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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 weight 10° in
various matrices of hydrogenated polystyrene as a function of distance from an attractive interface,
oxide-covered silicon. Surprisingly long-range effects are observed. Diffusion rates an order of
magnitude slower than bulk persist up 10R, (radius of gyration) from the interface of either the
diffusant or matrix polymers. The slowdown is independent of matrix molecular weight over a broad
range. However, mixing of polymers within the matrix strongly influences the rates of diffusion.
[S0031-9007(97)03536-9]

PACS numbers: 61.41.+e, 66.10.Cb

Kinetics and thermodynamic properties of fluids near in-havior, Feriction % N 10 0ne WhereFeriction surface N2,
terfaces and in confined geometries can be substantialljhis model suggests that once chains have diffused more
different from their bulk counterparts. Recent studies havéhanR, the influence of the surface should be greatly re-
focused on the behavior of mechanical properties [1], glasduced. However, closer examination of the depth profiles
transitions [2—7], diffusion in thin films [8—10] and col- shown in Ref. [9] shows that the concentration profiles are
loidal particles [11], and phase separation [12—14]. Cenwell fit by the reduced diffusion coefficients even though
tral issues in all these cases are the following: By whathey extend for distances far greater tiy These ob-
mechanism and over what distance is the influence of theervations were confirmed by subsequent time dependence
bounding interfaces propagated? In this Letter, we reporxperiments on PS films of molecular weighe, X 103,
the results of an investigation of polymer melt diffusion which showed that the mean diffusion coefficientincreased
near an attractive interface. Using a direct profiling tech-only by a factor of 2, from1.85 X 107! to 4.15 X
nique, secondary ion mass spectrometry (SIMS), we aré0™ !¢ cn?/sec after annealing at 15 for 40 min and
able to measure diffusion rates of deuterium-labeled poly24 h, respectively. Forthe longer anneal, typical polymers
mers as a function of distance of the diffusant from the indiffused ~1000 A. Since Dyuix = 4 X 107'% cm?/s at
terface. The main result is the direct observation of veryl53°C [15] and R,(90 X 10° hPS = 78 A, it became
long range effects on the polymer dynamics, with diffu-clear that the surface was inducing a long-range effect.
sion rates showingrder of magnitudeeductions relative  Similar results were obtained wi®0 X 103 hPS. A pos-
to the bulk even at distances up 10 timesthe radius of sible explanation for this behavior could be a model where
gyration, R,, of either the labeled tracer polymers or thepolymers moving randomly will return to the wall, get
matrix polymers. stuck for a long time, and escape again. If the residence

Previously we have shown [9] that for polymers intime is sufficiently long, set diffusion would be slowed
direct contact with an attractive interface-hydrogenatedlown for long times. The dynamics for such a “multi-
polystyrene (hPS) near native oxide covered silicon—thele hit and stick” model have been worked out by Bychuk
diffusion coefficientD for escape from the wall is on the and O’Shaughnessy [16]. In between surface “hits,” the
order of 100 times slower than bulk diffusion and haspolymers are postulated to diffuse at the bulk rate.

a different molecular weight dependend®,c.;-surface = In order to test this theory, we prepared multilayer
(My)~3/% compared ta(My)~2 in the bulk. We inter- samples (Fig. 1) where a labeled layer of deuterated poly-
preted these results in terms of a reptation picture wherstyrene (dPS) was placed in a matrix of hPS at varying
monomer-surface contacts-{V!/2 per chain, whereV is  distancesXy from the interface. If the above model

the number of monomers) restrict the chain mobility ands applicable, the diffusion rates for short times, be-
modify the frictional force per chain from the bulk be- fore the dPS has reached the wall, should be bulklike.

0031-900797/79(2)/241(4)$10.00 © 1997 The American Physical Society 241



VOLUME 79, NUMBER 2 PHYSICAL REVIEW LETTERS 14 JLy 1997

0.7 T 1071
F ° 72 A B O 90k dPS into 770k hPS matrix
0.6 —’ C
F A 126A 90k dPS ]
o + 388A 770k hPS | 770k hPSg;
o 05[ x  860A 1 X ]
9 L O 1882A ~~ 107 1L
S F & 72008 2 F
S 04[ - .
23 E : @ n
© K 3600 S ]
£ 03 g E
3 o 4 Xw b L .
> 020 % 3 A 107
0.1 : 5 ) L £ % ) i N 060000 Ry —i A
0.0% : - ol
0 500 1000 1500 2000 2500 3000 3500 0 500 1000 1500 5000
Distance to Si Wall (A) X, Layer Thickness(R)

FIG. 1. Profiles of dPS volume fraction vs distance forpig 2. The average diffusion constants, fitted to the tails of
samples annealed at 183 for times from 600 to 7200 s. {he profiles of Fig. 1, as a function .

Curves through the data are diffusion calculations to fit the
slopes on either side of each peak with a single average ]
diffusion constant. The inset shows the sample geometry.  contacts with the wall are necessary to effect a slowdown.

We have also checked in several experiments with ini-
Dynamic SIMS experiments, using a rastered” Aon tial dPS volume fractions of 20% that our measurzd
beam of energy 2 keV to sputter through the samplesre close to the tracer limit. These experiments gaise
at a rate of approximatelg00 A/h, were run to obtain within 10%—20% of the values in Table I.
volume fraction versus distance profiles of the diffusing Long-range forces between the diffusing polymers and
species. The setup is described in Ref. [17]. Samplethe substrate, such as van der Waals forces, are not ex-
were vacuum annealed at 183 for times ranging from pected to be significant here due to the large distances
10 min to 2 h. Three surface preparations of the Sfrom the interface. Excluding a direct effect of the in-
substrates were used: (1) native oxide covered (used &srface, we can assume that the matrix polymers mediate
received from the supplier, Semiconductor Processinghe polymer-surface interaction. We performed two types
Co., after confirming with x-ray reflectivity on selected of experiments to probe this effect: (1) Variation of the
samples that the surfaces had 10-15 A thick oxide laymatrix molecular weight, withXy, of the initial dPS la-
ers and were free of adsorbed organic layers), (2) coweled layer fixed, to test the influence of matrix polymer
ered with oxide grown with a modified Shiraki technique size, and (2) split layers, whepgy is again fixed but the
[18], and (3) hydrogen passivated surface [18]. Atomiclayer of total thicknesXy is divided into two sublayers
force microscopy was used to verify that the films didof thicknesses(,Y with X + Y = Xy (see Fig. 4). The
not dewet the substrates or roughen following annealingX andY layers are deposited separately onto the silicon,
Reproducible results were obtained, the three surfacdse first,X, being spun cast from a toluene solution, the
exhibiting the same diffusion behavior within experimen-secondy, floated from distilled water on top &f using a
tal errors. We note that partial oxidation of the hydro-layer spun on a glass slide. The purpose of these experi-
gen passivated surfaces might explain their similarity tanents is to modify the degree of mixing, or entanglements,
the oxide surfaces. The majority of samples reported imwithin the layer intervening between the interface and the
this study used native oxide covered Si. The SIMS prolayer atXy. Polymers in theX layer are slowed due to
files, for 90 X 10° dPS in a matrix of770 X 10> hPS direct contacts with the interface, and we ask to what de-
(R, = 235 A), are shown in Fig. 1, and the correspondinggree may subsequent layers not in direct contact be slowed
average diffusion coefficients are plotted in Fig. 2. Thedown when theX andY layers arenotinitially entangled.
profiles are asymmetric, the diffusion rates on the side In the first set of experiments we prepared samples with
nearest the SiO interface being considerably smaller thaa 90 X 10° dPS layer 130 A thick set aXy = 520 A
those on the vacuum side. The solid lines in Fig. 1 areand varied the molecular weight of the hPS matrix from
calculated diffusion profiles [19] fitting the SiO side and9 X 10° to 8 X 10°. Samples were annealed at T&3
vacuum side slopes to different diffusion constants. Thdor times varying from 15 min to 1 h. Less extensive
D’s in the figure are for the vacuum side and thereforesets of data were obtained fafy = 388 and 810 A (at
represent an average over distance from the SiO rang: = 135 °C, these samples were bilayers, the outer hPS
ing typically from Xy to Xy + (400 = 200 A). The re- layer not being present). The corresponding diffusion
sults indicate the dynamics are dramatically slowed outonstants (representing an average, since the profiles are
to Xy > 1000 A, more thanl0R, of the 90 X 10° dPS  asymmetric) are plotted in Fig. 3. The data show an
(R, = 78 A). As can be seen in Fig. 1, dPS polymersapproximately constar for a large intermediate range of
have not reached the interface and, thereforedinect  matrix molecular weights, fro27 X 103to 1 X 10, and
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TABLE |. Average diffusion constants from Fig. 1 and “effectivE;’s as a function ofXy
for 90 X 103 dPS atl" = 153 °C.

X, (A) 76 126 260 388 521 860 1882
D (107'% cn?/s) 2.2 4.6 15.5 27.5 43.0 110.0 255.0
T;ff (°C) 125.5 122.6 117.5 114.8 112.6 107.5 102.6

an increase irD for both low and high matri¢/y,. The indicate that the diffusion at distancg, increases sig-
low My region is qualitatively consistent with observed nificantly, nearly approaching bulk values, for small
bulk trends [20], where the onset of the constraint releasEor largerX, the D’s rapidly decrease to an asymptotic
mechanism [21] and lowered glass transiti@g, lead to  value independent of matrix molecular weight (for the ma-
increasingD with decreasing molecular weight. However, trix My, ranging from27 to 770 X 10°). The span ofX
these effects are much reduced near the interface. Fawer whichD decreases and levels off correlates well with
example [19], constraint release alone would account fothe R, of the matrix polymers (see Fig. 4). As a further
D (90 X 10% into 27 X 10 matrix) to be more than 10 check, a sample was prepared wkh= 38 A (annealed
times greater tha® (90 X 103 into 770 X 10° matrix), for 1 h at 153C), Y = 350 A, and the composit& + Y
in contrast to the far weaker dependence shown near tHayer was annealed for 10 h at 183to restore equilibrium
interface. The upturn i® for high matrixMy (=1 X 10%)  entanglements within the entire layer. Td@ X 103 dPS
is quite different from bulk tracer diffusion, which reacheslayer and bulk layer were then prepared and annealed as
an asymptotic value for matrizfy,’s greater than about above. The diffusion constant obtained was equal to that
200 X 10% in the case oP0 X 10° PS tracer [20], and for a single deposited 388 A layer, within experimental er-
runs counter to the expectation that larger matrix polymersor; i.e., all memory of the original structure was removed.
will propagate the surface effect out to greater distances. These last experiments emphasize the importance of
However, for these matrices, the width of the matrixmixing in the layer separating the wall from the diffusing
polymers,~2R,, is becoming larger thaiy so that the layer atXy. For short times, the layers havig < R,
increased diffusion rates of tH® x 10° may reflect the present a fairly impenetrable gel-like coating of the surface
tendency of the matrix chains near the wall to swell backwhich is unentangled with the outer layers. The contact
to bulk dimensions. interactions across this interface between these chemically
The split layer experiments were done uskig fixed at  identical layers are much weaker than between PS and the
388 A with 90 x 10° dPS diffusing into hPS matrices of silicon substrate, leading to more rapid diffusion in the
three different molecular weights27 X 103, 90 X 10°,  outer layers. This is similar to our previous observation [9]
and770 X 103, having bulkR, of 44, 80, and 235 A, re- that covering the silicon with an ultrathin layer of polyvinyl
spectively. The first part of the split layer, of thicknéss pyridine (PVP) (immiscible with PS) also led to a large
ranging from 30 A to the fullXy,, was annealed in vac- increase in the rate of near-surface diffusion.
uum for 1 h at 153C to relax the polymer configurations  To conclude, we return to the question of how a bound-
induced by the spinning process. Subsequent layers afig wall influences particle dynamics within the fluid.
thicknesse§388 A — X) of hPS, 130 A ob0 x 10° dPS,

and approximatel2300 A of hPS were floated on top o0 [ _
. . O 27k matrix
and annealed for 30 min at 183. The results (Fig. 4) - & 90k matrix
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showing the diffusion coefficient ¢¥0 X 10° dPS at 153 for
FIG. 3. The average diffusion constants af X 10° dPS at various X layer thicknesses. Inset shows sample geometry.
153°C as a function of hPS matrix molecular weight for various Arrows indicate R,values for the27 x 10%, 90 X 10°, and
Xy thicknesses. Sample geometry as in Fig. 1. 770 X 10° hPS matrix polymers.
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If we examine the expression for the diffusion constantdynamics are “solidlike” or “glasslike” due to the effects
of entangled polymers in the reptation picture, we mayof contacts with the wall. Possibly, the mechanism is
consider the possible factors which could change near along-range dynamic correlations of chains mediated by
interface. The reptation model expression [22]0s=  the incompressible melt, giving the friction coefficient a
(kg TN./3N?f,), wherekg is Boltzmann’s constant, = nonlocal character which is influenced by the boundary
temperature,N, = number of monomers between en- condition on monomers at the extended two-dimensional
tanglements, N = number of monomers per chain, and boundary (i.e., the “stickiness” of the wall). Clearly,
fo is a monomeric friction coefficient. Polymer con- more experimental and theoretical work needs to be done.
formations enter throughV, and certainly might be We thank H.L. Frisch, B. O’Shaughnessy, and M.
different close to the wall. Bruinsma [23] has consideredTurner for useful discussions, and O. Bahr and T. Petersen
a two-fluid model of polymer transport near an interfacefor experimental support. Support from the NSF (DMR-
consisting of a near-immobile group of chains having9316157 and MRSEC, DMR-9632525) and the DOE (DE-
direct contacts, and a more mobile group of chaind=G02-93ER45481) is gratefully acknowledged.
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