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ABSTRACT Interdiffusion of two polymer species with very different molecular weights, and thus very different 
self-diffusion coefficients D*, should lead to a net flux of matter and displacement Ax, of inert markers placed 
at the original interface of the couple. Theory predicts that Ax, = C(D*,t)O.’ where A is the faster diffusing 
(lower molecular weight) species and C depends only weakly on the ratio of molecular weights as long as these 
are quite different. This analysis is used to measure the D*A of monodisperse polystyrenes (PS) which vary 
in molecular weight M from 33 000 to 943 000. Polystyrene films of molecular weight M are placed on a thick 
PS film substrate of higher molecular weight, MB = 2 X lo’ or 1.8 X 106, the surface of which had been “decorated 
with small gold particles by vacuum evaporation of gold. The displacement Axm of the Au markers toward 
the surface of the interdiffusing film sandwich is monitored by Rutherford backscattering spectrometry and 
is found to increase as as expected, where t is the diffusion time at 174 “C. As predicted by the reptation 
theory, D** is found to decrease as M-* and its magnitude is close to both the prediction of that theory and 
to the values measured by other methods. 

Introduction 
The way in which entanglements affect the dynamical 

properties of concentrated melts of long-chain polymeric 
molecules is of great current The theory of 
reptation proposed by de G e n n e ~ , ~  though constructed to 
describe the one-dimensional translational motion of a 
chain in the presence of fixed obstacles, adequately de- 
scribes that of a chain in a concentrated melt. This theory 
considers a chain of N monomers and total molecular mass 
M. This chain which has a random coil conformation is 
trapped in an environment of fixed obstacles, none of 
which it is allowed to cross. The chain can undergo one- 
dimensional translational motion by the propagation of 
kinks along its length, as illustrated in Figure 1. 

The time tR required for the chain to lose all memory 
of its original conformation by reptation increases as M3. 
Since the mean square displacement of the center of mass 
of the chain at  t R  increases as M ,  the diffusion coefficient 
D* of the chain in the array of obstacles decreases as M-2. 
It was later pointed out by Edwards5 that the topological 
constraints imposed by the neighboring molecules in the 
melt can be considered to form a virtual tube of length L 
= l /(Ne)0.5 where 1 is the contour length of the chain and 
Ne is the number of mers per entanglement length. Klein6 
showed that these constraints would only relax after a tube 
renewal time t ,  which increases as M ,  where M is the 
molecular mass of the chains surrounding the diffusing 
chain. For a melt of monodisperse chains where M >> Me, 
the entanglement molecular mass, Klein’s result implies 
that t R  << t,. Thus the constraints are essentially fixed for 
the time tR  required for the diffusion of a molecule out of 
its tube and the result of reptation theory for D* should 
accurately give D* for self-diffusion of entangled chains 
in the melt. 

There have been some previous experiments performed 
to measure the molecular weight dependence of D*. Ev- 
idence for reptation in polydisperse polyethylene melts has 
been obtained by Klein7 and by Klein and Briscoe.8 They 
performed experiments in which very dilute concentrations 
of deuterated polyethylene (DPE) were allowed to diffuse 
into a P E  matrix. The broadening of the initial step 
function concentration profile of the labelled molecules was 
monitored by using infrared microdensitometry. The 
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diffusion coefficient extracted from these profiles decreased 
as M W -2.0*o.1 where Mw is the weight-average molecular 
weight. However only polydisperse ( M w / M n  2) DPE’s 
were available t~ Klein and only relatively large D*’s could 
be measured due to the limited spatial resolution ( N 100 
pm) of the IR microdensitometry technique. (Klein’s re- 
cent measurementsg on deuterated polybutadienes were 
made on monodisperse material, however.) 

A different, and higher resolution, method was pioneered 
by Smith and co-workers.1° They labeled the center of 
poly(propy1ene oxide) molecules with fluorescent probes, 
whose fluorescence could be permanently destroyed pho- 
tochemically by high-intensity light of certain wavelengths. 
By first bleaching a grating produced by interference of 
two beams of high-intensity laser light onto the sample and 
then monitoring the return of the fluorescence signal 
produced by a low intensity “probe” grating, they were able 
to determine the diffusion coefficient of the dilute labeled 
chains in a poly(propy1ene oxide) matrix of different mo- 
lecular weight. They found that D* of the probe molecules 
increased with decreasing M of the matrix polymer when 
this molecular weight was not much larger than Me. This 
result indicates that the tube renewal must be taken into 
account in these circumstances. For self-diffusion they find 
however that D* scales as M-2. The main experimental 
difficulty of the technique is the need for sub-micron di- 
mensional stability of the sample (any rigid body trans- 
lation of the grating will cause a return of fluorescence). 

Bartels, Graessley, and Crist” have demonstrated yet 
another method to measure D*. They produced alter- 
nating multilayer films of hydrogenated and deuterated 
monodisperse polybutadienes and monitored the diffusion 
mixing of these layers by measuring neutron diffraction 
from the multilayer sandwich. They found a D* of 1.4 x 
10-l’ cm2/s a t  125 OC, a value in good agreement with an 
extrapolation of the results of Klein and Briscoe.8 Other 
techniques such as NMR, forced Rayleigh scattering, and 
quasi-elastic light scattering have also been used to mea- 
sure diffusion in polymer systems but are difficult to apply 
to very slowly diffusing, high molecular weight polymer 
melts which are the most important test of reptation 
concepts. The capabilities and results from these methods, 
as well as the others mentioned previously, have been 
reviewed recently.27 

While all of these experiments above have produced 
results consistent with the reptation theory, most have 
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As a chain diffuses, it creates portions of a new tube ahead 
of it and destroys the old as indicated in Figure 1. In the 
process, a vacant region must be created ahead of the chain 
into which it can move and when it does so, a vacant region 
is left behind it. A flux of vacancies results which corre- 
sponds to J,. 

Consider the polymer chains to be arranged on a qua- 
si-lattice with each segment of a given polymer chain oc- 
cupying one site on this “lattice”. If “lattice” sites are 
conserved during interdiffusion then 

(1) 

Brochard, Jouffroy, and Levinson,18 hereafter abbrevi- 
ated as BJL, assume that J, = 0. This assumption requires 
a substantial chemical potential gradient Vp, (or osmotic 
pressure gradient, VII = Vpv/Q where Q is the volume of 
a quasi-lattice site) if the molecular weights of A and B 
are much different.16 In melts of linear polymers one 
expects any large gradients of II to be relaxed quickly so 
that Vp, = 0, which is the alternate assumption we pro- 
pose.16 

Each of these fluxes can be written in terms of the in- 
trinsic diffusion coefficients DA and DB of species A and 
B, respectively 

J A  + J B  + J, = 0 

J A  = -DAV$/Q ( 2 4  

J B  = DBV$/il (2b) 

(2c) 

where $ is the volume fraction of A segments. DA and DB 
are given by 

DA = NAD*A[(~  - $),”A -t ~ J / N B ]  ( 3 4  

DB = NBD*B[(1 - $)/NA + $ / N B I  (3b) 

The self-diffusion coefficients D*A and D*B are given by 

J, = (DA - DdVd/Q 

D*A = NeBokBT/NA2 ( 4 4  

and 

D*B = N$okBT/NB2 (4b) 

where Ne is the number of monomers in a chain of mass 
Me, Bo is the curvilinear Rouse mobility and k B  is Boltz- 
mann’s constant. 

Since polymers A and B have unequal intrinsic diffusion 
coefficients, JA is not equal to J B  and a net flux of matter 
will flow across any plane in the “lattice” in the direction 
of the slower moving species. If inert markers are placed 
a t  the initial interface between the two polymers, they 
should move toward the side of the diffusion couple con- 
taining the high concentration of the faster moving species 
(smaller M). The velocity V of the markers with respect 
to a coordinate system whose origin is fixed at one end of 
the diffusion couple is given by16 

V = QJ, = (DA - DB)V$ (5) 

Substituting in the expressions for DA and DB the ve- 
locity can be written in terms of the self-diffusion coef- 
ficient of species A 

V = D*Aa(l - ~ur$)V+ (6) 

where a = 1 - (NA/NB). 
While V of the markers may be determined from ex- 

periment, and Vd must be known at  the location of the 
markers if D*A is to be extracted from the data. One must 
thus solve the concentration-dependent diffusion equation 
for the concentration profile of A. 

VIRTUAL 
TUBE , * l i  x 11 

TOPOLOGICAL 
CONSTRAINTS 

Figure 1. Schematic drawing of a polymer chain diffusing in the 
melt. The topological constraints of other chains (entanglements) 
define a virtual tube within which the chain crawls or reptates 
by propagation of kinks along its length. 

followed the diffusion of a dilute polymeric species. Most 
diffusion problems of practical interest in polymers involve 
concentrated diffusion couples. Kumagai and co-workers12 
have measured the interdiffusion between a thin layer of 
monodisperse polystyrene 2-3 pm thick on top of a thick 
film of monodisperse polystyrene of the same or different 
molecular weight. The diffusion coefficients extracted 
showed large deviations from the predicted M-2 depen- 
dence of reptation. If only their self-diffusion data are 
examined, i.e., that when M on both sides of the initial 
interface was the same, the four points fall roughly on a 
line described by M-2. While other experiments on in- 
terdiffusing polymer blends13 have reported large devia- 
tions from the M-2 dependence, these probably arise from 
the large negative enthalpy of mixing typical of these 
systems.14 These polystyrene experiments, which cannot 
have such enthalpies, are the most surprising since the 
diffusion of a labeled chain is not supposed to be affected 
by the molecular weight of the polymer surrounding the 
chain, as long as it is well above Me.15 

In this paper we reexamine the interdiffusion in poly- 
styrene thin films. We exploit the excellent depth reso- 
lution of Rutherford backscattering spectrometry (RBS) 
to measure the D* of monodisperse polystyrene (PS) as 
a function of M. Small gold “markers” are placed at  the 
interface between an underlying film of ultrahigh molec- 
ular mass PS (e.g., 2 X 10’) and a top PS film, about 1 pm 
thick, of lower molecular mass M.  Since the lower mo- 
lecular weight chains diffuse into the ultrahigh molecular 
weight PS orders of magnitude faster than the ultrahigh 
molecular weight chains diffuse into the low molecular 
weight side of the diffusion couple, the gold markers move 
to the low molecular weight surface of the film sandwich 
at  a rate which reflects the D* of the faster diffusing (low 
molecular weight) species.16 RBS measurements of the 
gold marker movements in sandwiches with top layers of 
different M thus allow us to determine both the magnitude 
of D* and its dependence on M. The results are in good 
agreement with the predictions of the reptation theory. 

Theory of Polymer Interdiffusion 
Consider a slab of glassy polymer A of degree of po- 

lymerization N A  welded to the same polymer, B, of degree 
of polymerization NB. Now, allow these slabs to inter- 
diffuse at  a temperature T, where T is above the glass 
transition temperature Tg. During this process, in addition 
to the fluxes of A and B segments J A  and J B ,  there is a net 
matter flux (bulk which may formally be described 
as a vacancy flux, J,, which arises for the following reason. 
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Figure 2. The concentration profile of the lower molecular weight 
chains (A) diffusing into higher molecular weight chains (B) 
computed numerically for several'molecular weight ratios of A 
to B. (--) NA/NB = 1; (.-) NA/NB = 0.5; (---) NA/NB = 0.1; (-) 
NA/NB = 0.01. 

Consider the inert markers at the initial interface to be 
at a position x ,  relative to  the origin of the coordinate 
system. Now define a second coordinate system xo  using 
the markers as its origin so that  

x = xo + x ,  ( 7 )  

Fick's second law can then be written as 

where b(4) is the concentration-dependent interdiffusion 
coefficient, which is computed from the intrinsic diffusion 
coefficents as follows:16 

d(4) = (1 - 4)DA + 4DB = D*A(1 - CY@)' (9) 

Equation 8 can be converted into an ordinary differential 
equation by use of the Boltzmann transformation 

7 = Xo/(4D*~t)0.5 (10) 

which yields 

This differential equation was solved numerically for 
various values of a by a procedure discussed in Appendix 
A. The concentration profiles computed for NAINB = 1, 
0.5,0.1, and 0.01 are shown in Figure 2. As NA/NB be- 
comes much less than l, the curves approach an asymptotic 
shape which is quite different from the error function 
solution obtained when N A  = N B  and D is independent of 
composition. 

By integrating eq 6 the following expression for the 
displacement of the markers is obtained: 

h, = C(D*At)0'5 (12) 

where 
c = 4'(O)a(l - Cu$(O)) 

The marker displacement should therefore be propor- 
tional to and the slope of a plot of Ax,  vs. should 
give C(D*A)0.5. From the numerical solutions of eq 11, C 
was determined as a function of N A I N B  and the results 
are displayed in Figure 3. As required C goes to  0 as NA 
approaches NB and i t  approaches a limiting value of 0.48 
corresponding to the limiting curve in Figure 2 as NA << 
NB. Measurements of inert marker displacements can thus 
be converted using Figure 3 into values of D*A for any 
significantly different N A  and Np. 
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Figure 3. Computed marker displacement factor C vs. the 
molecular weight ratio of polymer A to polymer B. 

Experimental Methods 
Silicon wafers, 4 cm2 in area, were coated with a thin base layer 

of monodisperse PS (Mw/Mn < 1.2) of ultrahigh molecular weight 
MB. Base films of M ,  = 2 X lo' and M ,  = 1.8 X lo6 were cast 
from polystyrenes purchased from Pressure Chemical Co. The 
thickness of this base layer was about 2 pm, as measured by optical 
interference microscopy. 

A discontinuous thin film of gold was then evaporated onto 
the polymer surface under a vacuum of approximately torr. 
A transmission electron micrograph showing the initial gold 
particle size (about 1.8 nm) and interparticle spacing (about 2.5 
nm) is shown in Figure 4a. While one might imagine that such 
small, closely spaced gold particles might block polymer inter- 
diffusion, or at least diffuse rapidly in the viscous polymer melt, 
neither of these events takes place. Instead, at the diffusion 
temperature the gold particles coarsen rapidly, forming rafts of 
much larger particles in the interfacial plane. A typical gold 
particle distribution in the early stages of an interdiffusion ex- 
periment is shown in Figure 4b. These rafts of gold particles form 
the inert markers on which our method is based. 

A second film of monodisperse PS (Mw/Mn < 1.06, also from 
Pressure Chemical Co.) was prepared. The molecular weight of 
this PS was M ,  lower than the molecular weight MB of the base 
fi. This second f i b  was cast by drawing a glass slide at constant 
rate from a solution of the PS. The film, about 1 pm thick, was 
floated off the glass slide onto the surface of a bath of distilled 
water from where it could be picked up on top of the gold dec- 
orated base PS layer on the silicon wafer. The final PS sandwich, 
with the gold markers at the interface, is shown schematically 
in Figure 5. 

The depth of the gold marker below the top surface of the 
sandwich was measured by Rutherford backscattering spectrom- 
etry (RBS). In this technique a beam of He2+ ions of energy Eo 
(2.14 MeV in OUT experiments) is directed at the sample at normal 
incidence as shown in Figure 4. A small fraction of this beam 
of ions collides elastically with nuclei in the film and is back- 
scattered into an energy-sensitive detector. The He2+ ions 
backscattered at the outer surface have an energy E ,  which is 
related to their initial energy Eo by the kinematic factor K,, i.e. 

El = K,E, (13) 

N J N B  

where K ,  for a scattering angle of 180' is given by 

K ,  = L(m - mHe)/(m + m ~ d 1 '  (14) 

and where m and mHe are the masses of the target nucleus and 
He ion, respectively. Ions rebounding from a heavy Au nucleus 



504 Green et  al. Macromolecules, Vol. 18, No. 3, 1985 

measuring the shift of the Au peak to lower energy produced hy 
PS films of known thickness. We find the [SI-! is approximately 
constant over the depth range of interest at 2.2 nm/keV, or 11 
nm/channel on the multichannel analyzer. 

Results 
Figure 6a shows a typical RBS spectrum from the Si/ 

PS/Au/PS sample prior to interdiiusion. The normalized 
yield corresponds to n/(QER), where n is the number of 
ions (counts) in each channel, Q is the total charge of the 
ions hitting the sample in microcoulomhs (1 for this 
spectrum), E is the energy width of each channel in keV 
(4.95 in our case), and R is the solid angle subtended by 
the detector in msr (3.4 in our case). The abrupt rise in 
yield below channel 110 (E, = 0.545 MeV) is due to He ions 
scattered by carbon nuclei a t  the surface of the PS film 
and below. The sharp peak in yield at about channel 
number 290 (E, = 1.436 MeV) is due to He ions scattered 
from the Au marker particles. This peak occurs a t  much 
lower energy than that from Au a t  the surface (channel 
number 398, E, = 1.956 MeV) due to the energy loss in 
traversing the overlying PS film. 

Each sample was heated to 174 "C under a vacuum of 
IO" torr for progressively longer times to allow interdif- 
fusion to occur. After each anneal, the RBS spectrum was 
measured and the energy of the Au peak noted. The wafer 
was moved laterally for each analysis so that a fresh area 
of the PS film sandwich was ion bombarded each time. 
This precaution is necessary because the ion beam cross- 
links the PS film and will remove the possibility of any 
further interdiffusion. Although no shift in the position 
of the Au peak during acquisition of the spectrum could 
be measured, indicating negligible loss of C from the ov- 
erlying PS film as a result of ion damage, the total dose 
of ions was held to the minimum (1-5 NC) necessary to 
produce a clearly defined Au peak. 

Parts b and c of Figure 6 show the Rutherford back- 
scattering spectra from the sample in Figure 6a after it was 
annealed a t  174 O C  for 0.5 and 1.3 h, respectively. After 
0.5 h the Au peak has moved to channel number 340 and 
a f k r  1.3 h i t  has moved to channel number 378, E, = 1.683 
and 1.871 MeV, respectively. This sauiph has a top PS 
layer with M = 33000, and a bottom PS layer with MB = 
2 X lo7. Since the PS molecules initially in the top layer 
diffuse into the bottom layer much faster than the much 
larger molecules in the bottom layer diffuse into the top 
layer (from the reptation theory the ratio of the D s  is 
almost 109, there is a net mass flow past the markers and 
they move toward the surface. As a consequence, the 
energy loas of the He ions scattered from the gold markers 
decreases and the Au peak in the RBS spectrum moves 
toward higher energies. The peak shifts correspond to 
marker displacements of 550 and 968 nm, respectively. 
Note that the Au peak has remained relatively sharp. This 
observation rules out the possibility that the peak shift is 
due to an asymmetric Brownian motion of the Au markers 
themselves due to the very different viscosities of the 
different molecular weight layers. Such Brownian motion 
would lead to asymmetric peak broadening, but the peak 
position itself would remain stationary in energy. 

The analysis above, which culminates in eq 12, requires 
that the marker displacements increase as the square root 
of the diffusion time. Figure I shows a plot of marker 
displacement vs. to5 for PS top layers of M = 33000, 
254000, and 390000 on a PS bottom layer of Ma = 2 X 
10'. A linear relationship is obtained, the slope of which 
gives C(D*Jo5. 

Marker displacement data were obtained from two series 
of samples. The first seriev had PS layers with M = 33000, 

t 

SO". 

b 
Figure 4. (a) Transmission electron micrograph of the initial 
gold particle morphology, before diffusion. (h) Coarsened gold 
particle morphology after 1 h a t  174 "C. 

Gold p r I # E k s  

Figure 5. Schematic drawing of the Si wafer/polystyrene/ 
Au/polystyrene sandwich showing the geometry of the Rutherford 
backscattering experiment. 

retain a much larger fraction of their initial energy (KA" = 0.9225) 
than those scattered hy the ligher carbon nucleu (KC = 0.2526). 
The hydrogen nuclei in the PS, being of lower mass than He, 
cannot cause backscattering. 
As the beam traverses the sample it loses energy via electronic 

excitations. Thus if the scattering nucleus lies at a depth x below 
the surfice, the ion loses energy before, and after, the collision 
as it traverses the fh. Whereas Au at the surfam of the specimen 
would produce a peak in the backscattered He ion spectrum at 
1.956 MeV for 2.120 MeV incident ion energy, a layer of Au 
'marker" particles below the surface will produce a peak at an 
energy that is lower by 

AE = KA& - E ,  = [SIX (15) 

where [SI, the energy loss factor, is given by 
[SI = KAu(dE/dx)i. + (l/m B)(dE/dr),, (16) 

where (dE/d.& and (dE/dx),  are the mean energy losses per 
unit depth of the ion traveling into, and out of, the film, re- 
spectively. The energy loss factor [SI may be computed based 
on the density and the stopping cross-sections of the individual 
elements in the PSIO or it can he determined experimentally hy 
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Figure 6. (a) Rutherford backscattering spectrum of PS/Au/PS 
sandwich before interdiffusion. (b) Rutherford backscattering 
spectrum after interdiffusion for 0.5 h at 174 "C. (c) Rutherford 
backscattering spectrum after 1.3 h at 174 "C. For this sandwich 
M of the top layer was 33 000 while MD of the bottom layer was 
2 x 107. 
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Figure 7. Gold marker displacement vs. square root of diffusion 
time at 174 "C for polystyrene. Circles are for M = 33000, 
triangles for M = 254000 and squares for M = 392 000 diffusing 
into polystyrene of MB = 2 x IO7. 
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Figure 8. Slopes of marker displacement vs. square root diffusion 
time plots as a function of M ,  the molecular weight of the faster 
diffusing species. The circles are for data with PS bottom layers 
of 2 X lo7 molecular weight while the triangles are for data with 
PS bottom layers of 1.8 X lo6 molecular weight. 

54 OOO, 93 000,254 OOO, 390 000,670000, and 943 000 on top 
of a PS layer with MB = 2 X 10'. The second series had 
the same set of top layers as the first but a bottom PS layer 
with MB = 1.8 X lo6. Values of c(D*A)0'5, from the slopes 
of Ax,,, vs. plots, are displayed as a function of M in 
Figure 8 for both series of samples. Although the data for 
the lowest Ms appear indistinguishable for both series, the 
C(D*A)0.5 values for the lower MB samples fall significantly 
below those for the high MB samples as M approaches the 
former (1.8 X lo6). This behavior is what one expects since 
as the molecular weights of the PS on either side of the 
Au markers approach each other, the net flux of matter 
past the markers decreases because V approaches 0 as DA 
approaches DB in eq 5 .  I t  is this effect that causes C to 
approach 0 in Figure 3 as NA/NB approaches 1. If this 
interpretation is correct the D * A ' ~  computed from Figure 
8 using C from Figure 3 should be identical for both series 
of samples. The plot of D*A vs. M in Figure 9 shows 
exactly that result. 
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lo-"[ D* A = (GN" / 135) (PR T/ GN' )'kR(M,/ TO(M,))M-~ (18) 

where GNo is the shear modulus, and p the density of 
entangled chains, of the melt in the rubbery plateau region, 
R is the gas constant and qo(Mc) is the zero shear rate 
viscosity at  the critical molecular weight M, for the onset 
of entanglement. The constant kR describes the mean 
square end-to-end distance R2 of a molecule of mass M in 
the melt, Le., R2 = kRM. In polystyrene kR = 5 X 
cm2.23 Substituting GNo = 2 X lo6 dyn/cm2, p = 0.96 
g / ~ m ~ , ~ *  M, = 31000, and qo(Mc) = 1200 PZ4 for poly- 
styrene, we obtain 

D*A = 0.006M-2 cm2/s (19) 

which agrees with the measured D*A, eq 17, to within a 
factor of 2. 

Finally we can compare the D*A's extracted from the 
marker experiments with two other sets of measurements 
of D*A for monodisperse polystyrene. We have measured 
the diffusion of a 10-20-nm thick film of deuterated 
polystyrene into polystyrene using forward recoil spec- 
trometry to profile the d-PS volume fraction as a function 
of depth.25 These experiments in which I$ of the d-PS is 
always less than 0.1 give 

D** = 0.008M-a cm2/s (20) 

in excellent agreement with the marker movement result. 
Kumagai et a1.12 have measured the interdiffusion of a 

thin (2-3 pm thick) film of monodisperse PS of molecular 
weight M into a thick film (30-40 pm thick) of monodis- 
perse PS of molecular weight MB using a radiotracer 
technique. If M is different from MB we-can now recognize 
that their analysis, which assumed a D which was inde- 
pendent of composition, was incorrect. Since the radio- 
active decay of tritium measured_ depends markedly on the 
form of the @ ( x , t )  profile the D's they extracted for the 
cases M << MB or M >> MB are inaccurate16 and may ac- 
count for the fact that the M dependence they measured 
for D did not agree with the predictions of the reptation 
theory. However, for the case of M = MB, Le., self diffu- 
sion, D is constant and their analysis should be correct. 
Under these conditions D** = D so we have plotted their 
data (which were taken at 150 rather than 174 "C) in 
Figure 9. These D*A's agree both in magnitude and in 
slope with our preliminary marker data at  150 "C. These 
marker D*A's are decreased by a factor of about 2.2 from 
those measured at  a diffusion temperature of 174 "C. 

Conclusion 
We have demonstrated that a net flux of matter occurs 

in concentrated diffusion couples of homopolymers where 
the polymers on either side of the couple have different 
intrinsic diffusion coefficients by virtue of their different 
molecular weights. The flux is toward the side which has 
the highest concentration of high molecular weight poly- 
mer, the slower moving species. This flux of matter can 
be measured by monitoring the displacement of markers 
placed at  the initial interface. Very small fluxes can be 
measured by using Rutherford backscattering spectrom- 
etry. The marker displacements increase as to5 ,  as ex- 
pected for diffusion fluxes. On the basis of numerical 
solutions to the diffusion equation the self-diffusion 
coefficient of the low molecular weight species can be ex- 
tracted from the marker displacement data. The measured 
values of D*A decrease as M-2 in agreement with the pre- 
dictions of the theory of reptation. The magnitudes of the 
D*A's are also in good accord with the theory as well as 
with values of D*A measured by other techniques. 

,-. 
0 w 
Lr) 
\ 

u 
1 0 - l ~  

v 

4 
cl I 

1 0 - l ~  

, I 

10-1$ 1 o5 106 1 o7 
M, MOLECULAR WEIGHT 

Figure 9. Self-diffusion coefficient D** of polystyrene plotted 
against polymer molecular weight. The circles and triangles are 
extracted from the marker displacement data from the series with 
MB = 2 X lo7 and MB = 1.8 X lo6, respectively, at T = 174 " C .  
The squares are data obtained by Kumagai et d.I2 at 150 "C using 
a radiotracer technique. 

Discussion 
These marker displacement experiments show clearly 

that net mass flows (vacancy fluxes) occur during inter- 
diffusion of polymers which have different molecular 
weights. While BJL have proposed that the marker dis- 
placements are due to their being dragged by the high 
molecular weight component in the broadening diffusion 
profile,20 such an explanation is not possible if their as- 
sumption J A  = -JB holds. Since such drag must have its 
origins on the microscopic level in the frictional drag ex- 
erted by individual A and B segments on the boundary of 
the marker, the net frictional drag force on the marker 
must be zero if J A  + JB = 0. 

The molecular weight dependence of the marker dis- 
placement is also not consistent with that proposed by 
BJL.20 They predict that Ax, increases as (Dot)0.5 where 
Do = N&&BT/(NANB). If that prediction were correct, 
the slopes of the Ax,  vs. plots should increase as 
M-lMB-l. The data shown in Figure 8 increase much more 
strongly than M-' and are practically independent of MB 
except when M is not much less than MB. The experi- 
mental results show that the assumption J A  + J B  = 0 does 
not accurately describe the interdiffusion of polymers in 
the melt. 

We have made the alternative assumption that osmotic 
pressure gradients in the melt are relaxed rapidly enough 
that Vpv = 0 at all times.l6gZ1 This assumption leads 
naturally to marker movement if D*A does not equal D*B. 
The fact that we measure the same D*A as a function of 
M for MB's that differ by over an order of magnitude 
strongly suggests that this assumption, and the analysis 
that follows from it, are correct. 

A least-squares fit to the data in Figures 9 reveals that 
D*A = 0.007M-2.0*0.1 cm2/s (17) 

The exponent of M agrees with that predicted by the 
reptation theory. The order of magnitude of D** also 
agrees with that expected from reptation. GraessleyZ2 has 
derived the following expression from the tube model of 
Doi and Edwards:2s5 
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Appendix A. Solution of the Diffusion Equation 
for Concentration-Dependent Polymer-Polymer 
Interdiffusion 

To solve this diffusion problem eq 9 is first transformed 
to an initial value problem. A series of concentration 
profiles are then computed for the region to the right 
(Region 1) and to the left (Region 2) of the interface. This 
computation is done by choosing initial values of 4 and 
4'at q = 0 such that, in region 1 $(+m) - 0, and in region 
2 4(-m) - 1. Curves of 4(0) vs. 4'(0) are then plotted for 
each region on the same graph and the intersection of these 
curves gives the unique pair of values $40) and $lo) which 
cause $(-m) = 1 and 4(+m) = 0 to the simultaneously 
satisfied. 

Region 1. We define a transformation variable S such 
thatz6 

Lmd(8) d 4  

Marker Displacement Measurements 507 

d2S -217 dS  

which transforms eq 9 to the initial value problem 

dS (A2) -277 - d2S 

dq2 
- -  

(1 - S[l - (1 - C Y ~ ( O ) ) ~ ] ) ~ / ~  d?l 
Equation A2 was solved by using the variable-order Adams 
predictor corrector method of integration subject to the 
following initial conditions: 

S = l  a t q = O  (A31 

and 

Region 2. We redefine S such that 

and thus eq 9 becomes 

- (-46) _ -  - 
dq2 ((1 - a)3 + S[(1 - C Y ~ ( O ) ) ~  - (1 - a)3]12/3 dq 

The initial conditions that must be satisfied are 
S = l  a t q = O  (-47) 

and 

(AB) 
Once the correct values of 4(0) and @'(O) are found, the 
entire 4(q) curve may be computed from the corresponding 
S(q) solutions. Selected results are shown in Figure 2. 
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