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ABSTRACT: Neutron reflectometry is used to study interdiffusion in bilayers of hydrogenated and
deuterated poly(methyl methacrylate) (PMMA) on silicon substrates where the polymer—substrate
interaction energy is strongly attractive. The effect of the polymer—substrate interaction energy on the
interdiffusion rate as a function of distance from the surface is investigated. Samples are prepared with
lower layer thicknesses of the deuterated PMMA ranging from 35 to 335 A or 0.4 to 3.6 radii of gyration
(Rg) of the bulk polymer chain. The rate of interdiffusion is found to be strongly dependent upon the
lower film size. Polymers in films less than Ry in thickness have effective diffusion constants 2 orders of
magnitude smaller than polymers in the thickest films. The effective range of the substrate on the
interdiffusion dynamics is found to be between 300 and 400 A or 3 Ry and 4 Ry. The observed dynamics
are attributed to the different polymer chain conformations at varying distances from the solid surface.

1. Introduction

The properties of polymer chains near an impen-
etrable surface have received much recent attention and
are important in applications such as electronics pack-
aging, composite materials, coatings, and adhesion.!
Oftentimes, the performance of the materials and
devices is dependent upon knowledge about the struc-
ture and dynamics of the interfacial polymer. Knowl-
edge of the bulk polymer properties is not useful in these
areas because the equilibrium structure and dynamics
of the interfacial polymer chains are quite different from
those of the bulk polymer. Geometric constraints from
the surface alter the conformation of the polymer chains,
and the interaction energy between the polymer and the
surface can provide additional enthalpic contributions
to the interfacial polymer properties.

Several recent experiments have shown that both
chain confinement and the interaction of the polymer
with the substrate strongly affect the properties of
interfacial polymers. Orts et al.2 and Keddie et al.®
observed that ultrathin polystyrene films on silicon
oxide surfaces (with a weakly attractive interaction
energy) exhibit a lower glass transition temperature,
Tg, than the bulk polymer. Additionally, Reiter* ob-
served that polystyrene films dewetted silicon oxide
surfaces at temperatures below the bulk polymer Ty,
providing evidence of enhanced chain mobility. How-
ever, for ultrathin polymer films with strongly attractive
interactions between the polymer and the substrate, the
Ty increased by as much as 30 °C and the thermal
expansion coefficients decreased relative to those of the
bulk polymer.5~7 From these studies, it was estimated
that the influence of the substrate reached several
hundred angstroms, or several times the length scale
of the unperturbed polymer chain.® The changing
thermal properties observed in these experiments reflect
differences in the polymer chain dynamics. Increases
in Ty imply that the polymer dynamics have slowed
down near an attractive interface, and decreases in Ty
suggest that the polymer chains have greater mobility
than in the bulk polymer. Recent measurements of Tg
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in freely standing thin polystyrene films show large
decreases in the observed Ty, demonstrating the large
effects the free surface and the substrate have on the
polymer properties.®

In many applications, information about the proper-
ties of interfacial polymers in contact with the bulk
polymer are needed. Only limited experimental infor-
mation about these interfacial polymer properties is
available because of the challenge of probing buried
interfaces and distinguishing the interfacial polymer
from the bulk polymer. Progress has been made by
several groups using techniques such as dynamic sec-
ondary ion mass spectrometry (SIMS) and neutron
reflectometry to study buried interfaces with deuterated
components; providing a convenient way to selectively
label the interfacial polymer. Zheng et al.® used SIMS
and van Alsten et al.l° used neutron reflectometry to
study the bulk rate of diffusion from a solid surface of
polystyrene on different substrates and of poly(methyl
methacrylate) on a silicon substrate, respectively. In
both studies, decreases in the effective diffusion con-
stants or chain mobilities for polymer chains near the
surface are observed. It was suggested that the de-
creased chain mobility arises from an increased friction
factor due to the attractive interaction energy between
the polymer segments and the substrate.® This argu-
ment suggests that at distances greater than ~ Ry from
the surface, the polymer dynamics should resemble bulk
behavior. Computer simulations studying the center of
mass diffusion of oligomer chains near surfaces have
also shown that the diffusion of chains from the surface
decreases relative to bulk values with an effective range
of influence of about Ry. Interestingly, the diffusion
parallel to a neutral surface was enhanced because the
chains are oriented parallel to the surface.'*"14 Longer
ranged perturbations from bulk chain behavior were
observed for supercooled melts between neutral walls.1415
No computer simulations to date have been able to
examine polymer chain melt dynamics above the en-
tanglement molecular weight.

In this work, we are interested in measuring chain
mobility in polymeric thin films. We use neutron
reflectometry to measure the movement of polymer
chains near an attractive substrate from bilayer inter-
diffusion experiments. Information about the polymer
chain mobility can be obtained from the measurement
of the rate of interdiffusion between polymer layers. For
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Table 1. Physical Characteristics of the Polymers Used

in This Study
polymer mol wt Mu/Mn Rg (A)3®
hPMMA 143 000 1.04 99
dPMMA 135 000 1.10 93

bulk systems, where the interface is far from the
substrate surface, much has been learned about the
interdiffusion. The initial stages of bulk polymer in-
terdiffusion using bilayers of polystyrene were studied
using neutron reflectometry by Stamm et al.l® and
Karim et al.1718 Bulk interdiffusion for poly(methyl
methacrylate) (PMMA) bilayers was recently measured
using neutron reflectometry by Kunz and Stamm.® In
these studies, the data are found to be consistent with
features from the reptation model for polymer dynam-
ics,2021 describing the polymer chain mobility along its
contour path through a “tube” defined by the matrix of
surrounding chains. Additional interdiffusion experi-
ments using specially labeled triblock copolymers have
also provided enhanced evidence validating the repta-
tion model in comparison with other dynamical mod-
els.??

In this study, we use bilayers of poly(methyl meth-
acrylate) (PMMA) near the native oxide surface of
silicon; a system with a strongly attractive interaction
energy between the polymer segment and the substrate.
We prepare samples with different lower layer thick-
nesses and monitor the interfacial profile as a function
of the annealing time. Varying the lower layer thick-
ness results in changing the polymer conformations by
confining the polymer in films smaller than 2Ry. Not
only will the attractive interaction between the surface
and the polymer slow the polymer dynamics, but also
additional effects from the confined chain conformations
may appear. The interdiffusion results also provide
information about the chain dynamics at the free
surface of thin polymer films. A series of samples
provides an important estimate of the length scale at
which the substrate no longer influences the chain
dynamics at the polymer—polymer interface.

2. Experimental Section

2.1. Sample Preparation. The hydrogenated poly(methyl
methacrylate) with a molecular weight?® of 143 000 and a
polydispersity index of 1.04 was purchased from Polymer
Laboratories.?* The deuterated PMMA was synthesized using
a group-transfer polymerization method and has a molecular
weight of 135 000 and a polydispersity index of 1.10. Both
polymers are approximately 57% syndiotactic, 37% atactic, and
6% isotactic. The polymer characteristics are summarized in
Table 1.

The bilayers were prepared on polished silicon wafers 75
mm in diameter and 5 mm thick. After the native oxide layer
was stripped from clean wafers in a buffered etch solution,
the wafer surface was placed in a UV/ozone cleaner for 3 min,
forming an oxide surface 15—25 A thick. Thin layers of
varying thicknesses of the deuterated polymer were prepared
by spin coating at 2000 rpm solutions of the polymer in
o-xylene, mass fractions 0.3—2.0%. The deuterated layers
were annealed under vacuum at 150 °C for at least 6 h above
the glass transition of the polymer (Tq = 115 °C, as determined
from DSC measurements) and very slowly cooled to room
temperature. The sample thicknesses and polymer/interface
roughnesses were then characterized from the X-ray reflec-
tivity. For each sample, the measured roughnesses for the
substrate/polymer interface and the polymer/air interface were
less than 10 A.

The overlayers were prepared using the floating technique.
Thin polymer layers were prepared from solutions of the
hydrogenated PMMA in o-xylene, mass fractions 2.0—2.75%,
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by spin coating onto glass slides at 2000 rpm. The sides of
the slides were scored with a razor blade and the films (800—
1000 A) were floated from deionized water onto the deuterated
layers. The resulting bilayers were kept under vacuum at 25
°C for at least 15 h to remove excess water. The prepared
bilayer samples and their characteristics are given in Table
2.2 The lower film thickness is normalized with Ry, the
characteristic size of the polymer in the bulk.

For the interdiffusion experiment, the samples were an-
nealed in a large aluminum block held at 150 °C within a
vacuum oven and were periodically removed from the oven to
measure the reflectivity. In past interdiffusion studies, the
samples were annealed at different temperatures to take
advantage of the time—temperature superposition of the
polymer dynamics through the use of the Williams—Landel—
Ferry (WLF) equation.?® Here, only a constant temperature
of 150 °C is used. Although the bulk relaxation times can be
rescaled using the WLF equation, it is not clear how the time
scales of the polymer dynamics are rescaled with respect to
the polymer—surface interaction energy. After being annealed
for a set time, the samples were rapidly quenched to room
temperature on a cool aluminum block. Typically, the sample
is cooled to room temperature within 30 s.

2.2. Neutron Reflectometry. The neutron reflectivity
measurements were performed at the National Institute of
Standards and Technology NG-7 reflectometer at the specular
condition. The wavelength was 4.768 A. The neutron beam
was sent through the silicon substrate with a transmission of
~0.90 of the beam intensity as measured through air. All
reflectivity measurements were taken at room temperature.
The reflectivity is measured at different incident angles and
presented as a function of the scattering vector in the
perpendicular direction, Q = (4x/1) sin 6 where 0 is the incident
angle and 4 is the wavelength of the beam.

The modeling and fitting of the reflectivity data were
performed with nonlinear least-squares fits using the recursive
multilayer method.?” The physical quantity used to fit the data
is the elastic coherent-scattering per unit volume, Q2. Q. is
related to the neutron scattering length, b, through the
expression Q2 = 16anb where n is the number density of
scattering nuclei. The Q¢ values for bulk silicon, deuterated
PMMA, and hydrogenated PMMA are 1.06 x 1074 A2, 3.50 x
104 A2, and 5.15 x 1075 A2, respectively. The Q2 values
for the deuterated and hydrogenated components are different,
leading to strong contrast between almost chemically identical
species.

3. Results

In Figure 1, the neutron reflectivity data for sample
E at four different annealing times are shown along with
the best fit curves. The real space profiles in terms of
Q¢ corresponding to the best fit to the reflectivity data
are shown in Figure 2. In the as cast bilayer, several
distinct interference fringes in the reflectivity curve are
observed indicating that the interface is sharply defined.
The initial thickness of the deuterated layer determines
the Q spacing between the minima or maxima of the
reflectivity curve. As the annealing time is increased,
the interface between the layers begins to broaden and
results in a gradual loss of the higher order minima in
the reflectivity curves at higher Q values. Additionally,
higher order oscillations become visible at later anneal-
ing times, arising from reflections from the overall
thickness of the bilayer sample. The small differences
between the experimental data and the fitted curves at
small values of Q are due to alignment errors in the
slit openings and the beam footprint. These errors are
not significant at larger Q values.

Initially, we fit the reflectivity data using an error
function profile between the two layers since it is the
solution for normal Fickian diffusion. We find the error
function provides good fits at all annealing times to the
data from the samples with the thinnest deuterated
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Table 2. Physical Characteristics of the Prepared Bilayer Samples?
a(A)
sample thickness, h, thickness, h, hPMMA/ Si/
name dPMMA (A) h/Rq hPMMA (A) air dPMMA Dest x10716 (cm?/s)
A 3B+1 0.38 789 +1 36+1 10.2+0.5 3.6 x 1074+ 0.3 x 10
B 70+1 0.75 804 +1 15+1 109+ 0.5 75x10%+0.3 x 1073
Cc 148 +1 1.59 842 +1 19+1 10.0+ 0.5 0.09 + 0.01
D 203 +1 2.18 1420 +1 20+1 105+ 0.5 0.10 £ 0.01
E 334 +1 3.60 768 £ 1 20+1 12.0+ 0.5 0.25 + 0.02

a Total thicknesses of each layer and the roughness of the hPMMA/air interface were determined from X-ray reflectivity measurements.
The values of the roughness for the Si/dPMMA interface are from the best fits with the neutron reflectivity data.?

Table 3. Volume Fraction of Deuterated Segments at the Silicon Surface, ®s, and the Interfacial Width from the Best
Fits to the Neutron Reflectivity Data for Different Annealing Times at 150 °C?2

A B C D E
time (min) D Ao (A) D, Ao (R) D, Ao (R) D, Ao (R) D, Ao (A)
0 1.00 4+20 1.00 8+10 1.00 5+10 1.00 4+1.0 1.00 4+1.0
2 0.97 17+ 2.0 0.99 24 +£20 1.00 29+ 20 1.00 23+20 1.00 30+20
7 0.92 18+ 2.0 0.98 28+£20 0.99 32+3.0 1.00 29+ 3.0 1.00 35+3.0
22 0.88 19+ 2.0 0.95 31+£3.0 0.99 44 + 3.0 1.00 39+ 3.0 1.00 41 4+ 3.0
42 0.86 20+ 2.0 1.00 48+ 7.0
67 0.86 20£ 2.0 0.93 37+3.0 1.00 52+5.0 1.00 63 +£5.0
112 0.81 20+ 2.0 0.90 39+4.0 1.00 68 £5.0 1.00 93 +6.0
117 0.99 73+6.0
187 0.78 21+20 0.88 42 + 4.0 1.00 83+ 6.0 1.00 114 +£12.0
192 0.99 87+7.0
a @s is determined from the Q2 values at the dPMMA/Si interface.?>
0 | [ L | [ oS (s S B A N B
— As Cast
| —6— 2 minutes
—¥— 67 minutes
-2 r 300 — —= 187 minutes (
-4 As Cast | .
= & 200 =
=z
3
=
L o - j
Eo/“ 2 minutes 100 ! -
-8 - L
67 minutes 04 -
T T T T
0 200 400 600
10 L 2 A
187 minutes Figure 2. Real space profiles for the fits to the neutron
Py reflectivity data from sample E for four annealing times at
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Figure 1. Typical neutron reflectivity data from sample E
for four annealing times at 150 °C. The data are shown with
the symbols and the best fits are given by the solid lines. The
curves are offset vertically for clarity.

layers, samples A and B. For thicker lower layers, the
error function profile adequately fits the data at the
shorter annealing times (<22 min). However, for longer
annealing times, non-error-function Q.2 profiles are
required to fit the data. This requirement has been
noted in bulk interdiffusion studies using polysty-
rene’®18 and PMMA.® The need for a different func-
tional fit is consistent with the reptation description of
polymer dynamics for diffusion distances less than Rg.28
The real space profile generally has a steep central part
corresponding to the initially sharp interface with
broader concentration gradients on either side of the
interface corresponding to movement by the chain ends.
The modified profiles used here to fit the data have the
same characteristic shape and are generated using four
separate layers with different error function profiles

linearly related to the deuterium concentration. The curves
from the as cast film and 2 min anneal utilize the error
function to fit the data. The curves from the 67 and 187 min
anneals are not fitted with an error function. A modified profile
is used leading to a reduction by at least a factor of 2 of 2
(from »?2 test) in the quality of the fit.

between them with varying characteristic widths. Fig-
ure 3 shows the difference between an error function
fit and the modified model fit at an intermediate
annealing time for sample C. The detailed profile fit to
the data generally decreases the y2 (from a y2 statistical
test) value of the fit by at least a factor of 2. As an
additional constraint, we check to ensure that mass is
conserved with the modified real space profiles. The
subtle differences between the two real space profiles
demonstrates the sensitivity of the reflectivity technique
to the functional form of the Q.2 profile.

The primary parameter extracted from the fits to the
reflectivity data is the interfacial width, 0. To charac-
terize the size of the interfacial width, the second
moment of the derivative of the real space profile is
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Figure 3. (a) Neutron reflectivity data from sample C after
117 min at 150 °C given by the symbols. The best fit curve
using an error function profile is given by the dotted line and
the best fit with a more detailed profile is given by the solid
line. (b) Real space profiles in terms of the elastic scattering
length, Q¢?, for the error function and the more detailed profile.

used. For an error function, o is the variance of the
derivative of the real space profile. The initial rough-
ness at the interface from the sample preparation is
quadratically subtracted from the measured interfacial
width through Ao = (02 — 0092, where oy is initial
roughness of the interface. The results of the fits
including the volume fraction of deuterated polymer at
the silicon surface, ®s, and Ao are summarized for all
the samples and annealing times in Table 2. The
reported values for Ac at 0 min are the values for oo.
The volume fraction of the deuterated component at the
substrate surface is determined from the Q.2 values at
the dPMMA/silicon interface and provides a measure
of the rate of exchange between deuterated and hydro-
genated segments at the substrate surface.

In Figure 4, the interfacial width of each sample as a
function of time for each sample is plotted using
logarithmic scales. The data from interdiffusion experi-
ments by Kunz and Stamm?® for a different molecular
weight PMMA bilayer system (M,, = 85 500) represent-
ing the change in the interfacial width free from the
effects of the underlying substrate are also shown.
Their data are rescaled for molecular weight from
scaling arguments2921 and for temperature through the
WLF equation. Within the reptation framework, the
bulk bilayer interdiffusion rate is expected to have
varying power law exponents for the time dependence
of Ao for short time interdiffusion (Ao < Rg). Three
characteristic time scales are defined:2%21 the entangle-
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Figure 4. The interfacial width, Ao, plotted using logarithmic

scales as a function of the annealing time at 150 °C for bilayer
samples with different lower layer thicknesses.

ment relaxation time, 7., corresponding to the time scale
for the Rouse relaxation of the chain within the repta-
tion tube, the reptation time, tr, corresponding to the
chain relaxation time constrained by the tube, and 7p,
representing the time after which the chain has disen-
gaged from the tube and normal Fickian diffusion is
recovered. The power law dependences for Ao between
characteristic times have been determined by Doi and
Edwards.?! For 7. <t < 1R, t¥8 is expected, for tg <t <
7p, a t4 dependence is predicted, and finally, for t >
7p, tY2 is expected. For PMMA and the annealing
temperature of these experiments, we use the values
reported by Kunz and Stamm?° and estimate that for
this system, 7 = 0.072 min, g = 0.26 min, and 7p =
8.53 min.

Initially prepared films have very sharp interfaces
between the dPMMA and the hPMMA layers with Ao
between 5 and 8 A. At the shortest annealing times (2
min), a rapid broadening of the interface is observed of
approximately 20—30 A for each sample. This initial
broadening has been observed in previous experi-
ments'617.1% and has been attributed to the fast Rouse
relaxation modes within the reptation tube and/or to
capillary wave effects. This initial broadening is ob-
served even in sample B with a lower layer 70 A thick,
indicating that the very fast initial broadening is not
dependent on the lower film thickness until the film
becomes as thin as the length scale of this fast diffusion
process. The slightly smaller amount of initial broaden-
ing in sample A is not surprising since the initial layer
sizeAis comparable to that of the expected tube diameter,
25 A1

The change in time dependent scaling of Ag is evident
for the samples with thicker lower layer thicknesses (C,
D, and E). The samples with thinner lower layers (A
and B) do not exhibit the same qualitative changes in
the time dependent scaling. The experimental points
for each system are all at times greater than z. and zg.
The slow tY8 behavior would not be expected to be
apparent within these experiments for bulk bilayer
samples because of the short time scales for 7. and tr
relative to the experimental time. However, for sample
B, t8 scaling is present over the entire annealing cycle
suggesting that the movement of the polymer chains
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near the interface remains restricted. Sample A exhib-
its an even slower scaling behavior not previously
observed. Instead of the chain dynamics confined to a
reptation tube, the slow dynamics arise from the
polymer chains being pinned to the silicon surface and
from effects from the structure of the polymer chains
near the surface.

The deuterated volume fraction at the surface for
samples A and B does not rapidly decrease with time
indicating that the hydrogenated chains do not readily
replace the deuterated segments. Similar behavior was
observed in the work of van Alsten et al.10 where they
follow the bulk chain displacement near an interface.
They do not observe any bulk replacement of the
deuterated layer near the surface until temperatures
50 °C above the glass transition of the polymer,1° but
they are not able to resolve the details of the penetration
of the ultrathin film into the overlayer. In our experi-
ments, the surface concentration of the initial polymer
segments also does not significantly change even after
several hours of annealing, but we observe a slow
broadening of the interface, indicating that the polymer
segments do diffuse into the overlayer with motion
constrained by the interaction energy between the
substrate and the polymer segments. This behavior is
similar to the long timescales observed?® and predicted®®
for the mixing dynamics between end-grafted polymer
chains and a homopolymer matrix. An additional effect
which may play a role in the segment displacement near
a substrate is the difference in the interaction energy
between the deuterated and hydrogenated polymer
segments with the surface. It has been observed in
polystyrene systems that the deuterated polymer pref-
erentially segregates to the silicon surface.3 The
guantitative effect of this difference on PMMA polymer
dynamics is not well-established at this time.

Samples C, D, and E most closely follow the t1/4
scaling over the time scale of the experiments. This
scaling behavior is consistent with earlier interdiffusion
studies interpreted within the reptation framework.1”
However, the relative values of Ao differ at the same
annealing times suggesting that additional effects may
perturb the interdiffusion dynamics. None of the data
sets clearly reaches the Fickian diffusion limit with a
tY2 dependence. In general, it is difficult to observe the
time dependent behavior of the deuterated segment
concentration at the Fickian diffusion limit because the
neutron reflectometry technique is not as sensitive to
interfacial widths greater than ~150 A.

From Figure 4, the values for Ao at the longest
annealing times are dependent upon the initial film
thickness. At the longest annealing times, the value of
Ao for the smallest lower layer is an order of magnitude
smaller than that of the thickest layer. Even though
similar changes in the scaling behavior are observed for
samples with h/Ry > 1.5, the observed interdiffusion rate
varies with the initial lower layer thickness. To roughly
characterize the interdiffusion rate, we linearly fit the
data from a plot of Ao as a function of t2 for each
sample in Figure 5 over the time scale of the experi-
ments. If the diffusion process were purely Fickian,
then the data would be linear in this type of plot and
the slope of the resulting line would be proportional to
the bulk diffusion constant. The scaling behavior in
Figure 4 indicates that the Fickian diffusion limit is not
definitively reached in these experiments. Additionally,
the intercepts from the fits are not zero because of the
rapid initial broadening at very short times which is
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Figure 5. Interfacial width, Ao, plotted as a function of the
square root of the annealing time at 150 °C for bilayer samples
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Figure 6. Effective diffusion coefficient, D¢, determined as
described in the text as a function of the lower layer thickness
normalized on the radius of gyration, Ry, of the polymer. Des
is not strictly the mutual or tracer diffusion constant of the
polymer chain but is a parameter characterizing the rate of
interdiffusion near an attractive surface.

not present in Fickian diffusion. The diffusion constant
determined from the fits is not the bulk diffusion
constant, but is interpreted as an effective segment
diffusion constant, Def, providing a measure of the
interdiffusion rate including the different processes
described earlier in the reptation framework. We have
also used the value of Ao at the longest annealing times
to determine an effective diffusion constant with similar
results.

From the variation of Des with the initial lower film
size, we can estimate the length scale at which the
substrate continues to perturb the rate of interdiffusion.
The effective diffusion constants for each sample are
given in Table 2 and shown in Figure 6 as a function of
the initial layer thickness normalized on Ryg. Even the
values for D for the thickest samples are expected to
be lower than those determined using longer length
scale techniques such as SIMS because they are more
heavily weighted by the slower diffusion rates at the
short times studied here. For comparison, the bulk
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diffusion constant for the molecular weight PMMA used
here at 150 °C from gold marker experiments of Liu et
al.32 was determined to be 0.88 x 1071® cm?/sec after
rescaling for molecular weight and temperature. For
our thickest sample and the Kunz and Stamm?® data,
Desf is found to be 0.25 x 10716 cm?/s and 0.29 x 1016
cm?/s, respectively, in reasonable agreement with the
results from the gold marker experiments.

The effective diffusion constant is less than the “bulk”
value for films up to 3 Ry thick. We find that the
effective diffusion constants for the thinnest layers are
nearly 2 orders of magnitude smaller than the bulk
values. Zheng et al.® observed a similar significant
decrease in the effective diffusion constant for 50 A thick
layers of polystyrene on a silicon substrate even though
the interaction energy between polystyrene and silicon
oxide is less than that of PMMA and silicon oxide. Both
experiments study initial films less than or approxi-
mately 1 Ry in thickness. Within these films, the
polymer chains are severely distorted and are in inti-
mate contact with the substrate. Once long chains have
many contacts with the surface, even a small interaction
energy may effectively fix a polymer chain. Zheng et
al.® determine a single effective diffusion constant
because of the depth resolution of SIMS to ~90 A. Our
experiments show that the diffusion rate is dependent
upon the film size. Significant differences in the effec-
tive diffusion constant are observed between films 0.5—2
Ry, both within the criteria used by Zheng et al.® The
initial state of the polymer chains plays an important
role in the dynamics and the experimental data suggests
the diffusion rate is dependent upon distance from the
substrate and the characteristic size of the adsorbed
chain structure.

From Figure 6, we estimate the effective range of the
substrate on the the dynamics of the polymers to be
between 3 and 4 Ry, 22300 A in this system. This length
scale is consistent with that extracted from thermal
expansion experiments of polymer thin films on an
attractive surface>’ and the length scale in computer
simulations at which all polymer chains are expected
to have distorted conformations (~2 Rq because of the
initial presence of two confining interfaces).1%15 Inter-
estingly, the 3—4 Ry length scale for which a change in
Dess from bulk properties is observed is similar to the
value determined by Forrest et al.® for the observed Ty
suppression of freely suspended polystyrene films sug-
gesting that changes from “bulk” properties are related
to distorted chain conformations. However, this length
scale is much less than that reported by Frank et al.33
for the lateral diffusion constant of polystyrene chains.
They find that the bulk diffusion constant is reduced
for films up to 25 times the polymer Ry and is propor-
tional to the length of the fully extended chain.

4. Discussion

The rate of interdiffusion for polymer bilayers near
an attractive surface is dependent upon both the
interaction energy of the polymer segment with the
substrate and the conformations of the chains. Experi-
mental observations can be qualitatively explained by
considering distorted chain conformations and the
substrate interaction energy. Initial chain conformation
determines the distribution of the chain ends in the film,
number of contacts a chain has with the surface, and
changes in the local environment of each chain due to
the anisotropic confinement of the polymer. Interaction
energy with the substrate provides an energetic factor
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hindering the removal of a chain from the surface. The
effects of these two factors on the initial stages of
polymer interdiffusion rate are interdependent. An
attractive substrate interaction energy with each poly-
mer segment locally slows the polymer chain dynamics,
but the large scale motion is dependent upon the
number of segments per chain in contact with the
surface as well as the local structure of the surrounding
polymer chains. Interpretation of the experimental
results is strongly dependent upon the lower film size
because each sample represents the dynamics of poly-
mer chains in different configurations. The observed
differences in the rate of interdiffusion show the im-
portance of the initial film size layer in interpreting
other experimental data.®

Within the reptation picture, where polymer chain
movement occurs through the chain ends, an important
parameter is the number of chain ends located at the
polymer—polymer interface. As a limiting case, we
assume all chain ends within Ry of the interface are
located at the interface. The areal density of chain ends
at the interface given a lower film thickness, d, can be
estimated to be

2d
pe == Wp, d =< Rg (1)

where p is the monomer density and N is the degree of
polymerization. The maximum value of p. is attained
for the largest bilayers since only chains within Rq of
the interface are presumed to have chain ends at the
interface. As the lower film thickness decreases below
Ry, the density of chain ends at the interface decreases.
Additionally, the chain end density will not be equal on
both sides of the interface because of the difference in
the prepared films. The effects of the density of chain
ends is weak as eq 1 is linearly dependent on the film
thickness and we observe decreases in Dgg in Figure 6
larger than can be attributed solely to a decrease in pe.
The experimental data can be interpreted by considering
three film size regimes with dynamics reflecting the
environment of the chains at the polymer—polymer
interface.

For samples with lower layers that are less than Ry
thick, highly distorted chain conformations are expected
and the interdiffusion experiments here become similar
to experiments involving polymer desorption in solu-
tion®* and tethered polymer chains diffusing into a
homopolymer matrix.?® Within these samples, the
backbone of the polymer chains is primarily oriented
parallel to the substrate surface. Not only is pe lower
for these films, the flattened polymer chains have many
more contacts with the substrate than polymers in the
thicker bilayer structures. Nearly all of the labeled
polymer chains in samples A and B are expected to have
segments in contact with the substrate. The result is
that the energy needed to remove an entire chain so that
it may freely diffuse into the bulk domain is very large.
The Boltzmann factor for the removal of the chain is
on the order of

7 ~ exp(—N.E,/KT) (2)

where N is the number of monomer contacts with the
surface, E, is the substrate—polymer segment interac-
tion energy, k is Boltzmann’s constant, and T is the
absolute temperature. Since N is large, the Boltzmann
factor is very small, and it is unlikely that the entire
chain is removed over the experimental time scale. The
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magnitude of the interaction energy, E,, may not be too
important for polymers with large N since t will still
be very small and differences on the laboratory time
scale may not be visible. The dynamics in these films
appear to be dominated by the rate of the segment—
segment exchange rate governed by E..

When the lower layer thickness is between Ry and 2
Ry, some chain distortion is still expected throughout
the film. There is some reduction in the number of
chain ends at the interface and the number of contacts
for chains at the polymer—polymer interface contacting
the substrate is smaller than for samples less than Rq
thick. In this thickness range, the decrease in the rate
of interdiffusion is most likely related to the adsorbed
layer structure of the polymer chains closest to the
substrate. The presence of loops and trains in the
adsorbed polymer structure may resemble a fixed
network reducing the rate of interdiffusion. As the
overlayer chains move toward the substrate, the in-
creasing structure of the polymer layers close to the
substrate as well as the slower dynamics of the adsorbed
chains hinders the interdiffusion rate. Chains close to
the substrate surface are less likely to move from the
substrate for similar reasons given for the thinnest
layers. The clear reduction in the interdiffusion rate
for these film sizes demonstrates that the polymer chain
dynamics are affected at distances greater than the
characteristic size of the unperturbed chain. Earlier
interpretations of experiments of the thermal expansion
of ultrathin polymer films®3% have focused on either the
substrate surface or the free surface. Here, we show
that the substrate—polymer interaction can affect the
dynamics at the free surface of thin polymer films.

When the film thickness is greater than 3 Ry, there
are small differences between the thickest film exam-
ined here, sample E, and the results from Kunz and
Stamm.1® The chain distortion at the polymer—polymer
interface for this sample and larger samples should not
differ and the middle of the deuterated layer has bulk
polymer-like conformations. As a result, the short time
interdiffusion studied here does not probe length scales
that reach significantly into polymer chains that are
perturbed by the substrate either directly or indirectly
through the adsorbed chain structure. Longer length
scale experimental techniques will need to account for
the surface effects on the dynamics since the adsorbed
layer structure as well as the segment—segment ex-
change rate will become important.

Interesting questions remain regarding the effects of
the polymer—substrate interaction energy and the mo-
lecular weight of the polymer. Currently, it is not clear
how polymer chain dynamics from different sized poly-
mer films are affected over a range of polymer—
substrate interaction energies. For neutral surfaces,
computer simulations suggest that the center of mass
diffusion rate perpendicular to a wall is still reduced,
but the lateral diffusion rate is enhanced.>14 These
effects were observed only for distances less than Ry and
for polymers well below the entanglement molecular
weight. The SIMS experiment of Zheng et al.® for very
thin polystyrene layers on silicon showed no difference
in the effective diffusion constant from silicon oxide or
hydrogen passivated silicon surfaces even though the
polymer—substrate interaction energies are quite dif-
ferent. The very thin polymer layers used may involve
enough contacts per chain to reduce the impact of the
differences in the interaction energy at elevated tem-
peratures. Further experiments measuring the initial
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stages of interdiffusion with systems with different
polymer—substrate interaction energies or different
temperatures are underway and should provide insight
into their effect on interfacial polymer dynamics. Ad-
ditionally, the molecular weight dependence of the
interdiffusion dynamics will provide information about
the extent of the adsorbed layer structure.

5. Summary and Conclusion

Neutron reflectometry is used to study the interdif-
fusion of PMMA bilayers with the polymer—polymer
interface located near an attractive substrate. The
concentration profile of the labeled (deuterated) layer
is measured as a function of annealing time above the
glass transition temperature of the polymer. The
experimental technique provides detailed information
about the initial interdiffusion (Ao < Rg). The effect of
the initial film thickness on the interdiffusion rate is
studied to gain insight into the effect of chain confine-
ment and polymer—substrate interaction energies on
the chain dynamics as well as to provide an estimate of
the length scale at which the substrate no longer
perturbs the polymer dynamics.

The rate of interdiffusion is found to be strongly
dependent upon the lower film size. Bulk interdiffusion
behavior appears to be recovered for films 3—4 Ry thick.
Different effective diffusion constants and time scaling
behavior of the interfacial widths are observed and
correlated with the polymer chain conformations and
the polymer—substrate interaction energy. For films
less than Ry thick, the effective diffusion constant is 2
orders of magnitude less than that of the thickest films.
The significantly reduced mobility is attributed to the
chain conformations being distorted parallel to the
substrate and the numerous contacts per chain with the
attractive surface. For films between 1 and 2 Ry thick,
the effective diffusion constant is also less than that of
the thickest layers, but greater than that of the thinnest
layers. The reduced mobility from these layers is
slightly due to direct chain contact with the substrate,
but is primarily related to entanglements of the polymer
chains near the polymer—polymer interface with the
adsorbed structure of the chains closest to the substrate.
These measurements directly show how polymer chain
connectivity can effect changes on the polymer dynamics
more than Ry from the surface.
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