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The transition from a chain-collapse process to a chain-aggregation process was studied by static light
scattering on poly�methyl methacrylate� of the molecular weight mw=1.22�107 in the mixed solvent tert-butyl
alcohol+water �2.5 vol % �. The concentration c of the solutions ranged from 0.5 to 2.5�10−4 g/cm3 and the
measurement was carried out at appropriate time intervals up to the time t�h�=3250 after the quench to
35.0 °C which was a few degrees below the phase separation temperature. The molecular weight Mw and
mean-square radius of gyration �s2�z were estimated from each scattering curve determined at the finite con-
centrations. At the initial stage of 100 h, �s2�z decreased rapidly with the time t indicating the chain collapse,
while at the later stage of 3000 h, �s2�z increased very slowly indicating the chain aggregation. The chain-
collapse process and chain-aggregation process could be analyzed separately, though the two processes over-
lapped appreciably at the higher concentrations. The former process depended slightly on the concentration,
while the latter process showed the exponential growth of ln Mw�ct and ln�s2�z�ct. In the plot of ln�s2�z

versus ln Mw, the chain-collapse process was depicted by different lines depending on the concentration, while
the chain-aggregation process was described by a single straight line. The transition from the former to the
latter process occurred distinctly near 200 h after the quench irrespective of the concentration.
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I. INTRODUCTION

When a dilute polymer solution is quenched below the
phase-separation temperature, the chain collapse and chain
aggregation would occur competitively depending on the
polymer concentration. The chain-aggregation process be-
comes slow with decreasing concentration, while the chain
collapse process depends hardly on the concentration. Ac-
cordingly, at low concentrations, polymer chains would col-
lapse first and the collapsed chains would aggregate forming
clusters of various size. Thus, in a limited range of concen-
tration, a transition from a chain-collapse process to a chain-
aggregation process would be observed because of a succes-
sive occurrence of the processes. The degree of overlapping
of the processes would decrease with decreasing concentra-
tion. The above description of the chain behavior below the
phase separation temperature seems to be plausible and ex-
periments for chain collapse have been carried out at very
low concentrations. However, the transition from a chain-
collapse process to a chain-aggregation process has not been
measured as a function of the concentration. The purpose of
this study is to reveal the transition behavior by an experi-
ment on dilute solutions of poly�methyl methacrylate�
�PMMA� in the mixed solvent tert-butyl alcohol+water
�2.5 vol % �.

In previous studies �1–7�, we found that dilute solutions
of PMMA quenched below the phase-separation temperature
underwent very slow phase separation and remained trans-
parent for long time periods of hours to weeks depending on
the molecular weight, concentration and solvent species.
Taking advantage of this nature, static light scattering mea-
surements were carried out on the dilute solutions to reveal

the chain behavior far below the � temperature. In order to
obtain reliable data of static light scattering, the solutions
were set in the concentration range of 0.5�10−4 to 6
�10−4 g /cm3, and the measurements were carried out with
the scattering cell of 18 mm inside diameter. Thermal equili-
bration in the cell required a blank time of 30 min after the
quench. In the concentration range the chain collapse oc-
curred first and the aggregation of collapsed chains devel-
oped slowly. However, because of the blank time of the first
30 min after the quench, either chain-collapse process or
chain-aggregation process was measured in each experimen-
tal run: For PMMA of the molecular weight mw=12.2�106

in isoamyl acetate �1�, the chain collapse to equilibrium size
required long time periods of a few days, and the chain ag-
gregation did not seem to grow appreciably in an experimen-
tally accessible time. On the other hands, for PMMA of mw
=2.35�106 and 4.4�106 in isoamyl acetate �2,5�, the chain
collapse finished in the first 30 min after the quench, and
consequently only the chain-aggregation process was mea-
sured as a cluster formation of collapsed chains. For PMMA
of mw=1.57�106 in the mixed solvent tert-butyl alcohol
+water �2.5 vol % � �3,6�, the chain collapse was too fast to
be observed, and the aggregation of collapsed chains oc-
curred in an experimentally accessible time scale. For
PMMA of mw=12.2�106 in this mixed solvent �4�, the
chain-collapse process was observed for time periods from
days to weeks depending on the temperature, and the chain
aggregation appeared to be extremely slow.

For a solution of polystyrene with mw=8.12�106 in cy-
clohexane �8�, Chu et al. carried out an elaborate experiment
of dynamic light scattering. On account of the fast chain
aggregation in this solution, they used a very dilute solution
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of c=8.7�10−6 g /cm3 and a capillary-tube cell with a wall
thickness of 0.01 mm and a diameter of 5 mm to obtain
rapid thermal equilibration. The chain collapse seemed to
finish within about 10 min after the quench. The chain ag-
gregation was not appreciable during the time and began to
grow 12 min after the quench. Thus, the chain-collapse and
chain-aggregation processes of polystyrene in cyclohexane
occurred rapidly at a short time interval even at the very low
concentration, which made a precise study of the processes
difficult.

In this study, a successive occurrence of a chain-collapse
process and a chain-aggregation process was observed for
dilute solutions of PMMA with mw=1.22�107 by static light
scattering which was carried out for a time period of 3250 h
�19 weeks�. The chain-collapse process finished at the initial
stage of 200 h after the quench, while the chain aggregation
developed very slowly and became observable at the later
stage of 3000 h. The chain-collapse process and the chain-
aggregation process appeared to occur independently be-
cause of the very different time scales of the processes. In the
last part of Sec. IV, a brief discussion on the mechanism of
the slow chain aggregation was made in terms of the two
characteristic times of contact and interdiffusion �9–11�. The
rates of chain collapse and chain aggregation were conjec-
tured to have the same molecular weight dependence.

II. EXPERIMENTAL AND DATA ANALYSES

The light-scattering measurement was carried out on so-
lutions of a PMMA fraction in the mixed solvent tert-butyl
alcohol+water �2.5 vol % � after the quench to 35.0 °C from
the � temperature 41.5 °C. The scattering data were obtained
at an angular interval of 15° in the range from 30° to 150°
with unpolarized incident light at 435.8 nm of a mercury arc
as described elsewhere �4�. The PMMA fraction M21-F9
used in this study was characterized as the weight-average
molecular weight mw=1.22�107, the characteristic ratio
�s2�o /mw=6.7�10−18cm2 and the molecular weight distribu-
tion mw /mn�1.2 previously �4�. A stock solution was pre-
pared and diluted in scattering cells of 18 mm inside diam-
eter to the concentrations of c �10−4 g /cm3�=0.596, 1.247,
1.843, and 2.489. Each cell was sealed tightly by a Teflon
cap to prevent evaporation of the solvent and stored in a
glass tube partially filled with the solvent. The glass tube was
immersed in a water bath controlled at 41.5 °C. The light
scattering apparatus was equipped with an optical cylindrical
cell, which was filled with the solvent and controlled at
35.0 °C. Each scattering cell was transferred into the cylin-
drical cell from the glass tube, subjected to intensity mea-
surements 30 min later for thermal equilibration and backed
to another glass tube controlled at 35.0 °C. This measure-
ment was carried out for the four solutions successively and
repeated at appropriate time intervals for the time period of
19 weeks keeping the solutions at 35.0 °C. The refractive
index increment was estimated to be dn /dc=0.111 at
35.0 °C �4�.

The light scattering data were obtained as a function of
the scattering angle � and the concentration c. The scattered
intensity at an angle � was transformed to the excess Ray-

leigh ratio R� from polymer and analyzed by the scattering
equation �12�

�Kc/R��1/x = Mw
−1/x�1 + �1/3x��s2�zq

2 + �2/x�MwA2c	 �1�

with K= �2�2n2 /NA�4��dn /dc�2 and q= �4�n /��sin�� /2�,
where NA is Avogadro’s number, � is the wavelength of in-
cident light in a vacuum, and n is the refractive index of the
solution. Mw, �s2�z and A2 represent the weight-average mo-
lecular weight, z-average mean-square radius of gyration,
and the second virial coefficient for dilute polymer solutions,
respectively. The constant x should be chosen in such a way
as the plot of �Kc /R��1/x vs sin2�� /2� may be linear in a wide
angular range. In the present study, we used the value x
=1.5, which had been shown to be suitable to analyses of
light-scattering data for large molecular weight �4,12�.

Figure 1 gives a time evolution of scattered intensities by
using the Zimm plot due to Eq. �1� with x=1.5. The plots a,
b, and c were obtained at 2, 109, and 2329 h �14 weeks�
after the quench to 35.0 °C. In each plot, the points for an-
gular dependence are represented by parallel straight lines
and extrapolated to �=0 as indicated by the filled symbols,
which are described by the straight line and extrapolated to
c=0. The Zimm plots at 2 h, 109 and 2329 yield the molecu-
lar weight Mw�10−7=1.35, 1.41, and 2.24, the second virial
coefficient A2�105=−4.7 cm3mol/g2, −7.2, and −12.7, and
the mean-square radius of gyration �s2�z�10−3=2.34, 1.03,
and 1.17 nm2, respectively. In the process between 2 h and
109 after the quench, Mw increases slightly, while �s2�z de-
creases remarkably. This means a chain-collapse process.
The large value of Mw obtained at 2329 h can be attributed
to a chain aggregation, and consequently the Zimm plot c is
not significant for an analysis of the data, though the plot c is
similar to the plot b in appearance. A close inspection of the
plot c indicates that the slope of the plot of �Kc /R��1/1.5 vs
sin2�� /2� increases with increasing concentration. Thus, in
addition to the analysis by the Zimm plot, it is necessary to

FIG. 1. Time evolution of scattered intensities from poly�methyl
methacrylate� �PMMA� with mw=1.22�107 in the mixed solvent
tert-butyl alcohol+water �2.5 vol % � in a form of the Zimm plot
due to Eq. �1�. The plots �a�, �b�, and �c� were obtained 2, 109, and
2329 h after the quench from the � temperature 41.5 to 35.0 °C.
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estimate Mw and �s2�z from each scattering curve at the finite
concentrations in order to disclose the transition from the
chain-collapse to the chain-aggregation process.

Figure 2 shows the plot of �Kc /R��1/1.5 vs sin2�� /2� for
the solution at c=1.843�10−4 g /cm3 at the time 0.5, 2, 7,
29, 109, 313, 649, 1129, 1849, and 3250 h from the top to
the bottom. The straight lines were obtained by a least-
squares method for data points in the angular range from 30°
to 105° on account of the slightly curved character. The in-
tercept and slope of the straight lines were analyzed by using
Eq. �1� without the term due to A2 to estimate Mw and �s2�z.

The phase separation temperatures of the present solu-
tions were predicted to exist between 37.0 and 39.0 °C. Af-
ter the chain-collapse process finished, scattered intensities
from the solutions remained constant at 39.0 °C but in-
creased steadily at 37 °C. However, an accurate determina-
tion of the phase separation temperature was unfeasible be-
cause of the extremely slow phase separation. For solutions
of PMMA of the lower molecular weights mw�10−6=1.57,
2.84, and 4.0, the phase separation temperature has been
measured carefully �4�. These measurements made by chang-
ing mw support the above prediction for the present solutions.

III. TRANSITION FROM CHAIN-COLLAPSE PROCESS
TO CHAIN-AGGREGATION PROCESS

Figure 3 shows a time evolution of Mw by the plot of
ln Mw versus the time t �h�. The symbols of diamond, square,
triangle, and circle represent data of the solutions at
c�10−4 g /cm3�=0.596, 1.247, 1.843, and 2.489, respectively.
The crosses represent values extrapolated to c=0 by using
the Zimm plot. Since the extrapolated point at t=1849 h
yields a large molecular weight as Mw=1.93�107, the
analysis of single polymer chains by the Zimm plot is not
made properly. The straight lines are fitted to points in the
range from 385 to 1225 h. The slope of the line increases
with increasing concentration indicating a characteristic of

chain aggregation. A deviation from the straight line is seen
at the initial stage and at large ln Mw. Figure 4 shows a plot
of ln Mw versus t at small t in an enlarged scale with the
same symbols and the same straight lines as those in Fig. 3.
The deviation of the data points from the straight lines di-
minishes with decreasing concentration and vanishes at the
limit of c=0. This behavior of Mw could be attributed to the
data analysis by Eq. �1� without the term due to A2 and
would be an apparent one as seen later.

Figure 5 shows a semilogarithmic plot of �s2�z �nm2� ver-
sus the time t �h� with the same symbols as in Fig. 3. The
straight lines are fitted to data points in the range from
385 to 1225 h. Figure 6 shows the initial behavior in an en-
larged scale with the same symbols and the same lines as in

FIG. 2. Time evolution of scattered intensities from PMMA with
mw=1.22�107 in the mixed solvent at c=1.843�10−4 g/cm3 by
the plot due to Eq. �1�. The plots from the top to the bottom were
obtained 0.5, 2, 7, 29, 109, 313, 649, 1129, 1849, and 3250 h after
the quench to 35.0 °C.

FIG. 3. Time evolution of the molecular weight Mw of PMMA
in the mixed solvent tert-butyl alcohol+water �2.5 vol % � after the
quench to 35.0 °C. The plots of ln Mw versus the time t �h� were
obtained at the concentration c �10−4 g/cm3�=0 �cross�, 0.596 �dia-
mond�, 1.247 �square�, 1.843 �triangle�, and 2.489 �circle�. The val-
ues at c=0 were obtained by extrapolating scattered intensities to
c=0 by means of the Zimm plot. The straight lines were fitted to the
data in the range from 385 to 1225 h.

FIG. 4. Time evolution of ln Mw at small time t �h� in an en-
larged scale. The symbols and the straight lines are the same as
those in Fig. 3. The dotted lines give R� /Kc at �=0 estimated by
using Eq. �1� with the experimental values of Mw and A2 due to the
Zimm plot.
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Fig. 5. The plots in Figs. 5 and 6 reveal two different pro-
cesses distinctly. At the initial stage ln�s2�z decreases rapidly
with t due to chain collapse, while at the later stage ln�s2�z

increases linearly with t due to chain aggregation. This be-
havior at the later stage is in accord with the behavior of
ln Mw in Fig. 3. In Fig. 6 the chain-collapse process tends to
overlap with the chain-aggregation process at the higher con-
centrations, while at the lower concentrations the chain col-
lapse appears to finish before the chain aggregation becomes
perceptible. Since at the limit of c=0 the chain aggregation
would vanish, Mw should be constant and �s2�z should ap-
proach a constant value for single globules at large t. How-
ever, each straight line at c=0 in Figs. 3 and 5 has a slight
slope, which is attributed to the improper extrapolation to c
=0 from the high concentrations in the Zimm plot. Since the

chain collapse appears to finish rapidly in Fig. 6, the straight
lines fitted to the data points in the range from 385 to 1225 h
would represent the chain aggregation process accurately.

The analysis by the Zimm plot due to Eq. �1� gives the
second virial coefficient A2. Figure 7 shows the plot of A2
�cm3mol/g2� versus t �h�. A2 at the initial stage decreases
rapidly with t. At the later stage A2 decreases linearly with t
as shown by the straight line, which is fitted to data points in
the range from 157 h to 649. The rapid decrease of A2 at the
initial stage is caused by the chain collapse, because the in-
teraction between polymer chains would change with the
size of the chains. The steady decrease of A2 at the later stage
is ascribed to the chain aggregation.

Figure 8 shows the plot of ln�s2�z versus ln Mw with the
same symbols as in Fig. 3. The data extrapolated to c=0 are
omitted. The chain-collapse process behaves differently de-
pending on the concentration, while the chain-aggregation
process is represented by a single straight line irrespective of
the concentration. The data points for large clusters which
deviate from the straight lines in Figs. 3 and 5 also fall on the
single straight line. In Fig. 8 the transition from the chain
collapse to the chain aggregation appears to occur sharply

FIG. 5. Time evolution of the mean square radius of gyration
�s2�z �nm2� of PMMA in the mixed solvent after the quench to
35.0 °C. The plots of ln �s2�z versus the time t �h� were obtained at
the concentration c �10−4 g/cm3�=0 �cross�, 0.596 �diamond�,
1.247 �square�, 1.843 �triangle�, and 2.489 �circle�. The values at
c=0 were obtained by extrapolating scattered intensities to c=0 by
means of the Zimm plot. The straight lines were fitted to the data in
the range from 385 to 1225 h. The star on the ordinate indicates the
data obtained at the � temperature.

FIG. 6. Time evolution of ln�s2�z at small time t �h� in an en-
larged scale. The symbols and the straight lines are as in Fig. 5.

FIG. 7. Time evolution of the second virial coefficient
A2 cm3 mol/g2 estimated with the Zimm plot. The straight line is
fitted to the data point in the range of 157 to 649 h. The solid curve
is described by Eq. �7�.

FIG. 8. Double logarithmic plot of �s2�z versus Mw for PMMA
in the mixed solvent after the quench to 35.0 °C. The symbols of
the points are as in Fig. 3. Data points at c=0 is omitted. The star
indicates the data of single chains at the � temperature. The straight
line is fitted to data in the range of 313 to 3250 h.
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near points at the time t=241 h irrespective of the concen-
trations, though the points are not indicated explicitly. Cor-
respondingly, the data points in Figs. 4 and 6 come close to
the straight lines near t=241 h. The straight line in Fig. 8,
which is fitted to data points in the range t�300 h, gives the
relation �s2�z=AMw

2/D with D=2.67 and A=3.83�10−3.

IV. DISCUSSION

In previous studies �2,3,5,6�, the light scattering data for
chain aggregation were analyzed by the Guinier plot of
ln�R� /Kc� versus sin2�� /2� for spherical particles. The plot
for large clusters at a later stage was curved considerably and
the estimation of �s2�z was not made accurately. The plots in
Fig. 2 are well represented by the straight lines irrespective
of the state of polymer chains and therefore are useful to
estimate Mw and �s2�z for contracted chains, compact glob-
ules, and clusters of polymer chains in a consistent way.
However, the straight lines at the later stage in Fig. 2 do not
necessarily imply a similar structure for collapsed chains and
for chain clusters because of the increasing size distribution
of clusters with the time.

The straight lines in Figs. 3 and 5 can be expressed, re-
spectively, by

ln Mwa = ln Mwg + Gt , �2�

ln�s2�za = ln�s2�zg + Ht , �3�

where ln Mwg and ln�s2�zg are the intercepts at t=0, and G
and H are the slops of the plots. The suffix a of Mwa and
�s2�za is attached to denote chain aggregation. The param-
eters in Eqs. �2� and �3� were estimated from the straight
lines in Figs. 3 and 5, respectively, as listed in Table I. The
values of Mwg and �s2�zg at the finite concentrations would be
interpreted as due to dissociated equilibrium globules,
though the values are estimated from the data of chain-
aggregation process. Mwg and �s2�zg at c=0 would represent
the molecular weight and mean-square radius of gyration of
equilibrium single globules, respectively.

The chain-collapse process of single chains has been de-
scribed by a stretched exponential function �4,7�. The mean-
square radius of gyration �s2�zc in the chain-collapse process
at the finite concentrations shown in Fig. 6 would be also
expressed by the stretched exponential function as

�s2�zc = �s2�zg + ��s2�z� − �s2�zg�exp�− �t/�s��� , �4�

where � and �s are constant independent of the time t. �s2�z�

would be given by the unperturbed radius of gyration ob-
tained at the � temperature and independent of the concen-
tration. �s2�zc would depend on the concentration through
�s2�zg, �, and �s. The behavior of �s2�z shown in Fig. 5 could
be represented by combining Eqs. �3� and �4� as

�s2�z = �s2�za + ��s2�z� − �s2�zg�exp�− �t/�s��� . �5�

Since the first term on the right hand is given by Eq. �3�, the
parameters � and �s could be determined by the plot of
ln�ln���s2�z�− �s2�zg� / ��s2�z− �s2�za��	 versus ln t. The plots
were linear and the parameters were determined as shown in
Table I. According to this analysis, � and �s depend signifi-
cantly on the concentration. However, the dependence of the
chain-collapse process on the concentration is not so large as
affect the behavior of the Zimm plots in Fig. 1. Figure 9
exhibits the plot of �s2�z versus ln t with the same symbols as
in Fig. 5. Two data points at the last time 3250 h are beyond
the scale of the plot. The solid curves, which are described
by Eq. �5� with the values of the parameters in Table I, agree
with the data points reasonably. At the higher concentrations,
the chain-collapse process and chain-aggregation process ap-
pear to overlap with each other. The separation between the

TABLE I. Values of the parameters in Eqs. �2�, �3�, and �5�.

c
�10−4 g/cm3�

G
�10−4 h−1�

H
�10−4 h−1�

Mwg

�107 g/mol�
�s2�zg

�103 nm2� �
�s

�h�

0a 1.36 0.87 0.233 0.209

0.596 3.12 1.89 1.55 0.96 0.238 0.267

1.247 5.97 3.99 1.81 1.07 0.242 0.330

1.843 8.17 5.92 2.06 1.18 0.246 0.442

2.489 9.41 6.40 2.40 1.35 0.275 0.663

aObtained by extrapolating light scattering data to zero concentration on the Zimm diagram.

FIG. 9. Transition from chain collapse to chain aggregation by
the plot of �s2�z versus ln t with t in h. The symbols of the points are
as in Fig. 3. The solid lines are described by Eq. �5�.
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two processes becomes clear with decreasing concentration.
At the limit of c=0, �s2�z varies slightly between 918 and
930 nm2 in the wide range of 200 to 800 h. Thus, the flat
minimum corresponds to an asymptotic behavior of chain
collapse and indicates an equilibrium globule of �s2�z

=920 nm2, which can be compared with �s2�zg=870 nm2 at
c=0 in Table I and also with 970 nm2 obtained previously
�4�. The plots in Fig. 9 unveil the chain behavior below the
phase separation temperature and would legitimate the deter-
mination of the size of single globules by light scattering
measurements at the low concentrations �1,4,7�.

It is interesting to look into the relation between the ap-
parent behavior of Mw in Fig. 4 and the time dependence of
A2 in Fig. 7. The second virial coefficient A2c in the chain-
collapse process would be consist of the two part: one is
caused directly by the temperature change, and the other is
caused by the chain collapse and depend on the time. By
analogy with the behavior of �s2�zc, A2c was assumed to be
written as

A2c = A2g + �A20 − A2g�exp�− �t/�v�	� , �6�

where 	 and �v are constants independent of t. A2g is the
second virial coefficient for fully collapsed chains and A20 is
caused by the temperature change due to the sudden quench.
The behavior of A2 in Fig. 7 could be written as

A2 = B + �A20 − A2g�exp�− �t/�v�	� , �7�

where B would be given by the straight line in Fig. 7 and can
be written as B=A2g−bt. Since the present purpose is to
demonstrate a correlation between Mw and A2, we tentatively
assumed A20=0. With A2g=−7.1�10−5 and b=−6.7�10−8

estimated from the straight line, 	 and �v were determined by
the plot of ln�ln��A20−A2g� / �A2−B��	 versus ln t as 	
=0.239 and �v=1.38. The solid curve at small t in Fig. 7 was
depicted by Eq. �7� with these values. The behavior of Mw in
Fig. 4 was calculated as shown by the dotted lines by using
the relation Mw=R0 /Kc, where R0 /Kc was given by Eq. �1�
with the experimental values of A2 due to Eq. �7� and Mw at
c=0. The agreement between the dotted lines and the data
points indicates that the apparent behavior of Mw is caused
by the interaction between chains. Thus, the straight lines in
Figs. 3 and 4 represent the chain aggregation of fully col-
lapsed chains. In previous studies �2,3,5,6�, the apparent be-
havior of Mw was not observed because of the fast chain
collapse: The measurements for chain aggregation were car-
ried out after a completion of chain collapse.

The stars in Fig. 8 and on the ordinate in Fig. 5 represent
the data of the unperturbed radius of gyration �s2�z�=8.2
�103 nm2 and mw=1.22�107 obtained at � temperature. It
is seen that this radius is larger than those of clusters in the
chain-aggregation process. The last measurement at t
=3250 h gives Mw=4.1�107 and �s2�z=1.92�103 nm2 at
c=0.596�10−4 g /cm3, and Mw=3.2�108 and �s2�z=8.9
�103 nm2 at c=2.489�10−4 g /cm3. The latter �s2�z is com-
parable with �s2�z�, and Mw is about 30 times of mw for single
chains. The former �s2�z is about a quarter of �s2�z� and Mw is
only three times of mw, that is, trimers are formed on average
even at t=3250 h. The transition from chain collapse to

chain aggregation shown in Fig. 8 is found to occur in a very
narrow range of Mw by taking the values of ln Mw=16.3 for
monomer and 17.0 for dimer into account. This means that
the phase separation would occur by forming clusters of vari-
ous size as dimer, trimer, and so on without a critical
nucleus. This kind of phase separation has been predicted to
occur below the coil-globule transition temperature, where
the concentration in a single globule is comparable with that
of the concentrated phase and each globule may act as a
critical nucleus �13�. It should be mentioned that the points
given by Mwg and �s2�zg in Table I were located in close
vicinity to the straight line in Fig. 8. Accordingly, the single
globules would have characteristics similar to those of clus-
ters in the chain-aggregation process. Furthermore, it was
predicted that above the coil-globule transition temperature a
small cluster of which the number of chains is less than ten
may have a size smaller than that of a single chain at the
same temperature �13,14�. The behavior of the plots in Figs.
8 and 9 does not indicate an existence of clusters of smaller
sizes than that of the single globule. For the present system
the coil-globule transition temperature Tcg has been esti-
mated as �1−� /Tcg�mw

1/2=39.2 �4�, which gives Tcg

=39.6 °C for mw=1.22�107. Thus, the result of the present
experiment carried out at 35 °C is not incompatible with the
theoretical prediction.

In previous studies, the chain aggregation process below
the coil-globule transition temperature was investigated for
PMMA of mw=1.57�106 in tert-butyl alcohol+water
�2.5 vol % � �3,6� and PMMA of mw=2.35�106 and 4.4
�106 in isoamyl acetate �2,5�. The chain collapse in the
solutions finished in the blank time of the first 30 min after
the quench, and both Mw and �s2�z were observed to increase
from the values of dissociated single globules. Thus, the
phase separation occurred without forming a critical nucleus.
The logarithmic plot of Mw versus �s2�z for the chain-
aggregation process yielded a single straight line. For
PMMA of mw=1.57�106 in the mixed solvent, the exponent
D in �s2�z�Mw

2/D has been estimated as 2.53 at 25.0 °C and
2.66 at 30.0 °C �3�, which are comparable with the present
one for mw=1.22�107. The behavior of the chain-
aggregation process in the mixed solvent does not seem to
change markedly with the molecular weight, though the rate
of the process depends largely on the molecular weight.

In Fig. 10, the coefficients G in Eq. �2� and H in Eq. �3�
are plotted against the concentration c. Both the plots of G
�circles� and H �triangles� are represented by the straight
lines passing through the origin except for the points at the
highest concentration. It is not certain whether this deviation
is due to a solution condition or genuine characteristics at
higher concentrations. According to our experience, chain-
aggregation behavior of a dilute polymer solution was some-
times affected by a subtle change of the solution condition
caused in the preparation process. In Fig. 10, at least at the
low concentration the coefficients G and H can be put as

G = gc , �8�

H = hc , �9�
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where g and h represent the specific rates of chain aggrega-
tion. The plots in Fig. 10 give g=4.59 �cm3/gh� and h
=3.20. These values are not independent of each other be-
cause of the relation g /h=D /2 due to �s2�z=AMw

2/D.
In previous studies, the values of g and h were determined

for PMMA in the mixed solvent as g=2.09�103 �cm3/gh�
and h=1.50�103 for mw=1.57�106 at 33.0 °C �6�, and for
PMMA in isoamyl acetate as g=3.13�103 �cm3/gh� and h
=2.15�103 for mw=2.35�106 at 25.0 °C �2�, and as g
=7.0�102 �cm3/gh� and h=4.5�102 for mw=4.4�106 at
30.0 °C �5�. The values of g and h obtained in the present
study are much smaller than these values obtained in the
previous studies. At present the specific rate appears to de-
pend on the solvent unexpectedly and cannot be correlated to
characteristics of the solvent. On the other hand, it is pos-
sible to see the molecular weight dependence of the specific
rate. The dependence was assumed as g�mw

−
. Then, the
above experimental values of the specific rates for PMMA in
the mixed solvent and in isoamyl acetate give 
=3.0 and
2.4, respectively. The values of 
 estimated from g and h
agreed with each other within an experimental error. The rate
of chain aggregation has been found to depend on tempera-
ture considerably �3�. The molecular weight difference
should be large in order to determine 
 accurately. Thus, the
value of 
=3.0 in the mixed solvent seems to be more reli-
able than that in isoamyl acetate.

The slow growths of Mw and �s2�z and the exponential
relations of Eqs. �2� and �3� are characteristics of the reaction
limited cluster aggregation �RLCA� �15�. As for the Smolu-
chowski equation �16�, RLCA is described with the collision
kernel Kij =B�i+ j� for a collision of i-mer and j-mer with B
being a constant, and the characteristic time is derived as
�sr=m /2Bc with m being the molecular weight of monomer
�5�. Equations �2� and �8� give the characteristic time �exp
=1/gc and suggest the molecular weight dependence of B
�m1−
. The Smoluchowski equation for RLCA could be
used to estimate a time evolution of the cluster size distribu-
tion from the observed chain aggregation process �5,6�.

However, the phenomenological analysis is not concerned
with the mechanism of RLCA. A different point of view is
necessary to inquire the mechanism. In RLCA only a small
fraction of collisions between two clusters yields a coales-
cence of the clusters. When chains can migrate between two
clusters by diffusion during a contact, a coalescence of the
clusters could occur. This idea can be represented with the
two characteristic times, that is, the chain diffusion time �r
and contact time �c �9,10�. For �r /�c�1 chains could hardly
bridge two clusters during a contact and the aggregation
would occur due to RLCA. For �r /�c�1 the aggregation
would be due to the diffusion limited cluster aggregation
�DLCA�, because each collision of two clusters would give
rise to a coalescence of them. The Smoluchowski equation
was derived originally for DLCA and gave the characteristic
time �sd=3
m /4NAkTc, where k is the Boltzmann constant
and 
 is the viscosity of the solvent �16�. For the present
solution at c=2.5�10−4 g /cm3, �sd can be estimated to be
10−2 s, which is several orders of magnitude smaller than the
experimental time scale.

Tanaka observed an anomalous phase separation for poly-
�vinyl methyl ether� in water �9�. In a restricted region of
concentration and temperature, small droplets were observed
to move around vigorously by phase-contrast microscopy.
The droplets did not undergo coalescence and seemed to be
stable. In order to explain this phenomenon he calculated �r
and �c roughly and showed that �r is several orders of mag-
nitude longer than �c. The estimation of �r was made with a
reptation time a2N3�3/2 /D1 for a polymer in a dense polymer
matrix �17�, and an upper limit of �c was estimated by
r0

2 /DR due to Brownian motion of droplet with radius R,
where a is the length of a chain segment, N is the number of
segment in a chain, � is the volume fraction of polymer in a
droplet, D1 and DR are the diffusion constants of a segment
and a droplet, respectively, and r0 is the range of interaction.
The large value obtained for �r /�c was compatible with the
observed stable droplet. The estimation of �r /�c could be
also made for the present chain aggregation process. Both
the interaction range and the radius of a cluster were as-
sumed to be equal to �s2�z

1/2, i.e., r0=R= �s2�z
1/2, though r0

appeared to be much smaller than R. This assumption yields
�c=9�10−5p1.12 �s� with the relation �s2�z=AMw

2/D and the
average number of chains p=Mw /1.22�107 in a cluster. The
volume fraction of polymer in a cluster is expressed as �
=0.086p−0.12 and �r is obtained as �r=5�104p−0.19 �s� for
N=1.22�105 and a=0.61 nm �2�. Thus, �r /�c is roughly 108

for p=1 and 106 for p=30. In the case of �r /�c�1 the ag-
gregation behavior may be dominated by �r. It is interesting
to observe that �r given above depends on the molecular
weight m of polymer as �m3, which is compatible with the
observed rate of chain aggregation of g�mw

−
 with 
=3.0.
However, it should be noticed that the above expression of �r
is derived for reptation of a polymer chain in a dense poly-
mer matrix, while the present clusters contains a small num-
ber of chains; g was estimated in the range ln Mw�18 which
corresponds to p�6. Chuang et al. argued a RLCA of poly-
mer chains in a different way �11�. They demonstrated an
existence of an entanglement force acting between two ap-
proaching polymer globules in poor solvent by a molecular

FIG. 10. Rates G�h−1� and H�h−1� of chain aggregation as a
function of the concentration c. The circles and triangles are for G
and H due to Mw and �s2�z, respectively. The straight lines give g
=4.59 �cm3/gh� and h=3.20 in Eqs. �8� and �9�, respectively.
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dynamic simulation. This force was shown to be strong
enough to slow down the aggregation of polymer globules
indicating �r /�c�1. This argument for two approaching
polymer globules is suggestive to the present slow formation
of small clusters, though the molecular weight dependence of
the force is not investigated.

Theoretical studies on the kinetics of chain collapse were
carried out with a phenomenological model and proposed a
two-stage collapse process �18,19�. At the first stage polymer
chains collapse to crumpled globules in a self-similar man-
ner, and at the second stage the crumpled globules contract to
equilibrium globules by a reptationlike motion. The charac-
teristic times of chain collapse at the first and second stages
were predicted to depend on the molecular weight as m2 and
m3, respectively. It has been argued that the characteristic
times due to the theories are by several orders of magnitude
smaller than experimental time scales of chain collapse of
PMMA and polystyrene �1,8�. On the other hand, according
to our recent experimental study on PMMA solutions �20�,
the characteristic time of chain collapse depends on the mo-
lecular weight as m3, which is in accord with the theoretical
prediction at the second stage. It should be noticed that this

molecular weight dependence is the same as that of chain
aggregation.

As mentioned in Sec. I, it is seen for PMMA solutions
that the chain-collapse process finishes before the chain-
aggregation process becomes noticeable. This phenomenon
was observed irrespective of the molecular weight, which
could be explained by the characteristic times of the pro-
cesses having the same molecular weight dependence. In the
present study on the PMMA solution with m=1.22�107, a
successive occurrence of the chain-collapse and chain-
aggregation processes was measured by an experiment car-
ried out for a long time period of 19 weeks. The transition
from the former to the latter process was represented by a
superposition of the two processes, though the overlapping
of the processes became noticeable at higher concentrations.
In view of the same molecular weight dependences of the
characteristic times of m3, the transition behavior in a solu-
tion of a different molecular weight would occur similarly in
a different time scale. Because of the rapid change of the
characteristic times with the molecular weight, a measure-
ment of the transition could be permitted for the solution of
a molecular weight in a restricted range.
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