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Summary The dynamics of spinodal 
decomposition (SD) after a temper- 
ature jump from a kinetically formed 
single phase state into the unstable 
part of the two-phase region has been 
studied with a blend of polystyrene 
and poly(cyclohexyl acrylate-stat- 
butyl methacrylate). The time evolu- 
tion of the structure factor has been 
examined by small-angle neutron and 
light-scattering techniques. The 
combination of the different 
techniques gave access to a wide wave 
vector and time range covering a large 
range of length scales. The activation 
energy of the diffusion process during 
spinodal decomposition was 
determined by a scaling analysis of 
the later stages of SD, because early 
stages of SD could not be resolved. 
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Introduction 

Most of the technologically important 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. While many blends are heterogeneous 
all over the composition and temperature range, some 
blends show phase transitions upon changing the temper- 
ature. Temperature jumps are convenient and therefore 
probably the most important way to induce phase 
transitions which change the morphology of a polymeric 
multi component system. Two different mechanisms of 

phase separation are known [-1, 21. Between the coexis- 
tence curve and the spinodal curve mixtures are meta- 
stable and phase separation starts after a certain ampli- 
tude of concentration fluctuation is reached necessary to 
form a nucleus of the second phase which grows after- 
wards. This 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 decomposition 
(SD). Here no activation energy barrier has to be over- 
come by the system to initialize the formation of a second 
phase and phase separation proceeds in a way such that 
concentration fluctuations increase mainly on a specific 
length scale (wavelength). This length scale determines the 
properties of the system and increases with time. Much 
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work has been done on SD of polymer blends after tem- 
perature jumps from the one- into the two-phase region 
[1-6]. However, if the process of phase separation is not 
stopped at some time, both kinds of phase separation yield 
finally the same macroscopically decomposed sample. 
Stabilisation of the morphology may be achieved for 
example by vitrification due to an increasing glass 
transition temperature T,  of one of the phases or by 
crosslinking, a concept used also in the field of interpene- 
trating polymer networks [7]. 

In a previous study we have reported on the phase 
behaviour of blends of deuterated polystyrene (PS) 
and poly(cyclohexyl acrylate-stat-butyl methacrylate)s 
(P(CHA-stat-BMA)) already in detail [8]. These systems 
show, depending on the composition of the copolymer, 
a lower critical solution temperature (LCST) or an upper 
critical solution temperature (UCST). In this study we 
investigate the kinetics of spinodal decomposition of an 
incompatible blend (LCST % Tg) of PS and P(CHA-stat- 
BMA), whereby the incompatible blend could be prepared 
as an initially homogeneous sample below its glass 
transition temperature (kinetically formed single phase). 

In this contribution it will be shown that, although the 
early stages of SD could not be resolved by experiment for 
this system, the activation energy of the diffusion process 
during SD can be obtained from an analysis of the scaling 
behaviour of the dominating fluctuation wavelength with 
time during the later stages of SD [9-1. Usually the activa- 
tion energy is obtained from an analysis of the early stages 
of SD. 

Experimental section 

Sample preparation 

Deuterated polystyrene was obtained by living anionic 
polymerization (MPI Polymerforschung). The statistical 
copolymer was obtained by free radical copolymerization 
(R6hm GmbH). The polymers used in this study are com- 
piled in Table 1. A blend with 50 wt% PS (which does not 
correspond to the critical composition) is considered in 

this study and phase separates immediately, when an- 
nealed above its glass transition temperature (Tg = 55 ~ 
The components were dissolved in T H F  (5% wt) and the 
solution cast into a Petri dish. The Petri dish was put into 
a dessicator containing silica-gel and kept at - 3 0  ~ for 
10 days. Under these conditions transparent samples were 
obtained (films with a thickness of around 10/~m for light 
scattering, and 100 #m for neutron scattering), which were 
further carefully dried at 60 ~ at atmospheric pressure for 
24 h and afterwards annealed at the same temperature 
under vacuum for the same time. For  the neutron scatter- 
ing experiments thicker samples were necessary, so thin 
films were stapled to give the right thickness of around 
1 ram. The single phase behaviour of the thus prepared 
blend was checked by DSC as will be discussed later. 

Differential scanning calorimetry (DSC) 

DSC experiments were performed on a Mettler TA4000, 
using a heating rate of 10 K/rain. 

Small-angle neutron scattering measurements (SANS) 

Measurements were performed with a wavelength of the 
neutrons of 2 = 0.95 nm at the SANS-instrument of Riso 
National Laboratory, Denmark (scattering vector range 
of 0.05-0.3 nm-1). The samples were investigated under 
atmospheric pressure. Data were corrected for electronic 
background, container scattering, transmission, sample 
volume and for the incoherent scattering by subtraction of 
the scattering profiles of the pure components by standard 
procedures. Calibration of the scattering profiles was done 
with the well known differential scattering cross-section of 
a water sample of 1 mm thickness. 

Double crystal diffractometry (DCD) 

DCD measurements were performed at GKSS-Labora-  
tory in Geesthacht, Germany. The wavelength of the 

Table 1 Characteristic data of 
the polymers 

kg kg 
Polymer Mw [~ol] Mx [~oiol] 3/~ Tg[K] N e MN 

PS-d8 99 d 92 a 1.07 a 375 885 
P(CHAo.19-stat-BMAo.s 1) 463 a 263 b 1.79 c 294 4310 

" light scattering (THF). 
b membrance osmometry (toluene). 
~ gel permeation chromatography (THF, PMMA-standard). 
d gel permeation chromatography (THF, PS-standard). 
e weight average degrees of polymerisation based on monomer volume of styrene. 
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neutrons was 2 = 0.443 nm and the scattering vector ob- 
tained by variation of two perfect silicon single crystals 
was in the range of 0.001-0.03 nm -1. The sample ge- 
ometry was similar to the SANS experiments, but due to 
the long measurement times the thermal treatment of the 
samples was done outside the DCD instrument, i.e., the 
samples were annealed for different times at the decompo- 
sition temperature and then quenched to the glassy state 
(room temperature) to freeze the morphology. 

Small-angle light scattering (SALS) 

SALS measurements were performed with a homemade 
apparatus where the sample was placed in a microscope 
hotstage (Lincam). The sample was irradiated from the 
bottom by a He-Ne-Laser  (2 = 632.8 nm). The scattering 
pattern of the sample was monitored by a so-called volume 
scattering screen from Spindler & Hoyer and then regis- 
tered by a video camera to give a digitized picture. These 
pictures were radially averaged and corrected for geomet- 
ric effects, transmission and background according to 
standard procedures on a computer. Due to the smearing 
properties of the scattering screen, only the maximum 
position of the scattered intensity was obtained from the 
scattering curves and details of the shape of the SALS 
traces were not discussed [10]. 

Theoretical background 

Since a detailed description of the theory of spinodal 
decomposition can be found in many publications [1-33, 
here only those equations are mentioned, which are essen- 
tial for the analysis of the data. Spinodal decomposition 
can be divided into different stages. The early stage 
can be described by the Cahn-Hi l la rd-Cook theory 
[1-3, 11, 123. While the amplitude of the concentration 
fluctuation increases exponentially with time, the 
wavelength of concentration fluctuation, 27C/qm(0), 
remains constant if thermal fluctuations are negligible: 

qm(0) = D~app- ~/ 1 02fro 

M: mobility 
Dapp: apparent interdiffusion coefficient 
fm: mean field free energy of mixing 
(01: volume fraction of component i 
~c: gradient energy coefficient (interfacial free energy den- 

if2 
sity) K - 3 6 4 ) 1 0 2  

~r: average statistical segment length 
q: scattering vector q = (4~z/2)sin(0/2) 

2: wavelength of the radiation in the sample 
0: scattering angle. 

The mean field free energy is given by the F lory-  
Huggins-Staverman theory [13 15] and its second deri- 
vative is related to the inverse structure factor at q = 0: 

C%fm 1 1 02F 1 
c~(02 - N1(01 + ~ + 0(02 - S(q = 0) (2) 

Ni: weight average degree of polymerisation of compo- 
nent i 

The interaction function F is related to the interaction 
parameter ;g by: 

V = Z'(01(02 �9 (3) 

During the intermediate stage both the wavelength and 
amplitude of concentration fluctuations change. During 
the late stages the concentration fluctuations are identical 
to the equilibrium composition of the co-existing phases, 
while the size of the domains still increases with time t. 
During the late stages both the maximum of the structure 
factor Ira(t) and qm(t) are exponential functions of time 
[1-3, 16] with scaling exponents ~ and fi: 

qm(t) OCt -~ (4) 

I(qm(t) oct  ~ . (5) 

A scaled structure factor F(x,  t) is defined in the following 
way [1 3, 5, 16]. 

F(x,  t) - I(q, t)qdm(t), (6) 

with x = q/qm(t) and d = 3 (for a three-dimensional sys- 
tem). In the late stages F(x,  t) becomes independent of 
time, i.e., all F(x) fall onto one master curve and fl = dec 

From Eqs. (1) and (2) it follows that qm(0) can be 
calculated if the temperature dependence of the interaction 
function F as well as the average segmental length o- and 
the degrees of polymerisation Ni are known. To compare 
the spinodal decomposition of different temperature jumps 
or different systems, it is useful to define a reference or 
critical time tc which allows for a normalization of the 
absolute time scale by using t/tc instead of t. to is defined by 
the time a particle needs to move across a distance of the 
correlation length 27r/qm(0) [3, 6, 9]. 

1 1 1 
tr = Dapp q2m(0) = 4tO M" q4m(0) " (7) 

However, besides to and qm(0) other shift factors A and 
Z can be used to create a master plot of reduced values for 
qm(t) versus t. This is done by choosing arbitrarily a refer- 
ence temperature and then shifting the other curves both 
vertically 0n(Z)) and horizontally 0n(A)) onto it to yield 
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the best coincidence [9]. The shift factors depend on the 
chosen reference temperature. 

The two shift factors A and Z are related to quantities 
proportional to the apparent diffusion coefficient Dap p and 
the mobility M, D~app and M' respectively. 

1 1 
A - , . ~  - (8) 

Vap p Z M "  Z 4 

A and Z rather than to and qm(0) need to be chosen when 
the early stages of spinodal decomposition cannot be 
resolved experimentally and the quantities of Eq. (7) can- 
not be determined. However, a transient curvature must be 
present in a plot of ln(qm(t)) versus, ln(t), since otherwise 
shift factors cannot be obtained unambiguously [9]. 

From an Arrhenius-plot of M' the activation energy of 
the uphill diffusion process can be obtained. 
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Fig. 1 SANS traces after a temperature jump from 30 ~ to 12 ~ 

Results and discussion 

Table 2 shows the glass transition temperature Tg of the 
blend during the first and second hearings. The sample was 
heated at a rate of 10 K/min from 223 to 413 K and 
annealed at 413 K for 10 min before cooling down again 
with a rate of - 10 K/rain. While during the first heating 
only one Tg is observed, during the second heating two 
T~'s are observed, which correspond to the pure compo- 
nents. This indicates a complete decomposition of the two 
components. Further, from this experiment one can con- 
clude that the system does not undergo phase separation 
at room temperature (the DSC experiments were done ca. 
2 years after sample preparation and the sample was 
stored at room temperature). 

Figure 1 shows the scattering intensity as a function of 
scattering vector for various times after a temperature 
jump from the glassy state to 120~ as obtained from 
SANS. The scattering maximum position qmax(t) and the 
maximum intensity Imax(t) are shown as functions of time 
in Figs. 2a and b. From the slopes in the double logarith- 
mic presentations it follows that the system is close to the 
late stages of spinodal decomposition (fi ~ 3~). The SANS 
curves show scaling behaviour of structure factors for the 
later times quite nicely, when plotted according to Eq. (6) 

(Fig. 3). From Fig. 3, one can conclude that in the regime 
of q > qm(t), a slope of approximately --4 is observed, 
which is the typical Porod-behaviour of two-phase sys- 
tems with a sharp interface. 

To create a master plot of qma~(t) versus time of all data 
obtained by the three methods, they have to be shifted 
onto each other, yielding the shift factors defined in Eq. (8). 
Due to the absence of a pronounced transient curvature 
(i.e., intermediate stages) for most of our data (one example 
is shown in Fig. 2a), the vertical shifts are done by using 
ln(Z) = ln(qm(0)) as calculated from Eq. (1). The necessary 
quantitites are given in Table 2. The error in such an 
analysis depends mainly on the distance of the system from 
the spinodal temperature. The further away the system is 
from the spinodal temperature, the less uncertainties in the 
z-parameter influence the shift factor Z. 

In Fig. 4 the master plot of all data obtained by SANS, 
DCD and SALS is shown, where 120 ~ was chosen as the 
reference temperature. After shifting the data sets by the 
calculated ln(Z), also rather unambiguous shifting in the 
horizontal became possible to yield ln(A). 

There are only a few temperatures at which all methods 
could be applied. A reason for this is the poor time resolu- 
tion in the SANS measurements (at higher temperatures 
the evolution of the structure factor becomes too fast) and 
the long measurement times necessary for DCD. In spite of 

Table 2 Giass transition 
temperatures, z-parameter and 
statistical segment length of the 
blend 

Tg I-K] Tg [K] Z (from Ref. 8) cr [nm] 
I. Heating 2. Heating (from Ref. 8) 

292 
330 (6.9 _+ 3.0)K 0.67 

373 0.022 _+ 0.01 
T 
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Fig. 5 Arrhenius-plot of mobility M': EA = 190 kJ/mol is obtained 
from the slope of the linear fit (solid line); SALS data (..), SANS data 
(o). The point in brackets was rejected from the linear fit 

this exper imenta l  p rob lem reasonable  da ta  for the mobil i-  
ties M '  f rom Eq. 8 are obtained.  They are shown in Fig. 5 
(Arrhenius-plot).  It  can be seen that  both  SANS and SALS 
da ta  yield the same straight  line, a l though the scaling 
behaviour ,  i.e., the exponent  c~ is not  the same for bo th  data  
sets in Fig. 4. 

F r o m  the slope the act ivat ion energy of the uphill 
diffusion process in this system can be calculated. An 
act ivat ion energy of ca. 190 kJ /mol  is obta ined  for this 
system. This value unfor tunate ly  contains some uncertain- 
ty due to the fact that  the z -pa ramete r  also contains some 
error, as seen in Table  2. The  act ivat ion energy can be 
compa red  with other  results: Feng et al. investigated 
blends f rom polystyrene/poly(vinyl  methylether)  by tem- 
pera ture  j umps  within the single phase  region (from a 
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temperature close to the spinodal temperature to temper- 
atures deeper inside the single phase region by light 
scattering) and found EA ~ 80 kJ/mol [-17]. Best et al. 
investigated blends from polystyrene and poly(cyclohexyl 
methacrylate) by fluorescence densitometry and obtained 
E A ~ 268 kJ/mol) [18, 19], So the smaller activation ener- 
gies are obtained for the systems with larger differences 
between glass transition temperatures Tg and the temper- 
atures of the experiment. 

the analysis, if it can be calculated from other data (X- 
parameter  etc.). 

Since more often SALS techniques are available than 
for example SANS or small-angle x-ray scattering (SAXS), 
this way of analysis allows the investigation of the temper- 
ature dependence of dynamic quantities like mobility or 
interdiffusion coefficient in polymer blends which phase 
separate by spinodal decomposition, even if the early 
stages cannot be resolved by SALS. 

Conclusions 

It was shown that a scaling analysis of the later stages of 
spinodal decomposition over a wide scattering vector and 
time range gives access to the activation energy of the 
diffusion process. For  systems showing only weak curva- 
tures in the time scaling behaviour of the characteristic 
length of the system (as expressed by qmax(t), the initial 
fluctuation wavelength can be used as one shift factor in 
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