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A blend of poly(e-caprolactone) (PCL) and poly(styrene-co-acrylonitrile) (SAN) containing
27.5 wt% of acrylonitrile having the critical composition (80/20 PCL/SAN) was studied. This
PCL/SAN blend having a lower critical solution temperature (LCST) phase boundary at
122 °C offered an excellent opportunity to investigate, firstly the kinetics of phase separa-
tion above LCST (125-180 °C), and secondly the kinetics of phase dissolution below LCST
(50-115°C). The blend underwent a temperature-jump above LCST where spinodal
decomposition (SD) proceeded, yielding a regularly phase-separated structure (SD struc-
ture). Then, it was quenched to the temperatures below LCST when the phase dissolution
Phase dissolution proceeded. Optical microscopy was used to observe the spinodal decomposition qualita-
Polymer blends tively while light scattering was used to characterize the phase separation and phase dis-
PCL solution quantitatively. It was found that during phase dissolution the peak maximum
SAN moved towards a smaller angle (wavelength of concentration fluctuations increased) while
the peak intensity decreased. This behavior was explained by a model. Also it was found
that the fastest phase dissolution kinetics at 80 °C, which was characterized by an apparent
diffusion coefficient, was about 10 times slower than the kinetics of phase separation at
180 °C.
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1. Introduction

Poly(e-caprolactone) (PCL) is a linear semicrystalline
aliphatic polyester that became available commercially fol-
lowing efforts at Union Carbide to identify synthetic poly-
mers that could be degraded by microorganisms. The high
solubility of PCL, its low melting point (59-64 °C), and its
exceptional ability to form blends has stimulated research
on its application as a biomaterial. PCL degrades at a
slower pace than PLA (polylactic acid) and can therefore
be used in drug delivery devices that remain active for over
1 year [1].
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Industrially produced copolymer of styrene and acrylo-
nitrile (SAN) usually contains 15-35 wt% of acrylonitrile
and is prepared by radical polymerization. The higher the
acrylonitrile content, the greater the heat and chemical
resistance, impact strength, toughness, scratch resistance
and barrier properties. SAN is frequently used in house-
holds as well as in industry.

Quite many scientists have studied PCL/SAN blends,
several examples are listed here [2-17]. PCL and SAN are
miscible only when SAN contains 8-28 wt% of acrylonitrile.
Near the boarders of this “miscibility window”, the lower
critical solution temperature (LCST) behavior was ob-
served. In this study SAN with 27.5 wt% of acrylonitrile
(AN) was used.

Being driven by thermal noises, local concentration in a
polymer blend fluctuates continually. When temperature
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is changed, the distribution of wavelength of concentration
fluctuations changes until it reaches a new equilibrium. If a
temperature change exceeds a certain limit, concentration
fluctuations grow enormously and the blend undergoes
phase separation through spinodal decomposition (SD)
mechanism. Dynamics of fluctuation growth during SD
has been extensively investigated in the last decades be-
cause of its theoretical as well as practical importance,
e.g. by Hashimoto et al. [18-22].

When the temperature of a blend undergoing SD is
changed to a value in the single-phase region, concentra-
tion fluctuations that had grown at one time in the spinod-
al region, gradually attenuate. Dynamics of such
attenuation of concentration fluctuations is expected to
follow the same mechanism as the growth of fluctuations
during SD [23]. However, only a few experiments have
been made to investigate the dynamics of attenuation of
concentration fluctuations [23-29], which makes a marked
contrast with the number of experimental studies per-
formed to clarify the dynamics of fluctuation growth dur-
ing the phase separation. Therefore, our research focused
on this not so thoroughly understood field.

In this study PCL/SAN-27.5 blend exhibiting LCST
behavior with critical composition (80/20) was investi-
gated. Firstly the blend underwent phase separation at var-
ious temperatures above LCST giving us an opportunity to
study the spinodal decomposition by optical microscopy
and time-resolved light scattering (TRLS). Then the
phase-separated blend was quenched to various tempera-
tures below LCST where we could study the process of
phase dissolution. Dynamics of attenuation of concentra-
tion fluctuations was experimentally investigated by light
scattering.

2. Experimental

The PCL was a commercial polymer of Union Carbide
Co. (PCL-767; M,, =40,400 g mol~!, M, /M, =2.61). SAN
containing 27.5 wt% of acrylonitrile (SAN-27.5) was syn-
thesized at 60 °C using ethylbenzene as a solvent and azoi-
sobutyronitrile (AIBN) at a concentration of 0.02 mol/I as
an initiator; M,, = 169,000 g mol~!, M,,/M,, = 2.09.

The solution cast method was used to prepare PCL/SAN
blends with various compositions. PCL and SAN-27.5 were
dissolved at 5 wt% of total polymer in 1,2-dichloroethane.
The solution was cast onto a cover glass and the solvent
was allowed to evaporate for 24 h at a room temperature.
The dried film was annealed at 80 °C (below LCST that is at
around 122 °C) for 1 min to achieve a single-phase state,
and then it was subjected to a temperature jump to 125-
180 °C (>LCST) to allow isothermal SD for the desired time
(3-240 min). The decomposed sample was subjected to a
temperature drop to temperatures below LCST (50-
115°C) where it was isothermally annealed to observe
the phase dissolution.

For the optical microscopy observations, the specimen
was initially annealed on first hot stage at desired temper-
ature. The melted specimen was then placed onto a LIN-
KAM hot stage of the microscope. Structural development
during the isothermal annealing was observed under both

the optical and the polarizing microscope (Olympus BH-2)
equipped with a video recording system and exposure con-
trol unit (Olympus PM-20).

Real time analyses of the structure developments above
and below LCST were carried out by light scattering meth-
od. A polarized He-Ne gas laser of 632.8 nm wavelength
was applied vertically to the film specimen. The scattered
light passed through an analyzer and then onto a highly
sensitive CCD camera with 567 x 382 pixels in a sensor
of dimension 13.3 x 8.8 mm (Princeton Instruments, Inc.).
This allowed the time-resolved measurement of a one-
dimensional angular distribution of scattered light with
576 points in a time scale of 0.14 s. The input data from
the CCD camera was digitized by a ST-13X controller. The
digitized data was stored in a personal computer equipped
with Dyna-100 software for further analysis. Only V, opti-
cal geometry was used, when the optical axis of the ana-
lyzer was set parallel to that of the polarizer.

3. Results and discussion

Fig. 1 shows the phase diagram of PCL/SAN-27.5 blend.
All specimens of PCL/SAN-27.5 blends were optically clear,
and no structure was observed by the microscope at 80 °C
(above the melting temperature of PCL). When the speci-
mens were heated above LCST, they became opaque, and
a two-phase structure was observed.

As described in the experimental section, the blend was
first annealed below LCST in one-phase region (point A).
Then the sample was transferred onto another hot stage
to various temperatures set above LCST (point B) and an-
nealed isothermally there. Phase separation proceeded to
various levels depending on temperature and duration of
annealing at the point B. Finally, the phase-separated sam-
ple was quenched to various phase dissolution tempera-
tures (50-115 °C) below LCST (point C).

In Fig. 2, the structural development in 80/20 PCL/SAN-
27.5 after the temperature jump from 80 to 130 °C is
shown. Initially no structure was seen. After 5 min, a
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Fig. 1. Phase diagram of PCL/SAN-27.5 blend taken from our previous
work [30].
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Fig. 2. Optical micrographs of PCL/SAN-27.5 (80/20) blend showing phase
separation at constant temperature 130 °C developing in time: (a) 5 min,
(b) 30 min, (c) 60 min, (d) 90 min, and (e) 120 min.
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two-phase structure with a unique periodicity and phase
connectivity was detected. The contrast of the structure
became higher with the time of annealing (30 min). Then
the structure became coarser and larger with time (60,
90, and 120 min).

Fig. 3 shows a typical example of the change in the scat-
tering profile with annealing (demixing) time t at 130 °C.
Here, the scattered light intensity Iy, is shown as a function
of the scattering vector ¢, given by [18]

a="%sin (g) (1)

where 1 is the wavelength of the light in the specimen and
0 is the scattering angle. At t = 0 min the scattering inten-
sity is very weak and the profile has hardly any angle
dependence, suggesting a homogeneous mixture. The
homogeneous mixture starts to phase separate by anneal-
ing at 130 °C, as shown by the increase in the scattering
intensity. The existence of a scattering peak that is moving
to lower values of angle suggests that demixing proceeds
by spinodal decomposition (SD) mechanism.

The SD process in near-critical mixtures can be divided
into (i) early stage, (ii) intermediate stage, and (iii) late
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Fig. 3. Change of light-scattering V, profile of PCL/SAN-27.5 (80/20) blend
during isothermal phase separation at 130 °C.
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stage [31]. In the early stage the time evolution of the con-
centration fluctuations can be approximated by the linear-
ized theory, first proposed by Cahn [32]. The characteristic
wavenumber q,(t,T), which is related to the domain spac-
ing Am(t,T),

2n

A =@
of the dominant mode of the concentration fluctuations at
time t and phase-separation temperature T is independent
of t. The intensity of the Fourier mode of the fluctuations
with wavenumber ¢, I(q,t,T), grows exponentially with
the time. The intermediate stage is characterized by a de-
crease of q,,(t,T) as well as a further increase of the inten-
sity due to a nonlinear nature in the time evolution of the
concentration fluctuations. In the late stage the two phases
reach equilibrium composition and the interface between
the two phases narrows to equilibrium thickness. The do-
mains, however, A,,(¢t,T) are still increasing in order to low-
er the interfacial free energy of the system [31].

In order to observe the whole process of SD it is conve-
nient to plot the position of the maximum g, and intensity
at the maximum I,,, (from Fig. 3) as a function of time in a
double logarithmic plot, see Fig. 4. In this way one is able to
divide the SD process into three stages. In the early stage
the position of the maximum g,, stays almost constant.
Then in the intermediate and late stages a scaling analysis
is being used. Binder and Stauffer [33] proposed scaling
rules, assuming that clusters aggregate by a diffusion pro-
cess and coalesce into larger clusters and described the
self-similar growth of the structure by the time evolution
of qn(t,T) and I,(t,T) as

2)

qm(t, T) ~ 7% 3)
and
In(t, T) ~ tf (4)

Various models and various o and 8 exponents were also
reported, e.g. by Langer et al. [34] or Siggia [35]. In the
intermediate stage a relation 8> 3 is observed. The late
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Fig. 4. Time evolution of the characteristic wavenumber at maximum ¢,,,
intensity at maximum I,, and B/« ratio for PCL/SAN-27.5 (80/20) blend
during isothermal phase separation at 130 °C.

stage is reached when g =3u [31,36-40]. In the late stage
the two phases attain equilibrium compositions, and self-
similar growth of the structure can be observed. Summary
of the analysis presented in Fig. 4:

(1) In the early stage, there is no increase in wavelength
Am, (@m stays constant) concentration fluctuations
A¢(t) (¢ is volume concentration) are increasing
and the slope of the line (o) is 0. The duration for
our case was found 0-25 min. This is in agreement
with observation by optical microscopy (see Figs.
2a and b) when there is only very small increase in
the wavelength A,, between 5 and 30 min.

(2) In the intermediate stage, both the amplitude of the
concentration fluctuations A¢(t) and wavelength
Am(t) of the fluctuations grow with time, and the
position of maximum gq,, in Fig. 3 is decreasing to
lower angles, the slope of the line « is gradually
increasing. Because f is almost a constant, p/o is
gradually decreasing until it reaches value 3. The
duration was found to be 25-70 min.

In the late stage, where the value A¢ reaches an

equilibrium value A¢. determined by the coexis-

tence curve and the phase-separation temperature

(in Fig. 1), only A,, grows with time. The duration

of the late stage was 70-220 min and the ratio g/

o=3.

3

~—

The variation of A,, in time for PCL/SAN-27.5 (80/20)
blends at two different temperatures 130 and 150 °C is
plotted in Fig. 5. The values of A,, can be used for designing
the desired size of domains. And indeed we used this plot
to prepare two different samples with apparently the same
wavelength of the concentration fluctuations A, being
about 4.3 pm, the first one prepared by spinodal decompo-
sition at 130 °C for 220 min and the other at 150 °C for
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Fig. 5. Wavelength of concentration fluctuations A,, (from V, scattering)
vs. time for PCL/SAN-27.5 (80/20) blend. Samples were heated to 80 °C for
1 min (one-phase region) and then transferred to another hot stage at
130 °C or 150 °C (two-phase region).
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38 min. These two supposedly same samples were then
subjected to phase dissolution (PD) at 90 °C.

The results are shown in Figs. 6 and 7. The light scatter-
ing machine was set to measure precisely the intensity at
smaller angles (compared to Fig. 3). At first please note that
the initial peak at 0 min is a little broader in the case of the
sample phase separated at 150 °C compared to that sepa-
rated at 130 °C. This indicates quite narrow particle size
distribution of the phase-separated structure created at
130°C and a coexistence of larger and smaller particles
created at 150 °C.

In both cases, the light scattering peak is decreasing and
the position of the maximum is shifting towards the lower
angle. There are several possible interpretations of the shift
of the peak maximum in Figs. 6 and 7, one of which is the
faster decay of the high-q Fourier components in the con-
centration pattern. Only the slower components with long
wavelengths (small g) survive at longer times. This results
in an effective peak shift towards small g (small angles)
during the dissolution process.

This is schematically shown in Fig. 8, particles No. 1 and
2. While the large particle No. 1 survives up to Fig. 8c par-
ticle No. 2 is in Fig. 8c already dissolved. Light scattering at
late stage of phase dissolution detects only the remaining
particle No. 1. Another possible interpretation of the peak
shift towards smaller angle is coalescence of close particles
No. 3 and 4. The actual growth of the particles during
phase dissolution is possible too, as it was observed di-
rectly by TEM by Okada [22,23] and calculated by using a
model by Cheng [26]. This is schematically shown by par-
ticle No. 5. In our particular PCL/SAN (80/20) system the
particles are formed by SAN-rich phase. SAN has rather
high T, (about 103 °C) while for PCL T,=-66°C and
T,=260°C. Also molecular weight of SAN (M, =
169,000 g mol~') is higher compared to PCL (M, =
40,400 g mol~!). Above mentioned facts might contribute
to much higher mobility of PCL compared to SAN at phase
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Fig. 6. Change of light scattering profile of PCL/SAN-27.5 (80/20) blend
during isothermal phase dissolution at 90 °C after phase separation at
130 °C for 220 min.
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Fig. 7. Change of light scattering profile of PCL/SAN-27.5 (80/20) blend
during isothermal phase dissolution at 90 °C after phase separation at
150 °C for 38 min.

dissolution temperature (90 °C). Thus it is possible that PCL
molecules diffuse into SAN particle faster than SAN mole-
cules are leaving. This would result in swelling of SAN
particles.

Concerning phase separation: the existence of scatter-
ing peak that is moving to lower values of scattering angle
(already shown Fig. 3) indicates that the demixing pro-
ceeds by the spinodal decomposition (SD) mechanism. To
confirm this point, we analyzed the early stage on the basis
of the linearized Cahn-Hilliard theory [32,41].

Cahn in 1965 [32] laid a basis for mathematical treat-
ment of spinodal decomposition. He started with expres-
sion for free energy of inhomogeneous solution whose
composition everywhere differs only slightly from the
average composition, and with small composition
gradients.

Fo / F(0) + K(Ve)2dV (5)

Here f{c) is the free-energy density of homogeneous mate-
rial of composition ¢, x(Vc)? is the additional free-energy
density if the material is in a gradient in composition. In
the development of the theory it became convenient to
consider the Fourier components of the composition rather
than the composition. Because of the orthogonality of the
Fourier components, AF is the sum of contributions from
each Fourier component separately.

The kinetics of the initial stages of phase separation can
be obtained by solving the diffusion equation. We define a
mobility M which is (minus) the ratio of diffusional flux to
the gradient in chemical potential

Jp = —Ja =MV (1, — i) (6)

Simple thermodynamic considerations show that M must
be positive if diffusion which results spontaneously from
the chemical potential gradient is to result in a decrease
in free energy. We obtain pu, — g from the variational
derivative of F in Eq. (5),



P. Svoboda et al./European Polymer Journal 45 (2009) 2434-2442 2439

(a)

Fig. 8. Model of phase dissolution development in time derived from
light scattering data shown in Figs. 6 and 7.
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+ terms higher in order and degree
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We may discard the higher order terms if we are only
interested in the initial stages. By substituting Eq. (7) into
Eq. (6) and taking the divergence, and keeping only first
degree terms, we obtain the following diffusion equation:

ac &>
T <8_c{) Vic - 2MkVic (8)

Since the coefficient of V?c may be identified with a diffu-
sion coefficient we see that at the spinodal the diffusion
coefficient changes sign. The solution to Eq. (8) is

¢ — ¢o = e cos(r) 9)

Where g is wavenumber and R(j) is given by
O f\ 2 4
R(p)=-M ((%2>ﬂ — 2Mxk§p (10)

Cahn has developed his model for small molecules in
metallurgy. His equations were slightly modified for poly-
mer blends. These days we are using g instead of fand q in-
stead of g. Light scattering became popular in quantitative
evaluation of spinodal decomposition in polymer blends.
Here, in the initial stage of phase separation (or phase dis-
solution), the intensity of scattered light (I) is expected to
increase (or decrease) exponentially with time t.

Iyy(q, t) oc 2RO (11)

where R(q) is the growth rate (or decay rate) of concentra-
tion fluctuation at the scattering vector q. Today R(q) is gi-
ven by (essentially the same as Eq. (10) in 1965)

2
R(q) = ~Mq? (gc‘fuqu) (12)

where M is the mobility, g is the free-energy density of the
blend with composition ¢, and x is the gradient energy
coefficient.

Cahn started with describing the Gibbs free energy of
fluctuating system by a sum of the local free energy of mix-
ing and the square of concentration gradient term. The gra-
dient term remains in Eq. (12) as the second term. The first
term of Eq. (12) is the second derivative of g which is the
thermodynamic driving force for fluctuation growth (i.e.,
the degree of instability of homogeneously mixed state).
The second term of Eq. (12) suggests that a very sharp
gradient with large q (short wavelength of fluctuation)
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Fig. 9. Change of In(Iy,) in time during spinodal decomposition at 130 °C
(from light scattering). Evaluation of slopes for various angles.
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suppresses the fluctuation growth. In contrast, the fluctua-
tion with small g (long wavelength) grows slowly, because
the molecules should diffuse long distance for the fluctua-
tion growth. Then, there should exist a peak of rate con-
stant R(q) at a particular q.

As it was mentioned earlier and described by Eq. (11) in
the early stage of spinodal decomposition the intensity
should increase exponentially with time. This was indeed
observed and is shown in Fig. 9. We used natural logarithm
of intensity and therefore the plot yields straight lines in
the initial stage. Then one can estimate the growth (or de-
cay) rate R(q) of concentration fluctuations from the initial
slope of a In(Iy,) vs. t plot (in Fig. 9 for phase separation and
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Fig. 10. Change of In(ly,) in time during phase dissolution at 90 °C (from
light scattering). Evaluation of slopes for various angles.
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Fig. 11. Plot of R(q)/q* vs. q* of PCL/SAN-27.5 (80/20) blend: spinodal
decomposition at 125-180 °C. R(q) values were obtained by analysis of
slopes shown by Fig. 9.

in Fig. 10 for phase dissolution) for different angles (or q
values).

After such detailed analysis, it is possible to calculate
the R(q)/q? vs. g° plot as it is shown in Fig. 11 for SD and
Fig. 12 for PD for various temperatures. The apparent diffu-
sion coefficient Dgp, is defined by

5
Dapp == <8C§> (13)

and can be obtained from R(q)/q? vs. q* plot as the inter-
cept of the R(q)/q? axis in Figs. 11 and 12.

The apparent diffusion coefficient Dy, obtained in this
way was positive for phase dissolution and negative for
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Fig. 12. Plot of R(q)/q* vs. q* of PCL/SAN-27.5 (80/20) blend: phase
dissolution at 90, 105, and 115 °C after previous spinodal decomposition
at 150 °C for 15 min. R(q) values were obtained by analysis of slopes
shown in Fig. 10.
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phase separation (circles) as a function of annealing temperature. Lower
critical solution temperature (LCST) is shown by arrow.
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phase separation. It is interesting to compare the absolute
values of Dgp, for SD and PD in one plot, see Fig. 13.

The Dgpp, for phase dissolution was found to have values
between 3 and 11 x 10~'” m? s~! in the temperature range
50-115 °C. Closer to LCST the values are decreasing and in
range 50-65 °C they are low as well. The diffusion should
be slower at lower temperature due to a lower mobility.
In our case, also the presence of a virtual upper critical
solution temperature (UCST) around 40 °C, found earlier
for similar systems [42], should cause the decrease in Dgpp.
Comparable values of Dgp, for phase separation (just with
opposite sign — negative values) were found in the temper-
ature range 125-150 °C. By a further increase of the tem-
perature the spinodal decomposition proceeded much
faster, an example being value of Dgp, at 180 °C which is
more than 10 times higher than the fastest phase dissolu-
tion. From the exponential-like curve one could assume
that this difference would be probably even much higher
(such as 100x or even 1000x) if we increased the temper-
ature to e.g. 200 or 220 °C.

4. Conclusion

PCL/SAN-27.5 blend gave us an excellent opportunity to
investigate the phase dissolution kinetics and to add some
experimental data (that are still quite rare) to this subject.
Firstly, we focused on the phase separation above LCST
(being at 122 °C), and studied it qualitatively by optical
microscopy (at 130 °C), and then quantitatively by light
scattering at various temperatures (125-180 °C). The spin-
odal decomposition mechanism of phase separation was
confirmed by the detailed data analysis based on Cahn-
Hilliard theory. Secondly, the phase-separated structure
was quenched to various temperatures below LCST (50-
115 °C) to study the phase dissolution. The phase dissolu-
tion was affected by the temperature of previously per-
formed spinodal decomposition. Based on light scattering
data, a model of phase dissolution mechanism was created.
There are several possible interpretations of the shift of the
peak maximum during phase dissolution, one of which is
the faster decay of the high-q Fourier components in the
concentration pattern. Only the slower components with
long wavelengths (small q) survive at longer times. This re-
sults in an effective peak shift towards small q (small an-
gles) during the dissolution process. Again, for the PD, we
were able to use linearized theory to obtain an apparent
diffusion coefficient Dgpp. Finally, the Dg,, values were
compared for SD and PD with the result showing that the
fastest PD was about 10 times slower than the fastest SD
in measured temperature range.
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