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ABSTRACT: A study of the translational diffusion of a symmetric A-B diblock copolymer into 
homopolymer, A and B, host is reported. The segmental mobilities of homopolymer A into homopolymer 
B, A into A, B into A, and B into homopolymer B hosts were independently determined. These segmental 
mobilities were observed to differ by orders of magnitude. Using a straightforward formalism based 
entirely on reptation, reliable predictions of the magnitude of the diffusivity of the diblock were made 
using these independently determined mobilities. Current theories which address the diffusion of diblock 
copolymer chains all assume, in the absence of any experiments in this area, that  a single, constant, 
friction factor characterizes the diffusion of diblock chains. I t  is anticipated that  the incorporation of 
such differences in the relative magnitudes of the segmental mobilities might alter quantitative conclusions 
of such theories. 

Introduction 
The complex phase behavior that diblock copolymers 

exhibit is a natural consequence of the thermodynamic 
incompatibility between the covalently bonded dis- 
similar blocks, A and B, that comprise the chains.l 
Their equilibrium phase behavior is reasonably well 
understood theoreti~ally~9~ and is described in terms of 
N,, the overall degree of polymerization of the copolymer 
chain, f, the volume fraction of the A-phase, and x, the 
Flory interaction parameter. The value of fdetermines 
whether the system will exhibit one of a series of 
ordered microstrucures of varying geometries which 
include body-centered-cubic arrangement of spheres, 
hexagonal arrangement of cylinders, and lamellar struc- 
tures. A weak first-order transition from an ordered 
phase to a disordered phase occurs a t  the order- 
disorder transition (ODT). The location of the ODT is 
dictated by the condition XN x (am, where for a lamellar 
phase Q(0.5) x 10.5; note that x - UT, where T is the 
temperature. In the vicinity of the ODT fluctuations 
in composition, characterized by a wave vector q* whose 
magnitude is on the order of the inverse of the radius 
gyration of the chain, R, - V I 2  are present. This is 
described as the weak segregation regime (WSR),2 
whereas below the ODT, where xN >> 10.5, the system 
approaches the strong segregation regime ( SSR)3 where 
the structural dimensions vary as W3. Considering the 
complexity of these structures, the dynamics of these 
systems promise to be complicated. A complete under- 
standing of the dynamical properties of block copolymer 
systems is still l a ~ k i n g . ~  Of the experiments conducted 
on these  system^^-^ there is no consensus on the general 
behavior of their translational dynamics. Some inter- 
esting findings were recently presented by Lodge and 
co-workers. Their forced Rayleigh scattering studies of 
the temperature dependence of the self-diffusion in poly- 
(ethylene propylene)-poly(ethyleneethy1ene) (PEP- 
PEE) showed that the temperature dependence of the 
self-diffusion coefficient, D,, was insensitive to the 
system passing through the ODT, a result also shown 
by Shull et ala6 This appears to  be the result of 
significant fluctuations in composition which persist 
even at  temperatures above the ODT, a point mentioned 
by Lodge and co-workers and also addressed by h a s -  
tasiadis et a1.8 An observation regarding unentangled 
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chains in the ordered phase is that the lamellae had no 
influence on D,. In particular, in the poly(styrene-b- 
vinylpyridine) (PS-PVP) system D, was comparable to  
the self-diffusivity of PS. They also determined that in 
the PEP-PEE system, close to  the ODT, the diffusion 
coefficients parallel, Dpar, and perpendicular, Dperp, to 
the lamellae orientation were comparable and consider- 
ably below the ODT DpedDpar = 0.3. Their rationaliza- 
tion of these findings in terms of the thermodynamics 
and entanglements offers some insight into why these 
results might be reasonable. However, a more critical 
evaluation is required to determine general character- 
istics of the dynamics of copolymers. 

Complementary information about the dynamics of 
copolymer melts was earlier provided by photon cor- 
relation spectroscopy studies of Anastasiadis et a1.8 on 
the dynamics of poly(dimethylsi1oxane-b-methylethyl- 
siloxane) (PDMS-PMES) above the ODT. These mea- 
surements revealed evidence of wave vector, q,  inde- 
pendent internal relaxation modes and long-range q2- 
dependent diffusive modes. An unsuccessful attempt 
was made to predict the self-diffusion coefficients by 
assuming that a single segmental mobility characterized 
the dynamics of the entire copolymer chain. 

Some time ago, we studied the diffusion of PS and 
PMMA homopolymers into the symmetric diblock co- 
polymer structures of PS and PMMA.gJO It was re- 
vealed that the homopolymer chains diffused into 
domains with which its interactions were thermody- 
namically most compatible, i.e., d-PS into PS domains 
and d-PMMA into PMMA domains. Furthermore, the 
ratio of the diffusivity of PS into PS, Dps(PS), to that of 
PS into PS-PMMA, Dps(PS-PMMA), could be as low 
as 0.1. Comparable, though less dramatic, results were 
observed for the diffusion of the PMMA homopolymers. 
This difference in the magnitudes of the diffusivities was 
shown to result from the tortuosity of the domains. 

Here we provide further important insight into what 
might generally be anticipated about the translational 
diffusion of diblock copolymers in ordered copolymers 
below the ODT. Using information about the segmental 
mobilities of the A and B components of the diblock in 
the pure homopolymer phases and of the relevant 
homopolymer chain mobilities, reasonable predictions 
of the chain diffusivities can be made. It will become 
clear that measurement of self-diffusion coefficients in 
diblock copolymers whose structures are far from equi- 
librium might not yield great insight into the true 
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translational dynamics unless the relevant diffusivities 
in the homopolymer phases are known. The results of 
this paper also provide a simple mean-field framework 
with which one might understand the translational 
dynamics of such systems. These results should em- 
phasize the importance of the development of a new 
theory that addresses the underlying physics that 
determines the segmental mobilities, or equivalently the 
friction factors, in melts. 

Experimental Section 
The systems investigated in this study are polystyrene (PSI 

and poly(methy1 methacrylate) (PMMA) diblocks and ho- 
mopolymers of PS and PMMA. Each of these polymers is 
characterized by dispersions of less than 1.1. The glass 
transition temperatures of the polymers are comparable, Tg- 
(PSI = 100 “C and T,(PMMA) = 115 “C. Both polymers have 
comparable entanglement molecular weights, N,(PS) = 170 
and NAPMMA) = 150. The diblock copolymers used in this 
study were SMI (d-PMMA(M=130)-b-d-PS(M=132)), SMII 
(PS(M=404j-b-PMMA(M=420)), and SMIII (PS(M=1510)-b- 
PMMA(M=1600)). One of the difficulties associated with 
tracer measurements using diblocks is that they show a strong 
tendency to aggregate and form micelles. We have chosen 
concentrations of the labeled diblock (SMI) which are such that 
they are below the concentration where they can form micelles. 

Measurements of diffusion were performed using an ion 
beam analysis technique, elastic recoil detection (ERD), which 
has been discussed in detail in a number of earlier publica- 
tions.1° The samples were composed of bilayers of films. A 
thick (microns) underlying layer of a host polymer and a thin 
outer layer which was usually a blend of the host polymer and 
small quantities of the deuterated diffusant. The diffusion 
coefficient was extracted from the profile, determined using 
ERD, of the tracer using a solution of the diffusion equation. 
Briefly, the ERD process involves measuring the energy and 
number of scattered ions (helium nuclei) from the sample. 
Knowledge of the energy of ions incident on the sample, of their 
energy loss rates in the materials, and of the scattering cross 
sections enabled the determination of the concentration profile 
of the deuterated species in th’e host layer. 

Results and Discussion 
Ultimately, for any dynamic process, the primary aim 

is to gain insight into the mechanism of transport and 
t o  make predictions about the general behavior. There 
is general agreement that reptationll provides useful 
and accurate insight into the mechansim of diffusion of 
chains into entangled homopolymer melts. In systems 
of unentangled chains, the Rouse model provides a 
reasonable description. What ultimately determines the 
time scales of the translational dynamics of a chain are 
two parameters, a quantity that describes the resistance 
that a segment experiences as it diffuses, 5, and N, the 
degree of polymerization of the diffusant. 5 also deter- 
mines the temperature dependence of diffusion. In 
special cases the length of the chains that compose the 
host environment will influence the diffusivity.12 

In reptation, there are effectively two relevant time 
scales. At short times there are rapid segmental mo- 
tions involving the propagation of %inks” (stored length) 
which facilitate the longer time scale motion described 
by Sd. Sd characterizes the translational motion of the 
chain along the “tube” in which it diffuses. Reptation 
predicts that 

li) 4 

where Ne is the number of segments between entangle- 
ments and kg is the Boltzmann constant. For unen- 

tangled Rouse chains 

Because of the ordered phases in copolymer melts the 
motion of an A-B diblock into a lamellar microstruc- 
ture, say, involves the motion one segment, A, through 
an unlike phase, B. For each A-block in a B-phase there 
is an increase in free energy, proportional to ~ N A ,  
associated with the presence of NA segments. This free 
energy change is the source of the large resistance 
associated with the mobility of a diblock chain through 
the homopolymer phase. Under these conditions, the 
A-block might assume conformations that it would not 
otherwise possess in an A-phase. At short times, 
conformational transitions that should facilitate the 
motion of the chain would be different compared to  that 
which it would have in an A environment. 

In this context, the translational diffusion of a single 
A-B diblock copolymer necessarily involves different 
friction factors, or indeed segmental mobilities. The 
factors associated wtih diffusion of the diblock through 
an ordered diblock phase involve the friction factor for 
the translation of the diblock through the B-phase, 
~A-B(B), and through the A-phase, ~A-B(A). In general, 
the friction factor for the A-B diblock, [A-B, should be 
related to some combination of ~B(B),  ~B(A), ~A(B) ,  and 
~B(A) .  Considering that a diblock chain experiences a 
minimum in free energy when its junction is located at 
the interface of the unlike phases, translational diffu- 
sion might be expected to occur perpendicular to the 
interfaces, where the interfaces are the equilibrium 
“sites”. Except in very unusual cases, the friction factors 
that govern the tracer diffusion of A into B differ 
considerably from that for A into A or B into B. This is 
true even in miscible blends.13 In some cases this 
difference can be orders of magnitude. The ratio R = 
t i l t ,  of the time that the chain spends a t  the interface 
ti to that which it spends in the A or B phase, tp, is 
important. zp will be determined by the magnitude of 
the larger of the two friction factors that govern the 
diffusion of the diblock in each phase. On the other 
hand, ti will be determined by the degree of segregation 
of the diblock probe chain a t  the interface. This will be 
a function of xN for the host and the length of the probe 
chain. In cases where R - 1, the trapping of the diblock 
tracer at  the interface is important and the periodicity 
of the domain structure will affect the diffusion time 
scales considerably. Particularly in a highly segregated 
system, the diffusivity will depend on the relative 
dimensions of the phase, LD, to that of the copolymer 
block, LB. When LD is comparable to LB, translational 
diffusion can occur if one block of the probe chain can 
span one entire layer of the structure and “drag” its 
attached segment through the unlike phase.14 On the 
other hand, if R << 1, the effect of interface becomes 
considerably less important and the diffusion mecha- 
nism is expected to be a straightforward reptation 
mechanism, where the time scale of diffusion is con- 
trolled by the block with the larger friction factor 
through each phase. This should be the case where xN - 10 (WSR) and the friction factors differ considerably 
in magnitude (~A(B)  >> CAW, <B(A) >> <B@), and ~ A ( A )  
and <B(B) differ considerably). This might also be the 
case in the SSL and where the friction factors differ 
considerably but the probe diblock chain is relatively 
short. It should be emphasized, however, a t  equilibri- 
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Table 1. Friction Factors, 5' (Ndm), Obtained from 
Tracer Diffusion of d-PS and of d-PMMA into PS and 

PMMA Homopolymers at T - Tp = 70 "C 

10.12 i PS host PMMA host 
PS tracer 4 x 10-9 4.3 x 10-6 
PMMA tracer 2.8 x 4 x 10-7 

T-Tg 

Figure 1. Temperature dependence of the tracer diffusion 
d-PS of N = 269 into PS (filled circles), of d-PMMA of N = 262 
segments into PMMA (the actual measurements were scaled 
from d-PMMA of N = 2100 into PMMA in order to make the 
comparison), and of a symmetric diblock of N,  = 262 into PS 
of degree of polymerization of N = 2240. 

um, that the diblock probe chains should all reside at  
the interfaces. 

A particularly important situation concerns thin film 
diblock copolymers. Under equilibrium conditions, the 
lamellae of diblock copolymers are aligned parallel to  
the interfaces.15 However, under nonequilibrium condi- 
tions, the diffusion of the diblock is complicated since 
the structure attempts to reorient in order for the 
lamellae (fx V 2 )  to align parallel to the interfaces. The 
rate at  which it does so depends on the strength of the 
interactions between the chains and the interfaces and 
on the film thickness. Therefore, the self-diffusion 
coeficient of a diblock chain will be complicated by the 
collective motions of the host chains. It follows that the 
ratio Dpa,JDpew will depend not only on temperature but 
also on the degree to which the system departs from 
equilibrium. The mechanism of diffusion parallel to the 
lamellae must occur by some cooperative process involv- 
ing some "defect" mechanism. 

Let us now examine the results for the diffusion of a 
symmetric diblock of PS and PMMA of N,  = 262 (fps = 
0.51) into PS of degree of polymerization P = 2240. 
Figure 1 shows the temperature dependence of the 
Dps-p~m(PS) of this chain. The line drawn through the 
data was calculated with the Vogel-Fulcher equation 
using the same constants used to fit the data of the 
diffusion d-PS into PS. As an obvious comparison we 
show the temperature dependence of the diffusion of a 
d-PS chain, characterized by the same degree of polym- 
erization as the diblock, into PS. It is clear that 
DPS-PMMA(PS) 10-2Dps(PS). The temperature depen- 
dence is also described by the same Vogel-Fulcher 
constants. This difference is evidently associated with 
the very large activation processes associated with the 
motion of the attached PMMA block on the overall 
translational dynamics of the copolymer chain. As a 
further comparison, we also show the temperature 
dependence of the diffusion of d-PMMA (N = N,) into 
PMMA, DPMMA(PMMA). The line drawn through this 
data is also a Vogel-Fulcher fit for PMMA, which is 
different from PS. Interestingly, while DPMMA(PMMA) 
is comparable to DPS-PMMA(PS), it is somewhat larger 
in magnitude, which should not be surprising. Consid- 
ering that both polymers have the same Ne, eq 1 
suggests that variations in 5 are primarily responsible 
for differences in magnitude of the diffusivities. 

In order to gain some insight into these observations, 
it would be importnat to examine the relevant friction 
factors associated with the diffusivity d-PS into PMMA, 
tps(PMMA), and of d-PMMA into PS, t p ~ w ( P S ) .  Equa- 
tion l is used to calculate the friction factors from the 
tracer diffusivities of d-PS into PMMA (P = 1000) and 
of d-PMMA (N = 210) into PS (P = 2140). These factors 
are tabulated in Table 1. It is noteworthy that, if we 
compare the value of the friction factor calculated from 
the diffusion of the d-(PS-PMMA) diblock into the 
PS phase, we find that SPS-PMMA(PS) ~PMMA(PS) 
(~PS-PMMA(PS) = 2.2 x Ns/m (5" = 170 "C)). This 
confirms the results in Figure 1 which suggested that 
the PMMA block on the diblock chain was primarily 
responsible for the comparatively low diffusivity of the 
diblock chain in the PS phase. It is also noteworthy 
that tps(PMMA) is comparable to  &MMA(PS), a result 
which is consistent with the fact that Dps-p~w(PS) is 
comparable to DPS-PMMA(PMMA). If we compare the 
magnitudes of the friction factors for the homopolymers, 
we find that tp~m(PS) ~O~PMMA(PMMA) in contrast 
to  [ps(PMMA) 103tps(PS). 

In one considers a diffusion process such that the 
block whose translation is energetically most favorable 
in that phase will first move forward, then the attached 
block whose friction factor is very large will impeded 
further motion. Within a mean-field approximation 
both processes can be treated independently and in 
series. It follows that the effective friction factor per 
copolymer chain might be written 

(3) 

Hence, for an unentangled diblock copolymer diffusing 
into a homopolymer of type A the tracer diffusion 
coefficient is 

SA-B(A) = Seff = N A S A L 4 1  + NBSB(A) 

DR~(A-B)(A) = kBT/5eff (4) 
The diffusion coefficient for the entangled diblock is 

(5) 

As one might anticipate, this equation provides reason- 
able predictions for the diffusivity of a PS-PMMA 
diblock into PS. The open circles in Figure 2 show the 
diffusion coefficients calculated using eq 4; they are in 
good agreement with the measured values. In the WSR, 
eq 5 should also provide a reasonable description of the 
diffusion of a diblock parallel t o  the interfaces in an 
ordered diblock host. 

A few comments might be made concerning the 
diffusion of PS-PMMA into an ordered diblock of a 
lamellar morphology. Let us consider a situation in 
which an A-B diblock diffuses into a highly ordered 
lamellar structure in a direction that is perpendicular 
to the lamellar orientation. Further assume that the 
interlamellar spacing is large compared to the diblock. 
The diffusion coefficient of the diblock perpendicular to  
the lamellae would be decreased in relation to its value 
in a pure homopolymer A-phase by a factor that is 
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tant insight into the translational dynamics of block 
copolymer systems. It is hoped that the results of this 
paper will stimulate considerable discussion of this 
topic. 
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