer
is defined as the glass substrate. For both samples, the rough-
ness between the bottom layer and the substrate was taken into
account and was fixed to be a constant value (1.2 nm).

C. DRS measurements

DRS measurements were performed using an LCR meter
(Agilent Technologies 4292A). The measured frequency range
was from 20 Hz to 1 MHz and the temperature range was
from 273 K to 409 K. The complex dielectric permittiv-
ity €"(w) was obtained from the DRS measurements, where
w=2nf and f is the frequency of the applied electric field.
Prior to DRS measurements, the temperature of the as-
prepared 5-layered thin films of d-PMMA and h-PMMA was
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FIG. 2. Dependence of NR on the modulus of the scattering vector ¢, for
2-layered thin films of d-PMMA and h-PMMA during isothermal annealing
at 409 K. The different colored symbols represent the reflectivity profiles at
various annealing times from 0.33 h to 14.83 h. Each curve, except for that
with ¢, =0.33 h, is shifted along the vertical axis by a certain amount to avoid
data overlap.

changed between 273 K and 350 K at a rate of 1 K/min to sta-
bilize the samples. The following temperature cycle was then
repeated approximately 40 times. One cycle consists of two
steps: (1) cooling and heating processes between 409 K and
273 K at 1 K/min are performed twice and (2) the tempera-
ture is held at 409 K for 1 h after the ramping process. As
discussed in Ref. 13, the sum of the time for which the sam-
ple is held at 409 K can be regarded as the annealing time 7,
because the effect of annealing during the ramping processes
can be neglected.

lll. RESULTS AND DISCUSSION
A. NR of 2-layered thin films

Figure 2 shows the dependence of NR on the modulus
of the scattering vector g for 2-layered thin films at various
annealing times from 0.33 h to 14.83 h during isothermal
annealing at 409 K. Kiessig fringes are observed in Fig. 2.
The shape for the g range of 0.3 nm™! <¢ < 0.5 nm™! has
been changed with an increase in the annealing time. The solid
curves in Fig. 2 show that the observed g dependence of the
neutron reflectivity can be well reproduced using a model func-
tion for the 2-layered thin films that include two thicknesses
and three roughnesses, one at the substrate surface, one at the
air surface, and one between the film layers. Here, the rough-
ness at the substrate surface is fixed to be 1.2 nm, which was
obtained by data fitting over a wider g-range. As a result, four
quantities rp/4, ra/n, d4, and dy were successfully evaluated as
a function of the annealing time, 7,.

Figure 3 shows the roughness in the 2-layered thin films
as a function of the annealing time at 409 K for the interface
between air and the h-PMMA layer r,/j, and that between the
d-PMMA and h-PMMA layers rj4. In Fig. 3, r4/, remains
almost unchanged during the annealing, while the roughness
rniq4 increases with the annealing time. This result suggests that
the interdiffusion of polymer chains occurs at the interface
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FIG. 3. Roughness as a function of the annealing time observed at the
two different interfaces: between air and the h-PMMA layer (red open cir-
cle) and between the d-PMMA and h-PMMA layers (blue open triangle).

The curve is given by rh/d(tu):rg/d + Aryqtd, where rg/d =2.0+ 0.1,

Ay =0.54 +0.09, and @ = 0.30 = 0.02.

between the d-PMMA and h-PMMA layers and the diffu-
sion length at the interface could be larger than the surface
roughness at the surface of the top h-PMMA layer.!

Figure 4 shows thicknesses of the d-PMMA layer d4, and
the h-PMMA layer dj, in the 2-layered thin films as a func-
tion of the isothermal annealing time. The average thickness
between the d-PMMA and h-PMMA layers is also shown
as a function of the annealing time in Fig. 4. The thickness
dg increases with the annealing time, while the thickness dj,
decreases with an increase in the annealing time. Furthermore,
the average thickness between the layer thicknesses of the d-
PMMA and h-PMMA layers, i.e., the total thickness of the
2-layered thin films, remains almost unchanged. These exper-
imental results suggest that, in addition to the increase in the
width of the interfacial region between the d-PMMA and h-
PMMA layers, the averaged position of the interface is shifted
from the d-PMMA side to the h-PMMA side during the isother-
mal annealing process. At the same time, the total thickness
of the 2-layered thin films remains almost constant, which

3
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FIG. 4. Thicknesses of the d-PMMA (blue open triangle) and h-PMMA (red
open circle) layers in 2-layered thin films of d-PMMA and h-PMMA as a
function of the annealing time at 409 K. The average thickness between the
d-PMMA and h-PMMA layers is also shown (green open box). The curves are
givenby dy(ty) = d) + Adgtg and dj(t4) = df) — Adytg, where d) =26.2 0.3,
Ad;=1.7+02, d,? =26.0+0.4, Ad, =2.3+0.3, and @ =0.30 £ 0.02.
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implies that the time evolution of the layered thin film structure
occurs only within the layered thin film itself. The layered thin
films prepared by stacking thin films floated on water surface
could possibly have included water molecules at the interface
between the two thin layers. However, the constant total thick-
ness of the 2-layered thin films during annealing indicates that
no water molecules were included, because the total thickness
would change with the annealing time if water molecules were
included within the 2-layered thin films. In addition to these
reasons, there are two other reasons for no water molecules
as follows: (1) PMMA is hydrohobic, and hence water should
be segregated during stacking procedures, and (2) there is no
large dielectric loss signal related to polar water molecules.

It should be noted here that the constancy of the total
thickness of 5-layered thin films is better than that of 2-layered
thin films, as shown in Fig. 7. If there were water molecules
at the interface between thin polymer layers, the constancy of
the total thickness of 5-layered thin films should be worse than
that of 2-layered thin films. However, this is not the case for
the present experimental results.

A possible explanation for the observed time evolution
of the d; and d; layer thicknesses is given as follows. If
the 2-layered thin films are formed by two polymeric sys-
tems with different dynamical properties, such as different
molecular weights and/or different Ty, then interdiffusion at
the interface exhibits an asymmetric dynamical character.30-32
An interdiffusion model proposed by Jabbari and Peppas*?
describes this asymmetric diffusion. In this model, one phase
consists of a polymer with low mobility (slow component) and
the other phase consists of a polymer with high mobility (fast
component). The time derivative of density of one component
(slow component) can be described by the sum of two terms,
where one term corresponds to the interdiffusion at the inter-
face between the two polymers and the other term corresponds
to the swelling of the slower component by the faster compo-
nent. In this case, the interface defined as the depth at ¢ = 0.5
is shifted to the faster component side with an increase in the
annealing time. Here, ¢ is a fraction of the slow component.
In the present case, T;; of bulk d-PMMA is 3.2 K higher than
that of h-PMMA. The d-PMMA and h-PMMA layers can be
regarded as the slow and fast components, respectively. If this
model is valid, then the thickness of the d-PMMA layer should
increase with the annealing time due to swelling of the slower
component (the d-PMMA layer) by the faster component (the
h-PMMA layer), which is consistent with the observed time
evolution of the d-PMMA layer thickness.

B. NR of 5-layered thin films

In Sec. IIT A, the time evolution of the interface of the 2-
layered thin films was discussed and the characteristic change
in the roughness and thickness of the d-PMMA and h-PMMA
layers was clarified. Here, the NR results for the 5-layered
thin films are also shown, and the interfacial structures are
discussed to extract common properties between the 2- and
5-layered thin films. Figure 5 shows the NR profiles for the 5-
layered thin films with respect to g at various annealing times
during annealing at 409 K. The dependence of the NR profile
on g in the range of 0.25 nm™! < ¢ < 0.35 nm™! clearly
changes with an increase in the annealing time. The solid
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FIG. 5. NR profiles with respect to the modulus of the scattering vector g for
S-layered thin films of d-PMMA and h-PMMA during isothermal annealing
at 409 K. The different colored symbols represent the reflectivity profiles at
various annealing times of 0.34, 1.34,2.34, 3.84, 5.34, 8.34, and 15.34 h. The
curves were evaluated using data fitting with a model function. Each curve is
shifted along the vertical axis by a certain amount to avoid data overlap.

curves show that the observed g dependence of the NR profile
can well be reproduced using a model function that includes
five roughnesses r; and five thicknesses, d; (i = 1,...,5) as
fitting parameters, in addition to one roughness at the substrate
surface.

Figure 6 shows the dependence of the roughness on the
annealing time at various positions within the 5-layered thin
films during annealing. Four distinct roughnesses at the inter-
faces between the d-PMMA and h-PMMA layers, ry, 73, 14,
and rs, increase with the annealing time. Before the mea-
surements, we expected that there is positional dependence
of roughnesses at the interfaces between thin polymer layers.
However, there is not enough resolution to detect the posi-
tional dependence, because of some data scatters due to the
large number of fitting parameters. Nevertheless, the averaged
roughness exhibits a distinct increase with the annealing time,
which confirms that the roughness observed for the 5-layered
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FIG. 6. Dependence of the roughness on the annealing time observed at vari-
ous positions within the 5-layered thin films of d-PMMA and h-PMMA during
isothermal annealing at 409 K. The averaged roughness (rave, ®) is shifted by
—2.5nmalong the vertical axis to avoid data overlap. The curve for r,ye is given
by rave(ts) = ave + Arayetd , Where rgve =3.59 £ 0.08, Araye = 0.56 £ 0.05,
and a = 0.30.
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thin films is consistent with that observed for the 2-layered
thin films.

Figure 7 shows the dependence of the thicknesses on the
annealing time for two h-PMMA layers and three d-PMMA
layers in the 5-layered thin films. The thicknesses of the h-
PMMA layers, d» and d4, decrease with an increase in the
annealing time, while the thicknesses of the d-PMMA layers,
d| and ds, increased slightly with the annealing time, although
there are large error bars that could obscure the dependence on
the annealing time. In contrast to d; and ds, the thickness of
the third d-PMMA layer, d3, increases with the annealing time
in a more distinct manner. If the increase in the thickness of the
d-PMMA layer is due to the swelling of the d-PMMA layer
by the entering of the h-PMMA component into the d-PMMA
layer, then the observed difference between d; (or ds) and d3
is reasonable, because the third d-PMMA layer is covered with
h-PMMA layers on both sides, and the first and fifth d-PMMA
layers are covered with a h-PMMA layer on only one side. The
black curve in Fig. 7 shows that the average thickness over the
five layers remains almost independent of the annealing time,
in a similar manner to that observed for the 2-layered thin films.
Here, it should be noted that the amount of change in d; (or ds)
is smaller than that expected from the NR results for 2-layered
thin films, and that the surface roughness of 5-layered thin
films is smaller than that of 2-layered thin films. This might
come from an incomplete fine tuning of fitting parameters,
because the number of fitting parameters for 5-layered thin
films is larger than that for 2-layered thin films.

Based on these results, we can expect that the observed
dependence of thickness and roughness on the annealing time
for the d-PMMA and h-PMMA layers in the 5-layered thin
films would be the same as that for the 2-layered thin films.
Thus, the time evolution of the interfacial structure observed
for the 2-layered thin films should also occur for the 5-layered
thin films.

C. DRS of 5-layered thin films

The NR measurements reported in Secs. III A and IIT B
show that there is characteristic time evolution of the interfa-
cial structure for both the 2-layered and 5-layered thin films

36 | 409K Average —e— d1 —5—
dy —e—
dj
34 | g4 1
€ 32t 5 .
£
w 30 | E
1]
(0]
c 28
e
£ 26
24 | 1
2|
0 2 4 6 8 10 12 14 16
t, (h)

FIG. 7. Dependence of the layer thickness on the annealing time observed at
various positions within the 5-layered thin films of d-PMMA and h-PMMA
during isothermal annealing at 409 K. The averaged thickness is also plotted
(»). The curve for d3 is given by d3(ts) = dY + Ad3tg , where d) = 27.5£0.2,
Ad3 =1.7+0.1, and @ = 0.30 + 0.02.
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during isothermal annealing at 409 K. The dynamical change
that could occur together with the interfacial change dur-
ing annealing was also investigated using DRS. In situ DRS
measurements were performed on the 5-layered thin films of
d-PMMA and h-PMMA during the annealing process.

Figure 8 shows the temperature dependence of the imag-
inary part of the dielectric permittivity &” for the 5-layered
thin films measured at 20 Hz with various annealing times
from O to 39 h during annealing at 409 K. Two contribu-
tions are evident in the spectra; the a-process (segmental
motion) and S-process (local motion) were observed, similar
to the stacked thin films of h-PMMA layers (without d-PMMA
layers) reported previously. 643

To discuss the time evolution of segmental motion during
the annealing process, the dielectric relaxation strength Ae,
and the peak temperature of the a-process T, at 20 Hz were
evaluated from the dielectric loss spectra in the temperature
domain given in Fig. 8. Data fitting using a model function
consisting of the @- and B-processes with various parameters
such as the temperature, width, and height of the loss peaks for
each component. The detailed procedure is given in Ref. 16.
Figure 9 shows that the peak temperature of the a-process T,
increases with the annealing time, while the dielectric relax-
ation strength of the a-process decreases with an increase in
the annealing time. The dependence of 7, and Ag, on the
annealing time suggests that the dynamics of the a-process
for as-stacked thin films of d-PMMA and h-PMMA changes
from thin-film-like dynamics to bulk-like dynamics during the
annealing process above 7. The observed dependence of T,
and Ag, on the annealing time for the 5-layered thin films of
d-PMMA and h-PMMA is similar to that observed for stacked
thin films of h-PMMA layers.

D. Comparison of DRS and NR results

In Secs. III A, III B, and III C, we have observed the
annealing time dependence of the roughness, /4, and thick-
ness, dg, dj, and d3, for the 2-layered and 5-layered thin films
by NR measurements and that of the dielectric relaxation
strength Ag, and the a-peak temperature 7, by DRS mea-
surements during annealing at 409 K. Each physical quantity
exhibits a characteristic dependence on the annealing time, ¢,,.
Here, we describe the annealing time dependence of a quantity

0.5 ‘ . ‘
= B-process

045
04
0.35

0.25

0.2
409 K, 20 Hz

5-layered thin films

0.15

0.1
260 280 300 320 340 360 380 400 420
Temperature (K)

FIG. 8. Dielectric loss spectra (20 Hz) in the temperature domain for the 5-
layered thin films of d-PMMA and h-PMMA annealed at 409 K for various
annealing times, 0, 1, 2, 3,5,7,9, 14, 19, 29, and 39 h.
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FIG. 9. Annealing time dependence of the dielectric strength of the
a-process Ag, at 20 Hz, and the temperature 7,, at which the dielectric loss
shows a peak due to the a-process at 20 Hz for the 5-layered thin films of d-
PMMA and h-PMMA. The curves are evaluated by Ag, (1) = Asg —Agqy &
and T (t4) = TS + AT o1&, where Agd, =0.25, Ago = 0.013, TS =400.2+ 0.9,
ATy =1.5+0.4, and @ = 0.30 + 0.02.

X (EAeqy, Ty, thja, dg, dp, and d3) as follows:
X(ta) = Xo + AX (1), ()

where X is the initial value, AX is the strength of the relaxation
and/or diffusion, and {(#,) is a reduced function describing the
time evolution of the quantity X. If Eq. (1) with a common
function {(z,) can reproduce the observed dependence of the
X quantities on the annealing time, including those observed
using DRS and NR, we could conclude that there is a universal
physical process behind the DRS and NR results.

Here, it is assumed that the function {(%,) is given by a
power law & with a common exponent of « over six different
X quantities. In order to check the validity of this assumption,
we made data fitting for the dependences of all six X quantities
on the annealing time simultaneously using six sets of Eq. (1)
with individual parameters X and AX, and with a common
parameter «. As a result, the common value of a could be
obtained as follows:

a = 0.30 £ 0.02. 2)

The reproducibility of the observed dependence of the six
quantities on the annealing time can be checked by comparing
the observed data with calculated curves in Figs. 3,4, 7, and 9.
In the present annealing time range, the dependence of the
six quantities on the annealing time can be well reproduced
by a common time evolution described by {(t,) = ¢ with
a = 0.30.

For each quantity X, we can convert the observed values
of X into the values of {(z,) using fitting parameters X, and
AX. Figure 10(a) shows the dependence of the reduced func-
tion £ on the annealing time for six different quantities, Ag,,
Tw, rhid> dg, dp, and ds for the 2-layered and 5-layered thin
films during the annealing at 409 K. Although there are some
scatters in data points, especially for d3 in the 5-layered thin
films, the six different quantities can be well reduced into a
single master curve; therefore, there is a clear similarity in the
time evolution of the six different quantities observed from
both NR and DRS measurements. Therefore, it can be con-
cluded that the time evolution of the segmental motion observed
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FIG. 10. Annealing time dependence of the scaled function ¢ for the dielec-
tric strength Ag, , the a-peak temperature T, , the roughness at the interface
between d-PMMA and h-PMAA in the 2-layered thin films r/4, the thick-
nesses of the d-PMMA and h-PMMA layers in the 2-layered thin films d; and
dj, the thickness of the third layer in the 5-layered thin films d3, observed
during isothermal annealing at 409 K; (a) linear and (b) double logarithmic
plots. The values of Ag,, and T, were evaluated using DRS, and those of r;,/4,
dy, dy, and d3 were determined from NR measurements. The solid curves in
(a) and (b) are given by {(t,) = 1, where @ = 0.30 + 0.02.

by DRS is strongly associated with that of the interfacial
structure observed with NR during the isothermal anneal-
ing process. This result suggests that the thin-film-like glassy
dynamics observed for the stacked thin films of polymeric sys-
tems such as PMMA, PS, and P2CS are due to the existence
of interfacial regions between the two thin layers, and their
disappearance can change the thin-film-like glassy dynamics
into bulk-like glassy dynamics, which has been observed with
several measurements.'>!3:16-17

Figure 10(b) shows the annealing time dependence of
{(t,) on a double logarithmic scale to discuss the underlying
time evolution of the X quantities. Here, the physical meaning
of the power law with the exponent @ = 0.30 is discussed.
In the present case, the reptation time 7; can be evaluated
using the equation 7; = 2R§ /ﬂzDrept according to the stan-
dard theory proposed by Doi and Edwards,* where R, is
the radius of gyration of the polymer chain in question and
Dyepy is the diffusion constant due to the reptation dynamics.
For d-PMMA used in this study, R, and Dyep can be evalu-
ated as follows: Ry =28.1 nm for M, =8.20 10° using the
relation Rg = 0.031 x M,/**5 and Dyepy =2.5x 107 cm?/s at
409 K, from the observed tracer diffusion coefficient at 418 K
for PMMA with M, =4.91 x 10° %6 after correction using the
shift factor log ar = ¢)(T — Tp)/(¢) + T — Tp) with ¢ =10.42,
cg =58.5K,and To =403 K347 As aresult, the reptation time
for the present case is evaluated as 7, = 1775 h. 74 is located
far above the observed range of the annealing time; therefore,
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the translational motion of the polymer in this case could be
controlled by Rouse motion. The reptation and Rouse dynam-
ics predict that the time dependence of the root mean square
displacement should follow a power law #'*# for the time range
shorter than 7, (and larger than the Rouse time). Although it is
difficult to judge the validity of the present discussion because
of the scatters in the data point in Fig. 10(b), the observed
value of @ =0.30 can be comparable to the predicted value
of @ =1/4 due to the Rouse dynamics. Hence, the time evo-
lution observed at the interface during the annealing may be
governed by the Rouse dynamics. Similar behaviors have been
observed at the interface in previous studies.?'-?

As discussed in Sec. III A, asymmetric interdiffusion was
observed in the present case. Therefore, if there is an asym-
metry effect in the diffusion motion near the interface, then
the annealing time dependence of the mean square displace-
ment can be modified.>*3? This could be a possible reason
for the deviation of the exponent a observed in the present
measurements from the theoretically predicted value.

In Fig. 10(b), we notice that there seems to be a slight
deviation from the power-law relation. For 7, > 17 h, there are
the observed data only from DRS measurements. The glass
transition of as-stacked thin polymer films changes into that
of the bulk system with anne21ling,13’16 and hence, the T, and
T, should relax or saturate to the bulk value. On the other
hand, if the reptation model is valid in this case, the mean
squared displacement should increase as a linear function of ¢,
in the longer time region, which leads to an increase in slope in
Fig. 10(b). Below 1, < 17 h, we could observe a nice agreement
between the time evolutions of the DRS and NR results, while
above #, > 17 h there might be a possibility of separation into
two different time evolutions.

IV. CONCLUDING REMARKS

The time evolution of the interfacial structure and the
dynamics of stacked PMMA thin films were investigated
using NR and DRS measurements. The results obtained are
summarized as follows:

1. The dynamics of the a-process for alternately stacked
thin films of d-PMMA and h-PMMA layers has thin-film-
like behavior. Annealing above 7, causes the a-process
to become slower and approach the bulk a-process.

2. Interfacial structures, such as the roughness and the posi-
tion of the averaged interface in the stacked thin films,
change with an increase in the annealing time.

3. The characteristic time scales and time evolution obtained
from NR and DRS measurements were the same; there-
fore, the interdiffusion of polymer chains occurs at the
interface with almost the same characteristic time as the
change in the a-dynamics.

In our measurements, the interdiffusion of polymer chains
proceeds with increasing annealing time, and we expect that
on a final stage of the annealing, a large film with homoge-
neous structure of d-PMMA and h-PMMA could be obtained.
However, during the present annealing process or time range,
2-layered thin films and 5-layered thin films are still highly het-
erogeneous, while the interfacial structure between polymer
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thin layers becomes much broader than before the annealing
above Ty, and the deviation of T, and T, from the bulk values
almost disappears. Therefore, the present results suggest that
the interface roughening mainly causes the disappearance of
T, depression.

The annealing time dependence of the d-PMMA and h-
PMMA layer thicknesses was different for each layer, and
the position of the interface was shifted from the d-PMMA
side to the h-PMMA side in the present study. Preliminary
NR measurement indicated that the position of the interface
is shifted from the h-PMMA side to the d-PMMA side during
annealing, when T, for the d-PMMA layer is controlled to
be lower than T, for the h-PMMA layer by blending lower
molecular weight d-PMMA into the original d-PMMA. At
the present stage, the most probable reason for the shift of
the interface is considered to be the asymmetric dynamical
properties of d- and h-PMMA layers, as discussed in Sec. [T A.
In the case of asymmetric interdiffusion at the interface, the
error function may not be sufficient to describe the interfacial
structure between two polymer layers, but may only be an
approximate functional form. For further detailed discussion,
the possible deviation from the simple error function should
be taken into account for detailed analysis of the NR profiles.

As described in Sec. I, the formation of a non-equilibrium
adsorbed layer might play a crucial role for the deviation
of T, from the bulk. Hence, the growth and development of
an irreversible adsorbed nanolayer at the polymer-substrate
interface due to the annealing above T, could influence the
observed dependence of the structure and dielectric proper-
ties of 2-layered thin films, especially. Such an effect due to
the formation of a non-equilibrium adsorbed layer should also
be discussed to obtain the better understanding of the confine-
ment effects of glass transition and the a-process for polymeric
systems.
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