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ABSTRACT
In this study, we investigated the diffusion dynamics at the interface between deuterated poly(methyl methacrylate) (d-PMMA) and proto-
nated poly(methyl methacrylate) (h-PMMA) in two-layered thin films of d- and h-PMMA layers via neutron reflectivity (NR) measurements
during isothermal annealing above the glass transition temperature Tg. When Tg of d-PMMA was higher than that of h-PMMA, the d-
PMMA layer thickness increased with increasing annealing time ta and, simultaneously, the h-PMMA layer thickness decreased. However,
the opposite ta dependence of the layer thicknesses was observed, if the Tg of d-PMMA was decreased by the increase in the fraction of the
low-molecular weight d-PMMA: With increasing ta, the d-PMMA layer thickness decreased and the h-PMMA layer thickness increased when
Tg of d-PMMA was lower than that of h-PMMA. This change in the ta dependence of the layer thickness was related to the change in the
mobility of the d-PMMA layer accompanied by the change in the Tg value of d-PMMA. With the decrease in the d-PMMA layer thickness
from 49 nm to 13 nm, when the h-PMMA layer thickness was maintained, the ta dependence of the layer thickness changed and the mobility of
the d-PMMA layer dramatically increased. These results suggest that the mobility of thin polymer films can be determined by the observation
of interfacial dynamics via NR measurements.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5132768., s

I. INTRODUCTION

Amorphous materials exhibit glass transition at which the ther-
mal and mechanical properties change dramatically, although no
structural change is typically accompanied by this transition.1–3 The
mechanism of the glass transition has been one of the most impor-
tant problems in condensed-matter physics that needs to be solved.4

Hence, glass transitions in confined geometries such as thin polymer
films5–9 and molecules in nanopores10 have been intensively inves-
tigated in the past two decades. These studies have revealed a clear
deviation of the glass transition temperature Tg from that of the bulk
system via several experimental techniques.7 Such a deviation from

the bulk is thought to be strongly related to the physical mechanism
of the glass transition. Recent studies have suggested that the glass
transition and related dynamics in confined systems are governed by
surface and interfacial effects,11–14 as well as by the adsorption effect
of polymer chains attached to the substrate.15–17 Dynamical proper-
ties such as the glass transition of thin polymer films are controlled
by the surface and interfacial effects and time-dependent properties
of the adsorbed layers.18

Previous studies8,9 investigated the glass transition and dynam-
ics of the α-process in thin polymer films by dielectric relax-
ation spectroscopy (DRS). After the studies reported by Koh and
Simon,19,20 the Tg and α-process in stacked thin polymer films
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such as polystyrene,21 poly(methyl methacrylate) (PMMA),22,23 and
poly(2-chlorostyrene)21,24 during annealing above Tg have been
investigated by DRS and differential scanning calorimetry (DSC).
This study revealed that the decreased Tg for the as-stacked thin
films changes into the Tg of the bulk system; accordingly, the
dynamics of the α-process changes from thin-film-like dynam-
ics to the bulklike ones with the increase in the annealing time.
These results suggest that interfacial interactions play a crucial
role in determining the glass transition dynamics of thin polymer
films.

Neutron reflectivity (NR) measurements constitute a powerful
tool for determining the surface structure of thin films and the inter-
face between two layers.25,26 By NR, the thickness and density of thin
layers and the roughness at the interface, which is the width of the
interfacial region between two directly adjacent layers, can be exam-
ined.27–38 In a study reported previously by our group, NR measure-
ments were conducted in addition to DRS for multilayered thin films
consisting of deuterated PMMA (d-PMMA) and protonated PMMA
(h-PMMA) layers.39 NR and DRS measurement results revealed that
the time evolution of the structural change at the interface between
the d- and h-PMMA layers is strongly correlated with that of the
dynamics of the α-process during isothermal annealing above Tg.
In this study, asymmetric interdiffusion at the interface between the
two layers was also observed, i.e., the d-PMMA layer swells and the
h-PMMA layer shrinks during annealing, when the Tg of d-PMMA
was higher than that of h-PMMA. Such asymmetric interdiffusion is
often observed for thin films composed of two layers with different
mobilities.32,37 Hence, the question of how the asymmetric interdif-
fusion can be correlated with the dynamics and Tg in thin polymer
films needs to be answered.

In this study, NR measurements on different two-layered thin
films of d- and h-PMMA layers were conducted to resolve the above-
mentioned question. In Sec. III A, two-layered thin films of type
I were used. Here, Tg of the d-PMMA layer was changed and Tg
of the h-PMMA layer was maintained to investigate the correla-
tion between the mobility difference between the two layers and
the annealing-time dependence of the thickness of the two layers.
In Sec. III B, two-layered thin films of type II were used. Here, the
initial thickness of the d-PMMA layer was changed and that of the
h-PMMA layer was maintained to investigate the thickness depen-
dence of the interdiffusion at the interface between the two layers
during annealing. Combining the results for these two types of two-
layered thin films, we demonstrated the evaluation of the mobil-
ity of the d-PMMA layer from NR measurements. The obtained
results suggest that there is a strong correlation between the inter-
diffusion at the interface and the dynamics of the thin polymer
films.

II. EXPERIMENTS
A. Sample

Atactic h-PMMA and two d-PMMA with different molecu-
lar weights were used (Polymer Source, Inc.). The weight-average
molecular weight Mw and the number-average molecular weight
Mn of h-PMMA were 3.230 × 105 and 2.255 × 105, respec-
tively, and the corresponding values for one type of d-PMMA
(d-PMMA-1) were 2.63 × 105 and 2.29 × 105, and for the

TABLE I. Two-layered thin films of d-PMMA and h-PMMA layers of type I, for which
the Tg value of the h-PMMA layer remains constant, while that of the d-PMMA layer
changes between 403 K and 395 K upon blending of d-PMMA-1 and d-PMMA-2 with
fractions from 1.0:0.0 to 0.6:0.4. Also shown in this table are the fraction between
d-PMMA-1 and d-PMMA-2, initial thicknesses of h- and d-PMMA layers [dh(t0) and
dd(t0), where t0 is the initial time], and Tg of d-PMMA. The Tg value of h-PMMA is
396.4 K.

d-PMMA-1/ dh(t0) dd(t0) Tg (K)
d-PMMA-2 (nm) (nm) d-PMMA

PMMA-b1 1.0:0.0 25.3 35.2 403.1 K
PMMA-b2 0.9:0.1 26.5 27.7 402.0 K
PMMA-b3 0.8:0.2 30.1 32.8 400.9 K
PMMA-b4 0.6:0.4 32.2 34.9 395.3 K

other type of d-PMMA (d-PMMA-2), they were 7.63 × 103 and
7.00 × 103. All eight hydrogen atoms of the h-PMMA monomer
unit were replaced by deuterium to obtain the d-PMMA monomer.
The scattering length densities (SLDs) of h-PMMA and d-PMMA
monomers were 1.06 × 1010 cm−2 and 6.46 × 1010 cm−2,
respectively.40 Tg values for bulk h-PMMA, d-PMMA-1, and
d-PMMA-2 were 396.4 K, 403.1 K, and 384.0 K, respectively,
which were measured by DSC during the heating process at
10 K/min.

B. Two-layered thin films
Two types of two-layered thin films of d-PMMA and h-PMMA

were prepared. In the case of type I films, the thicknesses of d-
PMMA and h-PMMA layers were maintained at ∼30 nm (±5 nm).
Only the Tg value of the d-PMMA layer was changed by blending
d-PMMA-1 and d-PMMA-2 with various fractions (Table I). With
the increase in the fraction of d-PMMA-2 from 0 to 0.4, the Tg value
of d-PMMA-1 and d-PMMA-2 blend decreased from 403.1 K to
395.3 K, which was measured by DSC. On the other hand, Tg of
h-PMMA remained constant at 396.4 K.

In the case of type II films, the thickness of the h-PMMA layer
was ∼25 nm, while that of the d-PMMA layer changed from 13 nm
to 49 nm. In this case, only d-PMMA-1 was used for preparing
d-PMMA layers (Table II).

These two-layered thin films were prepared on glass substrates
by spin coating from a toluene solution. A thin d-PMMA layer was
floated on the water surface and then transferred from the water

TABLE II. Two-layered thin films of d-PMMA and h-PMMA layers of type II, for which
the thickness of the h-PMMA layer remains almost constant, while that of the d-PMMA
layer changes from 13 nm to 49 nm. The d-PMMA layer consists of only d-PMMA-1.

dh(t0) of h-PMMA dd(t0) of d-PMMA

PMMA-t1 23.5 nm 13.0 nm
PMMA-t2 22.4 nm 24.8 nm
PMMA-t3 25.3 nm 35.2 nm
PMMA-t4 29.0 nm 48.7 nm
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surface onto the glass substrate. Next, an h-PMMA layer was floated
onto the water surface and transferred to the top of the d-PMMA
layer on the substrate.

Notably, the thicknesses of the d- and h-PMMA layers given
in Sec. II B correspond to those obtained by NR measurements at
an initial time t0 just after the temperature reaches the annealing
temperature. Section II C provides the definition of t0. The PMMA-
b1 sample is the same as the PMMA-t3 sample. Different names are
given to the same sample for comparison.

C. NR measurements
Time-resolved specular NR measurements were performed on

the reflectometer: Soft Interface Analyzer [SOFIA, BL-16, Materi-
als and Life Science Facility, Japan Proton Accelerator Research
Complex (J-PARC), Tokai, Japan] with polychromatic wavelengths
ranging from 0.25 nm to 1.76 nm (double frame mode).41,42 The

modulus of the neutron scattering vector for NR is q = 4π
λ

sin θ,
where θ is the specular reflection angle and λ is the wavelength
of neutrons. The θ value was set to 0.80○ to obtain a q range
of 0.1 < q < 0.8 nm−1. Two types of NR samples were mounted
on a temperature-controllable sample cell. NR measurements were
conducted during isothermal annealing at 409 K. The annealing
time ta is defined as the elapsed time from the time at which
the sample temperature reaches 409 K. In our NR measure-
ments, each data acquisition procedure starts at a time ta = t0
just after the time ta = 0 at which the temperature reaches the
annealing temperature. The t0 value is ∼0.05 h. The observed
reflectivity profiles were analyzed using a program based on a
recursion formula derived by Parratt,43 together with dynami-
cal correction according to the Névot-Croce extinction factor44

to evaluate various parameters such as roughness and thickness
that characterize the interface. In addition, a computer program,
Motofit45 in the Igor environment, was used for data fitting for
comparison.

As fitting parameters for the two-layered thin films, two layer
thicknesses of the d-PMMA, dd, and h-PMMA, dh, were evalu-
ated, as well as two interfacial roughness values between the h-
and d-PMMA layers, rh/d, and between the air and h-PMMA layer,
ra/h (Fig. 1). Two SLDs of the d-PMMA and h-PMMA layers,
i.e., ( b

V )d
and ( b

V )h
, were also used as fitting parameters. For

both sample types, the roughness between the bottom layer and
the substrate rd/s was considered and was maintained during data
fitting.

FIG. 1. (Left) Schematic of the two-layered thin films of h-PMMA and d-PMMA
layers on the glass substrate, characterized by the thicknesses dh and dd, and
roughnesses ra/h and rh/d. (Right) Scattering length density as a function of the
distance from the surface between the h-PMMA layer and air.

III. RESULTS AND DISCUSSION
A. NR of two-layered thin films of d-PMMA
and h-PMMA of type I
1. NR and thickness of the d-PMMA
and h-PMMA layers

Figure 2 shows the q dependence of the neutron reflectivity at
various annealing times during isothermal annealing at 409 K for
type I films (from PMMA-b1 to PMMA-b4). An appreciable change
in the q dependence of NR was clearly observed. Solid curves were
calculated using the two-layered model with the best fitting param-
eters obtained by data fitting. The sufficient agreement between the
observed and calculated curves suggests the validity of the current
two-layered model. Data fitting was performed under the condition
that the total scattering length, which was obtained after the integra-
tion of the SLD, ( b

V ), throughout the films, was conserved. In addition,
this condition is imposed for the data fitting of type II films also.

Figure S1 in the supplementary material shows the SLD pro-
files at various annealing times for type I film samples. With the
increase in the annealing time, the SLD profile changed during
isothermal annealing (Fig. S1). The SLD value for the d-PMMA layer
decreased, while that for the h-PMMA layer increased with anneal-
ing. At the same time, the averaged position of the interface between
the d-PMMA and h-PMMA layers shifted during annealing.

Figure 3 shows the annealing time dependence of the thick-
nesses of the h-PMMA and d-PMMA layers, dh and dd, relative
to the initial thicknesses dh(t0) and dd(t0), respectively, for type I
films. For PMMA-b1 (10:0), dd increased with increasing ta, while
dh decreased (Fig. 3). On the other hand, for PMMA-b4 (6:4), dd
decreased with ta, while dh increased with ta. Here, the difference in
the ta dependence between PMMA-b1 and PMMA-b4 is thought to
be attributed to the relationship between the glass transition tem-
perature of d-PMMA, Tg,d, and that of h-PMMA, Tg,h: Tg,d is higher
than Tg,h for PMMA-b1, while Tg,d is lower than Tg,h for PMMA-b4,
as described in Sec. II B. Therefore, the discussion so far can be sum-
marized by the use of the derivatives of dd and dh with respect to ta
as follows:

∂dd

∂ta
> 0 and

∂dh

∂ta
< 0 for Tg, d > Tg, h, (1)

∂dd

∂ta
< 0 and

∂dh

∂ta
> 0 for Tg, d < Tg, h. (2)

From these results, the annealing time dependence of the thick-
nesses of h-PMMA and d-PMMA layers is thought to be related
to the difference in the glass transition temperature between the d-
PMMA and h-PMMA, where the Tgs were measured by DSC for the
bulk states.

2. Analysis of SLD profile by the total
scattering length

In this section, the SLD profile is analyzed in further detail
to introduce another important parameter for interdiffusion at the
interface. Figure 4 shows an example of the dependence of SLD
on the position from the surface in a direction normal to the lay-
ered thin film surface before and after 8 h of annealing at 409 K.
The distance dh corresponds to an averaged position of the interface
between the h-PMMA and d-PMMA layers (Fig. 4). In this figure, dh
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FIG. 2. Dependence of the neutron
reflectivity on the modulus of the scat-
tering vector q at various annealing
times during annealing at 409 K for the
two-layered thin films of d-PMMA and
h-PMMA of type I.

is ∼30 nm. The distance dd + dh corresponds to the position of the
interface between the d-PMMA and substrate. The ( b

V )h
and ( b

V )d
values correspond to the SLDs of the h-PMMA and d-PMMA layers,
respectively. During isothermal annealing, interdiffusion occurs at
the interface between h-PMMA and d-PMMA layers, leading to the
exchange of d-PMMA and h-PMMA molecules through the inter-
face. Hence, dh, dd, ( b

V )h
, and ( b

V )d
values change with interdiffu-

sion, in addition to the change in the roughness at the interfaces,
i.e., the roughness rh/d at the interface between the d- and h-PMMA
layers, which corresponds to the thickness of the crossover region
between the d- and h-PMMA layers. In our analysis, the comple-
mentary error function erfc(z) is adopted to describe the shape of
the SLD at the interface between the d-PMMA and h-PMMA lay-
ers.32 In this case, the boundary between the d- and h-PMMA layers
is defined as the center of the crossover region. Hence, the total scat-
tering lengths per unit area of the h-PMMA and d-PMMA layers are
defined by

b̄tot, h(ta) ≡ ( b
V
)

h
⋅ dh + (( b

V
)

d
− ( b

V
)

h
) rh/d√

2π
, (3)

b̄tot, d(ta) ≡ ( b
V
)

d
⋅ dd − (( b

V
)

d
− ( b

V
)

h
) rh/d√

2π
, (4)

respectively. Hereafter, the technical term “total scattering length” is
used as the total scattering length per unit area.

During annealing, the total scattering length or the overall
“mass” of the two-layered thin films should be conserved. This
conservation law can be described by

b̄tot, h + b̄tot, d = ( b
V
)

h
⋅ dh + ( b

V
)

d
⋅ dd = const., (5)

where ( b
V )h

, ( b
V )d

, dd, and dh are values at any given value of the
annealing time ta. Here, the change in the total scattering length of
the h-PMMA layer at ta relative to the initial value at t0 is defined as
follows:

Δb̄tot, h(ta) = b̄tot, h(ta) − b̄tot, h(t0), (6)

where b̄tot, h(ta) and b̄tot, h(t0) are the total scattering lengths of the
h-PMMA layer at time ta and t0, respectively. Under the condition
of Eq. (5), the change in the total scattering length of the d-PMMA
layer at ta relative to the initial value at t0 is given by the relation

Δb̄tot, d(ta) = −Δb̄tot, h(ta). (7)

In this current analysis, the law of conservation of mass or total
scattering length is assumed; hence, the total volume of the two-
layered films is not necessarily conserved. With the annealing time
ta, the layer thicknesses of d-PMMA dd and h-PMMA dh change
without satisfying the relation dd + dh = constant (Fig. 3). The
present analysis is applicable even in the case when the total volume
or averaged density is not constant.
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FIG. 3. Annealing time dependence of the thicknesses of h-PMMA (upper) and
d-PMMA (lower) layers relative to the initial values at t0 during isothermal anneal-
ing at 409 K for the two-layered thin films of d-PMMA and h-PMMA layers of type
I. The fraction of d-PMMA-1 vs d-PMMA-2 changed from 10:0 to 6:4.

3. Total scattering length and the flow of d-PMMA
and h-PMMA molecules

In the two-layered thin films, there is a chemical potential gra-
dient with respect to each component of d-PMMA and h-PMMA
and the chemical potential gradient changes with the annealing

FIG. 4. Example of the profile of scattering length density (SLD) along the direction
normal to the surface of the two-layered films of d-PMMA and h-PMMA on the
glass substrate (PMMA-b4). Gray and red curves correspond to the profiles at
the initial and final times (8 h) of annealing above Tg, respectively. The positions
z = 0, dh, and dh + dd correspond to the surface of the two-layered thin films, the
interface between h-PMMA and d-PMMA layers, and the interface between the
d-PMMA layer and glass substrate, respectively.

time during annealing. Hence, the flow of d-PMMA and h-PMMA
molecules occurs so that the flux of d-PMMA, jd (h-PMMA, jh), is
proportional to the chemical potential gradient of d-PMMA, Δμd
(h-PMMA, Δμdh),

ji = ΛiiΔμi, (8)

where i = d for d-PMMA and i = h for h-PMMA and Λii is
the Onsager coefficient.46 The chemical potential gradient of d-
PMMA (h-PMMA) is proportional to the concentration gradient of
d-PMMA (h-PMMA),47 indicating that there is a flow of d-PMMA
molecules at the interface from the d-PMMA layer to the h-PMMA
layer with the simultaneous flow of h-PMMA molecules at the inter-
face from the h-PMMA layer to the d-PMMA layer during anneal-
ing. Two numbers are defined as follows: From t0 to ta, Δnd is the
number of d-PMMA molecules (monomers) that move through the
interface of a unit area from the d-PMMA layer to the h-PMMA
layer and Δnh is the number of h-PMMA molecules (monomers)
that move from the h-PMMA layer to the d-PMMA layer. Subse-
quently, the increase in the total scattering length of the h-PMMA
layer can also be expressed by the increase in the net flow of the
h-PMMA and d-PMMA monomers during annealing up to ta as
follows:

Δb̄tot, h(ta) = bdΔnd − bhΔnh, (9)

where bd (bh) is the scattering length of one d-PMMA (h-PMMA)
monomer. The bd and bh values are 98.2 fm and 14.9 fm, respec-
tively.40

4. Interdiffusion at the interface and scaling
From the observed dependence of the SLD profile on the

annealing time ta, the values Δb̄tot, h and Δb̄tot, d can be calculated by
Eqs. (3), (4), (6), and (7) using the best-fitting parameters for ( b

V )h
,

( b
V )d

, dh, dd, and rh/d. Figure 5 shows the ta dependence of Δb̄tot, h
observed for annealing at 409 K for type I films. The following results
could be observed from Fig. 5(a):

1. Δb̄tot, h increases with ta for the annealing of all four samples.
2. At a given value of ta, the Δb̄tot, h value increases with the

decrease in Tg of the d-PMMA layer.
With respect to result 1, the curves in Fig. 5(a) are given by the
power-law equation as follows:

b̄tot, h(ta) = b̄0
tot, h + ζ tαa , (10)

where b̄0
tot, h is the value of b̄tot, h at ta = 0, ζ is a positive constant,

and α is the power-law exponent. In this case, simultaneous data fit-
ting over all four samples revealed that α = 0.295 ± 0.005, although
there might be some deviation from Eq. (10), i.e., some crossover to
another power-law dependence for high fractions of low-molecular-
weight components, for PMMA-b4. The exponent α is consistent
with that observed for the time evolution of the width of the interface
for PMMA36 and with that of some quantities reported in our previ-
ous paper.39 According to the Doi-Edwards theory on the dynamics
of polymer chains, the time dependence of the root-mean-square
displacement should follow a power-law with the exponent of 1/4
for the Rouse dynamics if the time region is shorter than the repta-
tion time and larger than the Rouse time.48 The observed value of
the exponent α ∼0.30 corresponds to the exponent 1/4, and hence,
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FIG. 5. (a) Annealing time dependence of the change in the total scattering length
of the h-PMMA layer during annealing at 409 K for two-layered thin films of d- and
h-PMMA of type I. Tg of the d-PMMA layer changes from 403 K to 395 K upon
the blending of low- and high-molecular weight d-PMMA, while Tg of the h-PMMA
layer remains constant at 396 K. The solid curves are calculated by Eq. (10). (b)
The scaling plot of ta dependence of b̄tot, h(ta) using Eq. (10) with the power-law
exponent α = 0.295 ± 0.005.

the time evolution of b̄tot, h may be related to that for the Rouse
dynamics, as discussed in our previous paper.39

With respect to result 2, the dependence of Δb̄tot, h on the Tg of
the d-PMMA layer can be related to the following physical prop-
erties: the number Δnd increases with the decrease in the Tg of
d-PMMA, i.e., the enhanced mobility of the d-PMMA layer leads to
the increase in the number of d-PMMA monomers moving from the
d-PMMA layer to the h-PMMA layer due to the constant Δnh value
at a given value of ta. Furthermore, Fig. 5(b) reveals that the data in
Fig. 5(a) can be well reduced to a single master curve using Eq. (10),
indicative of the presence of a common interdiffusion mechanism
at the interface for type I films with various Tg values of the d-
PMMA layer. Here, Tg of the d-PMMA layer is controlled by the
addition of d-PMMA-2 (low molecular weight) into d-PMMA-1
(high molecular weight) with various fractions. In this case, the
low-molecular-weight component of d-PMMA is expected to diffuse
into the d-PMMA layer more easily than the high-molecular-weight
component; hence, the interdiffusion at the interface may have a het-
erogeneous character. However, even in that case, the mobility of the
d-PMMA layer can be well monitored by the total scattering length
of the h-PMMA layer.

Here, it should be noted that there are several controlling
parameters for the asymmetric interdiffusion at the interface such

as Tg difference and molecular weight difference and so on. Because
such parameters might be coupled with each other, more detailed
and designed measurements will be required to clarify the mecha-
nism of the asymmetric interdiffusion. This issue will be discussed
in more detail in Sec. III A 5.

5. Swelling and mobility of thin polymer layers
Here, we attempt to interpret in more detail the dependence

of Δb̄tot, h, Δnd, and Δnh on ta and Tg, in addition to the depen-
dence of the thicknesses dd and dh on ta and Tg. According to the
studies on interdiffusion for two-layered thin films of two poly-
meric systems with different mobilities during annealing,49–52 fast-
component molecules move into the slow-component layer via
the interface between two layers; hence, the slow-component layer
swells, i.e., the thickness of the slow-component layer increases with
interdiffusion. For the PMMA-b4 (6:4) films, the molecular mobil-
ity of the d-PMMA layer is larger than that of the h-PMMA layer
because of the lower Tg of the d-PMMA layer as compared with
that of the h-PMMA layer. Hence, the d-PMMA molecules (fast-
component) move into the h-PMMA layer (slow-component), and
with the increase in the annealing time, the thickness of the h-
PMMA layer increases, while that of the d-PMMA layer decreases
(symbol ◽ in Fig. 3). As the number of the d-PMMA monomers in
the h-PMMA layer increases with ta because of interdiffusion, the
total scattering length of the h-PMMA layerΔb̄tot, h increases accord-
ingly. For PMMA-b4 (6:4), Δb̄tot, h, Δnd, and Δnh values satisfy the
following relationship:

Δb̄tot, h > 0 and Δnd > Δnh. (11)

As shown in result 2 in Sec. III A 4, the total scattering length
of the h-PMMA layer Δb̄tot, h decreases with the increase in the Tg of
the d-PMMA layer at a given ta value, which is related to the decrease
in the number Δnd. For PMMA-b1 (10:0) films, the thickness of the
d-PMMA layer increases with ta, while that of the h-PMMA layer
decreases with ta, when Tg of the d-PMMA layer is higher than that
of the h-PMMA layer. In this case, slow and fast components are
d-PMMA and h-PMMA, respectively, within the Jabbari and Pep-
pas model;52 hence, Δnh should be larger than Δnd. Furthermore,
the Δb̄tot, h value is positive and slightly increases with ta [Fig. 5(a)].
Hence, in the case of PMMA-b1, the following relationship should
be valid:

Δb̄tot, h > 0 and Δnh > Δnd. (12)

If the number Δnh is not extremely large, i.e., Δnh is less than
bd
bh
Δnd, then the relationship in Eq. (12) can be satisfied, as described

by Eq. (9). In the case of PMMA, the scattering length of the d-
PMMA monomer is approximately seven times as large as that
of the h-PMMA monomer, i.e., bd ≈ 7bh. Even if the flow of
h-PMMA monomers into the d-PMMA layer is stronger than that
of the d-PMMA monomers into the h-PMMA layer, the change
in the total scattering length Δb̄tot, h can be positive and increases
with ta.

From NR measurements of type I films, the following results
are obtained: The Tg difference between d-PMMA and h-PMMA,
which was observed by DSC for the bulk states, is related to the
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asymmetric interdiffusion of the polymer molecules at the interface
between the h- and d-PMMA layers, which can be observed from
the ta dependence of the thicknesses dh and dd, and the change in
the total scattering length Δb̄tot, h.

In this study, the d-PMMA layer was prepared by floating the
spin-coated thin films, which were made from blending the two
d-PMMAs with different molecular weights. DSC measurements
showed that there is only one thermal anomaly in the temperature
vs the total-heat-flow curve of the bulk of this blend, and hence,
the initial state of the d-PMMA layer has a single Tg. The present
measurements clearly showed that there is a relation between the
annealing time dependence of the thickness of the h-PMMA and
d-PMMA layers and the difference in “initial” Tg between the d-
PMMA and h-PMMA. During the annealing, the low-molecular
weight d-PMMA is expected to move faster than the high-molecular
weight one. As a result, a heterogeneous structure may arise within
the d-PMMA layer including the interfacial region. Furthermore,
a Tg gradient also appears from the interface to the inside of the
d-PMMA layer. In this case, the single Tg is not enough to describe
the Tg of the d-PMMA layer and, hence, a distribution of Tg should
be taken into account. To elucidate the distribution of Tg, we need
more careful NR measurements clarifying the positional dependence
of Tg and/or mobility. Nevertheless, the present measurements at
least lead to the suggestion that the initial Tg difference between
d-PMMA and h-PMMA can be one of the controlling parameters

for asymmetric interdiffusion at the interface between the two layers
during annealing.

Notably, the sign of the derivative of dd (dh) with respect to
ta changes between PMMA-b1 and PMMA-b2 (Fig. 3). However,
the Tg of the bulk system given in Table I suggests that the above
change in the sign of the derivative of dd (dh) should occur between
PMMA-b3 and PMMA-b4. This apparent discrepancy may be
solved if we adopt the Tg value of PMMA thin films with a thickness
of 25–35 nm and not the Tg value of the bulk system.6

B. Two-layered thin films of d-PMMA and h-PMMA
layers of type II

Section III B discussed the results obtained from NR mea-
surements of type II films. In this type of two-layered thin films,
the molecular weights and the geometry of the two thin layers
are controlled to be the same within some uncertainty, except
that only the thickness of the d-PMMA layer is changed from
13 nm (PMMA-t1) to 49 nm (PMMA-t4) to investigate the thick-
ness dependence of the interfacial dynamics on the two-layered thin
films.

1. NR and thickness of d-PMMA and h-PMMA layers
Figure 6 shows the dependence of NR on the modulus of scat-

tering vector q for four type II two-layered thin films. In this figure,

FIG. 6. Dependence of the neutron
reflectivity on the modulus of the scat-
tering vector at various annealing times
during annealing at 409 K for the two-
layered thin films of d- and h-PMMA
layers of type II. Initial thickness of the
d-PMMA layer changes from (a) 13 nm,
(b) 25 nm, (c) 35 nm to (d) 49 nm.
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the fringe period changes with the d-PMMA layer thickness and
the q dependence of NR changes with the d-PMMA layer thick-
ness. From the data fitting, the thickness of the two layers, rough-
ness at two interfaces, and SLD of the d- and h-PMMA layers can
be evaluated in the same manner as that done in Sec. III A. The
solid curves in Fig. 6 are calculated using the best-fitting parame-
ters. Figure S2 in the supplementary material shows the SLD pro-
file of each sample. Here, the thicknesses of the two layers and the
total scattering length of the h-PMMA layer as a function of the
annealing time ta and the initial thickness of the d-PMMA layer
dd(t0) are shown; these can be evaluated as the fitting parame-
ters. Figure 7 shows the annealing time dependence of dh and dd
during annealing at 409 K for type II films. For PMMA-t4 with
dd(t0) = 49 nm, dh decreases with the increase in ta and the ta
dependence of dd is weaker than that for the other two-layered
films with different dd(t0) values (Fig. 7). For PMMA-t3 with
dd(t0) = 35 nm, dh decreases with the increase in ta in an almost
similar manner as that observed for dd(t0) = 49 nm, while dd slightly
increases with ta. For PMMA-t2 with dd(t0) = 25 nm, the derivative
of dd with respect to ta becomes negative, i.e., dd decreases and dh
slightly increases with the increase in ta. Finally, for PMMA-t1 with
dd(t0) = 13 nm, dd decreases and dh increases with the increase in
ta and the changing amounts of dh and dd are considerably larger
than those of PMMA-t2. Section III B 1 summarizes the following
results:

FIG. 7. Annealing time dependence of the thicknesses of h-PMMA (upper) and
d-PMMA (lower) layers relative to those at the initial time t0 during annealing
at 409 K for the two-layered thin films of d- and h-PMMA of type II. The thick-
ness dd ranges from 13 nm to 49 nm, while the thickness dh remains at ∼25 nm
(±3 nm).

∂dd

∂ta
< 0 and

∂dh

∂ta
> 0 for dd(t0) = 13, 25 nm,

∂dd

∂ta
> 0 and

∂dh

∂ta
< 0 for dd(t0) = 35, 49 nm.

Hence, a strong dependence of dd and dh on the initial thickness
of the d-PMMA layer could be observed.

2. Total scattering length, mobility,
and Tg of h-PMMA and d-PMMA layers

Figure 8 shows the ta dependence of the change in the total
scattering length of the h-PMMA layer, Δb̄tot, h(ta), for type II films
with various dd(t0) values. With the increase in the annealing time,
the total scattering length Δb̄tot, h for all four samples increases, and
at a given ta value, Δb̄tot, h values for dd(t0) = 49 nm and 35 nm
are almost equal to each other, and then, the total scattering length
Δb̄tot, h increases with the decrease in dd(t0) from 35 nm to 13 nm
during annealing at 409 K (Fig. 8). As Δb̄tot, h is expressed by Eq. (9),
the result in Fig. 8 suggests that the number of d-PMMA monomers
moving through the interface from the d-PMMA layer to the h-
PMMA layer, Δnd, increases with the decrease in the d-PMMA layer
thickness to less than 35 nm. Hence, the mobility of the d-PMMA
layer increases with the decrease in the initial thickness of the
d-PMMA layer. In other words, Tg of the d-PMMA layer may
decrease with the decrease in dd(t0).

Several studies have been reported on Tg of the thin films of
PMMA.6,53–56 The Tg value of thin PMMA films is well known to
change with the interaction between the polymer and substrate.57

For supported thin films, a dead layer with high Tg is expected to
exist near the substrate.5,9 In this case, the d-PMMA layer prepared
by spin-coating is detached from the glass substrate to the water
surface, which is then transferred from the water surface onto the
glass substrate. Hence, a strong attractive interaction is not expected
between the polymer and substrate. The present results of Δb̄tot, h are
consistent with those reported previously for the Tg value of thin
PMMA films.

FIG. 8. Annealing-time dependence of the change in the total scattering length of
the h-PMMA layer during annealing at 409 K for the two-layered thin films of d- and
h-PMMA of type II. The initial thickness of the d-PMMA layer changes from 13 nm
to 49 nm, while the initial thickness of the h-PMMA layer is constant at ∼25 nm.
The solid curves are calculated by Eq. (10) with α = 0.31 ± 0.03.
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The solid curves in Fig. 8 are evaluated using Eq. (10) with the
common exponent of α = 0.31 ± 0.03. This exponent is almost equal
to that evaluated for type I films. Although the mobility of the d-
PMMA layer changes with the film thickness, a common physical
origin for the interdiffusion at the interface between the two layers
should be present.

Here, the observed dd, dh, and Δb̄tot, h as a function of ta
and dd(t0) are discussed on the basis of the model introduced in
Sec. III A. In type II films, the initial thickness of the h-PMMA layer
dh(t0) is ∼25 nm and Δnh should be the common function of ta,
regardless of dd(t0). Hence, the Δb̄tot, h value is expected to depend
only on Δnd(ta).

For dd(t0) = 13 nm, with increasing ta, dd decreases and dh
increases. At the same time, Δb̄tot, h increases with ta and it is larger
than that of the other three type II samples at a given ta value.
Here, the observed Δb̄tot, h value suggests that the mobility of the
d-PMMA layer is highly enhanced compared with the bulk; it is
larger than that of the h-PMMA layer, and Δnd > Δnh. In this case,
d-PMMA and h-PMMA are the fast and slow components, respec-
tively. Hence, the h-PMMA layer swells with an increase in ta during
annealing.

With the increase in dd(t0) to 25 nm, Δnd becomes smaller,
because of the decrease in the total scattering length Δb̄tot, h at a
given ta value. Even in this case, the relation Δnd > Δnh is still valid
because dd decreases and dh slightly increases with the increase in ta.
However, for dd(t0) = 35 nm, the derivative of the thickness dd with
respect to ta becomes positive and that of the thickness dh becomes
negative. In this case, the d-PMMA layer swells with an increase in ta.
Hence, Δnd < Δnh, and the mobility of the d-PMMA layer becomes
smaller than that of the h-PMMA layer. For dd(t0) = 49 nm, the
Δb̄tot, h value is almost equal to that for dd(t0) = 35 nm. This value
is expected to be the same as that of the bulk system, and the mobil-
ity of the bulk is observed for dd(t0) = 49 nm and 35 nm. As for dd,
we observe the ta dependence of dd, which is similar to that observed
for dd(t0) = 35 nm. However, the absolute thickness of the d-PMMA
layer is larger than that for other samples; hence, the relative change
in dd apparently has statistical errors.

From the results observed in Sec. III B, the mobility of the
d-PMMA thin layer, relative to that of the h-PMMA layer, can
be well monitored by the change in the total scattering length of
the h-PMMA layer Δb̄tot, h as a function of ta, which is evaluated
from NR measurements. If the mobility of the other layer, i.e., the
h-PMMA layer, is known, the absolute value of the mobility of
the thin d-PMMA layer can be determined through the observa-
tion of the interdiffusion at the interface. Therefore, NR measure-
ments can be a useful tool for the determination of the mobility of
ultrathin polymer films, although the NR instrument is extremely
expensive.

In this paper, we have successfully determined the mobility
of the thin polymer layer, relative to that of the other thin poly-
mer layer, by NR measurements during annealing at a given tem-
perature. Further NR measurements during heating and cooling
processes at a constant rate will give us a temperature depen-
dence of the layer thicknesses of d-PMMA and h-PMMA from
which a “thermodynamic” Tg can be determined. Combining the
“dynamical” Tg value evaluated from the present mobility measure-
ments, we can compare the two different Tgs and, hence, we will
be able to investigate the possibility of a decoupling between the

two Tgs and the validity of the so-called Frenkel-Kobeko-Reiner
hypothesis.58,59

IV. CONCLUDING REMARKS
In this study, we investigated by NR measurements the rela-

tionship between the interdiffusion at the interface and the mobility
difference during annealing above Tg for two-layered thin films of
d-PMMA and h-PMMA layers on a glass substrate. The obtained
results can be summarized as follows:

1. With the decrease in the Tg of the d-PMMA layer via
the increase in the fraction of the low-molecular-weight d-
PMMA, the number of d-PMMA monomers moving from the
d-PMMA layer to the h-PMMA layer increases at a given
annealing time ta.

2. With the decrease in the thickness of the d-PMMA layer at
a given ta value, the number of d-PMMA monomers mov-
ing from the d-PMMA layer to the h-PMMA layer increases,
suggesting that the mobility of the d-PMMA layer increases,
and hence Tg decreases, with a decrease in the thickness of the
d-PMMA layer.

3. The above results suggest that the NR measurements can be
a useful tool for determining the mobility of thin polymer
films.
In this study, there is a strong correlation between the asym-

metric interdiffusion at the interface and the dynamics of thin poly-
mer films. By using this correlation, the mobility of the thin polymer
layer within multilayered thin films can be determined.

SUPPLEMENTARY MATERIAL

See the supplementary material for the scattering length density
profile for the two-layered thin films of types I and II.
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