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We have studied the behavior of interdifTusion between partially miscible polymer pair from a theoretical vicw-
point by apply ing the reptation model for collective interdiffusion and spinodal decomposition in poly mer mix-
tures with different molecular weights. We find that our predictions agree well with the experiments ol Klein
and co-workers. where the exponent ¢ of the initial increase of interfacial width with time in /* is significantly

lower than 0.5 [or free diffusion,

Introduction

Binary liquid mixturcs of deutcrated and protonated poly-
mers arc characterized by the upper critical solution tcmper-
aturc.’= At tcmperatures lower than the critical point for
miscibility. polvmer mixtures will demix through the spin-
odal decomposition. Likewisc. two isotopically dillerent
polymers in contact do not in gencral interdifTuse [recly into
cach other. When the system is not [ar from the critical point.
phasc scparation into two coexisling phascs cannot be per-
feet and partial mixing via interdifTusion will occur between
deuterated polymer and protonated polymer, The dilTusion
between the two different polymers in contact is not [rec in
the sense of Fickian transport. and an interfacial zonc ol
finitc widlth W scparates them at cquilibrium. de Gennes®
was (he first o point oul that because the combinalorial
cniropy of mixing of polymers is so small. scaling as N~
where & is the degree of polvmetization. the mutual dilTu-
sion of chemically dissimilar polymers will be dominated by
the excess enthalpy and entropy ol scgment-scgment mix-
ing. Smce N 18 large and inicraction (N independent)
between the different monomers are gencrally unfavorable.
the driving force [or mixing 1s very weak. Therelore. a rela-
tively small positive Flory y paramcter is sullicient to make
the mixtures phasc-scparate. For a miscible polymer pair the
inferfacial width W increascs with time 7 as W~ (n'=.
where 7718 the mutual diffusion coclficient. Klein and co-
workers have oblained the [irst direcr measurcment of time-
dependent composition profiles al the mictface between two
particdhy miscible polvmers A and B (deulerated and proto-
nated polystyrencs). ™ They found that the initial broadening
of the interface at the temperatures below the critical point
for phasc scparation follows a power law quite different
from the Fickian /7 rclation. while at long times the inter-
lacc is characterized by a mixing zonc of fimite cxtent as
expected. and the exponent or=0.34 +0.06 in £ falling
between 0.235 (the Cahn-Hilliard™ term dominant) and 0.5
(Fickian characteristic). 1s significantly lower than its value
of 0.3 for frce diffusion.

We have studicd the interdiffusion between partially mis-
cible polymers with different molecular weights from a theo-
retical viewpoint.® By comparing our reptation model® with
experiments of Klein and co-workers. we obtain good agree-

ment. Qur modcl provides a quantitarive analysis of Klein's
cxperiments. which is different from the previous semi-
quantitative analysis of polvimer mixtures with same molec-
ular weights.”

Theory

We consider the interdiffusion between pure polymer A
and pure polvmer B with isotopically different segments.
The dynamical dilfusion cquation® in terms of the rescaled
variablcs is given by
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where R (= Na/N ) represents the molecular weight ratio and
N.i. Npare the degrees ol polymerization ol polymers A4 and
B. respectively, The length was scaled by the natural length
K'* and the time was scaled with unit 7= 2K/D. which is on
the order of the reptation time of a single chain in mclt. The
K (=N, @) has thc magnitude of squarc of the radius of
gyvration and « is the scgment Iength of polymers A and 8.
Dy is of the magnitude of the sclf-difTusion coeflicicnt® in
cntangled polymer melt. The composition variable was rede-
fincd as = 2(¢ 4 — 1/2) so that the order paramcler  lakes
values between +1 ( pure A ) and | (purc B) as composition
profile ¢ ; drops from | 1o zcro. and we also made a change
of notation: N;y—y where y is the Flory paramcter. Afler
we have made a change of notation. . in the Flory-Huggins
mean ficld model of polymer mixing is given by
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In Eq. (2). 7. = 2 for the symmctric case (R = 1) and . =
.24 for R =302,

Eq. (1) 1s a non-hincar cquation for ¢ 4. and solving it gen-
crally requires numerical computation obtained by discretiz-
mg Eq. (1) with fimte differences. The ¢volution of the
bilaver sysiem starting from the imtial profile of a step func-
tion 1s described by application of the standard Crank-
Nicholson method o update at cvery time step the profile



1480 Bull Korean Chem. Soc. 1999, Vol. 20, No. 12

described by Eq. (1). We discretize dw(x, £)/dt as (" '—
wYAL dyr(x, i dx as (y, \"—y")2Ax, and similarly for
its higher spatial derivatives with Az — 0.0l and Ax — 0.5.
The total grid points are 700, so that the total thickness is
350 K ™. We take the initial interface of the bilayer system as
300 Ax (150 K*). The boundary conditions to solve the
above diffusion equation are vy (x, £y dx = 0 and J w(x, 1)/
dx” = 0 at the outer two ends of the bilayer. Then. the system
is allowed to evolve 10° time steps (— 10° 1) with an initial
interfacial width of a reasonable magnitude as long as the
boundary condition will remain valid.

The interfacial width ¥{s) defined as the inverse of the
slope at the point of the interface where the composition pro-
file yAx) varies most rapidly:
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where W(¢) is given in units of K.

Klein and co-workers*® have determined the composition
profiles at the interface between deuterated polystyrene, dPS
(sample A, N, = 9.196) and protonated polystyrene, pPS
(sample B, Ny — 27.788). and then between deuterated poly-
styrene, dPS (sample A. N, — 9,196) and protonated polysty-
rene, pPS (sample C, N — 8,654). In particular, interfacial
broadening with elapse time was studied in detail. The stud-
ies by Bates and co-workers'® have demonstrated that mix-
tures of deuterated and of protonated analogs of the same
polymer are characterized by a small positive value of the
interaction parameter y, resulting from slight difference
between isotopically ditferent segments. For mixtures of
dPS and pPS this interaction varies with temperature as"®

¥ = {(0.20£0.01)/T — (2.9404) x 107} x N, (4)

s0 that for the values Ny and Ny of Klein's polystyrene sam-
ples the critical temperature 7 lor phase separation is pre-
dicted 1o be around 200 “C. Klein and co-workers studicd
the interface at temperature helow this critical point though
still considerably above the glass transition temperature (7,
= 100 °C) of the polymer.” that is, in conditions wherc the
two polymers would demix spinodally.' Flere, we compare
our theoretical predictions with Klein’s data in the same con-
ditions as Klein’s experiments.

Results and Discussion

To quantify our analysis and to compare with experimen-
tal data.,*’ we have considered two values of molccular
weight ratio R — 3.02 (=N /N) and 0.94 (-N¢-/Ny), corre-
sponding to the following two pairs ol polystyrene samples:
N.i—9,196 and N — 27.788; N, — 9.196 and N, — 8.654. For
R—-3.02 (}. - 1.24). four values ol y — 1.786 (at 140°C), ¥
- 1.681 {at 150 °C). 1.580 (at 160 “C). and 1.484 {at 170 °C)
arc obtained by using Eq. (4). then x — 1.580 (at 160 “C) lor
R—0.94 (y. - 2.06).

Figure 1 shows the composition profiles of polymer 4 lor
A/B diffusion couples (R — 3.02) which were diffused at y —
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Figure 1. The composition profiles ol y = 1.786. y = 1.681. y =
1.580 and y = 1.484 for R=3.02.and y = 1.580 for R =094 ats =
10007. The time is expressed in units of 7(= 2K D)) and length in
units of 0.5A"2,

1.786, 1.681, 1.380. and 1.484 for diffuison time t of 1000v.
The thin solid curve in Figure | represents the composition
profile of polymer A for A/C system (R — 0.94) for the same
diffusion time. The time is expressed in units of ¢ (= 2K/D.)
and length in units of x (— 0.5 K'?). The diffusion behavior
for R — 3.02 is asymmetric as we anticipated while almost
symmetric for the case of R — 0.94. As we see in Figurel, the
lower molecular weight polymer A diffuses more deeply into
the high molecular weight side of polymer B because of the
entanglement effect. For R — 3.02, the lower y (— the higher
temperature) from the critical point of y, — 1.24, the faster
polymer 4 diffuses. This is because mixtures of deuterated
and protonated analogs of the same polymer are character-
ized by the upper critical solution temperature. The develop-
ment of interface width H#(¢) with the square root of time /'
at different y values (— temperatures} higher than y.. is
shown in Figure 2. The width initially increases with time
but then levels oft at a constant value. For B — 0.94, we see
obviously the monotonic increase in the interface width
expected for unrestricted diffusion, with no indication of lev-
cling ofT at long times. The dotted line is plotted against J{¢)
e {'" scaling relation expected for the Fickian-type diffu-
sion. Our theoretical predictions strongly resemble the
Klein’s data ol Figure 2 in rel'4. Figure 3 shows natural log-
log plots of the variation with time of the interface width in
AiB system. The further away the critical point given by y.—
1.24. ie.. the larger y, the slower H({) incrcases, which
agrees well with Figure 2 and Figure 3 in rel 5. Since the
curves are not straight lines throughout the time interval in
Figure 3, power law such as H(¢) = (*holds only for a cer-
tain initial period during the interdiffusion. The certain ini-
tial period of interdiflusion in Figure 3 where the powet law
is valid. is shown in detail in Figure 4. The solid lines in Fig-
ure 4 are the linear fits for 8 — 3.02 and the dotted lince is the
lincar [it for R — 0.94. whose slopes yield the scaling expo-
nents e In the case of R — 3.02, the values ol erare 0.3260 (y
— 1.484). 0.2958 (x — 1.580). 0.2765 (x — 1.681). and 0.2616
(x — 1.786). For R — 0.94, the value of « is 0.4344 (y —
1.580). The values of « in all four cases of R — 3.02 are
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Figure 2. Interface width #f) against the square root of time £
for R=13.02 and R = 0.94. The units arc the samc as in Figure 1.
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Figure 3. Natural log-log plot of variation with time of the
interfacial width for R = 3.02.
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Figure 4. Lincar fits of the natural log-log plots of the intertacial
width with time for R 3.02 (solid linesyand R 0.94 (dotted line)
in the certain initial period ol interdiflusion of Iigure 3 where the
power law is valid. Exponents o are obtained from the slope

smaller than the 0.5 for the Fickian-type diffusion. We can
sec that the deeper in the two-phase region (7.e. the larger ).
the exponent ¢ is smaller than 0.5, but larger than 0.25. A
mean-ficld approach'' suggests that. closer to the critical
temperature. the exponent may be between 144 and 172,

Table 1. Klein's and our values of the exponents in the relation
{0y = const X 1% at four diffcrent temperatures 7

7{7C) o (Klein's data) o (Our data)
140 0.27 + 0.08 0.2616
150 0.38 + 0.06 0.27635
160 0.36 + 0.06 (.2958
170 0.36 + 0.04 0.3260

Comparison with Klein's data® is given in Table 1. Both
Klein's experimental data and our calculation data are con-
siderably smaller than the Fickian exponent 1/2, falling
between (.25 and 0.5. Within the error range. our predictions
of interfacial width are quantitatively agree well with the
Klein's data. [n case of R — 0.94 (y — 1.580). the value of ¢ —
0.4344 is closer to /2 for the Fickian-type free diffusion.
Because the value of y — 1.580 {(— 160 "C) in R — 0.94 is
lower than the predicted critical y. of 2.06 for the N, /¥ sys-
tem (i.e.. higher than the predicted critical temperature of
-115 ¢C), we can expect for free interdiffusion with ¢ — 1/2.
As we see in Figure 2 and Figure 4. our data do show a clear
N/ dependence of the interfacial width and agree well with
Klein's experimental data.’*

The long-time limit of the interfacial width #{(¢) for differ-
ent temperatures {ie.. at different ¥ (7) values) as we
approach 7. from below is shown in Figure 5. The solid line
is our calculation result at a diffusion time. 7 — 10° 7 with
segment size o — 6.6 A. same as the value of ref 4. The filled
circles are Klein's experimental data with the broken curves
corresponding to the uncertainty limit. The dotted line is the
mean-field prediction, which is evaluated from Eq. (2) in ref
4. Within the spread implicit. our data are in good quantita-
tive agreement with the Klein’s.

Conclusions

We have compared our reptation model with Klein's
data™ and good agreement is found. Particularly, our model
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Figure 5. The long-time limit of the interlacial width {5 tor T
150°C, 160 °C and 170 *C. The solid line is our calculation data at
£=10° 7 and the filled circles are Klein's data with the spread
implicit. The dotted line is the mean-field prediction by Eq. (2) ot
Rel 4. The units are the same as in Figure [.
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provides a quantitative analysis (not a semiquantitative’) for
the experiments of refs 4 and 3. We find the interfacial width
1o increasc with time £ at short times as . All the valucs of a
theoretically determined in the present study. as summarized
in Table 1. arc between 1/4 and 1/2. These theoretical results
agree well with Klein's data™ within the crror range and
with the mean-ficld approach.’! We also note that the interfa-
cial widths for long times (Figure 3) are in accord with
Klein's experimental data.** Finally. we conclude that our
reptation modcl® is capable of making various and rcason-
able predictions for the interdiffusion with different valucs
of the N, /Ng couple.

Acknowledgment. This rescarch was supported by
Basic Scicnce Rescarch Instituic Program. Ministry of Edu-
cation (BSRI-98-3414),

References

. Bates, F. S Wignall. G. D.. Koehler, W, C. Phs. Rew:

Woon Chan Kim and Hvungsuk Pak

Len 1983, 33, 2425.

. (2) Bates, F. 5. Wignall, G. D. Macromolecules 1986, 19,

934,

3. de Gennes, P G.J. Chem. Phvs. 1980, 72, 4736,
1. Chaturvedi, U. K.. Steiner, U.: Zak, O.. Krausch, G

Klein, I. Phvs. Rev. Lert. 1989, 63.G16.

. Stemner, UL Krausch, Gz Schatz, Gz Klein, J. Phys. Rev.

Lett. 1990, 64, [119.

- Kim, W C: Pak. H. Bull. Korean Chem. Soc. 1999, 20,

1323,

. Wang, S5.-Q. Shi, Q. Aacromolecules 1993, 26, 1091
. Bates, TS: Wignall, G D Phys. Rev. Lewt. 1986, 57,

1429

. Brandrupp. J.. Immergut. E. L Pobwmer Handbook:

Wilev: New York, 1975,

. de Gennes, I G. Scafing Concepts in Polvmer Physics.

Camell Univ. Press: Ithaca, NY, 1979,

. larden, J. L. J Phys. (Paris) 1990, 31, 1777,
o (a) Caln, I W Hilliard, 1. E. . Chem. Phys. 1938, 28,

238 (b) Cahn, 1. W, 4cta AMerall. 1961, 9, 795.




