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ABSTRACT: The typical interconnected bicontinuous percolation structure of a critical 50/50 wt % 
polybutadiene (PB)/polyisoprene (PI) mixture was characterized in detail by the structure function of a 
light scattering experiment and by statistical image processing of optical microscope images. The time 
development of the interdomain distance and the local radius of the curved interface in the late stage of 
the spinodal decomposition are obtained for the first time for the same system by both methods and are 
found to be in good agreement. PBPI blends are systems with a lower critical solution temperature 
(LCST). The critical point was varied within a wide temperature range by changing the 1,2 content of 
the PB. For optical microscopy, the structure was fixed by photo-cross-linking and the optical contrast 
was achieved in a second step by selective staining of the PI phase by exposing the sample to iodine 
vapor. 

Introduction 
The understanding of the phase separation dynamics 

in binary polymer mixtures is important not only from 
a purely scientific viewpoint but also for many practical 
applications. The long chain molecules of polymeric 
systems lead to long diffision times and make such 
blends useful as ideal systems for experimental obser- 
vations of phase separation dynamics.' On the other 
hand the parameters of the constituent polymers can 
be changed to alter the morphology and therefore the 
physical properties of the mixture in a way not possible 
in one-component materials.2 One important mecha- 
nism of a phase separation process is the spinodal 
decomposition (SD). Therefore the understanding of the 
SD process is of great interest and a large number of 
publications reflects the importance of this type of phase 
separation. Nevertheless the knowledge of SD is far 
from being complete and there are many open questions. 
A good overview on the topic is given by Hashimoto in 
a recent review a r t i ~ l e . ~  

In a previous publication we described light scattering 
and light microscopy experiments of an off-critical PB/ 
PI blend where we observed a so-called percolation-to- 
cluster transition with both  method^.^ The aim of this 
paper is the study of SD of a critical polymer mixture. 
It is the first time, to our knowledge, that a quantitative 
determination of structure quantities was carried out 
in both real and reciprocal space for the same polymer 
blend. 

The process of SD can be separated into at least three 
different stages, the so-called early, intermediate, and 
late stages, each having a characteristic time depen- 
dence of the concentration  fluctuation^.^,^ In the early 
stage the fluctuations grow exponentially and the 
dynamics can be described by the linear Cahn theory.' 
The scattering vector of the dominant fluctuation mode 
qm(t) observed as a maximum of the intensity distribu- 
tion (spinodal ring) is related to the interdomain dis- 
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tance L m ( t )  by the equation 

In the early stage q m  stays constant and only the 
composition of the phases changes. In the intermediate 
stage, qm(t) decreases because of structure growth. In 
the late stage the compositions of the phases reach the 
final composition while qm(t) continues to decrease. The 
driving force of the decomposition process and the 
structure growth in this stage is the interface tension, 
which tends to reduce the total interface area, leading 
to a smoother interface between the two phases. 

In the intermediate and the late stages of SD the time 
evolution of the intensity I&) and the position of the 
scattering maximum q m ( t )  are described by power laws: 

In the intermediate stage the relation ,8 > 3a holds, 
whereas in the late stage the equation ,8 = 3a is valid.8 
The latter relation represents the universality of the 
structure function in the late stage of SD. The structure 
function is defined as9 

F(x) = qm3(t) I&) with x( t )  = q/qm(t) (3) 

Besides the interdomain distance, a second structure 
property, the local curvature radius of the interface, is 
accessible by the structure function. According to 
Tomita, F(x) for a two-phase system with a smooth 
interface, as is the case in the late stages of a SD 
process, can be approximated bylo 

(4) 

Rm(t) represents the mean radius of the curved interface 
and is illustrated in Figure 1 together with the inter- 
domain distance Lm(t) .  

The first term in (4) corresponds to the Porod law, 
which is dominant for a very smooth interface, i.e., when 
Rm(t) is 1arge.ll In the case of small q values the 
structure function decreases with a q-6 behavior, i.e. 
more rapidly than in the Porod law regime. The 

I (q)  a q-4(1 + q-2)/Rm2 + ... 
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With the crossover value in the normalized structure 
function representation xc = qe(t)/q,(t) this leads to  

R,W = l/xcq,(t) (6) 

For that reason it is possible to  obtain the average local 
curvature radius of the interface from the position of 
the crossover to the Porod region. 

Experimental Section 
1. Samples. Polybutadiene (PB) and polyisoprene (PI) 

were polymerized in a pressure vessel by living anionic 
polymerization. The synthesis was performed with sec-butyl- 
lithium (BuLi) as initiator and cyclohexane as  solvent at  20 
and 50 "C, respectively. The 1,2 content of PB was controlled 
by the ratio BuLUdipiperidiuoethane (DPE).lZ Figure 2 shows 
the influence of the DPE concentration on the 1,2 wutent of 
PB particularly in the range up to a DPE/BuLi ratio of 1. The 
solid line in Figure 2 connects the values of our experiments 
and the data published by Halasa et al.Iz 

The molecular weights were determined by membrane 
osmometry and gel permeation chromatography (GPC) in 
toluene with a RI detector. For correction of M. in GPC we 
used the molecular weight determined by osmotic measure- 
ments in toluene. The molecular weights and the molecular 
weight distributions of the polymers as well as  the 1,2 content 
of the PB polymers determined by 'H NMR are summarized 
in Table 1. According to I3C NMR the ratio of cis to trans is 
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Figure 3. Phase diagram determined by DSC (squares) and 
SALS (circles) for the PB110PI5 blend (open symbols) one- 
phase region; (closed symbols) two-phase region. 

Table 1. Properties of the Polybutadiene (PB) and 
Polyisomene (PI) Polmere 

PI 6 98000 100000 1.12 

about 2/3 for all PB samples and both PI polymers have a 
content of 77 mol %cis, 18 mol W trans, and 5 mol % 3,4 units. 

The blends were prepared by precipitation from 10 wt % 
toluene solutions in methanol, and the precipitated blends 
were dried under vacuum for 1 week. 1,4-PI and 1,4-PB have 
different thermal expansion c~fficients.'~ This leads to a 
positive excess free and a negative excess volume" 
of mixing and thus to phase separation with a lower critical 
solution temperature (LCST).13J4 Because 1,4-PI and 1,2-PB 
have the same expansion coefficients, the LCST of PB/1,4-PI 
blends increases with the 1,2 content of PB.13 In order to 
obtain phase diagrams DSC measurements were performed 
with a Perkin-Elmer DSC 7. The blends were annealed 
between 2 and 12 h at  a certain temperature, followed by 
quenching in liquid Nz. The heat capacity changes were 
recorded during reheating 25 mg samples a t  a heating rate of 
40 deg/min h m  -120 to 0 "C. One or two glass transition 
temperatures (T,) were obtained in the DSC curves, depending 
on the blend composition and the anuealing temperature. The 
phase transition temperatures were determined by the cross- 
over to the double TB behavior. The precision to which the 
phase diagrams are determined is clarified in Figure 3 for 
experiments with the blend PB110/PI5 used in the following 
optical experiments. 

In addition to the DSC results also data points from light 
scatteriug experiments are shown. A smooth curve was added 
to separate the homogeneous region from the two-phase region. 
The phase diagrams determined by DSC of four different 
blends of the polymers listed in Table 1 are given in Figure 4. 

For the cases of the polymers having nearly the same 
molecular weight the phase diagrams were obtained by sym- 
metrizing curves of the type shown in Figure 3. For the 
unsymmetrical blend PBlOWI5 the measurements were 
carried out over the whole composition range. The blend 
PB11OPI5 having a LCST of 52 "C was used in the SD 
experiments described below. 
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Figure 4. Phase diagrams determined by DSC of four 
different P W I  blends of the polymers listed in Table 1. 

q ~ 4.2 pm.' t . 
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Figure 5. SALS patterns of a critical PBllOlPl5 mixture at 
a temperature of 75 "C and aRer 30 (a), 40 (b), 60 (c), and 100 
td) min of demixing. 

2. SmalI Angle Light Scattering (SALS). The SALS 
device is part of a combined Rheo-SALS apparatus and has 
been described in full detail elsewhere." Here we only want 
to mention the pans relevant to the present study. The light 
source is a 10 mW linear polarized He-Ne laser with a 
wavelength of 633 nm. The incident light was attenuated by 
an appropriate neutral density filter. After this filter a 
rotating ground plate removes a speckle pattern due to 
interferences at static refractive index inhomogeneities in the 
sample. Otherwise the speckle pattern is superimposed on 
the scattering pattern.16 The sample was placed into a heating 
chamber between two quartz plates separated by a spacer of 
0.5 mm. The temperature is controlled within a temperature 
range from 20 to 220 "C with an accuracy of ~ 0 . 2  deg. The 
incident beam in the sample was focused to a diameter of 0.8 
mm. The scattered light intensity distribution I ( q )  was 
determined using a two-dimensional CCD detector mth  512 
x 512 pixels. each with an area of 19 x 19pm. The scattered 
light was foeused directly on the active area of the detector by 
a focusingoptical system. The unscattered incident light beam 
was directed onto a beam stopper in one corner of the CCD 
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Figure 6. Raw data of the intensity distributions of the 
PB11OlPI5 blend at different times after the temperature jump 
in the two-phase region at 75 "C (v) 30 min; (a) 40 min; (0) 
50 min; (0) 62 min; (v) 72 min; (A) 88 min; (0) 98 min; (.) 
108 min. 
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Figure 7. Temperature dependence of the spincdal decom- 
position pmcess (top to bottom): (v) 55 "C; (A) 65 "C; (.) 75 
"C; (0) 85 "C. 

camera. With this layout we are able to d e w  one quarter of 
the scattering pattern in a scattering vector range from 0.5 to 
4.2 pm-'. The scattering vector is related to the scattering 
angle 0 and the wavelength ,I of the laser in the sample: 

q = (4n/A) sin(0/2) (7) 

The direct focusing of the scattered light onto the detector 
allows a quantitative analysis of the intensity distributions. 
C i d a r  integration of the circular symmetric patterns yields 
smooth intensity distributions from which the structure func- 
tions are obtained at a very good signal to noise ratio. 
3. Optical Microscopy. Samples for microscopy were 

prepared by casting from 10 wt % solution in toluene after 
drying in vacuum for 3 days. The resulting 30-40 pm thin 
films were annealed at the same temperature as for the SALS 
experiment. After different annealing times the morphology 
of the samples was fixed by photosross-linking. The cross- 
linking agent was 1,12-dcdecamethylenebis(maleimide) con- 
tained in the blend at a concentration of 2.0-3.0 wt %. The 
photo-cross-linking was done by irradiation by W light from 
a mercury lamp (1, = 360 nm) for 20 min. Subsequently, 
the contrast for LM was achieved by selectively staining the 
polyisoprene phase by exposing the films to iodine vapor for 
20 min.17 The fixed and stained films were mounted in a 
microscope (Olympus AH2). The optical photographs were 
digitized by scanning into a computer. After passing through 
a low-pass filter, they were converted into binary images to 
improve the contrast. For the setting of the threshold gray 
value the compositions of the phases are assumed to consist 
of pure PB and PI, respectively. Therefore, for the case of 
critical mixtures of polymers with nearly equal molecular 
weights the resulting binary images consist of white (PB) and 
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Figure 8. Structure function representation of the intensity 
distributions of Figure 6 according to eq 3. 

black (PI) regions of equal area. The structure properties are 
obtained by processing the binary images by the IBAS s o h a r e  
(Kontron Co.), as discussed in the following. 

Results and Discussion 
1. SALS Experiments. Figure 5 shows SALS 

patterns 30, 40, 60, and 90 min after a temperature 
jump from room temperature to the two-phase region 
at 75 "C. During the SD the spinodal ring contracts 
toward the beam center and increases in intensity. 

The intensity distributions I(q) aRer various demixing 
times are shown in Figure 6. 

In a previous publication we showed for the same 
sample that the position qm and the intensity I ,  at the 
maximum of the distribution follow a power law behav- 
ior according to eq 2.15 The ratio p/a of the exponents 
in eq 2 is 2.9. Therefore, the system is definitely in the 
late stage of SD at  the selected temperature and in the 
observed q range. 

With the use of eq 1 it is possible to obtain the time 
dependence of the interdomain distance (L,) from the 
time dependence of the scattering vector a t  the maxi- 
mum ( q d .  

In Figure 7 the temperature dependence of the SD 
process is shown: Increasing temperature, i.e. deeper 
quenches, yields smaller q m  values at the same decom- 
position time which means a faster coarsening of the 
structure. 

In a representation with reduced time and scattering 
vector quantities, a scaling of the curves in Figure 7 on 
one single curve is possible.lsJg For such a procedure 
the temperature dependent characteristic scattering 
vector qm(t=O,T) and effective diffusion constant Dep  
(79 have to  be determined from the early stage of SD 
which is not observable within the limited q range of 
our SALS apparatus. 

According to eq 6 the local curvature radius of the 
interface is obtained from the universal structure func- 
tion. Figure 8 shows the universal structure function 
constructed on the basis of eq 3 from the intensity 
distributions for the different demixing times shown in 
Figure 6.  

According to Figure 8 one can distinguish three 
regions where different power laws are valid: 

0.5 1 5 
x = q ls ,  

Figure 9. Structure functions of the critical (50/50) and one 
off-critical(65135) mixture after a demixing time of 65 min at 
85 "C. 

The crossover between the x - ~  regime to the Porod x - ~  
scattering is precisely defined in the experimental curve 
to be xc = 1.8. In the small x regime (x  x,) the 
structure function can be approximated by a theoretical 
function proposed by Furukawa for deep quenches of 
critical mixtures where a self-similar bicontinuous 
percolation structure exists:20>21 

x4 F(x) = 
3/2 + x10 

(9) 

The r6 behavior is in agreement with other experi- 
ments on different systems.5~8~22-24 For x 1 the x4 
dependence is in agreement with some t h e o r e t i ~ a l ~ ~ ? ~ ~  
and experimental r e s ~ l t s . ~ ~ , ~ ~  A possible reason for the 
disagreement with a few experimental r e s ~ l t s 5 ~ 8 ~ ~ ~ ~ ~ 3  
may be that the x4 dependence is valid only in the late 
stage of the SD of a critical mixture if significant 
thermal force contributions are absent. Takenaka and 
has hi mot^^^ showed for PB/SBR blends that a x3 
dependence is valid at higher temperatures, whereas 
the x4 dependence fits their structure function better 
at lower temperatures. 

Besides the measurements at the critical composition 
of the PBPI blends, we investigated the SD of off-critical 
mixtures. A detailed description of a so-called pinning 
effect and a percolation-cluster transition (PCT) in such 
a mixture is given el~ewhere.~ Here we only want to 
discuss a structure function of an off-critical mixture 
where no pinning and no percolation-to-cluster transi- 
tion was observed and qm(t) and I,@) show the same 
power law behavior as the critical mixture. This func- 
tion shows a behavior different from the structure 
function of the critical mixture. In Figure 9 the 
structure h c t i o n s  are plotted for the case of the critical 
(50/50) and an off-critical(65/35) mixture at 85 "C and 
after 65 min of SD. 

The curves are scaled to the same intensity at the 
maximum. At higher x values again the Porod law is 
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Figure IO: LM pictures: (a) original photograph a h r  100 
min; (b)-(e) binary images after demixing times of 30,40,60, 
and 100 min. 

valid in both cases. At smaller x values there are 
differences between the two compositions: First the 
slopes in the range x 4 1 and 1 < x < 1.8 are lower for 
the off-critical mixture, being +3.1 and -5.3, respec- 
tively, instead of +4 and -6 for the critical mixture. In 
fact the structure function is broadened considerably 
after the PCT has occurred.ZB Therefore the smaller 
slopes near the maximum in the case of the off-critical 
mixture probably indicate the onset of the disruption 
of the domains as a prestage of the PCT. Second, the 
structure function of the off-critical mixture has a higher 
order maximum at x = 2, which is suppressed in the 
critical mixture. This indicates a local lamellar struc- 
ture due to a smooth interface. It has been shown that 
the second-order peak of the structure function of 
lamellar systems is suppressed when the volume frac- 
tion is @ = 1/z.3 In our experimental structure function 
we did not see a higher order peak, which is expected 
for the critical mixture to occur at x = 3. 

2. Light Microscopy Experiments. As a result of 
the described microscopy method Figure 10 shows 
binary images of the films annealed at 75 “C after 
different demixing periods. Additionally, a photograph 
after an annealing time of 100 min is shown. 

Comparison between this photograph and the binary 
images shows that the digitizing and binarizing process 
leaves the structure unaltered in its essential features. 
Therefore a true reproduction of the expected bicon- 
tinuous percolation structure is obtained with our 
technique, keeping in mind that the images are two- 
dimensional cross sections of a three-dimensional per- 
colation structure. Therefore, the structure changes of 

Figure 11. Example for the determination of the interdomain 
distance (see text). 

Table 2. Comparison of SAL8 and LM Reaulta for the 
Interdomain Dietanee and the Average Loeel Radius of 

the Curved Interface 
interdomain loeal nwature 
distance b m )  radius b m )  

demixing SALS LM SALS LM 
time ( m i d  ( i O . 1 )  (f0.5) (f0.05) (f0.15) 

33 2.0 2.3 0.18 
40 2.5 3.1 0.23 
50 3.0 3.3 0.27 
60 3.6 3.1 0.33 0.44 
90 5.3 5.3 0.48 0.52 
100 5.1 5.9 0.54 0.61 
135 1.9 1.5 0.12 0.73 

the pB/pI blend during SD can be visualized also in real 
space. 

The procedure of determining the interdomain dis- 
tance is depicted in Figure 11. 

By digital imaging processing, it is possible to mea- 
sure the mean size of the black or the white regions. 
For this purpose a set of equidistant lines was super- 
imposed on the picture. The distance between the lines 
was taken as the estimated thickness of the percolation 
structure. The average of the sizes of black or white 
sections was determined from a distribution of about 
300 sections. In our case of a 50150 wt  % mixture of 
polymers with nearly equal molecular weights the mean 
interdomain distance is 2 times the mean size of the 
regions. Table 2 lists the interdomain distances for 
different demixing times obtained with SALS and LM. 
It is seen that there is a good conformity between the 
results of the two methods. 

With the image processing procedure the local radius 
of the curved interface R, can also be determined from 
the microscopy images. The procedure is illustrated in 
Figure 12. 

In a first step the coufse of the interface was extracted 
from the binary image (Figure 12a) by digital image 
analysis (Figure 12b). The sections of greatest curva- 
ture were selected manually by setting marks (Figure 
12c). The image analyzing software then calculates the 
radius of a circle from the end points of the selected 
sections and the height of the arcs. An average was 
obtained from more than 100 curved sections for each 
demixing time. Table 2 also compares the R, values 
obtained by SALS and LM aRer different demixing 
times. Because of the smaller structures and the 
limited resolution of the microscopy images the com- 
parison is restricted to longer demixing times, i.e. to 
larger structures. For the curvature radius as well as 
for the interdomain distance a good agreement between 
the values obtained from the two different optical 
methods is achieved considering the fact that the radius 
is near the resolution limit of the optical microscope for 
smaller demixing times. 
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