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Long-Range Effects on Polymer Diffusion Induced by a Bounding Interface
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We have measured the diffusion of deuterated polystyrene of molecular weight90 3 103 in
various matrices of hydrogenated polystyrene as a function of distance from an attractive inte
oxide-covered silicon. Surprisingly long-range effects are observed. Diffusion rates an ord
magnitude slower than bulk persist up to10Rg (radius of gyration) from the interface of either th
diffusant or matrix polymers. The slowdown is independent of matrix molecular weight over a b
range. However, mixing of polymers within the matrix strongly influences the rates of diffus
[S0031-9007(97)03536-9]
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Kinetics and thermodynamic properties of fluids near
terfaces and in confined geometries can be substant
different from their bulk counterparts. Recent studies ha
focused on the behavior of mechanical properties [1], gl
transitions [2–7], diffusion in thin films [8–10] and co
loidal particles [11], and phase separation [12–14]. C
tral issues in all these cases are the following: By w
mechanism and over what distance is the influence of
bounding interfaces propagated? In this Letter, we rep
the results of an investigation of polymer melt diffusio
near an attractive interface. Using a direct profiling tec
nique, secondary ion mass spectrometry (SIMS), we
able to measure diffusion rates of deuterium-labeled po
mers as a function of distance of the diffusant from the
terface. The main result is the direct observation of v
long range effects on the polymer dynamics, with diff
sion rates showingorder of magnitudereductions relative
to the bulk even at distances up to10 timesthe radius of
gyration,Rg, of either the labeled tracer polymers or th
matrix polymers.

Previously we have shown [9] that for polymers
direct contact with an attractive interface-hydrogena
polystyrene (hPS) near native oxide covered silicon—
diffusion coefficientD for escape from the wall is on th
order of 100 times slower than bulk diffusion and h
a different molecular weight dependence,Dnear-surface ~

sMW d23y2 compared tosMW d22 in the bulk. We inter-
preted these results in terms of a reptation picture wh
monomer-surface contacts (,N1y2 per chain, whereN is
the number of monomers) restrict the chain mobility a
modify the frictional force per chain from the bulk be
0031-9007y97y79(2)y241(4)$10.00
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havior,Ffriction ~ N to one whereFfriction,surface ~ N1y2.
This model suggests that once chains have diffused m
thanRg the influence of the surface should be greatly r
duced. However, closer examination of the depth profi
shown in Ref. [9] shows that the concentration profiles a
well fit by the reduced diffusion coefficients even thoug
they extend for distances far greater thanRg. These ob-
servations were confirmed by subsequent time depende
experiments on PS films of molecular weight,90 3 103,
which showed that the mean diffusion coefficient increas
only by a factor of 2, from1.85 3 10216 to 4.15 3

10216 cm2ysec after annealing at 153±C for 40 min and
24 h, respectively. For the longer anneal, typical polyme
diffused ,1000 Å. Since Dbulk ø 4 3 10214 cm2ys at
153±C [15] and Rgs90 3 103 hPSd  78 Å, it became
clear that the surface was inducing a long-range effe
Similar results were obtained with200 3 103 hPS. A pos-
sible explanation for this behavior could be a model whe
polymers moving randomly will return to the wall, ge
stuck for a long time, and escape again. If the residen
time is sufficiently long, set diffusion would be slowe
down for long times. The dynamics for such a “mult
ple hit and stick” model have been worked out by Bychu
and O’Shaughnessy [16]. In between surface “hits,” t
polymers are postulated to diffuse at the bulk rate.

In order to test this theory, we prepared multilaye
samples (Fig. 1) where a labeled layer of deuterated po
styrene (dPS) was placed in a matrix of hPS at varyi
distancesXW from the interface. If the above mode
is applicable, the diffusion rates for short times, b
fore the dPS has reached the wall, should be bulklik
© 1997 The American Physical Society 241
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FIG. 1. Profiles of dPS volume fraction vs distance fo
samples annealed at 153±C for times from 600 to 7200 s.
Curves through the data are diffusion calculations to fit th
slopes on either side of each peak with a single avera
diffusion constant. The inset shows the sample geometry.

Dynamic SIMS experiments, using a rastered Ar1 ion
beam of energy 2 keV to sputter through the sampl
at a rate of approximately400 Åyh, were run to obtain
volume fraction versus distance profiles of the diffusin
species. The setup is described in Ref. [17]. Samp
were vacuum annealed at 153±C for times ranging from
10 min to 2 h. Three surface preparations of the
substrates were used: (1) native oxide covered (used
received from the supplier, Semiconductor Processi
Co., after confirming with x-ray reflectivity on selected
samples that the surfaces had 10–15 Å thick oxide la
ers and were free of adsorbed organic layers), (2) co
ered with oxide grown with a modified Shiraki techniqu
[18], and (3) hydrogen passivated surface [18]. Atom
force microscopy was used to verify that the films di
not dewet the substrates or roughen following annealin
Reproducible results were obtained, the three surfa
exhibiting the same diffusion behavior within experimen
tal errors. We note that partial oxidation of the hydro
gen passivated surfaces might explain their similarity
the oxide surfaces. The majority of samples reported
this study used native oxide covered Si. The SIMS pr
files, for 90 3 103 dPS in a matrix of770 3 103 hPS
sRg  235 Åd, are shown in Fig. 1, and the correspondin
average diffusion coefficients are plotted in Fig. 2. Th
profiles are asymmetric, the diffusion rates on the si
nearest the SiO interface being considerably smaller th
those on the vacuum side. The solid lines in Fig. 1 a
calculated diffusion profiles [19] fitting the SiO side an
vacuum side slopes to different diffusion constants. T
D’s in the figure are for the vacuum side and therefo
represent an average over distance from the SiO ra
ing typically from XW to XW 1 s400 6 200 Åd. The re-
sults indicate the dynamics are dramatically slowed o
to XW . 1000 Å, more than10Rg of the 90 3 103 dPS
sRg  78 Åd. As can be seen in Fig. 1, dPS polymer
have not reached the interface and, therefore, nodirect
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FIG. 2. The average diffusion constants, fitted to the tails o
the profiles of Fig. 1, as a function ofXW .

contacts with the wall are necessary to effect a slowdow
We have also checked in several experiments with in
tial dPS volume fractions of 20% that our measuredD’s
are close to the tracer limit. These experiments gaveD’s
within 10%–20% of the values in Table I.

Long-range forces between the diffusing polymers an
the substrate, such as van der Waals forces, are not
pected to be significant here due to the large distanc
from the interface. Excluding a direct effect of the in-
terface, we can assume that the matrix polymers media
the polymer-surface interaction. We performed two type
of experiments to probe this effect: (1) Variation of the
matrix molecular weight, withXW of the initial dPS la-
beled layer fixed, to test the influence of matrix polyme
size, and (2) split layers, whereXW is again fixed but the
layer of total thicknessXW is divided into two sublayers
of thicknessesX, Y with X 1 Y  XW (see Fig. 4). The
X and Y layers are deposited separately onto the silico
the first,X, being spun cast from a toluene solution, th
second,Y , floated from distilled water on top ofX using a
layer spun on a glass slide. The purpose of these expe
ments is to modify the degree of mixing, or entanglement
within the layer intervening between the interface and th
layer atXW . Polymers in theX layer are slowed due to
direct contacts with the interface, and we ask to what d
gree may subsequent layers not in direct contact be slow
down when theX andY layers arenot initially entangled.

In the first set of experiments we prepared samples wi
a 90 3 103 dPS layer 130 Å thick set atXW > 520 Å
and varied the molecular weight of the hPS matrix from
9 3 103 to 8 3 106. Samples were annealed at 153±C
for times varying from 15 min to 1 h. Less extensive
sets of data were obtained forXW  388 and 810 Å (at
T  135 ±C, these samples were bilayers, the outer hP
layer not being present). The corresponding diffusio
constants (representing an average, since the profiles
asymmetric) are plotted in Fig. 3. The data show a
approximately constantD for a large intermediate range of
matrix molecular weights, from27 3 103 to 1 3 106, and
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TABLE I. Average diffusion constants from Fig. 1 and “effective”Tg ’s as a function ofXW

for 90 3 103 dPS atT  153 ±C.

Xw sÅd 76 126 260 388 521 860 1882
D s10216 cm2ysd 2.2 4.6 15.5 27.5 43.0 110.0 255.0

Teff
g s±Cd 125.5 122.6 117.5 114.8 112.6 107.5 102.6
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an increase inD for both low and high matrixMW . The
low MW region is qualitatively consistent with observ
bulk trends [20], where the onset of the constraint rele
mechanism [21] and lowered glass transition,Tg, lead to
increasingD with decreasing molecular weight. Howev
these effects are much reduced near the interface.
example [19], constraint release alone would accoun
D (90 3 103 into 27 3 103 matrix) to be more than 1
times greater thanD (90 3 103 into 770 3 103 matrix),
in contrast to the far weaker dependence shown nea
interface. The upturn inD for high matrixMW s$1 3 106d
is quite different from bulk tracer diffusion, which reach
an asymptotic value for matrixMW ’s greater than abou
200 3 103 in the case of90 3 103 PS tracer [20], an
runs counter to the expectation that larger matrix polym
will propagate the surface effect out to greater distan
However, for these matrices, the width of the ma
polymers,,2Rg, is becoming larger thanXW so that the
increased diffusion rates of the90 3 103 may reflect the
tendency of the matrix chains near the wall to swell b
to bulk dimensions.

The split layer experiments were done usingXW fixed at
388 Å with 90 3 103 dPS diffusing into hPS matrices
three different molecular weights:27 3 103, 90 3 103,
and770 3 103, having bulkRg of 44, 80, and 235 Å, re
spectively. The first part of the split layer, of thicknessX
ranging from 30 Å to the fullXW , was annealed in vac
uum for 1 h at 153±C to relax the polymer configuration
induced by the spinning process. Subsequent laye
thicknessess388 Å 2 Xd of hPS, 130 Å of90 3 103 dPS,
and approximately2300 Å of hPS were floated on to
and annealed for 30 min at 153±C. The results (Fig. 4

FIG. 3. The average diffusion constants of90 3 103 dPS at
153±C as a function of hPS matrix molecular weight for vario
XW thicknesses. Sample geometry as in Fig. 1.
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indicate that the diffusion at distanceXW increases sig-
nificantly, nearly approaching bulk values, for smallX.
For largerX, the D’s rapidly decrease to an asymptot
value independent of matrix molecular weight (for the m
trix MW ranging from27 to 770 3 103). The span ofX
over whichD decreases and levels off correlates well w
the Rg of the matrix polymers (see Fig. 4). As a furth
check, a sample was prepared withX  38 Å (annealed
for 1 h at 153±C), Y  350 Å, and the compositeX 1 Y
layer was annealed for 10 h at 153±C to restore equilibrium
entanglements within the entire layer. The90 3 103 dPS
layer and bulk layer were then prepared and anneale
above. The diffusion constant obtained was equal to
for a single deposited 388 Å layer, within experimental
ror; i.e., all memory of the original structure was remove

These last experiments emphasize the importance
mixing in the layer separating the wall from the diffusin
layer atXW . For short times, the layers havingX , Rg

present a fairly impenetrable gel-like coating of the surfa
which is unentangled with the outer layers. The cont
interactions across this interface between these chemic
identical layers are much weaker than between PS and
silicon substrate, leading to more rapid diffusion in t
outer layers. This is similar to our previous observation
that covering the silicon with an ultrathin layer of polyvin
pyridine (PVP) (immiscible with PS) also led to a larg
increase in the rate of near-surface diffusion.

To conclude, we return to the question of how a bou
ing wall influences particle dynamics within the fluid

FIG. 4. Results of split layer experiments forXW  388 Å
showing the diffusion coefficient of90 3 103 dPS at 153± for
various X layer thicknesses. Inset shows sample geome
Arrows indicate Rgvalues for the27 3 103, 90 3 103, and
770 3 103 hPS matrix polymers.
243
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If we examine the expression for the diffusion consta
of entangled polymers in the reptation picture, we m
consider the possible factors which could change nea
interface. The reptation model expression [22] isD 
skBTNey3N2f0d, wherekB is Boltzmann’s constant,T 
temperature,Ne  number of monomers between en
tanglements, N  number of monomers per chain, an
f0 is a monomeric friction coefficient. Polymer con
formations enter throughNe and certainly might be
different close to the wall. Bruinsma [23] has consider
a two-fluid model of polymer transport near an interfa
consisting of a near-immobile group of chains havi
direct contacts, and a more mobile group of cha
reptating through the network of the first group. Th
model of Ref. [23] may be applicable here, with a ser
of interlocking loops—at the interface causingNe to be
far smaller than the bulk value—providing a mechanis
to propagate the influence of the surface. The other fa
which may be modified, if the above reptation express
is valid, is the friction coefficientf0. Thoughf0 is be-
lieved to be due primarily to local molecular interaction
it depends on temperature and rapidly increases as
glass transition temperatureTg is approached. If theTg of
the PS filmsis increased,as reported by Wallaceet al. [3],
we would expect the dynamics to be slowed even ab
Tg, since the valuesT 2 Tgd is thereby reduced. The
temperature dependence ofD in bulk PS has been found
[15] to be of the Williams-Landel-Ferry (WLF) form
logsDyT d  A 2 BysT 2 T0d, whereA, B are numerical
constants andT0 is a reference temperature. This WL
form may be fitted to the data of Fig. 2 assuming on
T0 changes (with the correspondingTg changing by an
equal amount). The resulting “effective”Tg ’s are listed
in Table I. Some recent measurements ofTg in thin PS
films indicate shifts of this order forTg but disagree on
whetherTg increases or decreases. It has been sugge
that Tg is increased near strongly attractive walls a
decreased near the free surface. At the moment, the
no consensus among experimental groups. Even if
actual Tg is different than the bulk values, the questio
arises as to why a local phenomenon, where the motio
behavior on a scale of a few tens of monomers is belie
to be relevant, should be changed at large distances f
the wall. Baschnagel and Binder [7] have identifie
perturbations of polymer structure extending grea
than Rg from Monte Carlo simulations in thin films
and Thompsonet al. [5] performed molecular dynamics
simulations which exhibit wall-induced glass transitio
with shifts from the bulk depending on the magnitude
the wall-monomer interaction. A large length scale m
enter through a divergent characteristic length identifi
with the approach of the glass transition. It may al
be that the filmsdo not have aTg shift, but that the
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dynamics are “solidlike” or “glasslike” due to the effects
of contacts with the wall. Possibly, the mechanism
long-range dynamic correlations of chains mediated b
the incompressible melt, giving the friction coefficient a
nonlocal character which is influenced by the bounda
condition on monomers at the extended two-dimension
boundary (i.e., the “stickiness” of the wall). Clearly,
more experimental and theoretical work needs to be don
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