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ABSTRACT: Forced Rayleigh scattering has been used to investigate tracer diffusion of a tetrahy- 
drothiophene-indigo derivative (TTI), a photochromic dye molecule, in a macroscopically isotropic lamellar 
poly(styrene-b-isoprene) diblock copolymer of relative high molecular weight. As anticipated from the 
large difference of segmental mobility between the constituent blocks, three relaxation processes termed 
fast, intermediate, and slow, respectively, have been observed as a function of temperature and grid 
spacing for the decay curve of scattered light from the photoinduced grating in the experiments. The 
fast process exhibits a q2 dependence, which is characteristic of Fickian diffusion, whereas the slow process 
is independent of q. Model calculations have identified the nature of these two processes. In addition, 
the role of the size of the grid spacing chosen in these experiments, relative to the lamellar period of the 
microstructure, has been elucidated. A means of extracting diffusion coefficients for TTI in PI and PS 
lamellae from the experimental results has been demonstrated. A comparison of the diffusion coefficients 
obtained from the PI and PS lamellae in the block copolymer with those of TTI diffusion in PI and PS 
homopolymers revealed differences in the temperature dependence between the homogeneous and 
microstructured materials. 

Introduction mers like PS-PI with a large difference in segmental 
In recent years the diffusion of tracer molecules and 

chains in homopolymer melts has been the subject of 
intense interest. Scaling laws and diffusion behavior 
in the vicinity of the glass transition temperature Tg 
could thus be established for a variety of different 
penetrant structures and chain topo1ogies.l In contrast, 
relatively little is known about mobility in microstruc- 
tured block  copolymer^.^-^ These materials have at- 
tracted increasing interest because of their ability to 
form a surprising variety of ordered equilibrium 
structures6-14 that can be strongly influenced by exter- 
nal mechanical fields.15-17 In these systems, transport 
properties are particularly interesting since the su- 
pramolecular structure imposes spatial constraints on 
a diffusing moiety which, in special cases, can lead to 
anisotropic behavior. 18119 

To investigate the effect of the lamellar morphology 
on tracer diffusion, forced Rayleigh scattering (FRS), a 
holographic technique which enables measurement of 
small diffusion constantsZ0p2l (-lo1' cm2/s), has been 
employed to investigate diffusion dynamics in nearly 
symmetric polystyrene (PSI-polyisoprene (PI) A-B type 
diblock copolymers. In this technique a grating is 
induced in the sample via interference of two coherent 
laser beams a t  an angle 8. The time evolution of this 
grating is then monitored by a subsequent diffraction 
experiment. The advantages of this method over other 
techniques are the high resolution of even small differ- 
ences in the refractive index, the possibility of measur- 
ing precise relaxation times over a wide range (1-105 
s), and good experimental reproducibility. Translational 
diffusivity is widely accepted as a fundamental quantity 
reflecting polymer dynamics. Thus, for block copoly- 
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mobility, as signified by a dikerence in glass trinsition 
temperatures of more than 100 K, multicomponent 
relaxation processes are expected to occur. Such pro- 
cesses could provide a fingerprint of the microphase- 
separated structure, thereby raising the issue of mobil- 
ity within the interphase. 

In the present work, results for diffusion of the tracer 
molecule TTI, a tetrahydrothiophene-indigo derivative, 
in a macroscopically isotropic lamellar PS-PI block 
copolymer, as measured by FRS, are presented. It is 
shown that, for these systems, the decay curve of 
scattered light from the photoinduced grating indeed 
indicates the existence of several processes. With the 
help of model calculations the nature of these processes 
is elucidated, thereby demonstrating that (i) FRS sup- 
plies detailed insights into the mechanisms of small- 
molecule diffusion in block copolymers and (ii) tracer 
diffusion is a powerful tool for probing the local mobility 
distributions and microstructure in microphase-sepa- 
rated block copolymers. 

Experimental Section 
Materials. Polymers. The poly(styrene-b-isoprene) diblock 

copolymer, designated PS-PI-6 in our nomenclature, has been 
synthesized by living anionic polymerization using cyclohexane 
as solvent and sec-butyllithium as initiator. The PS and PI 
block molecular weights M ,  are 92 400 and 84 000, respec- 
tively, as determined by GPC for the PS precursor and 13C 
NMR for the PI block. The dispersity M , I M ,  as determined 
by GPC for the block copolymer is 1.06. All GPC analyses were 
performed using polystyrene as the standard. The uncertainty 
in the molecular weight is about 5% for both techniques. The 
Tis of the PS and PI blocks as determined by DSC at  a heating 
rate of 10 Wmin were 373 and 216 K, respectively. The 
characteristics of the block copolymer are summarized in Table 
1, along with corresponding data for PI and PS homopolymers 
used for comparison in this study. The PI homopolymer was 
obtained from Polymer Standards Service (PSS), Mainz. 
Details of the characterization, as well as tracer diffusion data 
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Table 1. Characterization of Polymers Used in the Present Study 
wt % M, of dispersity Tg (K) Tg (K) 

polym code of PS copolymer M, of PS M, of PI U PS PI 
84 000 1.06 373 216 

1.32 369 
10 800 1.02 210 

PS-PI-6 52 176 400 92 400 
PSQ 100 356 400 
PI 

a From ref 22. 

for the PS homopolymer, are provided in ref 22. The diblock 
copolymer diffusion measurements have been performed in the 
microphase-segregated regime, i.e., below the order-disorder 
transition temperature, TODT, which lies far above the decom- 
position temperature of PS-PI8 and has therefore not been 
determined experimentally. Under these conditions the block 
copolymer exhibits the lamellar morphology (verified by 
electron microscopy; data not shown). The lamellar period, 
as determined from the relation given in ref 23 for the 
dependence of the average domain spacing on molecular 
weight for symmetric PS-PI diblock copolymers ,I = O.O24MnZ3 
(nm) is i = 73 nm. In all of the block copolymer samples, as 
well as the polyisoprene homopolymer, 2,6-di-tert-butyl-4- 
methylphenol was added as an antioxidant. 

Tracer Molecule. TTI,2,2’-Bis(4,4-dimethylthiolan-3-one), 
has been employed in our FRS measurements as the photo- 
chromic dye. I t  was synthesized following procedures de- 
scribed in the l i t e r a t ~ r e . ~ ~ ~ ~ ~  Upon irradiation, it undergoes a 
trans-cis isomerization, with the cis-isomer being stable up 
to 430 K (a temperature never reached in the present diffusion 
experiments). Under the experimental conditions described 
herein, the diffusion coefficients obtained are those for trans- 
TTLZ2 For more details regarding the photochemistry and 
stability of TTI in different matrices, the interested reader is 
referred to refs 22 and 26. 

Sample Preparation. The homogeneous PI homopolymer 
samples were prepared by dissolving a predetermined amount 
of TTI at  room temperature in the viscous PI liquid and 
annealing the sample for several days at moderate tempera- 
tures in a vacuum oven. Diblock copolymer samples were 
prepared by freeze-drying a benzene solution of the dye and 
the copolymer, pressing a resulting powder into a pellet, and 
annealing the pellet for 1-2 days at  temperatures 20 K above 
the PS Tg of the copolymer. The TTI concentration was kept 
below 0.5 wt % in all experiments to avoid any concentration 
dependence of the diffusion coefficients (D). In this regime, 
the measured D corresponds to infinite dilution.22 
Diffusion Experiments. All FRS measurements em- 

ployed an Ar ion laser operated at  a wavelength L of 488 nm, 
as described earlier.1sz1*27 Holograms were formed by irradiat- 
ing light intensities of typically 100 mW/mm2 for times of about 
10 ms. Prior to every experiment, the scattering background, 
responsible for the incoherent background in the fitting 
procedure described below, was determined. The first value 
of the scattering intensity was typically measured 2 s after 
bleaching. Since the spot size of the laser was only about 1 
mmz, multiple measurements could be made using a single 
sample. 

The temporal scattering intensity, Z(t) ,  for a single relaxation 
process, was analyzed in terms of a Kohlrausch-Williams- 
Watts functionz8 (KWW), being interpreted in terms of a 
distribution of relaxation times 

Z ( t )  = (A exp[-(t/tyl + Bj2  + C 0 C p 5 1 (1) 

In the case of Fickian diffusion z-l is given by 

5-l = 4n2D/d2 (2) 

where the grid spacing, d ,  is calculated from the angle 0 at  
which the two laser beams intersect the sample 

d = L/2 sin(fY2) (3) 

Experimentally, d can be varied between approximately 0.2 
and 100 pm. The parameters A, B ,  and C determine the 
amplitude of the signal and the coherent and incoherent 

1 
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Figure 1. Typical decay curve of the FRS scattering intensity 
for TTI in the PI homopolymer at  temperatures above Tg. 
Bleaching conditions: 100 mW/mm2 for 10 ms; T = 256 K, d 
= 6.2 pm. The solid line is a fit to a single exponential function 
according to eq 1. The fit parameters are A = 82.1, t = 50.2 
s, /3 = 1, B = 0, C = 1700. The parameter B = 0 signifies that 
the photoinduced grating is completely destroyed by the 
diffusion process, as expected for polymer melts. These media 
do not show the long-time stability that would be necessary 
for optical information storage devices. The chemical formula 
of the diffusing species, trans-TTI, is shown in the inset. 

backgrounds, respectively. The parameter /3 characterizes the 
width of the relaxation time distribution. Multiple relaxation 
processes were modeled as sums of stretched exponentials. For 
example, two independent relaxation processes involved in 
destroying the holographic grating were simulated as 

Results 
A typical FRS decay curve is presented on double- 

logarithmic axes in Figure 1 for TTI diffusion in the 
polyisoprene homopolymer at temperatures  above Tg. 
The double-logarithmic representation of the d a t a  is 
particularly useful in cases where the measurements  
extend over several  orders of magnitude in t ime a n d  
intensity as well as in cases where several processes 
have to  be distinguished (see below). For  this ho- 
mopolymer melt  the scattering intensity decays mo- 
noexponentially Cp = l) to the value of the incoherent 
background measured prior to  each experiment inde- 
pendent of the grid spacing d. To guarantee that the  
process leading to  grating destruction is diffusive in 
nature, the q dependence (q = 2 ~ d d )  of this process has 
been studied. As expected for Fickian diffusion, t he  
relaxation time, t, varied quadratically with d (not 
shown here), thereby leading to  a single, well-defined 
diffusion coefficient. 

The decay curves of the FRS signal intensity differ 
dramatically for the block copolymer. Representative 
decay curves for PS-PI-6 obtained at temperatures  
between the two T i s  of the polymer are shown in Figure 
2 for two substantially different grid spacings. Figure 
2 a  shows the result of a transmission geometry mea- 
surement  leading to rather large grid spacings, typically 
of t h e  order of several tens of micrometers, whereas  
Figure 2b illustrates the decay curve of a measurement  
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Figure 2. Typical decay curves obtained for TTI in the block 
copolymer PS-PI-6 at temperatures between the T i s  of the 
two blocks for two different grid spacings: (a) d = 66.7 pm; 
(b) d = 0.2 pm. Bleaching conditions: 100 mW/mm2 for 10 
ms; T = 350 K. The solid lines represent fits to a sum of a 
single exponential and a stretched exponential function. For 
simplicity in the present study only the relaxation times 
obtained for the fast and the slow relaxation process that can 
already be roughly estimated just by looking at the data will 
be discussed in the text. The analysis of the intermediate 
process, however, has been omitted since it is difficult to 
separate the different contributions (see text). 

obtained in reflection geometry with grid spacings of the 
order of several hundreds of nanometers only.1>21 It is 
important to realize that even for the reflection mea- 
surements, the grid spacing is larger than the long 
period of the block copolymer microstructure. By varia- 
tion of the grid spacing, as indicated in this figure, three 
different processes can be observed, which will hereafter 
be referred to as fast, intermediate, and slow. 

In order to discern whether these processes are single- 
exponential or multiexponential in nature, fits were 
performed using a sum of two stretched exponentials 
(see eq 4). Since the exponents for the functions 
describing the fast and slow process, i.e., either ,!?I or 
,!?a, were always close to unity, the data were analyzed 
in terms of the sum of a single plus a stretched 
exponential function. The remaining ,!? exponent de- 
scribing the intermediate process assumed values be- 
tween 0.1 and 0.3, which corresponds to a very broad 
distribution of relaxation times. 

Since only the fast and slow processes are easy to 
access in their complete time behavior, in the following 
section we concentrate our experimental analysis on 
them exclusively. As in the case of the homopolymer 
PI, we have analyzed the q dependence for both pro- 
cesses. All measurements have been performed in 
transmission, leading to grid spacings at  least 1 order 
of magnitude larger than the long period of the block 
copolymer microstructure. In order to retain readily 
accessible measuring times, the temperature has been 
appropriately chosen in each case. For the fast process, 
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Figure 3. q dependence of the (a) fast and (b) slow relaxation 
process for PS-PI-6 as a plot of 5 obtained from the fits with 
a single exponential function versus d (q = 27dd) used in the 
experiments. Results from two to three measurements have 
been averaged to obtain each point. Bleaching conditions: 100 
mW/mm2 for 10 ms; T = (a) 255 K and (b) 376 K. The straight 
line in (a) is a least-squares fit to the data, exhibiting a slope 
of 2, as expected for Fickian diffusion. In (b) the straight line 
exhibits a slope of zero, revealing that the process is q- 
independent. 

the results shown in Figure 3a correspond to a temper- 
ature of 255 K, which is about 40 K above the Tg of the 
PI blocks but well below the Tg of the PS blocks. A least- 
squares fit of the data reveals that the process exhibits 
a q2 dependence. The same analysis for the slow process 
at  376 K, which is slightly above the Tg of PS, leads to 
a completely different result. As shown in Figure 3b, 
the process appears to be independent of q in the 
examined q range. Following this analysis, the fast 
process is believed diffusive in nature whereas the slow 
mode is a local process on the length scale of the grid 
spacing under these conditions. 

Theory of Tracer Diffusion in Lamellar Block 
Copolymers 

In this section we present a theoretical analysis of 
the complex relaxation patterns observed in the FRS 
experiments on this two-component system, which 
involves both q2- and go dependent processes. Two 
important features characterize our system. First, for 
transmission measurements the grid spacing d is orders 
of magnitude larger than the long period il of the block 
copolymer. Second, the fast diffusion coefficient Df of 
TTI in PI is expected to be orders of magnitude larger 
than the slow diffusion coefficient Ds of TTI in PS due 
to the large difference in Tg of both polymers (see Table 
1). Intuitively, one might presume that the condition 
d >> ,I leads to an averaging of the two diffusion 
coefficients and, hence, to a monoexponential relaxation 
process since a tracer molecule may jump several times 
between PI and PS lamellae before moving a distance 
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Figure 4. Schematic representation of the block copolymer 
microstructure with unit normal of the lamellae parallel to 
the x-axis and q vector of the grid parallel to they-axis. Dots 
indicate that the microstructure is infinitely extended. The 
symbols used here are explained in the text. 

of the order d. However, we will see that for Df B De 
even under the condition d 1, the appearance of 
several relaxation modes in the FRS experiment can be 
understood. 

For the sake of clarity, the geometry of the block 
copolymer and one possible grid orientation with respect 
to the microstructure is illustrated in Figure 4. For 
simplicity the microstructure is assumed to extend 
infinitely; i.e. the lamellar extension is much larger than 
the grid spacing defined by q. Whereas the unit normal 
of the lamellae is parallel to the x-axis, q has been 
chosen parallel to the y-axis so that only diffision in 
the y-direction leads to a destruction of the grating. I t  
is this orientation of the grid with respect to the 
microstructure which governs the diffusion behavior. 
The effect of other orientations is small and will be 
discussed below. In what follows we present a more 
phenomenological analysis which allows us to explain 
the essential features of the relaxation processes ob- 
served. For a mathematical exact derivation of the 
results, the interested reader is referred to the Ap- 
pendix. For simplicity we assume for the moment that 
the interface between both polymers is infinitesimally 
small. We denote the fraction of the two polymers by 
pr and pe and the corresponding widths of the lamellae 
by 1f and A. (Ar + 1, = 1). For symmetric block 
copolymers and the absence of specific interactions we 
have pr = ps = l/2. In general, one has to distinguish 
two q regimes. In the first regime, in the limit of 
extremely large grid spacings (q - O), equilibration of 
diffusion along the x-direction will always be more 
efficient than the destruction of the grid. This implies 
that the relaxation process is identical to that of a 
homopolymer with averaged diffusion coefficient (0) = 
pfDr + pa,. In order to deduce the values of q 
corresponding to this limit, one must estimate the 
equilibration time te along the xdirection. The essential 
feature of this equilibration process is that tracer 
molecules in the fast phase (PI lamellae) enter the slow 
phase with the same rate as molecules from the slow 
phase enter the fast phase. Violation of this principle 
would result in an enrichment of the number of TTI 
molecules in the slow phase. It follows that t, is 
determined by the diffusion coefficient D, and the 
thickness As of the slow component. In order to estimate 
t,, we assume that all tracer molecules are placed in 
the center of the slow phase and define t. as the time 
when, on average, the molecules just reach the bound- 
ary. This condition can be approximately written as 

Macromolecules, Vol. 28, No. 24, 1995 

(1$2)2 zz m,t, (5) 

From eq 2 the time tq which determines the destruction 
of the grid in the limit q - 0 is given by 

The averaged diffusion coefficient (0) (see above) and 
hence a single relaxation time should be observed if the 
equilibration time t ,  is significantly shorter than the 
time tq during which the grid is destroyed. For sym- 
metric diblock copolymers, from eqs 5 and 6 this 
condition is equivalent to 

Kq1J2DrM16D,) = 1 (7) 

In deriving eq 7, we assume pf = ps = '/z and D. = Dr. 
Since the diffusion coefficients of PI and PS differ by a t  
least 9 orders of magnitude, as will be shown later, this 
limit has not been reached in the present experiments 
where q1 = 10, ..., In this regime, therefore, we 
always have t ,  B tV 

In the q regime for which te B tq the slow phase, i.e. 
the PS lamellae, can effectively be considered as im- 
penetrable walls on the time scale during which the grid 
of the fast phase is destroyed. Hence, as observed 
experimentally, the first relaxation process has a re- 
laxation time tr  given by 

(8) -lLD 2 
tf - ff 

as expected for Fickian diffusion and the information 
about the diffision coefficient Dr of TTI in PI can, as 
shown earlier, be readily extracted from FRS data in 
the common way. Of course, the relative amplitude of 
this process has to be pf. 

The second distinct relaxation process at long time is 
related to the destruction of the grid in the slow phase. 
In principle this can occur in two different ways. First, 
a tracer molecule may stay in the slow phase until it 
has moved a distance d in the y-direction. This would 
correspond to Fickian diffusion with tS-l = D,q2: How- 
ever, in the limit d > &, this process is very unlikely to 
be observed. Rather, the molecule will most probably 
enter the fast phase before moving a significant distance 
relative to d in the y-direction. Reentrances into the 
slow phase are presumed unlikely since, on average, the 
molecule will stay in the fast phase for a time t ,  which 
is much longer than tf. Therefore this process leads to 
a destruction of the grid on the time scale oft,, as 
determined by the time the molecule initially stayed in 
the slow phase. Adding both rates together, one may 
estimate the relaxation time t. of the slow relaxation 
process observed in the experiments by 

ts-l = D,q2 + t,-1 

= D&q2 + 8/1,2) (9) 

If the grid spacing d is much larger than the width of 
the lamellae of the slow phase, the second term domi- 
nates the relaxation time and hence the process is 
independent of q, in agreement with the experimental 
results depicted in Figure 3b. 

The derivation of eq 9 is only qualitative. One 
possible problem that needs to be addressed is that the 
time a particle needs to leave the slow phase strongly 
depends on its initial position. This complication might 
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smear out the final relaxation process. Therefore it is 
essential for a quantitative analysis of the FRS data to 
derive eq 9 from first principles and check whether the 
final relaxation process is well described. A more 
rigorous derivation of eq 9 is presented in the Appendix. 
It is based on the determination of the eigenvalues of 
the underlying differential equation. There we show 
that, in the limit t ,  >> t,, the longest relaxation time t ,  
observed experimentally can be written as 
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Q 

which apart from a slightly different numerical factor 
is indeed the same as eq 9. Furthermore we show that 
there are additional processes from tracer molecules 
initially close to the boundary of the slow phase with 
relaxation times between t ,  and tf. While these relax- 
ation times contribute to the intermediate regime, they 
only mildly influence the long-time properties. There- 
fore, the final relaxation is well-defined and can be 
described by a single exponential. The functional form 
describing the intermediate regime is also calculated in 
the Appendix and could thus be used for a quantitative 
analysis of the experimental results. In real systems, 
however, one must take into account the interface, 
which gives rise to additional processes between the fast 
and the slow limit. The calculation of interfacial 
contributions is beyond the scope of this paper and we 
have therefore omitted the analysis of this process. 

In our previous analysis we have considered only one 
orientation of the grid with respect to the microstructure 
where the unit normal of the lamellae lay along x while 
q was parallel to the y-axis. The effect of orientation 
on molecular diffusion within a lamellar phase with 
impenetrable walls is, however, a standard diffusion 
problem. In fact, averaging over all possible orienta- 
tions yields a mean tortuosity factor of 213 for the 
diffusion coefficient Df.29 Since the time constant of the 
slow process is determined by the time a molecule 
requires to exit a PS lamella, the observed diffusion 
coefficient, D,, is independent of orientation. The only 
exception is the case where q is parallel to the unit 
normal of the lamellae for which the molecule has to 
diffuse through many lamellae in order to destroy the 
grating. This orientation, however, has a very low 
statistical weight and can, therefore, be neglected. 

Discussion 
From the results of the previous section, it follows, 

that the fast and slow processes observed in our FRS 
experiment can be quantitatively analyzed in terms of 
diffusion coefficients for TTI diffusion in PI and PS 
lamellae using eqs 8 and 10, respectively. Thus, em- 
ploying relaxation times regressed for these processes, 
diffusion coefficients have been calculated for measure- 
ments at  varying temperatures above the glass transi- 
tion of the PI blocks. For each temperature, results of 
at  least two to three measurements have been averaged. 
The resulting diffusion coefficients are depicted as an 
Arrhenius-type diagram in Figure 5. In addition, our 
temperature-dependent data of TTI diffusion in the PI 
homopolymer and results for a PS homopolymer of 
relatively high molecular weight are included for com- 
parison.22 The latter show the typical departure of 
tracer diffusion coefficients from Williams-Landel- 
Ferry behavior30 (WLF) observed for temperatures 
below the glass-transition temperature Tg.22 The lines 
through the homopolymer data correspond to regression 
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Figure 5. Arrhenius plot of the diffusion coefficients obtained 
for TTI in PS-PI-6 (0). For comparison, the diffusion coef- 
ficients of TTI in PI (0) and PS22 (v) homopolymers are also 
included. The lines through the homopolymer data correspond 
to the WLF relationships with C1, and Cag values of 13 and 
72.1 K for PI and 13.7 and 46.2 K for PS. Furthermore, 
coupling parameter values (6) of 1.06 and 0.75 and D(T,) values 
of 6.48 x cm2 s-l were used for PI and 
PS, respectively (see eq 11). 

fits using the WLF relationship for low solute concen- 
trations at  temperatures above Tg, as formulated by 
Fujita31 and elaborated further by Vrentas et a1.32-35 

and 6.93 x 

Here C; is related to the corresponding WLF param- 
eter of tke matrix via the coupling parameter E:  

CIg = C l g  (12) 

The corresponding fit parameters are provided in the 
figure caption. 

Whereas the fast process was studied over a broad 
temperature range (233-350 K) above the Tg of PI, 
diffusion coefficients for TTI in the PS blocks could only 
be measured for two different temperatures near the 
Tg of PS (373 K). At 376 K, the slow mode has a 
relaxation time t of about 40 s (see Figure 3b). A 
significant temperature increase will shift z to much 
smaller times, which cannot be observed with our 
present experimental apparatus. Since the process is 
independent of q at these temperatures, an increase in 
the grid spacings usually employed in the case of 
Fickian diffusion does not increase the relaxation time. 
On the other hand, as depicted in Figure 2 for 350 K, 
lower temperatures render the relaxation times of the 
slow process exceedingly long due to the steepness of 
the temperature dependence in this range, as evident 
from the PS homopolymer data. Thus, only a limited 
temperature range is accessible experimentally and the 
two measurements serve as representative cases. 

From Figure 5, diffusion coefficients for TTI in PI and 
PS homopolymers serve as lower and upper bounds to 
the fast and slow process, respectively. At 350 K, which 
is between the two T i s  of the block copolymer, the 
diffusion coefficients corresponding to these two pro- 
cesses differ by almost 9 orders of magnitude, reflecting 
the tremendous mobility difference between the PI and 
PS blocks. These results reveal that tracer diffusion is 
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between the homogeneous and microstructured materi- 
als. These differences are the subject of further inves- 
tigation now in progress in our laboratory. 
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Appendix 
Following the geometry as shown in Figure 4, we 

assume an infinitely extended microstructure with unit 
normal of the lamellae along x and q along the y-axis. 
Since it governs the observed relaxation behavior in the 
FRS experiments, only this orientation of the grid with 
respect to  the microstructure is taken into account. In 
this Appendix we will set up the diffusion equation 
which describes the decay of the grid with time and 
present an analytical solution of this equation. 

At time t = 0 the intensity of the grid g(xy,t) may be 
written as 

a powerful tool for probing the local mobility differences 
within the microphase-separated structure at  the na- 
nometer size scale. 

The agreement of the diffusion coefficients obtained 
for the slow process with the PS homopolymer data is 
good if one takes into account that, for the measurement 
below the PS Tg, no special care has been taken with 
regard to  the thermal history of the sample. It is 
known, however, that physical aging can lead to sig- 
nificant differences in diffusion coefficients within this 
temperature regime.22 

The diffusion coefficients for TTI obtained for the fast 
process are very similar a t  lower temperatures to those 
in the PI homopolymer but deviate with increasing 
temperature. Obviously, the temperature dependence 
of the two processes is different. To interpret this 
behavior, it is important to notice that for a q2-depend- 
ent process with increasing temperature, the grid spac- 
ings used in the measurements are increased in order 
to restrict the relaxation times, t, to an experimentally 
observable range. As mentioned earlier, d is of the order 
of several hundreds of nanometers at  the lowest tem- 
peratures whereas at  higher temperatures it is of the 
order of tens of microns. Thus, the distances over which 
the TTI molecule must diffuse to eliminate the grating 
significantly increase with increasing temperature. 
Under these conditions, the limit of infinitely parallel 
lamellae is no longer fulfilled (see above). It is not very 
surprising, therefore, that the temperature dependence 
of TTI diffusion within a microstructured material, 
characterized by tremendous mobility gradients and 
local order, is different than that within a homogeneous 
medium. From dynamic mechanical measurements, 
PS-PI block copolymers and related systems are not 
thermorheologically simple, in which case the WLF-type 
temperature dependence is not expected to best describe 
their b e h a ~ i o r . ~ ~ , ~ ~  More experimental work including 
other techniques like solid state NMR designed to  
quantify these effects and q-dependent measurements 
on PS-PI block copolymers of different molecular 
weights are now in progress in our laboratory. 

Finally, we note that the amplitudes of the first 
process are significantly smaller than 0.5, as expected 
for large symmetric block copolymers like PS-PI-6. This 
may reflect a difference of TTI solubility in PS and PI. 

Conclusions 
We have demonstrated that forced Rayleigh scatter- 

ing can be used to supply detailed information about 
the diffusion behavior of small tracer molecules in a 
lamellar polybtyrene-b-isoprene) diblock copolymer which 
is not directly obtained with integral methods like 
permeability or sorption  measurement^.^^-^^ As antici- 
pated for such materials with a large difference in 
segmental mobility between blocks, three relaxation 
processes termed fast, intermediate, and slow, respec- 
tively, have been observed as a function of temperature 
and grid spacing. With the help of a model calculation, 
the nature of the fast and slow processes has been 
identified, and the role of the size of the grid spacing 
chosen in the experiments with respect to the lamellar 
period of the microstructure has been elucidated. A 
method by which to  extract diffusion coefficients for 
tracer diffusion of TTI in PI and PS lamellae from 
experimental FRS data is proposed. A comparison of 
the diffusion coefficients obtained for the block copoly- 
mer with those of TTI diffusion in PS and PI homopoly- 
mers reveals differences in the temperature dependence 

g(xy,t=O) = (1h) codqy) (All 

The time dependence ofg(x,y,t) is governed by the two- 
dimensional diffusion equation 

where D(x) denotes the x-dependent diffusion coefficient. 
The harmonic concentration profile along the y-direction 
does not change except for an amplitude which may 
depend on x and t .  Hence we may write 

g(xy,t) = h(x,t) cos(qy) (A3) 

For the x dependence we expect that the decay of the 
initial grid intensity (VA) cos(qy) is faster in the PI phase 
than in the PS phase. From eq A2 it follows that the 
time dependence of h(x,t) is determined by the dif- 
ferential equation 

with the initial condition h(x,t=O) = l / A .  Defining 

H ( t )  = J d x  h(x,t) (A5 1 
the experimentally observed intensity is proportional to 
H(tI2 with H(t=O) = 1. We have chosen the initial 
condition such that the initial intensity is 1 if one 
integrates over one period of the system. Together with 
the periodicity condition h(x,t) = h(x+mA,t) (m E Z), eq 
A4 is a Sturm-Liouville eigenvalue problem.41 

Furthermore, for symmetry reasons, we have h(x,t) 
= h(-x,t). The eigenfunctions of the fast phase can 
either be written as cos(KAx - ma)) or cosh(KAx - ma)) 
(in lamella m), whereas those of the slow phase are 
either cos(K,(x - md/2)) or cosh(k,(x - mA/2)). Since the 
shape of the eigenfunctions has already been adjusted 
to the symmetry of our problem, we can restrict our- 
selves to the case of m = 0. The eigenvalue K of the 
right side of eq A4 is given by 
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The minus sign holds for the cosine functions, respec- 
tively. Our goal is to determine all eigenvalues K, and 
the corresponding amplitudes A, such that 

Let F(x)  be an eigenfunction which is composed of Fdx) 
in the fast phase and F,(x) in the slow phase. For 
physical reasons, we know that the grid cannot be 
destroyed faster than at  a rate of Dfq2. Hence, the only 
relevant combination of eigenfunctions which may fulfill 
eq A6 with K < 0 is Fdx) = cosh(kp) and F&x) = cos- 
(k,(x - 2/21). The eigenfunctions must satisfy the 
boundary conditions 

limit in which only a single averaged diffusion constant 
can be observed. 

We now focus on the opposite limit, namely, A >> 1. 
Due to the unlimited range of values of tan(x) there 
exists a solution x, of eq A l l  in every interval [nz, (n  + 
l /2 )~r]  (n  = 0, ..., N). The largest solution x~ is ap- 
proximately given by A. SinceA >> 1, deviations due to 
possibly large values of tan(xN1 can be neglected. 
Inserting this solution in eq A6, we obtain for the 
eigenvalue KN = -Dfq2, which describes the initial 
relaxation of the fast phase. Again we have kfAf << 1. It 
can be easily checked that the eigenvalues -K, with n 

N are similar to Dfq2 and hence contribute to the 
initial relaxation. Deviations of the eigenvalues are of 
the order of and hence can be neglected. For 
physical reasons, the sum over all A, with n % N equals 
pf since in the limit D, - 0 (and hence A - -1 H(t)  is -~ 

(AS) trivially given by pf exp(-Drq2t) + p,. The small 
variation in relaxation times implies the possibility that 
the tracer molecules leave the fast phase before moving 
by a distance d in the y-direction. 

A very different scenario is related to the solutions 
with small values of n. In this case eq A l l  can only be 
solved for extremely large values of tan(x,), hence xn % 

(n + %)n. This corresponds to 

FS(2d2) = Ff(Ad2) 

and 

a a D,-Fs(x=2/2) = D -Fkx=1/2) (A91 

Dividing eq A9 by eq A8 and specification of the 
eigenfunctions finally yield 

Obf tanh(k&@) = D,k, tan(ks1,/2) (A10) 

ax fax 

K, = -D,q2 - D,x2(2n + 1)2/1,2 (A16) 

The task is to determine pairs (kf, 12,) which simulta- 
neously satisfy eqs A6 and A10. The relative amplitude 
of Ff to F, can be determined by the continuity condition 
in eq A8. Note that the value of tan(kJ$2) is always 
positive in order to fulfill eq A10. Since eq A10 is a 
transcendental equation, it is not possible to find a 
direct solution. However, we will show that solutions 
can be found in special limits. 

We proceed by combining eqs A6 and A10, which 
yields 

A2 = x2[1 + tan(x)/(cx)l ( A l l )  

with 

and 

c = qs (A141 

For reasons of simplicity, we used the approximation 
tanh(A&d2) z A M 2  (equivalently, A&f << 1). For the 
cases in which this approximation does not hold, we will 
show that our results do not change. Equation A l l  
shows that we were able to decouple the nonlinear set 
of equations for kf and k,. Now we must determine 
values of x which fulfill eq Al l .  

In the limit ofA << 1, eq A l l  has only a single solution 
given by 

Since x << 1, it follows from eq A10 that kf& << 1. 
Inserting the corresponding value of k, in eq A6 one 
recovers eq 6 after some algebraic manipulations. In 
agreement with our qualitative derivation in the text 
the limit A << 1 or, equivalently, te << t,, describes the 

which in the case of n = 0 is equal to eq 10 in the text. 
Hence we already see that the second slowest relaxation 
mode is already approximately 9 times faster than the 
slowest mode. The assumption kfAf << 1 does not have 
to be fulfilled in this limit. Since one always has tanh- 
(kfAd2) 2 kfAd2, additional terms in the series for the 
tanh function increase the value of A. However, since 
the x, do not depend on A (in the limit A >> l), the 
results are not changed by including the additional 
terms. 

It is also important to  analyze the amplitudes A, in 
order to check whether the final relaxation can be well 
described by a single exponential. It is easy to derive 
from the continuity condition eq A7 that for x,, % (n + 
l/2)n, the eigenfunction in the fast phase can be well 
approximated by zero. The normalized eigenfunctions 
Fs,,(x) in the slow regime are given by 

F,,,(x) = (2/AS)” COS(k,,,(X - 2/21) (A171 

and the amplitudes A,, can be calculated via 

A, = Id” dx’ F,(x) h(x,t=O) F,(x’) (AM) 

For small values of n, eq A18 reduces to 

A, = 8p,/[x2(2n + U21 (A191 

We see that the sum of the amplitudes for n > 0 is only 
approximately 20% of Ao. Therefore the final process 
can be well described by a single exponential. Note that m, = ps, as expected intuitively. Interestingly, it turns 
out that the relaxation rates (-K,) as well as the 
amplitudes (A,) are identical to the predictions of the 
short-time dynamics of polymers in the framework of 
the Rouse 

In summary, we have determined the time depen- 
dence of H(t )  in the limiting cases of A << 1 and A >> 1, 
yielding 
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