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ABSTRACT: Influences of gelation on the kinetics of the phase separation in a mixed, aqueous solution 
of dextran and gelatin have been studied. The solution separates into dextran-rich and gelatin-rich phases 
below a phase transition temperature. For a deeper quench, the solution gels as well as phase separates. 
Results of time-resolved small-angle elastic light scattering and phase contrast microscopy for quenches 
near the critical point show that above the gelation temperature phase separation is followed by spinodal 
decomposition and a fast coarsening process, with dynamical scaling being obeyed for a restricted time 
regime. Below the gelation temperature, nearly the entire phase separation process is influenced by the 
gelling tendency of the gelatin. The rate of gelation relative to that of the phase separation determines 
the final morphology of the gel. A variety of morphologies are observed. Apart from slowing the 
separation, gelation is found to preclude the coarsening, which is dominated by hydrodynamics, and to 
cause dynamic scaling to fail as a consequence of the introduction of a wide range of distance scales. In 
this system, the effect of cross-link formation as a separation-enhancing force can be observed. 

Introduction 

In recent years the kinetics of phase separation in 
polymer mixtures has been widely studied, not least 
because of practical considerations: for example, phase 
separation kinetics determine the morphology of com- 
posite polymer materials1 and the texture of processed 
food2 and can play an important role in the optimizing 
of membrane proper tie^.^ Previous work has largely 
focused on pairs of synthetic polymers far from the glass 
t r a n ~ i t i o n . ~ , ~  Such blends are quenched from the homo- 
geneous phase into a two-phase coexistence region by a 
rapid temperature step. The development and growth 
of inhomogeneities can be followed by monitoring the 
changes in a scattering pattern after the quench. Under 
favorable circumstances, for the case of quenches into 
the unstable region of the phase diagram, the interdif- 
fusion of the separating polymers and the correlation 
length of the compositional fluctuations can be deter- 
mined from the evolution of the peak in the scattering 
curve using the analysis due to Cahn and Hilliard.6 In 
later stages of phase separation a power law behavior 
of the time dependence of the position and intensity of 
the maximum in the scattering pattern has been 
0bserved,'1~ together with dynamic scaling; i.e., only one 
time-dependent length scale determines the evolution 
of the morphology. 

A more complex situation is possible when one has a 
ternary polymer system of a polymer A, polymer B, and 
a s~ lvent .~- l l  However, features qualitatively similar 
to those in binary mixtures are found, particularly in 
the situation when the solvent is an equally good solvent 
for both polymers-the so-called quasi-binary case. 

In this report an account will be given of the phase 
separation kinetics of aqueous solutions of the biopoly- 
mers gelatin and dextran. Closely related gelatid 
polysaccharide systems have important applications in 
the food and photographic industries. Of more funda- 
mental interest is the fact that the system gelatid 
dextradwater allows one to study the influence of 
gelation on the phase separation kinetics. Aqueous 
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solutions containing gelatin and dextran, which on their 
own are both readily soluble in water, tend to separate 
to a gelatin-rich phase and a dextran-rich phase below 
a certain temperature. This gives rise to turbidity 
which eventually develops into two transparent layers. 
Deep quenches on systems with a high gelatin concen- 
tration form a macroscopic gel and do not show macro- 
scopic phase separation. 

In the context of phase separation, the existence of a 
gel point has a number of consequences. First, there is 
a large effect on the mobility of one or both of the 
components of the mixture which might be expected to 
be analogous to the effects of a glass transition in one 
of the components and would severely slow down the 
phase separation process. Second, gelation will lead to 
changes in the thermodynamics of mixing. As gelation 
proceeds, both the effective molecular mass of the 
gelatin and the width of the molecular mass distribution 
will increase. Thus the entropy of mixing will decrease 
and in effect the quench will become deeper with time. 
In addition, there will be an effect of the network 
elasticity on the free energy of mixing: gels with a low 
elasticity can be expected to tolerate only a limited 
degree of phase separation from a second polymer 
species. The time at which the elasticity effect becomes 
significant will depend on the relative rates of the 
gelation and phase separation. These differences can 
be expected to cause a considerable increase in complex- 
ity of phase separation behavior for these gelling 
systems over comparable simple polymer mixtures. 

In the system gelatiddextradwater, the phase sepa- 
ration temperature and the gelation temperature are 
dependent on the polymer composition, the total poly- 
mer concentration, and the amount of added salt (which 
alters the solvent quality). By varying these conditions, 
it is possible to control the interplay between gelation 
and separation, allowing initiation of the phase separa- 
tion at temperatures either above or below the temper- 
ature at  which gelation eventually takes place. In the 
latter case, one can tune the relative rates of phase 
separation and gelation. To anticipate the results, the 
interplay between phase separation and gelation deter- 
mines both the final morphology of the macroscopic gel 
and the kinetics by which this morphology is achieved. 
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This interplay is complex and each process may have 
an effect on the other. For example, a nonequilibrium 
phase-separated morphology might be expected to be 
frozen by the onset of gelation, while, in contrast, the 
increase of the local gelatin concentration due to phase 
separation might cause gelation even when the average 
concentration is insufficient for gelation. 

The large size of the inhomogeneities that usually 
develop after a quench into the coexistence region and 
the favorable refractive index mismatch between gelatin- 
rich and dextran-rich phases render small-angle light 
scattering an appropriate technique to study these 
phase separation kinetics. In particular, during later 
stages of the phase separation process, the time evolu- 
tion is sufficiently slow to  apply time-resolved elastic 
light scattering in which the scattering pattern is 
recorded at  time intervals. Complementary real space 
data are obtained from light microscopy. 

2. Theory of Phase Separation in Nongelling 
Mixtures 

Fluctuations in concentration will tend to grow when 
a mixture is quenched into the unstable part of the 
phase diagram, as defined by the condition that the 
second derivative of the free energy, f, with respect to 
the concentration, c ,  a2flaC2, is negative. The boundary 
of this region is known as the spinodal curve. The well- 
known theory of Cahn and Hilliard6J2 gives the result 
that one particular wavelength of fluctuations in the 
composition grows most rapidly, leading to a well- 
defined peak in the scattering pattern. 

Briefly, the result is that the scattering intensity 
I (q , t ) ,  which in an isotropic system can be expressed as 
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q-independent, R(q)  has a maximum at a q value given 
by 

I (q , t )  = S(Bc(r,t)Sc(O,t))eiq~ d r  = (ISE(q,t)12) (1) 

where the absolute value q of the scattering vector q is 
defined as (4x11) sin(8/2) (1 is the wavelength and 0 is 
the scattering angle), dE(q , t )  is the spatial Fourier 
transform of the fluctuations in the concentration c(r,t), 
and the sharp brackets indicate an ensemble average, 
is given by 

where we have neglected the effects of thermal fluctua- 
tions. The term R(q),  which describes the growth of 
fluctuations in time as a function of q,  is known as the 
amplification factor and is given by 

(3) 

A(q) is the Onsager mobility coefficient, which might 
be q dependent, for instance in the case of hydrodynamic 
interactions.13J4 K is the constant of proportionality ('0) 
between the square of the linear concentration gradient 
and the associated free energy. aZflaC2 becomes negative 
below the spinodal (assuming an upper critical solution 
temperature) so for that case there will be a q range 
between zero and a critical value 

q c =  [ --2K ;;I Ill2 (4) 

where R(q)  is positive (A(q)  is always positive). This 
will give rise to the buildup of phase-separated domains 
with sizes corresponding to these q values. When A is 

qm = q(j2It2 

At qm the concentration fluctuations grow faster than 
at  all other q values. This is the origin of the "spinodal 
ring" in the two-dimensional scattering pattern of a 
phase-separating system. qm will increase when the 
system is quenched deeper into the spinodal region. 
When A is q-dependent, qc will stay the same, but qm 
will be shifted. 

The relation between qm and the correlation length 6 
of the concentration inhomogeneity is given by 

The effective collective interdiffusion constant of the 
separating solutes is 

Now, R(q)  can be written as 

(7) 

By plotting R(q)/q2 against q2 (Cahn-Hilliard plot), a 
straight line will result when D,ff is independent of q. 
From the slope and the intercept, Deff and q m  can be 
calculated. Often, in order to be able to compare the 
coarsening of phase-separating systems at different 
temperatures and test for universal behavior, the 
processes are considered on a reduced time scale 

which is the time it takes to build up an inhomogeneity 
of the characteristic size l/qm. t is assumed to be the 
relevant unit of time for the description of the early- 
stage spinodal decomposition. 

This linear theory predicts that the amplitude of a 
peak in the structure function should grow exponen- 
tially but the peak will remain at  a fixed wave vector. 
However, nonlinear effects are important for all but the 
earliest times, and in practice the peak moves to smaller 
wave vectors in what is known as the intermediate 
stage. Ultimately, the compositions of the inhomoge- 
neities are close to the equilibrium coexistence values 
and there is a pattern of domains separated by what 
are in effect equilibrium interfaces. In this late stage 
only one length scale, the mean domain size, is impor- 
tant, and thus we expect dynamic scaling to hold.15 The 
scattering intensity takes the form 

where qm(t) is the time-dependent reciprocal character- 
istic length of the coarsening system. All time depen- 
dence in the function F(x)  should be due to qm(t), 
implying that the shape of I(q, t )  is time-independent and 
that only one time scale is evolving as the phase 
separation proceeds. Dynamic scaling can be identified 
by assessing the validity of the relation 
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(11) 

where I&) is the measured maximum in the scattering 
pat tern and can be expressed, when dynamic scaling 
applies, by 

and s&) is given by 

I(q,t) is the intensity of the scattered light, (dn(t)2) is 
the average square of the refractive index difference 
between the phases, Vis the irradiated sample volume, 
and the constant of proportionality is time-independent. 
s d t )  can be evaluated when experimental data are 
available at all q values where I (q , t )  is significantly 
different from zero. 

The growth of the characteristic domain size qm(t) 
often follows a power law in the late stage; the exponent 
depends on the dominant mechanism for mass trans- 
port. For diffusive growth one expects an exponent of 
- 1/3 from the Lifshitz-Slyozov law,16 whereas for 
growth dominated by hydrodynamic flows one expects 
an exponent of -1.l' In reality, the relative importance 
of these two mechanisms may change with time through 
the late stage, leading to different apparent  exponents 
during a long crossover stage. 

In this la te  stage of phase separation the existence 
of sha rp  interfaces between the domains implies that 
the asymptotic behavior at high q is given by Porod's 
law:18 

(14) 

where A(t)  is the area of the interface between phase 
domains in the irradiated volume. Porod's law is valid 
if all distance scales for which there are inhomogeneities 
of refractive index are much larger than llq. Combining 
eqs 13 and 14 leads to  

which shows that from a full knowledge of I(q,t) ,  the 
time-dependent scattering interface can be obtained. 

3. Experimental Section 
Samples. Dextran and porcine skin gelatin were purchased 

from Sigma Chemical Co. The weight-average molecular mass 
of dextran was 1.6 x lo5 g molt1, determined by wide-angle 
light scattering. The bloom number of the gelatin reported 
by the manufacturer was 175; this corresponds roughly to a 
weight-average molecular mass of 2.5 x lo5 g From 
these values of the molecular masses, it can be estimated that 
the radii of gyration are smaller than 0.1 pm, which is an order 
of magnitude smaller than the inhomogeneities observed in 
the phase-separating systems. An aqueous solution of 0.5 rn 
NaCl was used as solvent. The gelatin and dextran were used 
without further purification. 

The compositional phase diagram shown schematically in 
Figure 1 was determined by leaving sealed samples for several 
days in a temperature-controlled water bath. TurbiXsolutions 
were considered to be phase separated. Addition of salt t o  the 
water provides a phase transition temperature for a convenient 

10 \ I I \ \  I 

Gelatine (% w/w) 
Figure 1. Compositional phase diagram (schematic) of a 
solution of gelatin and dextran in aqueous 0.5 rn NaCl. Full 
line, coexistence line at 18 "C; dotted line, gel line at 18 "C; 
dashed line, coexistence line at 60 "C; a, clear fluid; b, clear 
gel; c, turbid gel; d, turbid fluid (metastable), all at 18 "C. 
Above 25 "C, the gel line is shifted to gelatin concentrations 
higher than 10%. 

range of compositions between the gelation temperature and 
100 "C, which is desirable from an experimental point of view. 
A sample was described as gelled when turning the sample 
bottle did not result in a flowing liquid with a smooth surface. 
At 18 "C, the gel line and the coexistence line divide the 
compositional phase diagram into four regions: fluidclear, 
fluidturbid, gelledclear, and gelledturbid. On increasing the 
temperature, the coexistence line moves to higher total 
polymer concentrations while the gel line shifts to higher 
gelatin concentrations. Roughly speaking, for total polymer 
concentrations between 4 and 10% (w/w), phase transitions 
with temperature between the gel temperatures and boiling 
point can be found. Above 25 "C the gel line moves out of the 
investigated part of the phase diagram. Microscope images 
of fluidturbid samples at room temperature showed clustered 
spheres of gelled gelatin-rich phase dispersed in the fluid 
dextran-rich phase. The size and clustering prpperties of the 
gelatin spheres will be the subject of a future publication. 

As no tie lines were determined, the critical line is not 
accurately known. Measurement of the two volumes after 
complete separation, which should be nearly equal close to the 
critical temperature and composition, indicates that the critical 
line is between gelatiddextran weight ratios of 1:l and 3:2. 
The composition of the solution used in this work was 4.2% 
gelatin and 4.2% dextran (w/w) in 0.5 rn NaC1, which is 
therefore close to critical. The phase transition temperature 
of this solution is 38 "C and the gelation temperature 25 "C. 
A typical difference in refractive index between separated 
domains of dextran and gelatin (An)  is 0.006 (the difference 
between 10% dextran and 10% gelatin). Considering that the 
wavelength (1) is 0.6328 pm and the size of the inhomogene- 
ities does not exceed 30 pm, it appears that the condition for 
Rayleigh-Gans scattering of 1/An being much less than the 
size is met. 

Instrumentation. The light scattering apparatus is shown 
schematically in Figure 2. A He-Ne laser beam (wavelength 
0.6328 pm) passes through a pinhole of 100 pm diameter to  
enhance the beam homogeneity. The light from the zero-order 
maximum of the pinhole is expanded and converted into a 
parallel beam with the lens L1. After the diaphragm D, the 
beam has a diameter of about 1 mm. The mirror M deflects 
the beam to a vertical direction through the sample mounted 
on a heatingkooling stage (Linkam TMSGOO). The aperture 
of the stage is 2.5 mm. The transmitted beam is focused by 
lens L2 (diameter 100 mm, focal length 150 mm) onto the beam 
stop (BS) of diameter 5 mm. The lens L2 also brings the 
scattered light as a slightly convergent beam toward the 
detector, an OMA Vision-CCD camera (EG&G) fitted with a 
Peltier cooled charge coupled device (CCD) as an efficient, low 
noise photon detector. The light-sensitive array size is 10 x 
10 mm, divided in 512 x 512 cells. Lens L2 is positioned to 
catch all light scattered at angles up to 15". The scattered 
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are the measured intensities h m  the pinhole and the sample, 
respectively, 

Figure 2. I)iagr:im of the small-angle static light scattering 
instrument. t". pinhole; L1 and L2. hiconvex lenses; D. 
diaphragm: M, mirror; TS, heatinglcooling stage; S, sample; 
BS, beam stop; L3, camera lens. 

beam reaches the CCD array by way of a standard camera 
lens (L3) which is focused on the plane of the beam stop. The 
diameter of the part of the CCD device illuminated by 
scattered light is about 5 mm. Effectively, the scattering 
pattern is recorded as if it  were in a plane about 12 mm above 
the sample. This is well into the 'far field" if we consider that 
the sizes of the structures that were observed were less than 
0.03 mm. In this configuration the angular range over which 
reliable data can be collected is 0.5-13", corresponding to 0.1 
< qlicm-' 23. The resolution in q is about 6%. The data 
from the camera were recorded on a personal computer as a 
two-dimensional array of intensity against position. These 
data sets were transferred to DEC workstations for further 
detailed analysis. From the reproducibility of pinhole images, 
it was concluded that instability of the laser intensity did not 
have to be taken into account. Therefore no beam monitor 
was used. 

Light microscope images were obtained with a Zeiss h i e  
plan microscope in the phase contrast mode. The same 
heating/eooling stage, temperature controller, and sample 
container were used as  for the light scattering experiments. 

Calibration. The fringe pattern from a pinhole of 30 p n  
diameter placed at the sample position was measured as a 
calibration sample and to test whether the image recorded on 
the camera can be treated as a far-field scattering pattern of 
the inhomogeneities in the sample. The scattering pattern or 
the differential cross section of a pinhole, defined as the 
fraction of the incident photons diffracted per unit solid angle 
dR at an angle 0 with the incident beam, is given by 

where A, is the area of the pinhole, JI is the first-order 
modified Bessel function, R is the radius of the pinhole, and k 
is equal to 2 n l A  (2. is the wavelength). The angular calibration 
was obtained from the positions of the fringes of the diffraction 
pattern of the pinhole. On Fourier transforming the data, a 
satisfactory real space image of the pinhole was recovered, 
which confirmed that a far-field diffraction pattern was 
recorded on the camera. 

The differential cross-section of the sample, (do/dRh in units 
of scattering cross-section per unit volume, was derived h m  
the measured intensities of the fringes. When IJ0)  and Is(@ 

where A. is the illuminated area of the sample and D is the 
thickness of the sample. 

In practice, because of a small background intensity, it  was 
convenient to use the differences of intensity between consecu- 
tive maxima in the pinhole diffraction pattern. The ratios of 
these values with those calculated from the theoretical curve 
(eq 16) were used as a calibration curve for an absolute 
intensity scale. For a 30 flm pinhole, 10 fringes could be 
observed. This gave 11 maxima as  points on a q calibration 
curve and 10 points on the intensity calibration curve. Second- 
order polynomials were fitted to these data sets and correction 
values evaluated for the 64 center positions of the radially 
averaged data bins. In actual experiments, before applying 
eq 17 to correct the measured intensity, a subtraction of 
background was made as discussed below. 

sample Environment and Data Collection. The sample 
container was a sapphire crucible with a depth of 1 mm. The 
hot, homogeneous sample solution was pipetted into the 
crucible, which was preheated on the heatingboling stage to 
a temperature well above the phase transition temperature. 
The crucible was closed with a microscope cover slip. Prior to 
a quench, the sample temperature was equilibrated at about 
45 "C for 20 min. 

Quenches were performed from 45 "C to temperatures 
between 21 and 30 'C. The w l i n g  rate of the stage was 90 
'Chin. Measurements with a calibrated thermistor in the 
sample crucible showed that a homogeneous sample temper- 
ature was not achieved until at least 20 s after the destination 
temperature of the quench as indicated by the temperature 
controller was reached. Samples were selected for study that 
showed phase separation rates well below these cooling rates. 
After the quench the scattering pattern was recorded a t  a 
series of times. The time needed to register the scattering 
pattern is 2.5 s. The amount of multiple scattering was 
estimated by following the intensity of the transmitted beam 
during some of the phase separations. This intensity is never 
reduced by more than lo%, which allows the effects of multiple 
scattering to be ignored. 

The peak in the scattering known as the spinodal ring that 
appears some time after the quench was isotropic and could 
be used to determine the center of the scattering pattern. This 
center was used in the calculation of the radial averages of 
the data. In calculating the radial average, the intensities of 
all pixels that have a certain distance from the center are 
added and divided by the number of such pixels. Reflections 
of the transmitted beam h m  the lens L2 and the sample could 
not be entirely avoided. For these reasons some areas had to 
be excluded from the radial averages of the two-dimensional 
data. The area around the beam stop and its support post 
was similarly excluded from the radial average. 

Data  Analysis. Background scattering had to be elimi- 
nated before the radially averaged counts from the camera 
were put on a scale of q and absolute intensity. If the 
background is defined as the intensity that is not due to phase 
separation, there are four contributing factors: (i) dark noise 
from the camera, (ii) dust in the sample and scratches on the 
sapphire crucible and cover slide, which are particularly 
significant a t  the lowest q values, (iii) scattering due to 
fluctuations in the overall polymer concentration, and (iv) an 
incoherent contribution. The contributions from (i) and (ii) 
were found to be the most important. To deal with this 
background, the scattering pattern collected about 30 s a h r  
the destination temperature of the quench was reached but 
before any significant increase in scattered intensity was 
observed was subtracted from all the subsequent scattering 
patterns. 

4. Results and Discussion 
General Phenomenology. In this section we dis- 

cuss the results of quenching solutions with a composi- 
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Figure 3. Light scattering pattern after a quench to 30 "C of 
4.2% dextrad4.2% gelatin solution (phase transition at 38 "C, 
gelation temperature 25 "C):  (0) 314 s; (A) 470 s; (0) 628 s; 
( x )  786 s; (*) 1268 s; (+) 4018 s. 
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Figure 4. Light scattering pattern after a quench to 21 "C 
for 4.2% dextrad4.2% gelatin solution: (0) 126 s; (A) 378 s; 
(0 )  560 s; ( x )  744 s; (*) 1160 s; (+) 1382 s. 

tion of 4.2%/4.2%/91.6% gelatiddextrad0.5 m aqueous 
NaCl into the two-phase region of the phase diagram. 
After discussing the general phenomena that occur for 
all final temperatures used, we will then treat the 
difference in behavior that is observed when the final 
quench temperature is above or below the gelation 
temperature, which is marked by a transition from a 
fluid to a weak, non-self-supporting gel, and a sudden 
increase in the loss and storage moduli. 

In all cases after a quench into the two-phase region 
of the phase diagram the scattering pattern shows a ring 
in the two-dimensional scattering pattern, correspond- 
ing to  a peak in radially averaged scattered intensity. 
For example, Figure 3 shows the development with time 
of the radially averaged scattering intensity after a 
quench to 30 "C (below the phase separation tempera- 
ture but above the gelation temperature), while Figure 
4 is the corresponding plot for a quench to  21 "C (4 "C 
below the gelation temperature). The appearance of a 
broad peak is characteristic of spinodal decomposition. 
In each case, as time progresses the position of the peak 
moves to lower q and its intensity increases. This 
indicates that at  least for q values in the range of qm 
and higher we are outside the range of validity of the 
linear theory of spinodal decomposition; the morphology 
is coarsening. 

There are both quantitative and qualitative differ- 
ences between the behavior following quenches to 30 
and 21 "C. At first, the position of the maximum is at  

a higher value of q for 21 "C than for 30 "C. This 
difference can be understood in terms of the linear 
theory; at  the lower temperature Pf/ac2 is more negative 
(eqs 5 and 6) and consequently the q-vector of the fastest 
growing composition fluctuation is larger. More inter- 
esting is the qualitatively different time evolution of the 
shapes of the curves at  the two temperatures. Although 
in both cases the peak intensity increases and the 
position moves to lower q values, there is, in the low- 
temperature quench, a continuing growth of intensity 
at  high q values, in contrast to the high-temperature 
quench. In addition, in the gelling system the rate of 
coarsening slows down, while at  a similar stage of 
coarsening in the fluid system growth is still unre- 
stricted. 

Direct microscopic observation of the phase-separat- 
ing systems shows a picture consistent with our scat- 
tering data. Phase contrast micrographs of the sepa- 
rating system at the two temperatures are shown in 
Figure 5. Initially, the pattern has the same, reticular, 
character for both 30 and 21 "C, consistent with a 
common mechanism of phase separation in the early 
stages. Qualitative differences appear at  later times; 
at 30 "C droplet-like domains appear after about 10 min, 
a transition which does not take place for the quench 
to 21 "C. Subsequently, phase separation at  30 "C 
proceeds by the formation of large gelatin-rich spheres 
that grow by coalescence, whereas for the quench to 21 
"C after about 20 min the morphology freezes when it 
is still reticular. 

Comparison with Cahn-Hilliard Theory. Before 
discussing the differences in phase separation behavior 
that show up at  later times, we first discuss the extent 
to which the phase separation behavior at  early times 
can be accounted for by the classical, linearized theory 
of spinodal decomposition due to Cahn and Hilliard. For 
the samples quenched to 30 "C, the logarithm of the 
scattered intensity ln[l(q,t)l plotted versus time (Figure 
6) does show an initial linear increase, as predicted by 
eq 2. At temperatures below 27 "C, however, any initial 
linear growth regime is of very short duration, making 
it hard to observe. The linear growth at  30 "C is 
followed by a well-defined crossover into a regime of 
slower time dependence. From this initial linearity we 
can conclude that the influence on the phase separation 
process of thermal noise can be neglected;20 thus we 
should be able to test the validity of eq 3 by extracting 
the linear growth rates R(q)  from the straight lines and 
plotting R(q)/q2 against q2; if the mobility A is not 
dependent on q, this should yield a straight line (such 
plots are often known as Cahn-Hilliard plots). In fact, 
for our data the result of such a plot is very far from 
linear; Figure 7 shows a representative case. Similar 
behavior is observed at  other temperatures. We even 
see a significant peak at  a value of q2 of 0.3 which 
in principle points at  enhanced growth at  that q value. 
At present it is not clear how to interpret this feature. 
A possible explanation of the overall curvature of the 
plot, due to Binder et a1.,21 is that there is more than 
one time scale governing the phase separation kinetics. 
The presence of slowly relaxing degrees of freedom is 
usually associated with glassy systems,22 but it is 
conceivable that in our system some degree of freedom 
is brought out of equilibrium by the quench and relaxes 
in a nondiffusive way. A possible candidate is the 
conformational change of the gelatin chains at  the onset 
of gel formation. However, there are other examples of 
Cahn-Hilliard plots of a phase-separating polymer 
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Figure 5. Phase contrast microscope images of the phase-separating gelatiddextran solution at 30 (a-d) and 21 "C (e-g) at 
several times a h r  the quench (a) 240 s; (b) 600 s, (e) 780 s; (d) 1800 s; (e) 60 s; (0 840 s; (g) 1440 s. The scale bar indicates 100 
wn. 
solution a t  a temperature far from the glass transition The utility of Cahn-Hilliard plots is that when they 
showing a comparable curvature,1° so it  may be that a are linear, extrapolation to zero q allows one to extract 
nonlinear Cahn-Hilliard plot is a more general char- the collective diffusion constant of the separating poly- 
acteristic of polymer solutions. In that case hydrody- mers. Thus one can obtain the parameters needed for 
namic interactions, and the consequent q-dependent calculating the reduced time scale by which phase 
Onsager coefficients, would be the most probable source separation processes a t  different temperatures can be 
of the nonlinearity. compared. According to Binder et al." this extrapola- 
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Figure 6. Growth of the scattering intensity at 30 (upper set) 
and 21 "C (lower set): (+) q = 0.46 pm-l; (*) q = 0.77 pm-l, 
(0) q = 1.09 pm-l. The lower set has been shifted downward 
by 10 units. 
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Figure 7. R(q)/q2 versus q2 at 30 "C. R(q)  is the initial linear 
growth rate. 

tion is still valid even in the presence of slow modes. 
However, in practice, the quality of our data does not 
allow us to make this extrapolation. As a consequence, 
all our subsequent results are available only on an 
absolute time scale. 

Moving beyond the early stages of phase separation, 
the most obvious feature is the coarsening of the phase- 
separated structure, manifested in the movement of the 
maximum in the scattering pattern to lower values of 
q. The position (qm) and the intensity (Im) of this 
maximum can be determined accurately up to a time 
at  which the maximum has moved to such low angles 
that it becomes impossible to observe in the present 
setup; this time is about 2000 s for the quench to 30 "C. 

Figure 8 shows the time dependence of qm, the 
position of the maximum in the scattering intensity 
I(q, t ) ,  for temperatures above and below the gelation 
temperature. At 30 "C, we do not see uniform power 
law behavior. Over the time range where a maximum 
in I (q , t )  could be measured, qm(t) decreases with time 
with a power varying between -0.6 and -1.2. This is 
a faster rate of coarsening than would be expected if 
diffusion provided the only transport mechanism, in 
which case one expects a power of -113; thus it appears 
that hydrodynamic mechanisms of transport play some 
role a t  these early times. The general behavior is in 
reasonable agreement with the power of -1 which is 
expected for the coarsening by rearrangement and 
coalescence of neighboring domains governed by hydro- 
dynamics.18 At about 700 s, the decrease of qm becomes 
more rapid. The time at which this happens coincides 

0.5 " ' ' ' ' ' ' ' ~  " " ' " ' ' ~ ' ' " " ' ' ' ~ " ' " " ' ' " ' ' " " '  

-2.0 

-'.5Lt,.',.',...,... ; , , ' , , ,  Wt Is11 
Figure 8. Time dependence of the position qm of the scattering 
maximum: (+) 30 "C; (*) 25 "C; (0) 21 "C. 

with the time at which optical micrographs show a 
breakup of the gelatin phase into the isolated domains, 
seen in Figure 5; this suggests that a change in 
coarsening mechanism occurs when there is a qualita- 
tive change in morphology. 

Recently, in the phase-separating system polystyrene/ 
cy~lohexane ,~~ qm(t) was also found to decrease faster 
than by tfl" from the earliest times after the quench, 
suggesting a contribution from hydrodynamics in the 
coarsening process. In that case, however, the coarsen- 
ing slowed down with increasing time, approximating 
a t-0.4 behavior, in contrast to the behavior of gelatid 
dextran separation above the gelation temperature. In 
a single polymerlsolvent system coarsening is expected 
to slow down due to the strong concentration depen- 
dence of the diffusion coefficient. Indeed in some cases 
coarsening may be completely arrested by the vitrifica- 
tion of the polymer-rich phase. However, in the gelatid 
dextran system above the gelation temperature such 
effects are likely to be much weaker, as the changes in 
the overall polymer content of each phase, and thus 
their viscosity, during the phase separation process are 
likely to be relatively small. 

We now turn to the coarsening behavior of the system 
quenched to below the gelation temperature, which 
proceeds in a manner rather different from the system 
quenched to 30 "C. Figure 8 shows that for a quench 
to 25 "C qm(t) follows a power law with an exponent close 
to 0.3 over the whole range of times for which a 
maximum in I (q , t )  was observed; there is no evidence 
for a change to a faster coarsening mechanism of the 
kind observed for the system above the gelation tem- 
perature. At 21 "C qm decreases more slowly than by 
t-0.3, most probably in anticipation of complete pinning 
down of the morphology by gelation.24 For the system 
above the gelation temperature we associated a change 
in coarsening mechanism with a change in morphology; 
for the system below the gelation temperature the 
micrographs (Figure 5) show no qualitative changes in 
morphology, so we expect no change in coarsening 
mechanism. The power of 0.3 suggests that the domain 
growth is dominated by diffusion of solute with hydro- 
dynamic flow playing little or no role. Our interpreta- 
tion is that hydrodynamic flows, which at 30 "C allow 
fast coarsening by reshaping and coalescence of do- 
mains, are completely suppressed by the cross-linking 
of gelatin. 

Finally, we turn our attention to the detailed form of 
the scattering function I (q , t ) .  First we will consider the 
case of the quench above the gelation temperature. A 
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Figure 9. Test of the validity of dynamic scaling. Reduced 
amplitude Im(t)qm(t)3/JI(q,t)42 dq (eq 11) of the scattering 
maximum as a function of time above the gelation temperature 
((+) 30 " C )  and below ((*) 21 "C) .  
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Figure 10. Dynamic scaling of scattering curves above the 
gelation temperature of gelatin. I(q,t)qm(t)3/JZ(q,t)q2 dq vs q :  

plot of the product Zm(t)qm(t)3/SI(q,t)q2 dq against time 
is shown in Figure 9 as a test of the validity of dynamic 
scaling (eq 11) for the phase separation both below and 
above the gelation temperature. For the quench at 30 
"C this product is roughly constant up to about 600 s, 
indicating that dynamic scaling does hold. This can also 
be seen in Figure 10 which shows the scaled structure 
factor at various times. The data collapse onto a single 
curve up to 660 s when a qualitative change in the shape 
of the curve is observed. To our knowledge, no other 
detailed scaling analysis has been carried out for the 
case of phase separation in ternary polymer solutions. 
It is not possible to say whether this scaling behavior 
is a general feature of phase separation in polymer 
solutions. However, the change in morphology at about 
700 s, as observed in Figure 5, coincides with the change 
in scaling behavior. After the crossover, the system is 
a fluid dextran-rich matrix with isolated gelatin-rich 
spheres. It is at first sight puzzling that the system 
should apparently have attained the late-stage scaling 
regime and then subsequently undergo a morphological 
transition with a consequent breakdown in scaling. This 
indicates that the phase volumes must still be changing 
slowly, despite the achievement of sharp phase bound- 
aries. An explanation may lie in the polydispersity of 
the system; fast separation of the chemically different 
species may be followed by a much slower ageing process 
of partitioning of the molecular weight components of 
each chemical species.25 
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Figure 11. Late-stage power law behavior of the scattering 
intensity as a function of q at 30 "C: (+) 810 s;  (*) 1042 s; (0) 
1918 S; (A)  5146 S. 
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Figure 12. Late-stage power law behavior of the scattering 
intensity as a function of q at 25 "C:  (+) 1030 s ;  (*) 4808 s. 

Let us focus now on the shape of the curve a t  high q 
values which according to Porod's law should tell us 
something about the nature of the interfaces between 
the domains. This law (eq 14) predicts that a system 
consisting of domains separated by sharp interfaces will 
have Z(q,t) going as q-4 for large values of q. Figures 
11 and 12 show that such behavior is observed both for 
quenches to 30 and 25 "C, respectively. The evolution 
of the high-q part of I ( q , t )  can be followed for much 
longer times than the part that contains the maximum. 
The data shown have been collected during nearly 1.5 
h after the quench. However, to apply eq 15 one has 
first to evaluate the integral of eq 13, for which values 
of Z(q,t) at  all q values are required. For late stages a t  
30 "C, a considerable part of the scattering occurs at  
angles that are too small to be observed in the present 
setup. For this reason ln[Z(q,t)l a t  30 "C is plotted 
according to eq 14, i.e., not corrected for the time 
dependence of the difference in refractive index of the 
domains, whereas a t  25 "C, for which nearly all scat- 
tered light can be collected during much longer times, 
data have been plotted according to eq 15. At 25 "C 
data a t  only two widely spaced times have been shown 
for the sake of clarity because of the slow rate of change. 

At later times, the high-q part of the scattering 
pattern at 30 "C tends to a power law of q-4. This 
suggests that sharp and smooth interfaces are being 
established between the gelatin-rich and dextran-rich 
regions. At the same time the intercept with the 
vertical axis of the linear part decreases with time and 
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the scattering maximum moves to lower q values. This 
intercept is proportional to the sum of the logarithms 
of the amount of scattering interface and the scattering 
strength (dn(tI2) (eq 15). (dr~ct)~)  can only remain 
constant or increase with time, so the observation of a 
decreasing intercept must be interpreted in terms of a 
decreasing amount of interface. A decreasing amount 
of interface together with the increase of domain size 
is consistent with coarsening by domain coalescence. 

The high-q behavior in the gelling systems is quite 
different. At 21 "C (not shown), the Porod behavior 
turns out not to be reached in the q range available 
before the static gel stage is reached. At an intermedi- 
ate temperature of 25 "C (Figure 121, the Porod behavior 
is reached, but the intercept, which in this case could 
be corrected for the time-dependent scattering strength 
(dn(tI2), does not decrease along with qm as observed at  
30 "C. After the Porod behavior has been established, 
it stays at the same level during the entire time of 
observation. These observations indicate that after 
gelation takes place the inhomogeneities at  small 
distances are unchanging even when coarsening occurs 
at  large distances. 

This picture is consistent with the behavior of the 
shape of the whole scattering curve below the gelation 
temperature. At first, we note that at  no time is 
dynamic scaling observed. This is qualitatively obvious 
from the shapes of the scattering curves shown in Figure 
4, which continue to broaden up to  the latest times, and 
is also apparent from Figure 9, which shows the product 
1,(q,t)q,(t)3/s2(t) to be strongly time dependent from 
early times, indicating that dynamic scaling does not 
apply (eq 11). The apparent leveling of Im(t)qm(t)3/~2(t) 
at later times is merely a reflection of the very slow rate 
at  which the morphology changes. 

The key differences that emerge from the shapes of 
the scattering curves for samples above and below the 
gelation temperature, then, are first that changes in 
morphology, reflected by alterations of the shape of the 
scattering curve, continue to take place while the total 
interfacial area, as revealed by Porod's law, remains the 
same. Secondly, we need to explain the introduction of 
a progressively wider range of length scales in the 
domain size distribution as time progresses in the 
sample quenched below the gelation temperature as 
compared to the sample quenched above the gelation 
temperature. To explain the first effect, we assume that 
the domains of gelled gelatin are still able to move and 
can thus form aggregates without coalescence. The 
cause of the growth of the characteristic distance scale 
is thus the clustering of gelled gelatin domains. The 
idea of clustering of gelatin domains is supported by 
observations made in phase-separated solutions con- 
taining much more dextran than gelatin.26 In these 
systems, which at room temperature are basically 
suspensions of gelled spheres of gelatin in a dextran 
solution, the gelatin domains show a strong tendency 
to form clusters. 

To explain the appearance on gelation of a wide range 
of length scales, it is natural to consider the effect of 
cross-linking for an explanation. When the gelatin 
starts to gel, the system changes from a mixed solution 
of linear polymers into a network of gelatin chains in a 
solution of dextran. Binder et al.27 have developed a 
theory for the phase stability and separation kinetics 
of a linear polymer in a weakly cross-linked network of 
a different polymer which can account qualitatively for 
the observation made in the present system of a 

polymer, a network, and solvent. The effect on the free 
energy of mixing of a pair of polymers when one species 
is crosslinked is to replace the contribution from the 
translational entropy of this species by a term express- 
ing the elastic energy of its network. The effect of 
gelation is to increase the spinodal temperature and 
consequently as gelation proceeds, the system moves 
deeper into the subspinodal region of the phase diagram 
of mixing. This increase with time of the effective 
quench depth will lead the range of unstable fluctuation 
wavelengths to extend to higher q values and will result 
in increased scattering at  these q values. Conversely, 
the growth of intensity at  low q values will be hindered 
by the effect of network elasticity; the growth of large 
dextran-rich domains would cause a distortion of the 
network, with a consequent elastic penalty. In the limit 
of extremely fast cross-linking compared to the rate of 
phase separation, this effect leads to microphase sepa- 
ration, as observed in semi-interpenetrating networks.28 
Of course, in our case, the rates of gelation and phase 
separation are comparable, and thus considerable fur- 
ther theoretical work will be necessary before any 
quantitative comparisons can be made. 

Recently, excess high q scattering was also observed 
in the phase separation of the mixture gelatidwater1 
methanol.24 In that case another explanation was 
proposed; the high q scattering was ascribed directly to 
the cross-links between gelatin chains. Our system is 
different in that the gelatin does not separate from the 
solvent but from a cosolute; thus the gelatin always 
remains in a good solvent environment. Aqueous solu- 
tions of gelatin in 0.5 m NaC1, either gelled or not, do 
not give rise to the strong high q scattering observed in 
partly phase-separated aqueous dextradgelatin gels. 
Therefore the explanation of the scattering at high q in 
terms of concentration differences of dextran and gelatin 
therefore seems to be justified. 

5. Conclusions 
The evolution of the phase separation in a solution of 

dextran and gelatin after quenches into the biphasic 
region of the phase diagram above and below the 
gelation temperature of gelatin has been followed by 
static small-angle light scattering and phase contrast 
microscopy. In the early stages of phase separation, 
which are similar under both gelling and nongelling 
conditions, a peak appears in the scattering pattern as 
expected for a spinodal decomposition process. How- 
ever, at  no experimentally accessible time is the early, 
linear stage of spinodal decomposition observed. At 
later times the gelation starts to exert a considerable 
influence on the system morphology and the kinetics of 
the phase separation process. At temperatures where 
gelation occurs, the growth of the characteristic domain 
size closely follows a t1I3 dependence. This suggests 
growth by a diffusion mechanism. Above the gelation 
temperature a growth varying between and t1.2 is 
observed, which suggests that the coarsening process 
is affected and eventually dominated by hydrodynamics. 
The detailed growth behavior of the domains matches 
with both a failure of dynamic scaling of the structure 
function and a qualitative change in the morphology 
observed microscopically. The shape of the structure 
function of the inhomogeneities below and above the 
gelation temperature displays larger differences at 
longer times. 

Gelation tends to  slow the growth of the scattered 
intensity at  low q (near and lower than the position of 
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the maximum) while causing an increase in scattering 
at  high q when compared with nongelling solutions. This 
behavior, reflected in the failure of dynamic scaling and 
the absence of the usual q-4 Porod‘s power law depen- 
dence in the highest q range, is interpreted as the 
introduction by gelation of a range of distance scales 
smaller than the characteristic domain size. A tentative 
explanation is given in terms of the influence of cross- 
linking of gelatin on the phase diagram. It is suggested 
that, due to the cross-linking in the course of the phase 
separation, the system finds itself deeper in the spinodal 
region. This causes growth of concentration fluctuations 
of shorter wavelength. From the observation that below 
the gelation temperature the scattering peak associated 
with the characteristic domain size is still moving to 
lower q values whereas the amount of interface between 
the phases has become independent of time, it is 
concluded that gelled gelatin-rich regions retain suf- 
ficient freedom of motion to contribute to the coarsening 
of the morphology by aggregation without complete 
coalescence. 

A quantitative treatment of the scattering behavior 
of a system that gels and phase separates at  comparable 
rates is not possible at  present due to the lack of a 
comprehensive theory. Such a theory would have to 
involve the strong coupling between the gelation and 
the phase separation processes. The system described 
in the present work is far from the ideal “chemically 
quenched situation in which cross-linking is much 
faster than phase separation for which the theory of 
Binder and Frisch2’ was developed. The observed 
changes in the peak positions and intensities are 
probably a manifestation of this coupling. It suggests 
that the network which is formed can rearrange and 
continue to  phase separate in a way which would not 
be possible were the gelation to be instantaneous. This 
will influence the morphology of the network in the final 
gel. 
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