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Kinetics of Nucleation in a Dilute Polymer Solution 

Mitsuo Nakata and Kohichiro Kawate 
Department of Polymer Science, Faculty of Science, Hokkaido Unil'ersity, Sapporo 060, Japan 

(Received 10 December 1990) 

To determine the time evolution of the droplet size distribution in the nucleation process, we have 
made light-scattering measurements on supercooled dilute solutions of poly (methyl methacrylate) in 1-
chlorobutane, which showed extremely slow phase separation. The observed scattered intensities were 
analyzed by the Guinier plot and represented in a scaled form. The time evolution of the mean radius 
R(t), total density N(t), and droplet size distribution N(R ,t) of droplets of minority phase was given by 
the relations R(t}-l, N(t}-t0 6, and N(R,t> =N(r)h(R/R)/R, independent of quench depth and con
centration. 

PACS numbers: 64.60.Qb,61.25.Hq 

By visual observation on dilute solutions of poly (methyl 
methacrylate) (PMMA) with high molecular weight in 
I-chlorobutane (BuCn, we found that the transparency 
of the supercooled solutions decreased gradually and sud
den clouding marked as a cloud point was not observed. 
In some conditions the decrease of the transparency 
seemed to level off at a certain degree of clouding. Tak
ing advantage of the above peculiar behavior in the 
phase-separation process, we have carried out light
scattering measurements on the dilute solutions of 
PMMA to determine the time evolution of the droplet 
size distribution of minority phase in the nucleation pro
cess. 

Nucleation experiments on binary liquid mixtures have 
been performed by cloud-point measurements [t -4] and 
by using a microscope [5,61. Analyses of droplet size 
data based on a recent nucleation theory [5,7] suggested 
that the data were obtained at a later stage of nucleation. 
In this study the mean radius R(t) and total density N(t} 
of droplets as a function of time t were represented by 
R(t}-t and N«()-tO.6 at small t. The increase of N(t} 
with increasing t indicates a nucleation process at which 
droplet birth is predominant. The time evolution of ob
served scattering curves and droplet size distribution was 
found to obey a scaling relation as observed in the case of 
a spinodal decomposition process [8,91. 

The PMMA sample used has been characterized by 
M ... =2.44XI06 and M",IMn =1.20 [tol, where M", and 
Mn are the weight- and number-average molecular 
weight, respectively [Ill. BuCI was purified as described 
elsewhere [t 01. We have employed two dilute solutions 
of the PMMA in BuCI with the concentration C 
=1.45XI0- 3 glml (solution B) and 2.9IxI0- 3 (solu
tion E). 

Light-scattering measurements were made with a He
Ne laser (632.8 nm) as a light source. A large scattering 
cell of 14.0 mm i.d. was used to carry out the measure
ments in the angular range from 14° to 40° or 90° and to 
detect weak scattering from droplets at the beginning of 
phase separation. The scattering cell was immersed in a 
silicone oil bath controlled to within 0.01 K. 

To obtain the coexistence curve the phase-separation 
temperature was measured by lowering the temperature 

very slowly. For dilute solutions the phase-separation 
temperature was determined as the temperature at which 
forward-scattering intensity began to increase and for 
concentrated solutions as the temperature at which 
incident-beam intensity after passing through the solution 
began to decrease by strong scattering. The preparation 
of uniform solutions for C> 0.07 glml could hardly be 
made because of extremely high viscosity. For solutions 
Band E the phase-separation temperature was deter
mined as 31.86 and 33.25°C, respectively, by lowering 
the temperature about 0.02 K/h stepwise. The observed 
coexistence curve is given in Fig. I. The top of the curve 
gives the critical point as T,. =36.1 °c and Cc =0.034 
g/m\. The time evolution of the scattering curves was 
measured from the time when the scattering cell, which 
had been kept 0.1 K above the phase-separation tempera
ture, was immersed in the silicone oil bath. The measure
ment was performed at the quench depths oT -0. 10, 
0.30, and 0.50 K for solution B and at oT ==0.10 K for 
solution E, where oT is measured from the coexistence 
curve as indicated in Fig. I. The time delay due to 
thermal equilibrium attainment and incubation of nuclei 
was not usually noticeable. To correct for multiple 
scattering [t 21. the scattered intensity obtained relative 
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FIG. I. Coexistence curve of PMMA in BuCI obtained with 
observed phase-separation temperatures. Point E corresponds 
to solution E, which separates into two phases Q and R when 
quenched to P. Actual quench depth in scattering experiments 
was liT =0.1 0 K for the solution. For off-critical binary mix
tures the cloud point is usually located near 15T/!'.T", =0.2 [3]. 
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to the incident one was divided by the transmittance F of 
the solution, which was higher than 0.5 in the present 
study. Scattered intensity from droplets of minority 
phase was determined as the difference between the 
corrected intensity and the background intensity mea
sured at 0.1 K above the phase-separation temperature. 

For a system of spherical particles having a size distri
bution such that N(R)dR is the density of particles with 
radius in the range R to R+dR, the theoretical scattered 
intensity is given by 

where A is related to the optical constant of the system, k 
is the scattering vector [(4n/l..)sin(0/2)] in the medium, 
and h/2(kR) is the Bessel function of order t. Riseman 
has solved Eq. (}) for N(R) as [)3] 

N(R) =.J;/(2AR J) L"" k J/(k)4>(kR)dk , 
(2) 

4>(z) = (8/.Jz") [(2 - z 2)h/2(2z) - (3/2)zJ 1/2(2z)] . 

At small k Eq. (J) could be approximated for practical 
purposes as [14] 

I(k) =/oexp( -0.22Iii2k 2) , (3) 

where lois the scattered intensity at zero angle and R is a 
mean radius of the particles. 

In Fig. 2 observed time evolution of scattered intensity 
is depicted by the Guinier plot of 10gJ(k, t} vs k 2 for solu
tion B at oT =0.1 0 K. Curves a, b, c, and d, which were 
measured at time t =240 (1.00), 270 (1.00), 330 (0.99), 
and 390 min (0.98), respectively, demonstrate typical be
havior of observed scattering curves. Here, the values in 
the parentheses indicate the transmittance F of the solu
tion. Using Eq. (3) the mean radius R(t} and the zero
angle scattering intensity I(O,t> were determined with a 
least-squares method from the data points at lower an
gles. Being disturbed by stray light we could not deter
mine the radius of droplets smaller than 89 nm, which is 
about twice as large as the unperturbed radius 40 nm of 
the polymer coil [IOJ. 

To see the power laws R(r) -ata, 1(0,t} =bt fJ, and 
1(0,t} =-cRY, we made the corresponding double logarith-

o 1.0 2.0 
k 2 x 104 nm-2 

FIG. 2. Time evolution of the scattering curve by Guinier 
plot at quench depth O. 10K for solution B. Curves a, b, c, and 
d were obtained 240, 270, 330, and 390 min after quench, re
spectively. 

mic plots for the data of 1(0,t} and R(t}. These plots 
were found to be represented by a straight line at small t 
and the values of the exponents and standard deviations 
were determined by a least-squares method as given in 
Table I. Since a was close to unity, we made the plot of 
R (t) vs t in Fig. 3. Curves a, b, and c were for solution B 
at the quench depths oT =0.1 0, 0.30, and 0.50 K, respec
tively, and curve d is for solution E at oT =0. 10K. The 
upright and upset triangles for curve b show two different 
experimental runs carried out for the same solution. This 
is also the case for the open circles with and without bars 
for curve d. The arrows indicate the time at which the 
transmittance of the solution decreases to 0.90. After 
that time the data of R(t} and 1(0,t} could be just ap
parent ones because of the approximate correction for the 
multiple scattering. 

TABLE I. Parameters for the relations R(t) =at&, [(O,t)-t ll, and [(O,t) =CR7(t). a and c 
were determined for the fixed value a - I and r-6.6, respectively. 

Solution 
B E 

~T(K) 0.10 0.30 0.50 0.10 

a 1.02 ± 0.01 0.92±0.03 0.78 ±0.01 0.99 ± 0.02 
fJ 6.6±0.1 5.9±0.1 5.2±0.1 6.5±0.1 
r 6.5±0.1 6.4±0.2 6.7±0.1 6.6±0.1 
a (nm/min) 1.15 ±0.01 1.60±0.02 2.25 ±0.07 2.56±0.01 
cxlOlK 8.3 ±0.3 60±3 123±2 5.6±0.1 
ca O.6 x 10 18 9 80 200 10 
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FIG. 3. Mean radius i?(t> as a function of time t after 
quench. Curves a, h, and c were obtained for solution B at 
quench depths 0.10, 0.30, and 0.50 K, respectively, and curve d 
for solution E at 0.10 K. Arrows indicate the time at which 
transmittance of solutions reduced to 0.90. Points ~ and V for 
curve h, and 0 and 6 for curve d are due to different experimen
tal runs. 

Figures 4 and 5 show the double logarithmic plots of 
I(O,r) vs t and li<t} vs I(O,t}. respectively. where the 
symbols are the same as in Fig. 3. Curves band c in 
Figs. 3 and 4 show level-off behavior. which accompanied 
rapid slowdown in the decrease of transmittance F. The 
leveled-off systems became clear slowly from the top by 
the sedimentation of droplets indicating vanishing super
saturation. 

In Fig. 6 the scattering curves are replotted in a scaled 
form with the reduced quantities I(k .r)/I(O.r) and Rk. 
Data points 0 (0.10 K, 390 min. 0.98), 0 (0.10 K, 690 
min. 0.82). and I:::. (0.30 K. 240 min. 0.90) were obtained 
for solution B. and point 'V (0.10 K. 180 min. 1.00) was 
obtained for solution E. The values in parentheses indi-

2.0 
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go 
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2.0 2.5 3.0 
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FIG. 4. Log-log plots of zero-angle scattering [(O,t) vs time 
t. Symbols are the same as in Fig. 3. 
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FIG. 5. Log-log plots of mean radius R(t} vs zero-angle 
scattering [(O,t>. Symbols are the same as in Fig. 3. 

cate 8T, t, and F from the left. Data points o. 1:::.. and 'V 

show the same scattering behavior as described by the 
solid curve. Furthermore. the scaled scattering functions 
obtained for F> 0.90 obeyed the same behavior as the 
solid curve irrespective of time, quench depth, and con
centration. The different scattering behavior shown by 
data point 0 could be attributed to the effect of the multi
ple scattering. because the scattering functions obtained 
for F < 0.9 exhibited similar deviation from the solid 
curve. 

The unique behavior of the scaled scattering functions 

o 25 
Fi 2 k2 

50 

FIG. 6. Scaled scattering function by Guinier plot. Points D., 

0, and 0 were obtained 240, 390, and 690 min, after quench, re
spectively, for solution B, and V was obtained 180 min after 
quench for solution E. Quench depth is 0.30 K for point ~ and 
0.10 K for the others. 
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gives 

[(k,t) =[(O,t}p(x), 

where p(x) is a function of x=R(/)k independent of 
time. Substituting Eq. (4) into Eq. (2) and using [(O,t) 
=cRY, the time evolution of the distribution function 
N (R , r) can be written as 

N(R,r)=(.Ji/2AkRy- 7H(R/R), (S) 

H(R/R) ==(R/R)3 5000 x 3p(xN)(Rx/R)dx. (6) 

Equation (5) implies that N(R,r) depends on time I only 
through R(/). The total droplet density N(r) and the 
volume fraction p(r) of the minority phase are obtained 
from Eq. (S) by integration as N(r) -cR y - 6(r) and 
dr) -cRY- 3(r). Assuming a = I and r =6.6 at small I, 
we have N(r)-caO.6 /o.6 , which indicates a droplet birth 
process in nucleation. With the normalized function 
h(R/R) of H(R/R), Eq. (S) is rewritten as N(R,r) 
=N(/)h(R/R)/R, which has the same scaled form as the 
Lifshitz-Slyozov equation for a droplet growth process 
characterized by the relations N(/)-t -I and R(r)-I 1/3 

[ISJ. 
Langer and Schwartz [7] have derived rate equations 

for the phase-separation process near a critical point and 
predicted that N(r) at a droplet birth process in nu
cleation is extremely sensitive to the degree of supercool
ing 8T/l:iTcx with l:iTcx given in Fig. I. For example, an 
increase of only 0.02 in 8T/l:iTcx would produce a 102_ to 
10J-fold increase in N(r). In the present study the factor 
caM shows the dependence of N(r) on 8T/l:iTcx , which 
ranged from 0.024 to 0.118. For a = I and r =6.6, a, c, 
and caO.6 were obtained as in Table I. Compared with 
the above prediction, the variation of N(r) with 8T/l:iTcx 

is very smaIl. 
For supercooled solutions of polystyrene (PS) with 

M w = 2.99 X 105 in cyclohexane near the critical point, a 
decrease in droplet density was observed a few minutes 
after the quench and attributed to the coalescence of 
droplets. In terms of the scaled time 1" =I/Ic with 
le-!;2/D [71, the present solutions far off the critical 
point might be expected to undergo faster phase separa
tion than the PS solutions near the critical point. Here D 
is the diffusion constant and !; is the correlation length 
proportional to the critical radius of the droplet, and 
therefore, to the interfacial tension u. At present we can
not discuss the reason for the very slow phase separation, 

i.e., the large Ie of the PMMA system, for lack of data on 
u. However, it should be mentioned that the radius of 
the PMMA is comparable with the correlation length in 
the PS solutions. 

In phase equilibrium experiments on dilute solutions of 
PMMA we could not observe a clear interface between 
two coexisting phases for the molecular weight Mw 
=2.44 x 106, but could for the smaller molecular weight 
Mw ==2.68 x 105• This observation suggests that interfa
cial tension measurements will be feasible for solutions of 
PMMA with low molecular weight. Therefore, phase
separation experiments on the solutions could be com
pared with nucleation theories by using data on u to elu
cidate the very slow phase-separation process observed in 
this study. 

We wish to thank M. Tanisaka for the construction of 
the light-scattering apparatus. 
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