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ABSTRACT: The dynamics of phase separation aRer a temperature jump from the one phase region 
into the two phase region has been studied on blends of polystyrene (PSI and poly(methy1 methacrylate- 
stat-cyclohexyl methacrylate) (PMsC) on different substrates. This system shows a lower critical solution 
temperature (LCST). The phase separation process followed the mechanism of spinodal decomposition, 
and the early and late stages could be resolved by using small angle light scattering (SALS). While the 
early stage could be described by the theory of Cahn and Hilliard, the time dependence of the scattering 
during the later stages of demixing could be described by power laws. From deviations of Porod‘s law 
the interface thickness between two phases was estimated and a new scaling function was proposed. 

1. Introduction 
Most of the technical polymer blends are multiphase 

systems, and their properties depend very much on the 
morphology. Since the morphology is controlled by the 
way of preparation, it is essential to know the influence 
of all parameters in the process leading to the phase- 
separated product. Besides other ways to induce phase 
transitions, like by shear stresses or pressure jumps, 
temperature jumps are a convenient and therefore 
probably the most important way to induce changes in 
the morphology of a given system. Two different kinds 
of phase separation are known. Between the coexist- 
ence curve and the spinodal curve mixtures are meta- 
stable and phase separation starts after exceeding a 
certain amplitude of concentration fluctuation to form 
a nucleus of the second phase which grows afterward. 
This so-called nucleation and growth mechanism leads 
to irregular-shaped morphologies. The other kind of 
phase separation is observed inside the spinodal curve 
(i.e. the unstable region) and is called spinodal decom- 
position (SD). Here no activation energy barrier has to 
be overcome by the system and phase separation 
proceeds in a way that the concentration fluctuations 
increase mainly on a certain length scale (wavelength). 
This length scale determines the properties of the 
system and increases with time. As a result of spinodal 
decomposition, domains with a smaller size distribution 
are obtained. For this reason much work has been done 
on spinodal decomposition after temperature jumps 
from the one- into the two-phase region. However, if 
the process of phase separation is not quenched at some 
time, both kinds of phase separation yield the same 
macroscopically demixed sample. For example vitrifica- 
tion or cross-linking may stabilize the morphology. 

Spinodal decomposition of polymer blends has been 
extensively investigated by-experiment~,l-~~ theories,16-19 
and computer simulations.20-22 

According to Hashimoto et al.8J0>23 and Cummings et 
al.24 different stages of the spinodal decomposition 
process of a polymer blend can be distinguished: (1) in 
the early stage only the amplitude of the fluctuation 
grows but the wavelength remains constant; (2) during 
the intermediate stage both the wavelength and am- 
plitude change; (3) in the transition stage or late stage 
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1 the amplitude reaches the equilibrium value but the 
domains as well as the interface profile are still devel- 
oping; (4) in the final stage or late stage 2 only a domain 
growth is observable. 

While most of the work so far has been done with 
rather thick samples (in the range of 100 pm), in this 
study we use samples with a thickness of only a few 
micrometers. In this contribution we investigate the 
influence of the substrate on spinodal decomposition. 
For that purpose we studied blends of polystyrene (PSI 
and poly(methy1 methacrylate-stat-cyclohexyl methacry- 
late) (PMsC), because the refractive index n of both 
components differs strongly (An = 0.1) and so enough 
contrast is given for studies of thin samples. Nishimoto 
et al.25 showed that systems of PS and PMsC with 
different amounts of MMA exhibit a miscibility gap with 
a lower critical solution temperature (LCST) in an 
appropriate temperature range for the small angle light 
scattering (SALS) experiments. In a previous paper26 
we reported about scattering at very small angles 
occurring at times after a temperature jump into the 
two-phase region before a spinodal peak shows up. This 
“anomalous” scattering was interpreted in terms of the 
Debye-Bueche theory,27 and an average correlation 
length smaller than the dominating fluctuation wave- 
length of the early stage was found. Since that correla- 
tion length is related to a random two phase structure, 
it seems to be connected with another process, the 
nature of which is not clear yet. Two characteristic 
times tl and t2 could be found. The spinodal peak 
appeared at t2 for the first time. In the present paper 
we investigate the spinodal decomposition process itself 
on different substrates and confine ourselves to times 
larger than t2. 

This paper is divided into the following parts. In 
section 2 the characterization of the polymers, the 
preparation of the blends, and a description of the 
experimental setups are given. Section 3 deals with the 
theories we use to analyze the early and late stages of 
SD. The results are presented and discussed in section 
4, and our conclusions are given in section 5. 

2. Experimental Section 
2.1. Sample Preparation. PS was synthesized via anionic 

polymerization and was obtained from Polymer Standard 
Service, Mainz, Germany. PMsC was obtained from the 
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Table 1. Chemical Structure of Poly(methy1 methacrylate-stat-cyclohexyl methacrylate) (PMsC) and Polystyrene (PS) 
PMsC PS 

molecular structure CH3 CH3 

+ c H , + p + - m  
o=c 0 =c 

I I 

mass of monomer units MMA: mo = 100 g/mol 
CHMA: mo = 168 g/mol S: mo = 104 g/mol 

Table 2. Physical Characterization PS and PMsC 
~ M M ( % ) =  from ~ M M A ( % ) ~  from MW density 

elemental analysis 'H-NMR (kg/mol) Mw/Mnb N,, TGC(OC) e (g/cm3) ngd 

PMsCe 72 74 116f 1.6 977 120 1.14 1.50 
Psg 270" 1.03 2596 100 1.05 1.59 

Mole fraction of methyl methacrylate. Ratio of mass-average to number-average molar masses from gel permeation chromatography 
(GPC). c Glass transition temperature from differential scanning calorimetry (DSC). Refractive index of sodium D line at 20 "C. The 
value for PMsC is a weighted average of the corresponding refractive indices of poly(methy1 methacrylate) and poly(cyclohexy1 methacrylate). 
e PMsC (synthesized via radical copolymerization with an amount of 73 mol % MMA) was obtained from Deutsches Kunststoff Institut 
(DKI) in Darmstadt, FRG. f Mass-average molar mass from GPC (solvent: tetrahydrofuran; standard: poly(methy1 methacrylate); 
temperature: 20 "C). g PS (synthesized via anionic polymerization) was obtained from Polymer Standard Service, Mainz, FRG. Mass- 
average molar mass from GPC (solvent: tetrahydrofuran; standard: polystyrene; temperature: 20 "C). 

Deutsches Kunststoff Institut (DKI) in Darmstadt, Germany, 
and was prepared by free radical polymerization with an 
amount of 73 mol % MMA (composition obtained from elemen- 
tal analysis and 'H-NMR). Tables 1 and 2 show the charac- 
teristics of the polymers used in this study. 

Thin films, with thicknesses in the range 2-8 pm, were 
prepared by casting from 1.5 wt % solutions in benzene on a 
10 x 20 cm glass plate. After evaporation of the solvent the 
films were further dried in a vacuum oven at T = 80 "C for 1 
day. After cooling to  room temperature, the films were cut 
into pieces with a size of =l cm2 and were picked up with 
small, thin glass plates (d = 150 pm) used as carriers on the 
hotstage. These glass plates were coated with different 
substrates (gold, carbon) or leR unmodified. The samples were 
dried again for 1 week at  about the glass transition temper- 
ature a t  T ~ 1 2 0  "C under vacuum to relax the preparation 
stress. 

Surface modification of the small glass plates was performed 
in a vacuum coater (Balzers Union BAE 250). A small amount 
of the substrate material was evaporated to create a layer of 
not more than 10 nm (gold) or 50 nm (carbon) thickness. In 
the case of the gold substrate a 1 nm layer of chromium was 
deposited first to avoid the formation of islands. These 
samples show a transparency for 1 = 632.8 nm (He-Ne laser) 
of 50-60%. 

2.2. Time-Resolved Small Angle Light Scattering. The 
principle of a time-resolved small angle light scattering 
apparatus was described in some earlier papers.2,28 Figure 1 
shows the setup of our SALS apparatus. The incident beam 
(25 mW He-Ne laser) passes through some apertures to 
eliminate parasitic scattering. The light is then focused onto 
the sample by a lens (f= 600 mm). The scattered light coming 
from the sample falls onto an opaque screen (Marata screen 
from Spindler & Hoyer, d = 380 mm, distance to the sample 
100 mm) to give a scattering pattern which is detected by a 
low level light CCD-video camera. To increase the intensity 
range (for the high scattering intensity during the later stages), 
the camera aperture was reduced during the measurements. 
After digitizing on an ELTEC E6 68030 minicomputer, on- 
line circular averaging of the radial symmetric pattern with a 
minimum time slice of 4 s reduces the amount of data from 
280 kbyte to  2 kbyte. 

The transmitted light beam is reflected onto a photodiode 
by a small mirror to monitor the transmission. The data of 
the photodiode is read out by a digital multimeter connected 
via an IEEE 488-bus to the computer. The image intensity is 
analytically corrected for refraction, double scattering using 

the transmission data,29 and geometric effects (projection of a 
sphere onto a flat screen).30 Although all of these corrections 
are small, they sum to an intensity correction factor of about 
7 for 6 60". No corrections were made for camera vignetting, 
beam shift through cover glasses, scattering volume, and 
polarization effects due to dipol radiation. If Mie theory for 
spheres with diameters 21 pm is assumed, the intensity 
distribution of the different polarization states is neary equal 
up to 6 = 60".31 Contributions from further parasitic light, 
thermal fluctuations, and dark current were collected together 
in a way that the scattered light obtained immediately after 
the temperature jump was subtracted as a background from 
the measured intensity at later times.24 Due to the optical 
properties of the opaque screen, the shape of the scattering 
curves is correct for scattering vectors q s 3.5 pm-l, but the 
relative change of intensities with time is correct for all 
scattering vectors. 

For determination of cloud point curves the intensity was 
detected by a single photodiode at  a scattering angle of 45" 
without using the opaque screen. 

The temperature jump to the final temperature was done 
on a microscope hotstage (Linkam THM 600) with a heating 
rate of 99 "Clmin, after the sample had been annealed at a 
temperature below the cloud point temperature. Despite the 
high heating rate the electronic controller avoids overheating 
after reaching the new setpoint. The accuracy of the temper- 
ature control is on the order of f0 .2  deg. 

2.3. Optical Microscopy. Optical micrographs were 
taken by a Zeiss microscope and were recorded with the same 
CCD camera (without objective) as used for the SALS experi- 
ments. The sample was placed on the same hostage as used 
for the SALS experiments. The pictures were digitized and 
saved on a mass storage. Image processing was performed 
on a DEC 50001240 workstation with the PV-Wave software. 

3. Theoretical Background 
3.1. Early Stage of SD. The early stage of SD is 

characterized by two features: (1) a maximum with a 
time independent position qm(t = 0) appears  in the 
scattering curve (scattering intensity I versus scattering 
vector q),  a n d  (2) the intensity for a given q changes 
exponentially with time. For  deep temperature  jumps  
into the spinodal region contributions to the scattering 
by thermal are negligible and the  theory of 
Cahn can be used to describe the time evolution of t he  
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IEEE 488-Bus 

Lens, f = 600 mm 

-Jm 
Figure 1. Experimental setup of the SALS apparatus: M, mirror; A, aperture, DMM, digital multimeter. 

with 

R(q) is the amplification factor, M is the mobility 
(assumed to be q-independent), 6 is the volume fraction 
of component B, K is the gradient energy coefficient, fm 

is the mean field free energy of mixing, q = 4 d  sin(e/ 
2) is the scattering vector with A being the wavelength 
of the laser in the sample and 0 being the scattering 
angle, and t is the time. 
This approach is limited to concentration fluctuations 

&with small amplitudes ((S&z) =z  in - @"'lgin)',   sin, 
@'"sin being the compositions on the binodal (coexistence 
line). According to this theory the structure function 
shows an exponential increase with time for q < qc (qc: 
critical scattering vector) and an exponential decrease 
for q > qe. 

Equation 2 contains the so-called apparent diffusion 
coefficient Dapp, which describes the uphill diffusion 
during spinodal decomposition: 

(3) 

Using the random phase approximation'' to depict the 
behavior of polymers, the gradient energy mfficient can 
be expressed by K = C(R2@" + (R2,)N.d/(12(&" + (1 
- @)NAN where R J  is t t e  radius of gyration of compo- 
nent I (=A, B) and NI is the degree of polymerization of 
component I. PfJW can be expressed in terms of the 
Flory-Huggins theory (a2fJw = 2(x8 - x), where fm is 
the Flory-Huggins free energy of mixing, x is the seg- 

mental interaction parameter, and xs is the segmental 
interaction parameter a t  the spinodal). 

From eq 1 it follows that a plot of ln(I(q,t)) versus t 
yields R(q) and from eqs 2 and 3 it follows that a plot of 
R(q)/q2 versus q2 yields mobility from the slope, if the 
radii of gyration are known, and the apparent diffusion 
coefficient as the intercept. 

Setting eq 2 to zero yields qe, and differentiation of 
eq 2 with respect to q yields q,(t=O), i.e. the scattering 
vector corresponding to the correlation length of maxi- 
mal growth 5 = l/q,(t=O), which is no function of time: 

To compare the spinodal decomposition of different 
temperature jumps or different systems, it is useful to 
define a reference or critical time t. which allows for a 
normalization of the absolute time scale by using tit, 
instead oft. t, is defined by the time a particle needs 
to move across a distance of the correlation length 

(5 )  

3.2. Scaling Analysis of the Structure Function 
during the Late Stages of SD. After some time in a 
SD process the maximum of the scattering curve starts 
to move toward smaller q; i.e. the domain size A(t) = 
Wq,(t) increases. In this intermediate stage nonlinear 
behavior of the time evolution of the structure function 
becomes important35 and leads to a crossover from 
exponential growth to a power law behavior for the 
enlargement of the amplitudes. There the concentration 
fluctuations have reached the value equal to the coex- 
istence curve and the phase-separating domains still 
grow in size in order to reduce the interface between 
the coexisting phases. This power law behavior char- 
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acterizes the late stages, and for the growth of qm(t) and 
I ( q m ( t ) )  

and 

(7) 

are found experimentally. 
Theoretical approaches explaining these power laws 

are well known.18736137 Furukawa introduced the idea of 
scaling laws for demixing processes after some initial 
transient time following a temperature jump, so that 
only a single length scale is established. All physical 
quantities should depend on time t only through this 
length scale which is a measure of the domain size of 
the morphology. It is defined as the inverse of the 
scattering vector qm(t), the time dependent position of 
the maximum of the scattering intensity I(q, t ) .  Asymp- 
totically, the morphology of the phase separating do- 
mains is expected to become self-similar in time. For 
this case it is useful to define a scaled structure factor 
F(x, t )  in the following way:38,39 

with x = q/qm(t) and d = 3 (for a three-dimensional 
system). To obtain a time- and temperature indepen- 
dent-scaled structure factor F(x),  eq 8 has to be divided 
by the mean square fluctuation of the scattering con- 
trast (v2(t,T)), which can approximated by: 

(9) 

assuming Z(q< ql,t,T) and I(q>qz,t,T) to be negligible. 
m e r  a time t o  the amplitude of concentration fluctua- 

tions reaches the composition of the coexistence curve, 
i.e. (&,I2 = (@'an - @''~i*)~, <v2(t,T)> = constant. The 
system then is in the late stages and eq 8 becomes 
time-independent: F(x,t,trto) = F(x) .  Then the relation 
between the exponents 

,8 = 3a (10) 

is valid, while for intermediate and early stages the 
relation is p > 3a. 

As a proposal to  describe the x dependence of F(x)  
Furukawa introduced the following scaled structure 
function:18 

(11) 

The parameter v describes the structure in the low q 
range, and y dominates in the high q range. 

Some theoretical investigation~l~ and computer 
~imulations~0-~3 suggest 2 < Y < 4, but from light- 
scattering experiments most often v = 2 was obtained 
except for ref 44. The y parameter depends on the 
occurrence of curved or noncurved sharp interfaces.18 
If the concentration of the minority phase is below the 
percolation limit $p - 0.16,45 eq 11 yields Porod law 
behavior with y = d + 1 for 9 < @p and y = 2d for ># 
> @P. 

Computer s i m ~ l a t i o n s ~ o - ~ ~  and experimental re- 
s u l t ~ ~ , ~ ~ , ~ ~  near the critical composition & of polymer 
blends and also low molecular systems46 show strong 

QPS 
Figure 2. Phase diagrams of thin films (4 pm) of PMsCPS 
on different substrates. The points are obtained by extrapola- 
tion of at least two cloud points measured with different 
heating rates, to heating rate zero. The lines between points 
are cubic splines as a guide to the eyes only. Glass transition 
temperatures Tg are obtained by differential scanning calo- 
rimetry. The line is a guide to the eye only. 

deviations in the high q range from all kinds of eq 11. 
Higher order maxima or shoulders in the scattering 
curves indicate that one length scale may not be enough 
to characterize the system completely. Also length 
scales smaller than the average domain size have to be 
considered, especially at larger x .  

Such a smaller length scale could be an average 
curvature of the interfaces as well as a finite interface 
thickness.8 Here we assume the average curvature of 
the domain interfaces to have a time dependence similar 
to that of the average domain size, so only the interface 
thickness is considered to have a different time behav- 
ior. An interface profile may be approximated by a tanh 

or a Gaussian p r ~ f i l e . ~ ~ ? ~ ~  
Besides others (see for example ref 51), Hashimoto 

has modified the expression for the scattering intensity 
in order to account for the deviation from Porod's law 
by introducing the interface thickness tl(t) = ( 2 7 ~ ) ~ ~ o -  
(t):8,1023 

I (q , t )  ( ~ ~ ) ~ ( t ) q - ~  exp [ - ~ ( t ) ~ q ~ l  (12) 

with the interface density W).  A plot of ln(1(q,t)q4) vs 
q2 should give a straight line for x > 1 and yields the 
interface thickness from the slope. In the limit of o - 
0 for eq 12 Porod's law is obtained. 

4. Results and Discussion 
4.1. Determination of the Phase Diagrams. The 

phase diagrams were obtained by heating up samples 
very slowly for two or three different heating rates from 
the one-phase region into the two phase region. The 
temperature where the intensity detected by a photo- 
diode increases strongly was defined as the cloud point 
temperature. From extrapolation of these cloud points 
as a function of heating rate to heating rate zero, the 
equilibrium cloud point was obtained. The uncertainty 
of this temperature is on the order of 2 deg. Figure 2 
shows the phase diagrams obtained on glass, gold, and 
carbon substrates. It can be seen that the samples with 
a low PS content are more stable on glass than on the 
gold substrate. Compositions with a higher amount of 
PS exhibit a lower phase separation temperature on 
glass. Light-scattering results are presented only for 
compositions of @ps of 0.5 and 0.4 because of the most 
contrast and best film quality compared with other 
compositions. Smaller compositions have poor contrast, 
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Figure 3. For a sample of composition @ps = 0.5 prepared on 
unmodified glass substrate a temperature jump to 185 'C was 
made aRer annealing at 150 'C. Evolution of the intemity 
versus q was recorded for the early (a), intermediate (b), and 
late stage (c). 

Figure 4. For a sample of wmpsition &s = 0.5 prepared on 
gold substrate a temperature jump to 185 'C was made after 
annealing at 135 "C. Evolution of the intensity versus q was 
recorded for the early (a), intermediate (b), and late stage (e). 

and the larger one developed large scale inhomogene- 
ities (millimeter range) during the casting process. This 
gives a t  the beginning of the investigations the first 
indication of a strong surface effect on the phase 
behavior of thin films of the PSiPMsC system. 

From the work of Fkich and Cohed2 a substrate effect 
for thin polymer films on the phase separation temper- 
ature is well-known. They proposed two kinds of 
interaction between the polymer film and the substrate 
which destabilize the mixture: a selective adsorption 
of one of the components or electrostatic interaction with 
the charged glass surface as well as a pure geometric 
effect which leads to a decrease of contacts between 
different polymer segments near the surface. This 
would lead to different phase diagrams for different 
substrates. 

4.2. Time evolution of scattering profiles during 
the early stage of SD. After annealing the sample 
for 1 h between the cloud point and Tg a t  T = 150 "C, 

temperature jumps into the two-phase region were done. 
Figures 3 and 4 show the evolution of the scattering 
curves with time for temperature jumps to T = 185 "C 
on glass and gold substrates, respectively. The results 
obtained from experiments using a carbon substrate are 
similar to the results on gold substrate and are not 
further discussed. 

Because the anomalous scattering intensity for ex- 
periments on the gold substrate is much weaker than 
that on the glass substrate, an analysis according to the 
Cahn-Hilliard theory could be done for experiments on 
the gold substrate only. The growth of structures is 
faster on gold than on the glass substrate. This can be 
understood by considering the deeper jump into the two- 
phase region (see Figure 2). 

The double peak structure in Figure 4a with develop- 
ing maxima at qm,l = 5 and qm,z = 6.5 pm-l does not 
perturbate the Cahn-Hilliard analysis. Both peaks do 
not change their position over a wide time range, but 
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Figure 5. Semilogarithmic plot of the scattering intensities 
versus time of the sample of Figure 4 during the early stages 
of SD for different q values. (0) 1.58; (0) 2.01; (A) 3.01; (v) 
4.01; (0) 5.01; (+I 6.00; ( x )  7.00 pm-l. 

the peak at qm,l grows more rapidly than the other for 
longer times. The peak at qm,z remains only as a 
shoulder of the bigger one (see also in ref 13). The peak 
at qm,z is the peak which the Cahn-Hilliard analysis 
predicts. The development of multiple peaks during 
phase separation was also observed by Han et al. for a 
system of poly(styrene-stat-p-(1,1,1,3,3,3-hexafluoro-2- 
hydroxyisopropyl)-a-styrene) and poly(buty1 methacry- 
late).” They explained their data with rather broad 
polydispersities of the polymer components as well as 
heterogeneities in the sequence statistics of the copoly- 
mer, which may lead to a simultaneous phase separa- 
tion into multiple systems; another explanation is the 
possible existence of small local inhomogeneities in- 
duced by the preparation of the blends by solution 
casting. 

The experiments on the glass substrate do not show 
any double peak, this occurs only on gold and carbon 
substrates! It might be that the high intensity of the 
anomalous scattering during the early stage covers one 
of the double peaks. 

The semilogarithmic plot of the intensity evolution 
of various q values versus time (Figure 5 )  yields from 
the initial slopes a q-dependent amplification factor (eq 
2). In this plot one can see the influence of anomalous 
scattering a t  the lower scattering angles. We suppose 
that the analysis of Figure 5 is nevertheless correct, 
because linearity of I n 0  versus t is obtained over a wide 
range of time. The larger the q values, the earlier a 
deviation from an exponential increase of the intensity 
occurs, which is a consequence of the coarsening process 
of the spinodal structure. 

The inlay of Figure 6 shows some results of the 
Cahn-Hilliard plot. For different temperature jumps 
a fairly good linear relationship a t  large q is obtained, 
indicating that this stage of spinodal decomposition can 
be well described by this theory. From the intercepts 
of such plots a temperature dependent apparent diffu- 

I -I 0 0  h m  0 I, , , , , , , , , , , , , , , , , , , , , , , , , , , , , , , , , , , 
160 170 180 190 

T [“Cl 
Figure 6. Temperature dependenee of the apparent diffusion 
coeflicient and the product of collective mobility and gradient 
energy coefficient, as obtained from the intercept and slope of 
the plots of R(q)/qa versus q2 (inlay), respectively. 

sion coefficient (eq 3) and the slope the q value of the 
dominating concentration fluctuation (eq 4) are ob- 
tained. The latter can be used for a consistency check 
of the scattering data, because it should be similar to 
the experimental q value, where a scattering maximum 
appears for the first time. The agreement is good, as 
shown in Table 3. 

It is important to note that q,(t=O,T) does not change 
in this temperature range. Also from other investiga- 
tions on rather thin films such a behavior is ~ I I O W I I . ~ ~ . ~ ~  

A plot of Dapp and the product MK as a function of 
temperature shows nearly exponential behavior in the 
investigated temperature range (Figure 6). According 
to eq 4 this means a very weak temperature dependence 
of ( x  - x.). One can assume that near T. a stronger T 
dependence should occur; otherwise no spinodal could 
exist. Evidently, the approximations are not good 
enough to describe the expected temperature depen- 
dence of qm(t=O,T). No critical slowing down near the 
spinodal temperature is observed, because the experi- 
ments may have been done too far away from the 
spinodal temperature. In this case the temperature 
dependence of D,, is approximately the same as for M 
and a determination of the spinodal temperature T, by 
extrapolation ofDapP to zero is impossible. This means, 
further, that the experiments were carried out in the 
diffusion controlled regime. The results of the Cahn- 
Hilliard analysis are given in Table 3. 

From the Arrhenius-like temperature dependence of 
the collective mobility M (Figure 7) a rather high 
activation energy of EA = 231 kJ/mol is obtained. This 
is comparable to a value of 268 kJ/mol for the similar 
system PSPCHMA, as obtained by fluorescence mi- 
croden~itometry.~~ 

4.3. Test of Furukawa’s Scaling Postulate for 
the Domain Growth. For the later stages (Figures 
3b,c and 4b,c) the peak position of the scattering profiles 

Table 9. Characteristic Parameters Describing the Early Stage of Spinodal Decomposition 
*am 4 M K  q d t  = 0) qm(t = 0) t. (4 

T (“0 (lO-’3 ern%) (10-n cm%) (urn-’) (eq 4) hrn-1) (experiment) (eq 5 )  
165 0.773 0.0875 6.65 6.4 5851 
168 1.122 0.147 6.18 6.5 4661 
170 1.935 0.200 6.95 6.9 2138 
172 3.826 0.530 6.01 6.7 1449 
175 6.241 0.718 6.59 6.5 136.9 
180 16.36 1.839 6.67 6.3 274.7 
185 29.55 3.577 6.43 6.5 163.9 
190 67.70 9.178 6.07 6.0 80.09 
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predicted limit of the exponent a = 1 was not reached. 
The maximum was at a 0.8 for the long time behavior 
of phase separation. From a plot of Zm(Z)QL(t)  vs t 
(Figure 8b) there is an indication that despite the thin 
film geometry a three-dimensional growth of the do- 
mains happens in the sample, because a plateau is 
reached for reduced times t > to FZ 50. A plot of 
Z m ( t ) Q i ( t )  vs t, describing a pure two-dimensional 
growth, does not show a plateau in the investigated time 
range. 

4.4. Influence of the Substrate on Domain 
Growth. An Analysis of Optical Micrographs. The 
strong influence of the substrate on the domain growth 
during the late stage of SD can be seen in the optical 
micrographs (Figure 9 a-c). For this experiment the 
glass substrate was only partially modified with a gold 
layer (-10 nm). A thin polymer blend film with a 
composition of $ps = 0.4 deposited on the partially 
modified substrate then was heated to T = 200 "C. A 
sharp interface line in the middle of each picture marks 
the border between the two different substrates. The 
average distance between similar structures was used 
as a measure of the correlation length, and a corre- 
sponding wavenumber could be obtained. Figure 10 
shows the time evolution of that wavenumber for the 
experiments on both substrates, and an exponent simi- 
lar to the results from SALS is found. The faster 
domain growth on gold than on the glass substrate 
comes from a deeper temperature jump inside the two- 
phase region. This is in agreement with the substrate 
dependence of the cloud point curves. 

4.5 Time Evolution of Scattering Profiles during 
the Later Stages of SD. As pointed out in section 3.2 
the scaled intensity should match a single master curve 
if only one time-dependent length parameter describes 
the growth of the structure. Figure l l a  presents the 
data of the scaled structure function F(x) in the late 
stage for reduced times z > to x 50. The early and 
intermediate stages in this representation are similar 
to the results of Hashimoto et al.s and are not shown 
here for the sake of clarity. Universal behavior is 
obtained only for F(x,t) at x FZ 1. This implies that only 
the global structure in the range of q GS qm(t) scales with 
a single length parameter A@). For x > 1.5 one can 
observe further growing until for times t > 100 a 
stationary state for all x is obtained. This indicates 
structural changes on smaller length scales which are 
not following the time dependence of A(t) .  

The time interval 50 < t < 100 we define in ac- 
cordance to the work of Hashimoto et al.8>23 as late stage 
1, and as late stage 2 is the region where the system is 
self-similar all over the accessible q range. 

Since the experiments were performed with samples 
of @pps = 0.5, which is not far away from the critical 
concentration of 4 ~ s  FZ 0.39 (calculated under the 
assumption of a concentration independent x param- 
eter), for a three-dimensional system (d = 3) we should 
yield an exponent of n = -6 for the scaled structure 
function 

-19 
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n n e -21 

"E 
0 -22 # -23 

-24 
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1 .  

100 1000 
lo 2 

1 
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Figure 8. (a) The reduced wavenumber Qm plotted as a 
function of the reduced time t for eight different temperatures. 
The solid line is a fit of eq 13 using a numerical solution by 
the Runge-Kutta scheme.54 (b) Plot of ZmQm3 vs t for testing 
the relation /? = 3a for the late stage of phase separation. (0) 
165 "c; (0) 168 "c; (A) 170 "c; (V) 172 "c; (0) 175 "c; (+) 180 
"C; ( x )  185 "C; (*) 190 "C; (E) 190 "C. 

shifts to smaller wavenumbers while the intensity 
increases with time, indicating the growth both of 
amplitude and wavelength of the fluctuation. Qualita- 
tively, the scattering curves during the later stages are 
similar for both substrates. 

A plot of the reduced wave number Qm = qm(t)/  
qm(t=O) of the maximum position versus the reduced 
time t = t/tc (Figure 8a) can be described by the equation 
for the time dependence of Qm for a liquid derived by 
Furukawa: 

with A and B being related to the mobility and free 
energy of the system. In the long time limit is Qm = 
7-l. This function shows the behavior of a liquid 
entering the final stage (hydrodynamic flow), but the 

in the higher q range. 
Our results give power law dependence's other than 

expected. For 1.5 -= x < 2.5 the decrease of the intensity 
goes with n = -4, as described by Furukawa for 
nonpercolated structures. The decrease of the intensity 
for the higher wavenumbers is much stronger with 
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Figure 9. Digitized microscope pictures presenting the structure evolution of a sample with @m = 0.4 a h r  a temperature jump 
from 135 to 200 "C simultaneously on glass substrate and gold substrate. The upper part belongs to the domains on the highly 
transparent unmodified glass, and the lower part belongs to the structures on the less transparent gold layer. A typical spinodal 
structure with an average wavelength of about 1 pm is visible in (a). A droplet structure occurs in (b) showing structures of the 
size of the film thickness. The structures on glass are smaller than on the gold-modified surface. This difference becomes larger 
for long times (e). The domain size differs by a factor of approximately 'h. 

Cold subswc: LM 0. SALS 
Glass subseatc: LM 0 

loZ 
l(rl ' ' I . . .  

t [SI 
Figure 10. Representation of the structure woluton of the 
data obtained by light microscopy (Figure 9) in the q space. 
(0) gold substrate, (0) glass substrate. For comparison ala0 
included are the date for gold substrate from SALS (+). 

exponents in the range from n = -12 to n = -8. For x 
< 1 an exponent of n = 2 was found. 

For  the deviation at x =. 2.5 we have to take into 
account the scattering of structures with a smaller 
length scale than the average droplet radius. This could 
be an average curvature of the interfaces as well as a 
finite interface thickness. Because of the small ir- 
regularity of the droplet shape (Figure 9b,c) we focus 
our attention on  the change of the interface profile with 
time. 

A fit of eq 12 to our d a t a  (Figure 12) yields for a plot 
ofl(q,t!q4 vs  q2 a straight line with a slightly increasing 
slope with time. Since the slope is proportional to the 
square of the interface thickness tr, this means  that the 

Figure 11. (a) Double logarithmic plot ofthe scaled intensity 
F ( x )  in the late stage of phase separation with the data from 
Figure 4c. (0) 19 200 8. r = 117.1; (0) 18 720 s; (A) 17 760 8; 
(v) 16 800 s; (0 )  14 880 8; (+) 12 000 s; ( x )  9600 8; ( 8 )  8640 s, 
r = 52.7. (b) Normalized scaling function F(xWF(1) for t = 
19 200 s (r = 117.1) (0) with miscellaneous theoretical scaling 
functions: (-) F-= x*XB + x6)  exp(-L%:Zx2); (-. -) Fratzl and 
Lebowitz;" (a **) F - x2/(2 + P); (---) F = x*/(Z + 9). 
interface thickness increases with time. This behavior 
was confirmed also for other temperatures (Figure 13). 
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5. Conclusion 
Cloud point curves of the blend PSPMsC have been 

measured using different substrates. The blends are 
of the LCST type, and the cloud point temperatures are 
influenced by the substrate. The phase separation 
dynamics after temperature jumps into the instability 
region of the phase diagram shows deviations from the 
behavior reported for many other systems. After an 
initial scattering at small angles which can be charac- 
terized by a correlation length of a random two phase 
structure, the growing of structures on the gold sub- 
strate can be well described by the linear Cahn-Hilliard 
theory, although a double-peak structure is observed. 
The wavelength of the most growing fluctuation was 
found to be almost independent of temperature. This 
means a very weak dependence of the Flory-Huggins x parameter on the temperature, as well as an expo- 
nential temperature dependence of the apparent diffu- 
sion coefficient. The later stages of SD can be described 
by scaling laws, which take into account the different 
time dependence of the interface thickness between the 
growing domains and the size of the domains them- 
selves. A full description of the scaled structure factor 
is possible by a combination of Furukawa's scaling 
function, which considers the system's dependence on 
the size or average distance of the domains only, and a 
scaling function describing the deviations from Porod's 
law at large scattering vectors. 
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