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ABSTRACT Time-resolved small-angle X-ray scattering ie used to investigate the time dependence of 
structure formation at the ordering transition in bulk diblock copolymers. Aftera quench from the disordered 
into the ordered state two relaxation processes are found on well-separated time d e s .  The slow process 
displays an unusual temperature dependence and is discussed as a nucleation phenomenon. 

The microphase-separation transition (MST) in diblock 
copolymers is characterized as a disorder-to-order tran- 
sition.' Even for the case of symmetric composition it is 
weakly first order and is induced by concentration 
fluctuations. The structural properties and the thermo- 
dynamics of such systems have been extensively studied 
in the past.2 

Only a few papers, however, have been devoted to the 
problem of the phase-transition kinetics concerning block 
copolymer/solvent ~ y s t e m s . ~ - ~  In bulk block copolymer 
systems rheological measurements were used to study the 
kinetics of the transition from the disordered into the 
ordered ~ t a t e . ~ , ~  From the ordering kinetics it was 
concluded that heterogeneous nucleation governed the 
ordering process. 

The kinetics of the MST is of particular interest as it 
combines the properties of the disorder-to-order transition 
with the specific dynamics of polymeric systems. As a 
result of this combination one finds a coupling of the glass 
transition of the hard block to the MST in the case of 
short-chain diblock copolymers of polystyrene and poly- 
isoprene? In order to avoid these complications the glass 
transition temperature is normally shifted by adding a 
solvent to the polymer. The resulting system is of course 
more complicated due to the specific interactions between 
solvent and the constituent blocks of the polymer. 

In this paper we report results on the phase-transition 
kinetics of two bulk diblock copolymers of polystyrene/ 
cis-l,.l-isoprene. The properties of the polymers are 
compiled in Table I. They differ in their composition and 
in their relation between the phase-transition temperature 
T ~ T  and the glass transition of the polystyrene block y. Whereas polymer 1 is unable to form a macrolattice 
with long-range order: polymer 2 was shown to develop 
a lamellar structure with a period of 16.2 nm. The average 
stacking height of the lamellae within an ordered domain 
is 310 nm.8 

The following results were obtained with time-resolved 
small-angle X-ray scattering (SAXS) during a quench of 
the block copolymer from the homogeneously disordered 
state into the ordered, microphase-separated state. The 
sample was contained in a small brass sample holder of 
low heat capacity, which was kept at the initial temperature 
Ti. It was then pushed into the oven of a Kratky SAXS 
camera which was set to the final temperature Tf. The 
variation of temperature with time was continuously 
monitored using a platinum sensor located directly in the 
sample material. The typical time for T to reach Tf is TT 
= 10 s. During the quench experiment the structure factor 
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Table I 
Properties of the Polysty~ne/cis-1,4-Iso~~ne Diblock 

Copolymers 
polymer vol. fraction of PS mol w t  MN MwIMN TMTI"C 

~- 
1 0.77 20 890 1.08 690 
2 0.44 15 700 1.04 89 

a T m  was not obaerved. Here Ts was extrapolated from SAXS 
measuremanta in the disordered state? 

of the diblock copolymer changes drastically from a 
liquidlike, broad peak to an intense Bragg peak (eee Figure 
1) reflecting the transition from correlation hole scattering 
to long-range order. In our experiment we integrate the 
peak intensity over a range of scattering vectors q using 
a detector slit of 1-mm width. It is thus possible to mwure  
the time dependence of peak intensity with a resolution 
better than 1 s at a standard laboratory X-ray wurce. The 
maximum time in these experiments was 8OOO s. 

The time evolution of the peak intensity is shown in 
Figure 2 for sample 2. The quench was from Ti = 140 O C  

to Tf = 80 OC, and the transition temperature for this 
sample is 89 OC. The figure clearly shows the existence 
of two distinctly different time scales for the relaxation 
of the structure fador. A quick response at short times 
that cannot be resolved in this experiment is followed by 
a slow relaxation at times Talow of several hundred seconds. 
Similar results are obtained for sample 1. However, in 
this case the fast relaxation rfest is resolved. 

In general, after a temperature jump, one expecta the 
peak intensity to relax into the new equilibrium according 
to the microscopic relaxation times.1° In the case of two 
subsequent processes we write phenomenologically for the 
integrated peak intensity 

In eq 1 we have used stretched exponentials for the 
relaxation functions. Ut,t and M d O w  are the intensity 
changes caused by the fast and slow components, respec- 
tively. The intensities at t = 0 and t - m are known from 
the measurements of the equilibrium structure factor. It 
is indeed found that the exponent - 1, whereas Bslow 
differs significantly from 1 for both copolymers. The 
symmetric diblock (sample 2) goes through the MST 
without being stopped by the glass transition. Its BdOw is 
larger than 1 for temperatures Tf 2 70 OC, as would be 
expected for a nucleation process of the Avrami type.4 At 
lower Tf it tends toj31110w - 0.5. For the asymmetric diblock 
(polymer 1) we find = 0.5 for all temperatures. 

0 1993 American Chemical Society 



Macromolecules, Vol. 26, No. 1, 1993 

8106 

10-4. 

Structure Formation in Diblock Copolymers 113 

' 0  I 

Q bm-'I 
Figure 1. Comparison of the equilibrium SAXS structure factor 
in the disordered (open squares) and in the ordered (fdedsquares) 
states of polymer 2. The drawn line is a fit of RPA theory 
corrected for polydispersity.12 The broken line is a Gaussian fit. 
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Figure 2. Time dependence of the integral peak intensity for 
polymer 2 during a quench from Ti = 140 "C to Tf = 80 OC. The 
l ies  show the decomposition into two modes according to eq 1. 

A second interesting feature of the relaxation behavior 
is contained in the temperature dependence of the 
relaxation rates vastm1 and ~ ~ 1 ~ ~ - ~  (see Figure 3). Only those 
values of 7f-t which are significantly larger than TT are 
included in the figure. For polymer 1 the rates follow a 
straight line in the Arrhenius representation of Figure 3. 
However, the slow relaxation shows a larger activation 
energy. 

For polymer 2 we only present the result for the slow 
relaxation which is well resolved on the time scale of our 
experiment. Ita temperature dependence exhibits a clear 
maximum in between the transition temperature and the 
glass transition of the hard block. 

At low temperatures the rates T ~ L , ~ - ~  of both polymers 
are the same (see Figure 3). The stretched form of the 
time dependence as well as the large value of the apparent 
activation energy (290 kJ/(mol K)) indicates that the 
process is governed by the glass transition of the poly- 
styrene-rich domains. 

Finally we propose an explanation of the two relaxation 
processes observed in the relaxation of the structure factor 
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Figure 3. Temperature dependence of the relaxation ratee 7 h - l  
(filled symbols) for sample 1 (squares) and sample 2 (circles). 
Tfwt-t was only resolved for sample 1 (open squares). The 
maximum in 7dOw-l for sample 2 occurs in between ita T ~ T  (see 
broken line) and the glass transition Gs. 
of a bulk diblock copolymer during a quench from the 
disordered into the ordered regime. They are related to 
the formation of concentration fluctuations in a first step 
and the subsequent arrangement of these structures onto 
a macrolattice. The first step leads to the separation of 
the subchains within one polymer and is facilitated by 
intramolecular modes. At this stage relaxation processes 
are fast as the relevant glass transition temperature is 
that of the mixture of polystyrene and polyisoprene. 

The second step affords diffusion of the center of mass 
of the polymer to form the macrolattice. This process 
may now couple to the glass transition of the polystyrene- 
rich domain. For polymer 2 this coupling becomes 
dominant in the lower Tf regime. 

The maximum in the rate T ~ I ~ ~ - ~  for polymer 2 is 
supposed to be caused by the increasing thermodynamic 
driving force with supercooling below T M ~ T  on one side 
and the slowing down of transport processes in the vicinity 
of the glass transition on the other side. The existence of 
a nucleation process is closely related to the weak first- 
order nature of the MST." In this respect the formation 
of the macrolattice in a block copolymer melt follows 
mechanisms similar to those of the crystallization of a 
polymer from the melt. 
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