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Short-time relaxation at polymeric interfaces
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The interdiffusion of long polymer chains at the interface of two melts has been studied as a
function of time by neutron reflection. The time range studied spanned from the time charac-
teristic of the motion of the single segment (Rouse time, 7.) up to the time at which the center of
mass of the whole molecule has moved a radius of gyration (reptation time). At least for t > z.,
the diffusion rate slows down with time until the bulk diffusion rate is reached, in agreement with
the current theories for the motion of a polymeric chain in a melt.

The theoretical treatment of the dynamics of a long
polymer molecule in a melt has been elegantly developed
by de Gennes' and Edwards.? These authors proposed
that a polymer molecule diffuses by moving along its own
contour in a reptative manner within the confinements of
a hypothetical “tube,” which is defined by the entangle-
ments of the molecule with other molecules. The repta-
tion model has been successful in describing the motion of
polymer molecules over distances larger than their radius
of gyration (or times greater than the reptation time, 74).
In that region the mean-square displacement of the mole-
cule is predicted to be proportional to time with a diffu-
sion coefficient proportional to M ~2 (M is the molecular
weight). These predictions have been extensively con-
firmed by Kramer and co-workers using forward-recoil
spectrometry,>* by Klein and Briscoe, using infrared spec-
troscopy,’ and also by secondary-ion mass spectrometry.®
However, these techniques, with a resolution at best of
100 A, monitor well the motion of the molecules only for
times greater than 7,, since the radius of gyration of a
molecule with a typical weight M =230000 is 130 A.

There is considerably less information available for
times shorter than ;. When we examine diffusion over
distances less than the dimensions of the molecule, the
constraints due to entanglement between molecules be-
come important. Recently, direct microscopic evidence of
a well-defined entanglement distance (or tube diameter)
inhibiting the diffusion has been found by Richter ez al.’
in a neutron spin-echo experiment. Molecular-dynamics
simulation of diffusion of polymer melts by Kremer,
Grest, and Carmesin® show the presence of two time re-
gimes when the molecular weight exceeds the threshold
for entanglement.

We have monitored the diffusive motion of polymers by
means of neutron reflection.’ The quantity examined is
the thermally-induced-interdiffusion profile between two
layers of polymers deposited on a flat substrate; one of the
polymers has been ““tagged” by deuterating it. The exper-
iment takes place by bringing a well-collimated neutron
beam onto the sample surface at a glancing angle 6. The
number of neutrons reflected from the sample is recorded
as a function of the component of the neutron momentum
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perpendicular to the surface, k, o=(27sin8)/A, where A is
the neutron wavelength and 6 the angle of incidence. The
reflectivity R(k; o) is an optical transform of b(z)/V(z),
the nuclear-scattering amplitude density at a distance z
from the surface of the sample.

The samples investigated were bilayers of normal and
deuterated polystyrene (h-PS and d-PS, respectively), on
polished silicon substrates (5-cm diameter, 0.5-cm thick-
ness). The first layer was prepared by coating the sub-
strate with a solution of the polymer in toluene and then
spinning it at 2000 rpm to evaporate most of the solvent
and produce a uniform film with thickness greater than
1500 A. The specimen was then annealed at 120°C for
48 h to remove residual solvent and relax the film. The
second layer was prepared separately by spin coating a
film 600-800-A thick onto a 5.0%7.0-cm? microscope
slide. The sides of the slide were scored with a razor blade
and the film was floated off onto a pool of deionized water
and then transferred to the top of the first layer. The bi-
layer was dried in vacuum for at least 48 h. Starting from
this initial (¢ =0) sample, interdiffusion of the d-PS and
h-PS was achieved by placing the bilayer in a preheated
oven under helium, temperature controlled within 0.5°C
for a preset time, and then rapidly cooled. The sum of
heating and cooling time was small (~45 s) in compar-
ison to the interdiffusion times. The characteristics of the
samples used in this study along with their thicknesses are
shown in Table I.

The experiments were performed using the reflec-
tometer POSY II at the intense pulsed neutron source at
Argonne National Laboratory. Figure 1 shows the neu-
tron reflection spectrum for a typical sample [k-
PS(4.75%x10°)/d-PS(2.05x10°)] plotted as Rk vs k. o
before and after annealing for 2 min at 105.5°C. We plot
Rk (rather than the reflectivity R) because for large
k. o this quantity becomes a constant whose value depends
on the type and the amount of sharp boundaries between
the layers of the sample. As can be seen from Fig. 1, even
a modest amount of interdiffusion causes a drastic varia-
tion of the asymptotic level. Figure 1 also shows that the
reflectivity is modulated, as a consequence of the interfer-
ence between the partial reflections at the boundaries of
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TABLE I. Characteristics of the samples along with their thicknesses.

Annealing
Bilayer specimen? Thickness temperature Annealing time in minutes
surface/bottom layer (A) (°C) diffusion (o, in A)

d-PS(2.03x10%)/h-PS(2.33x10%) 600/2886 130.0 0(10);5(60);49(150);139(220)
h-Ps(2.33x10%)/d-PS(5.50x 10°) 980/3500 125.0 0(25);10(55);30(70);70(75);150(100);310(125)
h-PS(2.33%x10%)/d-PS(5.50%10°) 990/2300 116.3 0(25);10(40);110(65);180(70);2340(145);9840(200)
h-PS(4.75%x10°)/d-PS(2.05%10%) 675/1775 116.3 0(15);15(55);30(60);9405(160)
d-PS(2.03x10%)/h-PS(2.33x10°) 600/2000 105.5 0(10);30(30)

135.0 22(125);53(190)
h-PS(4.75%10°%)/d-PS(2.05%10°) 675/1850 105.5 0(10);2(30);62(40);1322(60)
h-PS(2.33x10%)/d-PS(1.03x10°) 790/2600 105.5 0(10);5(25)
h-PS(2.5x10°)/d-PS(2.03x10%) 415/2250 105.5 0(5);5(25)
h-PS(2.33%x10%)/d-PS(1.03%x10°) 790/3000 100.0 0(10);10(25)

“Letter designates the hydrogen isotope of the PS; whereas the number following is the weight-average molecular weight.

each layer. The modulation periods do not shift after an-
nealing, which means that the thermal treatment does not
change the layer thickness whose best fitted values are in-
cluded in Table I. The only parameter to fit the annealed
data in Fig. 1 was the thickness of the interface: In this
the density profile was assumed to have, somewhat arbi-
trarily, the form of an error function.

Table I gives a compendium of the experimental root-
mean-square thicknesses, o, =(z2)"/2, which are graphi-
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FIG. 1. R(k.)k}¢ as a function of k. ¢ for a bilayered sample
of h-PS (M,, =475000) on top of d-PS (M, =205000) (a) be-
fore heating and (b) after heating at 105.5°C for 2 min. The
solid circles are the experimental data whereas the solid lines
were calculated using a bilayer model with an error function
describing the concentration profile between the upper and
lower layers.

cally presented in Fig. 2. Although the samples were, in
reality, annealed at different temperatures, we reduced
the annealing time to a reference temperature, by using an
empirical relation proposed by Williams, Landel, and Fer-
ry (WLF).'® According to WLF, the relaxation of a poly-
mer as measured at different temperataures occurs in a
time ¢ multiplied by a “shift factor” ary. For high-
molecular-weight polystyrene (M > 10°) ar is'!

=9.06(T—120)
69.8+ (T —120)

to bring the data to a reference temperature of 120°C,
provided that T is within 50 °C of the reference tempera-
ture. As seen in Fig. 2, the data points from nine different
samples fall on a smooth curve over six decades of the
reduced-time variable, the main discrepancies being be-
tween different samples.

The root-mean-square thicknesses o presented in Fig. 2
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FIG. 2. Root-mean-square halfwidth o as a function of re-
duced time art at a reference temperature of 120°C. The ar-
rows indicate the Rouse relaxation time for the molecule be-
tween entanglement points 7., the Rouse relaxation time for the
whole molecule g, and the reptation time z4. The dashed lines
are the calculated values for the displacements in different re-
gimes, according to Egs. (6a)-(6d), with parameters not adjust-
able, but prefixed as explained in the text.
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have been corrected for the interface “thickness” og of the
as-prepared samples. The correction was done quadrati-
cally, assuming the two quantities to be statistically in-
dependent, i.e., o2=0¢2—04. A finite value of oo does not
necessarily mean that interdiffusion has occurred during
the sample preparation. The reflectivity measures the
scattering-amplitude density averaged on a plane parallel
to the surface (z = const), over an area with linear dimen-
sions on the order of the neutron’s coherence length. The
thickness of an interface might be caused by diffusion,
roughness, or short-period waviness resulting from the
film preparation. The accuracy by which the root-mean-
square thickness is determined '? from this is approximate-
ly 5 A, becoming rapidly worse for o > 200 A.

The arrows in Fig. 2 indicate the positions of the
characteristic physical times for these polymers 7., 74,
and tgz. The Rouse time 7, is defined? as the time at
which the segmental displacement becomes comparable to
the tube diameter; it corresponds to a segment with
molecular weight == 18000 for polystyrene (PS):!3

ma®
= 36NBD* @
where D* is the self- or bulk-diffusion coefficient of the
molecule, N is the degree of polymerization, a is the tube
diameter, and b is the statistical segment length of the
polymer. The reptation time 7, is the time? for complete
disengagement of a molecule from its initial tube:

- _Nb? 3)
3n’D*
Between these two limits, the Rouse relaxation time 7g
indicates the time in which the motion of the single seg-

ments become coordinated over the entire length of the
chain:?

Td

aZ

9r2D*

Some of the quantities appearing in Eqgs. (2)-(4) are
well determined experimentally. From step-strain re-
sponse of PS melts by infrared dichroism,'* 7, =5.6 s at
120°C (for a molecular weight M,, =233000, N =2240).
The statistical segment length for styrene' is 6.7 A. D* is
a function of the molecular weight (D* =Do/M?) and of
temperature [cf. Eq. (1)]: for M =233000 and T
=120°C, D*=5.45x10"'® cm?/s has been determined
by forward recoil spectrometry measurement.>* These
numerical values define not only the positions of the
characteristic relaxation times, but also define the diame-
ter of the tube (a =57 A).

To verify that our systems reduce to classical results of
interdiffusion in the long-time limit, some samples were
annealed for times larger than the reptation time. Figure
3 shows a plot of the diffusion coefficient D divided by the
self-diffusion coefficient D* at 120°C of PS of
M,,=233000. It is assumed that D can be derived from
the square halfwidth from the expression

ol=4Dr¢ , (5)

which is valid in the reptation limit—as well as in the case
of the conventional diffusion. Figure 3 shows that D/D*
is a function of time, varying rapidly for short times but

TR=

(4)
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FIG. 3. The diffusion coefficient D measured from the
reflectivity data divided by the self-diffusion coefficient D* of

PS (M, =233000) in the bulk at 120°C as a function of re-
duced time art. Fort= r5, D=D*.

then reaching a value of 1 in proximity of the reptation
time.? This is in full agreement with the body of experi-
mental>>® and theoretical knowledge?'? already obtained
for t > 74. It is worthwhile then to examine how our data
fit the predictions made for shorter times.

According to Edwards and Doi,? the segmental dis-
placement for a polymer chain reptating in a melt can be
approximated by power laws of time within the bounds of
the different characteristic relaxation times. Precisely,
the mean-square displacement of a chain segment ¢(z)
=([R(¢) —R(0)]1? takes the expressions

6Nb% | D*t 2

—a— —IT— , fort <z, , (6a)
. 12712

[ZaNb2 —D”—t ] ,fort.<t<7tg , (6b)

(6Nb2D*1)'2, for g <t <14 , (6¢)

6D*t, fort> 1, . (6d)

Comparison of Eq. (6d) with (5) shows that the three-
dimensional mean-square displacement of a chain seg-
ment is closely related to the mean-square width of the in-
terface: o2=2¢(z). The calculated values of o 'are
shown in Fig. 2 as dashed lines, starting at the value of
for which its analytical form is proposed, and continued
up to the next relaxation time limit. For ¢> 7,, the
diffusion gradually evolves from segmental motion con-
strained by entanglements to the motion of the entire mol-
ecule. For ¢ < 7., the width of the interface seems to have
relaxed much more rapidly than predicted for the mean
displacements of a chain segment, Eq. (6a). This is also
in disagreement with the recent molecular-dynamics simu-
lation® and spin-echo experiments’ in bulk polymers. At
these short times the diffusion at an interface between two
layers might be different from that of the single molecule
in the bulk. The causes of it are under examination: ei-
ther some bias was introduced by joining two separately
prepared surfaces, or the conformation of molecules near
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the surface are different from the bulk due to chain distor-
tion, number of entanglements, or distribution of chain
ends. 617

In conclusion, for ¢ > ., the interdiffusion of two poly-
mer layers is in agreement with the power laws predicted
from reptation arguments if in the theory the Rouse
motion between entanglements is included. At least one
of the ansatz of the reptation model is established: 7, is
the characteristic time after which the diffusion becomes
conventional. Further refinements of the neutron-reflec-
tion technique will reduce the scatter in the data paints,
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making possible a more detailed test of the numerical
coefficients as well as of the power exponents. It will also
be possible to explore in detail how the different diffusion
regimes evolve into each other, and compare such findings
with those obtained by computer simulation.®
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FIG. 1. R(k;)k}o as a function of k: o for a bilayered sample
of h-PS (M, =475000) on top of d-PS (M, =205000) (a) be-
fore heating and (b) after heating at 105.5°C for 2 min. The
solid circles are the experimental data whereas the solid lines
were calculated using a bilayer model with an error function
describing the concentration profile between the upper and
lower layers.



