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’ INTRODUCTION

Understanding the mobility of polymers at interfaces is crucial
to the optimization of adhesion, welding, crack healing, etc. Since
diffusion behavior at interfaces directly reflects the molecular
motion of polymers, it has been studied from the viewpoint of
polymer dynamics as well as engineering for many years. The
simplest diffusion couple is composed of polymer and its deu-
terated counterpart with same molecular weight. Studies of these
symmetric interdiffusion systems have revealed that dynamics of
linear polymers can be described using reptation theory.1�3

However, molecular-scale mutual diffusion when there is asym-
metry of molecular weight, component and topology etc is still an
open question.

The mutual diffusion of polymers has been investigated by a
variety of methods and can be summarized in terms of depth
resolution, probe particles/radiations and contrast to distinguish
each of the components.4 Depending on the depth resolution,
nuclear reaction analysis,5�7 dynamic secondary ion mass

spectroscopy,8�17 and neutron reflectivity, NR,18�30 are classified
as techniques for measuring concentration profiles on the order
of molecular size. In comparison with these methods, infrared
spectroscopy,31,32 Rutherford backscattering33,34 and forward recoil
spectroscopy,35,36 are done as techniques for measuring diffusion
distances at length scales much greater than molecular size.
Among these techniques, NR is one of the most powerful tools to
investigate polymer interdiffusion because of their superior depth
resolution (less than 1 nm). In the past the majority of NR mea-
surements on bilayer samples has been conducted in a static
fashion by annealing and quenching for a certain length of time as
the speed of measurement has been relatively slow. However,
static measurements are not appropriate for the detection of
small changes in concentration profiles as differences in the initial
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ABSTRACT:The short-time mutual diffusion at an interface of
linear polystyrene/linear deuterated polystyrene with different
molecular weights was examined by time-resolved neutron
reflectivity (TR-NR) measurements. The model scattering length
density (b/V) profiles obtained by solving a partial differential
equation for the diffusion process, using the segmental diffusion
coefficients as the only fitting parameter were used to analyze
the TR-NR data. In short-time diffusion, the asymmetric (b/V)
profiles derived from a segmental relaxation model were able to
model the data much better than those obtained by center-of-
mass diffusion based on reptation model and by a simple error
function. These analyses clearly indicate that even if the molecular weights of both components are larger than the critical molecular
weight for entanglement, the initial interfacial broadening of bilayer films with different molecular weight proceeds with asymmetric
mobility being proportional to N�1. Time dependence of the interfacial positions, u(t), was extracted from the (b/V) profiles. The
exponent of α in u(t) ∼ tα reflects the asymmetric mobility of the components. This analysis also gave the time dependence of
mutual diffusion coefficients, D. The D value gradually decreases with increasing time and reaches a constant value.
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states of the interfaces leads to unacceptable experimental
uncertainty. Thus, it is desirable that time evolution of concen-
tration profiles of individual sample is measured by time-resolved
neutron reflectivity (TR-NR) measurements.

TR-NR measurements of interdiffusion were first used for
examination of symmetric polystyrene/deuterated polystyrene,
and asymmetric oligo-styrene/polystyrene bilayer systems by
Bucknall et al.27 In the symmetric bilayer film, NR data can be
analyzed with a simple Fickian model in which a constant
diffusion coefficient is independent of matrix concentration
and the concentration profile is described by a symmetric error
function. On the other hand, the NR profiles for the asymmetric
bilayer film were analyzed with an asymmetric model scattering
length density (b/V) profile in which two error functions were
convoluted, as a symmetric error function was unsuccessful. In
this case, diffusion coefficients could not be extracted directly
from the concentration profiles at each time because the con-
centration profile was not calculated based on a physical model.

Karim et al. investigated the short-time interdiffusion of
bilayers composed of hydrogenous and deuterated polystyrenes
with nearly same degree of polymerizations using NR.18,20 Since
the NR analyses based on (b/V) profiles with a simple error
function cannot reproduce experimental NR profiles even in the
nearly symmetric case, two error functions were convolved in the
model (b/V) profiles. Furthermore, they deduced the diffusion
coefficients of PS from time evolution of interfacial thickness
squared. However, these analyses can be only conducted under
the assumption that the diffusion coefficient is constant through a
certain time range. If the NR profiles are analyzed with physically
accurate models (b/V), more universal analyses can be conducted.

The objective of this study is to elucidate the interdiffusion
behavior of polystyrene bilayer films with different molecular
weights by TR-NR measurements. We demonstrate the utility of
the combination of TR-NRmeasurements and analyzing the data
using concentration profiles obtained by the solution of the
diffusion equation.

’EXPERIMENTAL SECTION

Samples. Linear deuterated polystyrene (l-dPS) was prepared by a
living anionic polymerization under vacuum. Four linear normal poly-
styrenes (l-hPS) were purchased from Tosoh Corp. Weight-average
molecular weight, Mw, of l-dPS was obtained by multiangle laser light
scattering (MALLS) measurement using DAWN EOS from Wyatt
Technology Inc. Molecular weight distribution, Mw/Mn, of l-dPS was
evaluated by gel permeation chromatography (GPC) on Tosoh HLC-
8020 system equipped with DP-8020 pump, refractive index detector
(RI-8020) and three TSK gel columns (G4000HHR � 3). The columns
were calibrated with polystyrene standards. Glass transition tempera-
tures, Tg, were determined by differential scanning (DSC) calorimetric
measurements on EXSTAR 6100 from SII Nanotechnology Inc.,
calibrated with Indium and water standards. The heating rate is 10 K
min�1 and the second scan was used. The molecular characteristics of
polymers used in this study are listed in Table 1 where N is degree of
polymerization.

l-hPS/l-dPS bilayer films were prepared by a floating method
described as follows.12,13 l-dPS films were prepared by spin-coating
onto 3 in.-diameter and 3mm-thick silicon wafers with native oxide layer
from toluene solutions. The l-dPS films were annealed at 150 �C for at
least 48 h under vacuum. Second, l-hPS films were prepared onto silicon
wafers by spin-coating method from toluene solutions and subsequently
floated off onto water surface. The l-hPS films were picked up onto the

l-dPS films from the air-side. The l-hPS/l-dPS bilayer films were dried at
room temperature under vacuum for 48 h.

The film thicknesses of the bottom l-dPS layers and the bilayers were
evaluated by X-ray reflectivity (XR) measurements using an ATX-G
thin-film diffractometer operating with Cu Kα radiation (λ =0.154 nm).
The thicknesses of the bottom l-dPS layers were measured before
preparing the bilayer, with the thicknesses of top l-hPS layers being
obtained by subtracting the bottom layer thicknesses from the total
bilayer film thickness (XR cannot differentiate between d/h PS as they
both have the same electron density). The XR data were analyzed using
Motofit.37 Table 2 shows the l-hPS/l-dPS bilayer films and their initial
thicknesses where dt and db are thicknesses of top and bottom layers,
respectively.

Time-resolved specular neutron reflectivity (TR-NR) measurements
were performed on two different reflectometers: (a) SPEAR38 (Los
Alamos Neutron Science Center, Los Alamos National Laboratory,
U.S.), with polychromatic wavelengths, λ, ranging from 0.15 to 1.6 nm, a
sample�detector distance Ds‑d = 3670 mm; (b) ARISA-II39 (BL-16,
Materials and Life Science Facility, Japan Proton Accelerator Research
Complex, Tokai, Japan), with polychromatic wavelengths ranging from
0.20 to 0.88 nm, Ds‑d = 1777 mm. The modulus of the neutron
momentum transfer vector in NR is

qz ¼ 4π
λ

sin θ ð1Þ

where θ is the angle of specular reflection. θ values were set to ca. 1.2�
and 0.55� to obtain the q ranges 0.16 < q < 1.7 nm�1 and 0.15 < q <
0.7 nm�1 for SPEAR and ARISA-II, respectively.

For TR-NR experiments, the cell was maintained at a set temperature
ranging from 389 to 408 K and the incident angle was fixed before
putting a sample. After checking the temperature of the cell, a bilayer
sample was put into the cell. It was confirmed that the temperature at the
top surface of a bilayer film reached an equilibrium temperature within a
few minutes. After that, the cell was evacuated using a diaphragm pump
(oil free) to prevent oxidation of the sample. NR profiles were then
collected by every 3 min.

’RESULTS AND DISCUSSION

Analyses of NR Profiles. Figure 1 shows typical TR-NR
profiles of l-hPS-427k/l-dPS-127k bilayer films (annealed at
405 K) as a function of time (An animated plot is given in
Supporting Information. The changes in shape of fringes were
more clearly observed.). In this bilayer sample, the fringe spacing
is predominantly determined by the thickness of the l-dPS-127k
layer since the contrast of (b/V difference) between air and
l-hPS-427k is smaller than that between l-hPS-427k and l-dPS-
127k. The top l-hPS-427k layer is only visible through the distor-
tions of the interference fringes. At the initial stage of interdiffu-
sion, the fringes are well-defined in the q range 0.15�0.4 nm�1.
As annealing process proceeds, the fringes at higher q become
increasingly damped. This clearly indicates that the diffusion
occurs at the l-hPS-427k/l-dPS-127k interface. In general, since
the information on interfaces appears in high q region, NR

Table 1. Characteristics of Polystyrenes Used in This Study

sample code Mw N Mw/Mn Tg/K

l-dPS-127k 127K 1.13 � 103 1.04 378.9

l-hPS-1090k 1090K 1.05 � 104 1.08 381.1

l-hPS-427k 427K 4.11 � 103 1.02 380.3

l-hPS-190k 190K 1.83 � 103 1.04 379.7

l-hPS-96.4k 96.4K 9.27 � 102 1.01 378.0
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profiles in high q should be analyzed to evaluate the early stage of
interdiffusion. However, we noticed that the changes in the shape
of fringes were observed even in the low q range. This is because
the position of the interface shifts with increasing time. Further-
more, this phenomenon becomes remarkable when the asym-
metry of the mobility increases. Therefore, we claim that asymmetric
interdiffusion can be analyzed by TR-NR profiles even in the
limited q range.
Neutron reflectivity profiles were analyzed using on an inter-

diffusion model proposed by Jabbari and Peppas.40 We refer the
reader to their paper for greater detail although we describe it
briefly here. The model is based on irreversible thermodynamics
and accounts for the composition dependence of tracer diffusion
coefficients, assuming the monomeric friction coefficients of the
two polymers are identical. One phase consists of the polymer
with low mobility (designated by s for “slow”) with vacancies
randomly distributed in the lattice. The other phase consists of
the polymer with high mobility (designated by f for “fast”). It is
assumed that the concentration of vacancies is a small fraction of
total concentration and does not contribute to the free energy of
mixing. Since the polymers on each side of the interface have
different molecular weights and chemical structures (even with
the isotopic counterparts), there is a chemical potential gradient
across the interface. The system is modeled by using this
chemical potential gradient as the driving force for the inter-
diffusion. Various physical models can be applied for the NR
analysis by using the corresponding Onsager coefficients. Here,

we compare the reptation model that they used, a segmental
motion model modified by us and the conventional symmetric
error function.
(i). Symmetric Error Function (Method i). Here the asym-

metric mobility is ignored. Interdiffusion at an asymmetric interface
shows not only the change in NR profiles in high q range but also
in the shape of the fringes in low q range. This method is used for
showing how differs the experimental and calculated NR profiles
if asymmetric mobility ignores. In the simplest analysis the diffusion
coefficient, D, is treated as constant independent of matrix con-
centration. The solution to Fick’s second law with constant D
results in a symmetric error function. The concentration profile
with respect to the z-axis is given by:

ϕ ¼ 1
2
erfc

zffiffiffiffiffiffiffi
2Dt

p
� �

ð2Þ

(ii). Reptation Model (Method ii)40,45. On the basis of repta-
tion theory, the partial differential equation describing the diffusion
process at the interface between two compatible polymers can be
expressed in the following form after differentiation with respect
to the z axis (see Appendix in the Supporting Information):

∂ϕs
∂t

¼ D
∂
2ϕs
∂z2

þ ∂D
∂ϕs

∂ϕs
∂z

� �2

ð3Þ

D ¼ D0
1� ϕs
Ns

þ ϕs
Nf

 !
1� ϕs
Ns

þ ϕs
Nf

þ 2χsfϕsð1� ϕsÞ
 !

ð4Þ
where js, Ns, Nf, and χsf are the volume fraction of slower
component, the degree of polymerization of slower and faster
components and the Flory�Huggins interaction parameter between
slower component and faster one, respectively. In this system, the
χsf value is negligibly small. D0 is the diffusion coefficient for the
entanglement segment and can be described as

D0 ¼ RTNe

fm
ð5Þ

where Ne, fm, R and T are the degree of polymerization of
entanglement segments, the friction coefficient of the monomeric
unit, gas constant and temperature, respectively. The initial and
boundary conditions for solving the above diffusion equations
are:

t ¼ 0jf ¼ 0 for 0 e z < ds ð6Þ

t ¼ 0jf ¼ 1 for ds e z e ds þ df ð7Þ

Table 2. Thicknesses of Bilayer Samples at Room Temperature Used in This Study

sample code Bilayer (top/bottom) top layer thickness, dt/nm bottom layer thickness, db/nm

bilayer 1 l-hPS-427k/l-dPS-127k 124.6 ( 0.9 104.8 ( 0.5

bilayer 2 l-hPS-427k/l-dPS-127k 124.3 ( 0.8 103.7 ( 0.7

bilayer 3 l-hPS-427k/l-dPS-127k 121.8 ( 1.5 114.7 ( 0.5

bilayer 4 l-hPS-190k/l-dPS-127k 134.9 ( 0.2 92.6 ( 0.2

bilayer 5 l-hPS-190k/l-dPS-127k 115.4 ( 0.4 97.4 ( 0.2

bilayer 6 l-hPS-96.4k/l-dPS-127k 122.1 ( 0.4 102.2 ( 0.3

bilayer 7 l-hPS-1090k/l-dPS-127k 153.9 ( 0.5 96.6 ( 0.4

Figure 1. Time-resolved neutron reflectivity profiles for l-hPS-427k/l-
dPS-127k bilayer film (bilayer 1) annealed at 405 K.
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z ¼ 0 ∂jf=∂z ¼ 0 for t > 0 ð8Þ

z ¼ ds þ df ∂jf=∂z ¼ 0 for t > 0 ð9Þ
where ds and df are the film thicknesses of slower and faster
components, respectively. It is important to recognize the
importance of each term on the right-hand side of eq3. The
first term represents interdiffusion at the interface between the
two polymers while the second term represents the swelling of the
slower-moving component by the faster-moving component.40

Another feature is that the interface, defined as the depth at
js = 0.5, shifts toward the faster component side with time in
model ii due to the asymmetric flux while the interface remains
in the same position in model i.
( iii). Rouse Model (Method iii). A polymer chain in the Rouse

model is represented asN beads connected by springs. Since this
model can describe segmental motion, we tried NR fitting
analysis using the Rouse model. The diffusion equation in this
model can be expressed as (see the Appendix in the Supporting
Information):

∂ϕs
∂t

¼ D
∂
2ϕs
∂z2

þ ∂D
∂ϕs

∂ϕs
∂z

� �2

ð10Þ

D ¼ D0
0 1� ϕs

Ns
þ ϕs

Nf
þ 2χsfϕsð1� ϕsÞ

 !
ð11Þ

D0
0 ¼ 6RT

fm
ð12Þ

Again, this partial differential equation can be solved using
the initial and boundary conditions of eq6�9. By comparing
eq4 and eq11, D is proportional to N�2 in the reptation model
while D is proportional to N�1 in the Rouse model. Hence, the
asymmetry of mobility at the interface is reduced in the model
iii. The interface in the model iii also moves toward the faster
component side.
Calculation of Model (b/V) Profiles. Concentration profiles

were obtained by eq2 and by solving the above differential
equations numerically. In the numerical calculation, the segment
size a and the segmental diffusion time t0 = a2/D0 are chosen as
unit of length and time, respectively. The segment size a has been
determined as 0.67 nm41 while the segmental diffusion coeffi-
cient D0 remains as a fitting parameter. A concentration profile
was converted into a scattering length density, (b/V), profile
using (b/V) values of l-hPS and l-dPS at an annealing tempera-
ture. The (b/V) values of l-hPS and l-dPS were calculated by the
following equation

b
V

� �
¼

FNA∑
i
bi

M
ð13Þ

where F, bi, NA, and M are mass density, a coherent scattering
length of component i, the Avogadro’s number and molecular
weight of monomeric unit, respectively. To take mass density at
an annealing temperature into consideration, the temperature
dependence of F (in g cm�3) for l-hPS was estimated by the
reported equation as follows.42

F ¼ 1:0865� 6:19� 10�4 � ðT � 273Þ þ 0:136

� 10�6 � ðT � 273Þ2 ð14Þ

For l-dPS, F value was simply multiplied by 1.08 (= 112/104,
weight ratio of monomeric unit of styrene-d8/styrene-h8). A film
thickness of each layer at a temperature is estimated by the
following equation43 and the value is fixed through the NR
analysis

dT
d0

� �
� 1 ¼ ðTg � T0Þ � 1:1� 10�4 þ ðT � TgÞ

� 5:1� 10�4 ð15Þ
where dT and d0 are film thicknesses at T and T0 (=room
temperature), respectively. The temperature dependence of χsf,
for l-hPS/l-dPS pair is given by the following relation:44

χsf ¼ � ð2:9 ( 0:4Þ � 10�4 þ ð0:20 ( 0:01ÞT�1 ð16Þ
In our analysis, a χsf value is obtained by eq 16 and treated as a

fixed parameter. Although the χsf value was used in the analysis,
the value is negligibly small for this system. The theoretical
reflectivity of a model (b/V) profile is then calculated and
compared to the data. D in method i, D0 in method ii, and D0

0
in method iii are the only fitting parameters in each analysis.
Fitting to the data used a least-squares fitting metric in Motofit.37

The fixed parameters of each bilayer film used in this study are
listed in Table 3.
Model Comparison. Figures 2(a)∼(c) show selected NR

profiles of l-hPS-427k/l-dPS-127k bilayer film annealed at 405 K
(bilayer 1) for 4.8 � 102 s, 1.4 � 103 s, 2.4 � 103 s, 6.1 � 103 s,
and 1.2� 104 s. The (b/V) profiles shown in Figure 2, parts d�f,
are calculated using models i�iii, respectively. When the flux of
l-hPS-427k is equal to that of l-dPS-127k at js = 0.5 (model i),
the fringes of the calculated reflectivity profiles simply dampen as
with increasing time, but the position of the fringe top is main-
tained (Figure 2a). In this case, the agreement between the
experimental and the calculated reflectivities becomes increas-
ingly worse with time. This means that NR has high sensitivity to
detect a slight change in the interfacial position. On the other
hand, when the flux is asymmetric at js = 0.5 (models ii and iii),
the position of the fringe top shifts with increasing time as shown
in Figure 2, parts b and c. The experimental reflectivities are in
good agreement with the calculated ones in cases ii and iii,
indicating that the model (b/V) profiles are physically realistic.
The initial interface is located at 127.3 nm from the surface drawn
by the solid line. The (b/V) profiles gradually broaden with
increasing time. The shapes of the (b/V) profiles in Figure 2,
parts e and f, are asymmetric; the (b/V) profiles on the l-hPS side
(left-hand side) are broader than those in the l-dPS side (right-
hand side). Furthermore, the interfacial position defined at js =
0.5 shifted toward l-dPS side with time in models ii and iii. These
results clearly indicate that the flux of low molecular weight

Table 3. Fixed Parameters for NR Analyses

sample temp/K dt/nm db/nm χsf

bilayer 1 405 127.3 107.1 2.04 � 10�4

bilayer 2 395 126.4 105.5 2.16 � 10�4

bilayer 3 389 123.4 116.3 2.24 � 10�4

bilayer 4 398 137.4 94.3 2.13 � 10�4

bilayer 5 390 117.0 98.8 2.22 � 10�4

bilayer 6 398 124.4 104.1 2.13 � 10�4

bilayer 7 408 157.4 98.9 2.00 � 10�4
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component (l-dPS) is larger than the high molecular weight one
(l-hPS) at the interface and they are qualitatively consistent with
the fast-mode theory.46

To judge which model is the most proper, χ2 values which
correspond to the sum of the squared differences between the
experimental and calculated reflectivities are evaluated. Figure 3
shows the χ2 values of NR analyses using methods i�iii as a
function of time. The χ2 values for method iii are the smallest
among the three analysis methods. Hence, this comparison
shows that the (b/V) profile obtained by solving the diffusion
equation of the Rouse model reproduces the measured data most
closely.
Theoretically, the reptation model ought to fit the data rather

than Rouse model when the time is sufficiently longer than the
reptation time of the slower component. Here, the reptation
times for the faster and slower components for bilayer 1 are 1.0�
102 and 4.8� 103 s, respectively (The calculation of the reptation
time is explained in the latter section.). However, it should be
noted that the (b/V) profile obtained using model (ii) is calculated

starting from an ideal flat interface as an initial condition. This
(b/V) profile is different from the calculated one assuming
that the transition from Rouse to reptation models occurs at a
certain time.
Figure 3 indicates that although the χ2 value of model ii is

approaching to that of model iii after the reptation time of the
slower component, the χ2 value of model iii is still smaller than
that of model ii. This means that the actual (b/V) profile is closer
to that calculated using model iii than model ii. Comparing the
(b/V) profiles calculated using models ii and iii at t = 1.2� 104 s
shown in Figure 4, the depth at which the (b/V) value starts to
decrease is almost the same, but the shape of the (b/V) profile in
model iii is more gradual than that one in model ii. This means
that the actual (b/V) profile after the reptation time of the slower
component is still strongly affected by an early stage of inter-
diffusion obeying Rouse model. Therefore, it seems reasonable
to hypothesize that the interfacial layer is formed by early stage of
interdiffusion obeying Rouse model and the number density of

Figure 2. Selected NR profiles (a�c) (vertically offset for clarity) andmodel (b/V) profiles (d)∼(f) for l-hPS-427k/l-dPS-127k bilayer film annealed at
405 K(bilayer 1). Symbols in NR profiles are experimental reflectivities and solid lines are the calculated ones. Parts a�c are the calculated reflectivities
obtained by the model (b/V) profiles shown in (d) (method i), (e) (method ii), and (f) (method iii), respectively.

Figure 3. Time dependence of χ2 values for NR profile analyses using
methods i�iii.

Figure 4. Comparison of the model (b/V) profiles calculated using
models ii and iii. These (b/V) profiles give best-fit NR curves at t = 1.2�
104 s.
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entanglement in the interfacial region reaches the bulk value and
the transition from Rouse to reptation occurs. To confirm this
hypothesis, we discuss interdiffusion of highly asymmetric bilayer
film in the next section.
Figure 5 shows the time dependence of model (b/V) profiles

for l-hPS-427k/l-dPS-127k bilayer films annealed at 405 K.
These (b/V) profiles are obtained by solving diffusion equa-
tion of method (iii). On the basis of the Rouse model, the asym-
metric depth profile is generated by the asymmetric mobility of
two components being proportional to N�1 (the animation
of time variation of the (b/V) profiles is shown in Supporting
Information).
Highly Asymmetric Bilayer Film.To confirm the adaptability

of this analysis, interdiffusion of bilayer films with higher asymmetry
was examined. TheNs/Nf of the bilayer 7 is ca. 10 while this ratio
of bilayer 1 is 4. Figure 6a shows the selected NR profiles for

bilayer 7. The symbols represent experimental reflectivities and
the solid lines are calculated ones obtained by using the Rouse
model shown in Figure 6b. The method iii models the experi-
mental reflectivities with good agreement. We tried to analyze
NR profiles by using method ii, however, realistic concentration
profiles could not be obtained. Figure 6c shows an example of a
model (b/V) profile calculated using model ii. In the calculation,
a large D0 value is required to fit the NR data because D is
proportional to N�2 in model ii. In this case, the mass flux of the
faster component (l-dPS) is much greater than that of the slower
component (l-hPS) so that the slower component is piled up near
the interface and that the js value near the interface exceeds the
unity. This mutual diffusion phenomenon is physically impossible.
Hence, it is confirmed by this analysis that, even if the molecular
weights of components are asymmetric and the both are larger than
the critical molecular weight for entanglement, the initial interfacial
broadening of bilayer filmswith differentmolecular weight proceeds
with asymmetric mobility being proportional to N�1.
The Shift of the Interfacial Position. We now turn to the

time dependence of interfacial positions. Before discussing
this issue, the reptation time, τd, in bulk was estimated by the
following equation:2

τd ¼ R2

3π2D
ð17Þ

HereR is the end-to-end distance of a polymer chain and is scaled
as (N)1/2a. a being the statistical segment length of PS and it is
estimated to be 0.67 nm as mentioned before.41 The empirical
equation of the temperature and molecular weight dependence
of diffusion coefficients of PS in bulk is expressed in the following
two equations:21,47

log
D
T

� �
¼ A� B

T � TV
ð18Þ

A ¼ � 9:49� 2log
M

255000

� �
ð19Þ

Figure 5. Time evolution of (b/V) profiles of l-hPS-427k/l-dPS-127k bilayer film annealed at 405 K.

Figure 6. Selected NR profiles (a) and model (b/V) profiles (b) for
bilayer 7. The model (b/V) profiles calculated based on method iii. (c)
An example of unrealistic model (b/V) profiles calculated using
model ii.
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B and Tv are the activation temperature and Vogel tempera-
ture, respectively. In bulk l-PS, the values of B and TV are 710 and
322 K, respectively.21,47

The interfacial position of a l-hPS/l-dPS bilayer film is defined
as the depth at js = 0.5. An interfacial position moves with
increasing time toward the faster component side when the flux
at an interface is asymmetric. Displacement of an interfacial
position, u(t) (in nm), is defined as a difference between the
interfaces at t and t = 0. Here, the positive value of u(t) denotes
that the interface moves the lower molecular weight component
side (the faster component side). According to the reptation

theory, the u(t) is proportional to t3/4 for t < τd and t
1/2 for t > τd.

3

On the other hand, u(t) is proportional to t1 in case II diffusion,
which is the most asymmetric interdiffusion.48,49 In contrast,
when an interdiffusion takes place at a perfectly symmetric
interface, u(t) is equal to 0. Hence, the exponent α in u(t) ∼ tα

indicates the asymmetry of the mobility.
Figure 7 shows double logarithmic plots of u(t) and t for

various bilayer films. The reptation times for the faster and slower
components (τd(f) and τd(s)) calculated from eqs 17∼19 are
indicated by arrows in each graph. The more asymmetric the
molecular weights are, the larger the absolute value of u(t) is.

Figure 7. Double logarithmic plots of displacement of the interfacial position and time for various bilayers. The reptation times for the faster and slower
components can be calculated from eqs 17�19.
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In all cases, the u(t) value increases with time, meaning that the
interface moves toward the faster component side. Parts a�c of
Figure 7 compare log u(t) vs t for l-hPS-427k/l-dPS-127k bilayer
films annealed at different temperatures. Bilayer 3 (Figure 7c) is
the lowest annealing temperature and corresponds to the earliest
stage of interdiffusion. This time region is around τd(f) andmuch
shorter than τd(s). The α value is 0.07, indicating that the very
early stage of interdiffusion is independent of asymmetry of
molecular weight. The α value rises to 0.16 for τd(f) < t < τd(s)
and further increases to 0.22 for t > τd(s) as shown in Figure 7,

parts a and b, meaning that the asymmetry of the mobility
increases with increasing time and that a transition gradually
occurs around τd(s). Comparing the α values of various bilayers
for τd(f) < t < τd(s), the α value increases with asymmetry of the
molecular weights. On the basis of this analysis and the analyses
of NR profiles in the previous section, it is likely that interdiffu-
sion at asymmetric polymer interfaces proceeds by Rouse model
at short time and gradually transitions to the reptation mode
around τd(s). The α values for τd(f) < t < τd(s) are less than 3/4
for all the bilayers and are not in agreement with the prediction

Figure 8. D vs time for various bilayer films.
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based on the reptation theory. This may be because the inter-
diffusion occurs by Rouse mode at short time and because the
number density of entanglement near the interface increases with
interdiffusion in reality while the number density is treated as a
constant and same as that in the bulk in the theory.
Diffusion coefficients. Figure 8 compares time dependence

of D values for various bilayer films. The D values are calculated
by eq11 using js = 0.5 and the D0

0 values which give the best-fit
NR profiles.
Let us consider bilayer 1 to start with. Figure 8(a) shows that

the D value gradually decreases with increasing time and reaches
a constant value of 1.4 � 10�16 cm2 s�1 at long time limit. The
reptation times of the faster and slower components, τd(f) and
τd(s), for bilayer 1 are 1.0 � 102 and 4.8 � 103 s, respectively.
The similar time dependence of D values was observed in
Figure 8, parts b�e). On the other hand, the D values were
constant through the time in Figure 6, parts f and g. Karim et al.
reported that in nearly symmetric bilayer films, the D value
decreases with time when t is shorter than τd and reaches a
constant value at t > τd.

18 This means that steady-state inter-
diffusion proceeds at t > τd while segmental relaxation is
dominant at short-time region. Wemissed the transition—either
because it happened too early in our experiments or because we
did not wait long enough.
Table 4 lists the asymptoticD andD0

0 values at long time limit
when diffusion coefficients become constant. Unfortunately, it is
not sufficient to discussmolecular weight dependence ofD orD0

0
values because the temperatures are different in each measure-
ment. Since the temperatures are close to the Tg, small difference
in the temperature can lead to the large difference in mutual
diffusion coefficient.
Mutual diffusion was studied by other groups using rheological

measurements on sandwich-like bilayer or coextrudedmultilayers.50,51

Coextruded multilayers of a pair of high-density and linear low
density polyethylenes are sheared by small amplitude oscillation
between parallel plates.51 The complex viscosity increased with
time and the whole viscosity curve can be divided into three
stages. At the beginning, the viscosity increases rapidly, then, the
rate is gradually reduced in the second stage and transitions to the
third stage, where the viscosity of both samples approaches a
saturated value.51 An increase in the viscosity at the second and
third stages is in good agreement with the estimated one using
partial differential equation based on reptation theory. However,
the initial stage could not be measured because mutual diffusion
can be naturally occurred during the coextrusion and the sample
loading and melting in the rheometer. Their results cannot be
compared with our results directly, however it is expected that
the first stage of viscosity curve is closely related to the short-time
diffusion presented in our study. Furthermore, time evolution of
lap-shear strengths at bilayer interfaces was examined below the

bulk Tg by Boiko and co-worker52,53 and Akabori and co-
workers,54 separately. Both studies reveal that the activated
segmental motion contributes to the increase in the lap-shear
strength. However, the relationship between the formation of an
entanglement and the mechanical response at the interface is still
unclear and will lead to understanding the mechanism of adhesion.

’CONCLUSIONS

We demonstrated time-resolved neutron reflectivity measure-
ments of linear polystyrene/linear deuterated polystyrene bilayer
films with different molecular weights. NR profiles were analyzed
by solving the diffusion equation for the reptation and the
segmental motion models using the mutual diffusion coefficient
of segments, D0 or D0

0, as a fitting parameter, respectively. The
time evolution of the scattering length density profiles near the
interface can be obtained over a wide time scale. At short annealing
time, D gradually decreases, before reaching an asymptotic value
at longer times. Time dependence of the interfacial positions,
u(t), was extracted from the (b/V) profiles. The exponent of α in
u(t) ∼ tα reflects the asymmetric mobility of the components.
The combination of NR measurements and solution of the
partial differential diffusion equation is a very good protocol to
examine segmental relaxation and/or the interdiffusion.
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