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ABSTRACT: To study a chain aggregation process, dilute solutions of poly(methyl methacrylate) in the
mixed solvent tert-butyl alcohol + water (2.5 vol %) with the molecular weight m = 1.57 x 108 were
quenched to below the phase-separation temperature and scattered intensities were measured. The light-
scattering measurement was carried out in the concentration range from 1.5 x 10* to 5.6 x 107 g/cm?®
for a time period of several hours. By using the Guinier plot, the weight-average molecular weight (M,
and z-average square radius [R?[] of clusters of polymer chains were determined as a function of time t
(min) and concentration ¢ (g/cm3). The chain aggregation process exhibited an exponential growth of the
reduced form ML, = M(0) exp(gct) with g = 34.8 cm3/(g min), where M(0) is the value extrapolated to t
= 0. A double-logarithmic plot of ML}, vs [R?(/? yielded a slightly curved line at small ML, and approached
the relation IM[), ~ [R?;?2. These characteristics of the observed chain aggregation process were consistent
with the Smoluchowski equation with the collision kernel (i + j) for i-mer and j-mer, and the relation Ry
~ (mk)'? between the radius R and the molecular weight mk for k-mer was deduced from an analysis of
the experimental data based on the Smoluchowski equation. The chain aggregation process observed for
a long time period was not explained by a diffusion-limited aggregation mechanism but was explained

by a reaction-limited one.

I. Introduction

Phase-separation processes in dilute polymer solu-
tions may be studied precisely by static light-scattering
experiments. Since the molecular weight and size of a
single polymer chain are large enough to be determined
by light scattering, the phase-separation process could
be measured from the very initial stage at which
clusters of a few polymer chains start to be formed.
However, the chain aggregation process can be charac-
terized by the time evolution of the cluster size distribu-
tion and the cluster structure, while the light-scattering
experiment gives the time evolution of the weight-
average molecular weight IM[}, and the z-average mean-
square radius [R2[] of clusters of polymer chains.
Therefore, to reveal the cluster aggregation process, the
experimental data of IM[, and [R2[J should be analyzed
by a relevant theoretical prediction.

Phase-separation process depends strongly on a spe-
cific nature of polymer segment and solvent as well as
the polymer concentration and molecular weight. For
example, the phase separation occurs rapidly for poly-
styrene in cyclohexane! and very slowly for poly(N-
isopropylacrylamide) in water.?2 We found that dilute
solutions of poly(methyl methacrylate) (PMMA) under-
went very slow phase separation, which allowed us to
study the phase-separation process and also the chain
collapse process by static light-scattering experiments.3~7
The slow chain collapse is a parallel phenomenon to the
slow phase separation because of a common aggregation
mechanism specific to the nature of polymer segment
and solvent.

In the previous studies,*® we observed phase-separa-
tion processes for the dilute solutions of PMMA in
isoamy| acetate with the molecular weight m x 1076 =
2.35 and 4.4 at 25.0 and 30.0 °C, respectively. The
processes were measured for a time period of several
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hours or more after quench of the solutions and, ML},
and [R2(3 of clusters of polymer chains were determined
as a function of the time t and concentration c. Each
plot of In{ML/M(0)} and In{[R2[}/R?(0)} vs ct was
represented by a straight line for both the processes,
where M(0) and R2(0) were the values extrapolated to t
= 0. The experimental relation between ML, and [R2[j
was represented by R?[J ~ IM[}?P» with D, = 2.86 +
0.03 for m = 2.35 x 106 and 3.06 & 0.02 for m = 4.4 x
108. The slow exponential growth of the clusters cannot
be attributed to a diffusion-limited cluster aggregation
(DLCA) but to a reaction-limited cluster aggregation
(RLCA).8 The behavior of IM[}, was in agreement with
the Smoluchowski equation with the collision kernel i
+ j for i-mer and j-mer.%19 Thus, the equation was used
to analyze the behavior of [R2[j and observed scattering
function. The obtained relation between IM[}, and [R2[
was explained in terms of the cluster size distribution
and the size dependence of the cluster structure. With
increasing cluster size, the polymer segment density
increased rapidly for small size clusters and approached
a constant value for large clusters.

Recently,® we studied phase-separation processes for
dilute solutions of PMMA in the mixed solvent tert-butyl
alcohol + water at 2.5 vol % of water to reveal the effect
of solvent nature on the chain aggregation process. Both
tert-butyl alcohol and water are nonsolvents for the
polymer, but an addition of small amount of water to
the alcohol makes the mixture a good solvent for the
polymer.1! Thus, the mixed solvent may be very differ-
ent from the single solvent isoamyl acetate in interac-
tion with PMMA. The ®-temperature of the solution of
PMMA in the mixed solvent has been determined to be
41.5 °C.7 In the study of the aggregation in the mixed
solvent, dilute solutions for the molecular weight m =
1.57 x 10% were quenched to 25.0 and 30.0 °C below
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the phase-separation temperature. In the first 30 min
after the quench, the polymer chains collapsed to
equilibrium globules and scattered intensities were
measured for a time period from hours to days to
determine ML}, and [R2[J. At each temperature, both the
plots of INML, and In[R2[7 vs time t yielded curved lines.
The initial slopes of the lines were proportional to the
concentration c. Thus, the reduced relations of IML}/M(0)
= exp(gct) and R2/R?(0) = exp(hct) were obtained only
at small ct. The observed very slow growth of clusters
demonstrated a reaction-limited cluster aggregation of
polymer chains as in the case of PMMA in isoamyl
acetate. However, since the curved lines of IN[M[} vs
time t could not be compared with the Smoluchowski
equation, the cluster size distribution and cluster
structure could not be deduced from the observed
average values of IM[}, and [R?[J. A close inspection of
the chain aggregation processes at 25.0 and at 30.0 °C
suggested that the exponential growth of (ML, and [R23
could occur at slightly higher temperatures.

In this study, we measured the chain aggregation
process of PMMA with m = 1.57 x 108 in the mixed
solvent tert-butyl alcohol + water(2.5 vol %) at 33.0 °C
to reveal the cluster size distribution and cluster
structure. The data of ML, and [R?{ obtained for
clusters of polymer chains were represented as a func-
tion of ct, and ML, exhibited the exponential growth in
the whole experimental time region. Thus, the Smolu-
chowski equation with the collision kernel i + j was used
to analyze the experimental data. As predicted from the
Smoluchowski equation,'212 the asymptotic relation
ML), ~ [R2¥2 was obtained at large ct, where the
cluster size distribution was very wide such as IM[}/
ML} > 5 with OM[ being the number-average molecular
weight of clusters. The chain aggregation process in the
mixed solvent was essentially the same as that in
isoamyl acetate irrespective of different nature of the
solvents.

Il. Experiment and Data Analysis

The PMMA sample M19-F6 used in the present study is the
same as that in previous studies®’ and has the weight-average
molecular weight m,, = 1.57 x 10¢ and characteristic ratio [$2[/
my = 6.1 x 107 nm? mol/g, which gives a measure for the
molecular weight distribution as my/m, = 1.17.** The tert-buty!
alcohol was fractionally distilled immediately before use. The
water was purified by a standard method.

The present study was performed with the mixed solvent
tert-butyl alcohol(1) + water(2) at the volume fraction u, =
0.025. The mixed solvent behaves as a single solvent in light-
scattering measurements because of the vanishing derivative
dno/du, of the refractive index n, near u, = 0.025.*5 The
refractive index increment dn/dc(cm?3/g) for the polymer solu-
tion at u, = 0.025 was measured to be 0.1113 at 35.0 °C, 0.1169
at 50.0, and 0.1220 at 65.0. These values give the temperature
t (°C) dependence of dn/dc = 0.0986 + 3.6 x 107* t, which
agrees with the previous relation within an error of 1% in the
range from 20 to 55 °C.1°

The static light-scattering measurements were carried out
at angular intervals of 15° in the range from 30 to 150° with
unpolarized incident light at 435.8 nm of a mercury arc. For
the measurements, four solutions at the concentrations ¢ (10~*
glcm®) = 1.482, 2.773, 4.134, and 5.560 at 33.0 °C were
prepared in each optical cell of 18 mm i.d. and 1 mm wall
thickness. The solutions were filtered twice through a Sarto-
rius membrane filter (SM 116, 0.45 um) for optical clarification
and stored in the dark at the ®-temperature under saturated
vapor of the mixed solvent. The solutions were quenched to
33.0 °C from the ®-temperature, and measurements of scat-
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tered intensities were started 30 min after the quench on
account of the thermal equilibration. During the measure-
ments the solutions were transparent by eye and the multiple
scattering effect was negligibly small.

Light-scattering data obtained at an angle 6 were analyzed
in the form of the excess Rayleigh ratio R, estimated as the
difference between scattered intensities from solution and
solvent. For a dilute solution under the ®-condition, Ry can
be related to the molecular weight m and the scattering
function P¢(q) for a single polymer chain by?¢

R,/Kc = mP(q) (1)

where K and the argument q are defined by K = (272n,2/Nal%)-
(dn/dc)?> and q = (4zn/A) sin(6/2). Here, Na is Avogadro's
number, 1 is the wavelength of incident light in a vacuum,
and n is the refractive index of the solution. In eq 1, the
polymer is assumed tacitly to be monodisperse. We will
hereafter use m for the molecular weight of a polymer and M
for the molecular weight of a cluster of polymers.

In an aggregation process of polymer chains, the concentra-
tion c of total polymer is constant and expressed as the sum c
= YkCk, Where ¢y is the concentration of the k-mer and c; is
that of monomer k = 1 (single polymer chain). The optical
constant K is unchanged in the process; dn/dc becomes
independent of the molecular weight for m > 10* and the
molecular weight can be estimated correctly for PMMA in a
coil state and in a globule state with the same value of dn/dc.”
Accordingly, Ry is given by the sum }KckMPk(q) with the
molecular weight M (=km) and scattering function P«(q) for
k-mer, and is expressed as

Ry/Ke = IM{P(q) @

with

M, = Z Mka/Z Cy (3)

and
Py = Z Pk<q)Mkck/Z MGy (4)

Here, ML, and [P(g)[J are the weight-average molecular weight
and z-average scattering function for clusters. For spherical
particles, eq 2 can be expressed by the approximate form?’

In(R,/Kc) = InIM[J, — (1/5)[R°[)q? (5)

where [R?[] is the z-average square radius of clusters. To
determine ML}, and [R?[J of clusters, light-scattering data were
analyzed by the Guinier plot based on eq 5.

I11. Experimental Results

Figure 1 shows the time evolution of scattered inten-
sities from the solution at ¢ = 4.134 x 10~* g/lcm? by
the Guinier plot due to eq 5. The plots from the bottom
to the top were obtained at 30, 60, 90, 120, 150, 180,
210, 240, and 270 min after quench to 33.0 °C. The solid
lines describe the behavior of data points. On the basis
of eq 5, IM[, (g/mol) and [R2[} (nm?) at each time were
estimated from the intercept and the initial slope of the
line, respectively. Light-scattering data at other con-
centrations behaved similarly and were analyzed in the
same way. Figures 2 and 3 show the semilogarithmic
plots of IM[, and [R?[3 vs the time t (min) for solutions
at ¢ (1074 g/cm3) = 1.482 (O), 2.773 (»), 4.134 (O), and
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Figure 1. Time evolution of scattered intensities by the
Guinier plot of In(Re/Kc) vs sin?(6/2) at c = 4.134 x 10~* g/cm?
for PMMA in the mixed solvent tert-butyl alcohol + water (2.5
vol %) with m = 1.57 x 108. Curves from the bottom were
obtained 30, 60, 90, 120, 150, 180, 210, 240, and 270 min after
guench to 33.0 °C.
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Figure 2. Semilogarithmic plot of weight-average molecular
weight ML, (9/mol) of clusters vs time t (min) after quench to

33.0 °C. Data points were obtained at ¢ (10™“g/cm?®) = 1.482
(0), 2.773 (»), 4.134 (O), and 5.560 (x).

5.560 (x), respectively. These plots appear to be repre-
sented by straight lines with the relations

In IM[J, = In M(0) + Gt (6)
In R[] = In R%(0) + Ht (1)

where M(0) and R?(0) are the values extrapolated to t
= 0. Table 1 gives the values of M(0), R%(0), G, and H
estimated from the straight lines in Figures 2 and 3.
The data points at the lowest concentration ¢ = 1.482
x 1074 g/lcm3 deviate considerably from the straight line
at small t. This trend is also observed slightly in the
plots at c = 2.773 x 1074 g/cm?.

Figure 4 shows the plots of G and H against c. The
data points fit to the straight line passing through the
origin. This means that each of the reduced plots of In-
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Figure 3. Semilogarithmic plot of z-average mean-square

radius R2[J (nm?) of clusters vs time t (min) after quench to
33.0 °C. Symbols of data points are the same as in Figure 2.
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Figure 4. Slope G for the plot of InNIM[} vs t and slope H for
In IR2[7 vs t as a function of the concentration ¢ for the chain
aggregation processes at 33.0 °C.

Table 1. Concentration Dependence of the Parameters
M(0) and G in Eq 6, and R2(0) and H in Eq 7

c(107* M(0) (10° G (1073 R20) H (1073 R(0)/M¥3(0)
glcm3)  g/mol) min~Y) (102nm?) min1) (nm mol3/gl3)

1.482 0.74 5.14 2.36 3.71 0.170
2.773 1.55 9.69 3.35 7.44 0.158
4.134 1.80 15.8 3.94 11.3 0.163
5.560 2.19 215 4.87 14.7 0.170

{IM/M(0)} and In{[R2[}/R2(0)} vs ct should give a
straight line. Figure 5 shows the reduced plots for ML,
and [R2[] by open circles and triangles, respectively. As
indicated by Figure 4, data points at different concen-
trations are fitted to the straight lines. The data points
deviated from the straight lines in Figures 2 and 3 are
omitted. Thus, the observed chain aggregation process
seems to be expressed by the relations

[MLJ/M(0) = exp(gct), 8)
R’[JR?(0) = exp(hct), ©)
where the coefficients g and h were estimated as g =

34.8 cm®/(g min) and h = 25.0 cm3/(g min) from the
straight lines in Figure 5.
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Figure 5. Reduced plots of In{IML[}/M(0)} (circles) and In-
{R?/R?(0)} (triangles) vs ct at various concentrations and
times after quench to 33.0 °C. From the plots the coefficients
in egs 8 and 9 were estimated to be g = 34.8 cm3/(g min) and
h = 25.0 cm®/(g min).

19t °

In <M>,

161

3 3.5 4 4.5 5
2_ 12

In <R">,
Figure 6. Double-logarithmic plot of IML, vs [R2G'2 for data
at various concentrations and times after quench to 33.0 °C.
The four thin lines are calculated with eqs 14, 16 with A =
0.140 and 18 with B/m (=g/2) = 17.4 cm®(g min) at the
experimental concentrations.

14

Figure 6 shows the plot of INDML, vs INIR2[3*2 for the
data at the four concentrations. The points deviated
from the straight lines in Figures 2 and 3 are also
plotted indistinguishably. The data points at the dif-
ferent concentrations construct a slightly curved com-
posite line. The curvature is clearly observed by seeing
the plot in the direction of an array of the points.
Equations 8 and 9 predict a composite but straight line
for the plot. This discrepancy will be discussed with the
conclusion that eq 9 is an approximate expression for
[R?[1 on the basis of the Smoluchowski equation. In
Figure 6, the plot at large [R2[] appears to be expressed
by the power law

[Rzgl/z — ApEM;lll/Dp (10)

with Dp = 3.

Figure 7 shows the plot of (P(q)Z (=Ry/KcIML,) vs
[R2[Jg? for data obtained at different concentrations and
times (c, 10~%g/cm3; t, min) as O (1.482, 1020), A (2.773,
450), 0 (4.134, 270), and x (5.560, 210). The data points
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Figure 7. Guinier plot of the scattering function [P(q)3
against [R2[Jg%. Data points were obtained at different con-
centrations and times (c, 10~4g/cm?; t, min) as O (1.482, 1020),
A (2.773, 450), O (4.134, 270), and x (5.560, 210). Line a was
calculated at the same values of ¢c and t as the data points by
using eqgs 4, 15, 18, and 21. Line b is for monodisperse spheres.
The straight line ¢ has an initial slope of /5 for spheres.

appear to fall on a single composite line in the whole
experimental range of (R?(3g2.

We carried out measurements of the dissociation of
polymer clusters of large size. For this purpose a sudden
temperature rise from 33.0 to 41.5 °C was given to the
solutions at ¢ (10~4g/cm®) = 1.482, 2.773, 4.134, and
5.560, when the measurements of the cluster aggrega-
tion process for the time periods of 1020, 450, 270, and
210 min had been completed, respectively. At these last
stages the average size of the clusters reached IM[, ~
1.5 x 108 g/mol and R2¥2 ~ 100 nm. At 30 min after
the temperature rise, scattered intensities were mea-
sured and analyzed by the usual Zimm plot as shown
in Figure 8. From the plot we obtained m = 1.50 x 10°
and the characteristic ratio [$2/m = 5.8 x 10~* nm? mol/
g, which demonstrated that the clusters dissociated
thoroughly within 30 min after the temperature rise.

1V. Analysis with the Smoluchowski Equation

Smoluchowski formulated aggregation Kkinetics in
terms of cluster—cluster collisions.® The k-mer can be
formed by a collision of i-mer and j-mer (k =i + j) and
converted into a larger size cluster by collisions with
other clusters. By assuming a random distribution of
clusters in a solution, the time evolution of the number
Nk(t) of k-mer (k =1, 2, ...) in unit volume was derived
with the collision kernel Kjj in the form

dN/dt = (1/2) KiNiN; — N, z KigN;. (11)
i+)=k ]

Equation 11 has been solved only for K;; = 1, i + j, ij,
and their linear combinations, while the moments of the
distribution defined by Qn(t) = >kk"Nk(t) can be easily
calculated by1819

dQ /dt=(1/2) ¥ SIG+0)" — " = I"TKNN; (12)
T ]

The first moment Q; represents the total number N of
monomers and should be constant. The number-average
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Figure 8. Chain dissociation experiment by sudden temper-
ature rise. The Zimm plot was constructed by scattered
intensities from the solutions which were given by a sudden
temperature rise from 33.0 to 41.5 °C after a completion of
the measurement of chain aggregation process. The scattered
intensities were determined 30 min after the temperature rise.

molecular weight and weight-average molecular weight
of clusters are expressed as MM} = mQ1/Qo and ML,
= mQ2/Q:, respectively. For a given form of Kj, an
explicit expression of Qu(t) can be obtained for an initial
condition. In the present experiment, the initial condi-
tion is given by N3(0) = N (=c/m) and N;(0) =0 (i = 2).
Thus, for K;j = B(i + j) with B as a constant, eq 12
gives

MC] = m exp(Bct/m) (13)
ML, = m exp(2Bct/m). (14)

Both egs 8 and 14 exhibit exponential growth of clusters
with the reduced time ct. In eq 8, M(0) depends on ¢
due to interaction between polymer chains and gives an
apparent molecular weight, while the factor g is inde-
pendent of ¢ and holds the relation 2B/m = g = 34.8
cms/(g min).

We assume that the relation between the molecular
weight My (=km) and the radius Ry for k-mer could be
expressed by

Ry = A(km)*P (15)
The exponent D in eq 15 is dominated by the structure
of cluster, while Dy in eq 10 is dominated by the cluster
size distribution as well as the cluster structure and is

not constant. By using eq 15, the z-average square
radius of clusters is written as

R%[) = A’M?P) (16)
with

2P = Z (km)Z’Dksz/Z K2N, (17)
It is possible to calculate IM2P[j with the Smoluchowski

equation provided that the distribution Ng(t) is given
explicitly.
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Figure 9. Experimental values of A, (circles) in eq 10 with
D, = 3 and calculated values of A in eq 15 with D = 3
(triangles) as a function of IML/M(0).

For the present initial condition, the solution of eq
11 with Kjj = B(i + j) has been written explicitly as'®1°

N (t) = N(1 — b)e (kb)* Y/k! (18)
with
b=1— ef(B/m)ct

It should be noted that N(t) depends on time t through
b with the reduced time ct. We assumed D = 3 in eq 15,
because polymer chains for m = 1.57 x 106 were found
in the globule state at 33.0 °C.7 Since the value of m
(=M(0)) at each concentration has been estimated as
shown in Table 1 and the constant B is given by B =
mg/2, we can calculate IM?P[j as a function of time at
each concentration. Then, coefficient A in eq 16 can be
estimated as the ratio of the observed value of R[] to
the calculated value of IM?P[. In this calculation we
omitted the data of [R2[7 which deviate from the straight
line at small t in Figure 3. In Figure 9 the calculated
A(triangles) is plotted against In{IM[}/M(0)} together
with A, (circles) obtained from experimental data by eq
10 with the fixed value Dy = 3. Coefficient A exhibits a
constant value near 0.140 independent of the concentra-
tion in the region of IML}/M(0) > 6. The behavior of data
points at small IML}/M(0) is not clear because of an
experimental uncertainty due to the small initial slope
of the Guinier plot at small t as shown in Figure 1. On
the other hand, A, increases with increasing IMLI/M(0)
and has a constant value near 0.192 at large IML/M(0).
The value of A obtained at the lowest concentration
seems to be artificial because of the small values of M(0)
and R2(0) and should be taken with reservation. How-
ever, it should be noticed that the constant values of A
independent of the concentration stem from the constant
value of R(0)/M¥3(0)(=A(0)) given in Table 1.

Using egs 14 and 16 with A = 0.140, we calculated
ML}, and [R?[j as a function of time at each experimental
concentration to reproduce the plot of In0M[}, against
IN[R2[;. In Figure 6, the thin lines are given by the
calculation. These lines have curvatures and depend on
the concentration slightly at small InMG, while the
lines appear to converge on a single straight line with
D, = 3 at large InIML),.. This behavior of the calculated
lines is in accord with that of the data point. It is
interesting to evaluate an asymptotic value of the
coefficient A, in eq 10 with D, = 3 at large InOML.
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Equation 18 has been shown to have an approximate
expression for ct > (m/2B) In(k/2) as'?13

N (t) = N{(1 — b)/(27)"?0k*?} exp{—(1 — b)*k/2} (19)
Using egs 16 with D = 3 and 19, we have
R[] = 1.94A’M[?" (20)

at large ct. This relation gives D, = 3 and is in
agreement with eq 10 obtained at large ct. Moreover,
the relation A, = 1.9412A yields A, = 0.195 which agrees
with the experimental value 0.192. In the asymptotic
range at large ct the polydispersity of cluster size
becomes large. The width of the cluster size distribution
can be expressed by the ratio IML}/M[J according to the
methodology of the polymer characterization and is
given by ML/IMI4 = exp(Bct/m). In Figure 9, the
constant value of A, is obtained in the range IML/OM[4
> 5. Thus, the power law of eq 20 characterizes the
aggregation process in the region of large polydispersity.

Coefficient A in eq 15 with D = 3 gives a measure for
packing of polymer chains in a cluster, because A3 =
Ry3/M is proportional to the specific volume of a cluster.
The radius R of a single polymer chain has been
estimated as R = 21 nm from the observed mean-square
radius [$2[= 260 nm? with the relation R = {(5/3)[32[} 2,
because the polymer chain at 33.0 °C has been found
in a globule state. Thus, we obtain R¥/m = 0.0059 nm?
mol/g for a single polymer chain, while we have A3 =
0.0027 nm3mol/g for a cluster. A3 is roughly a half of
R3/m, which implies that the polymer-segment density
in a cluster is twice as high as that in a single polymer
chain. The segment mass concentration cs = 1/{(4x/3)-
NaA3} in a cluster can be estimated to be 0.067 g/cm?
for a single polymer and 0.144 g/cm? for a cluster. The
constant value of A3 independent of the average cluster
size and the concentration suggests that the concentra-
tion ¢s = 0.144 g/cm® might be compared with that of
the concentrated phase in macroscopic two-phase equi-
librium. It would be intriguing to measure the two-
phase coexistence curve for the present system.

The scattering function [P(q)[J at each concentration
and each time can be calculated by using egs 4 and 18
as in the case of IM?P[J. Assuming spherical clusters,
the scattering function Py(q) for k-mer is to be expressed
byl7

P(@) = {[3(Ra)’] [sin(R,a) — (Ryq) cos(RI}* (21)

where Ry is given by eq 15 with D = 3 and A = 0.140.
We calculated [P(q)[7 at the same values of ¢ and t as
those for the scattering data in Figure 7. The four
calculated scattering functions agreed closely with each
other and yielded the single curve a in Figure 7. The
observed scattering functions also give a composite line
independent of the concentration. The line b is calcu-
lated for monodisperse spheres, and the straight line ¢
is given with the initial slope of /5 for spheres. The line
a is very close to the data points, when compared with
lines b and c. The rapidly increasing difference between
lines a and b with increasing [R27q? is caused by the
polydispersity of cluster size. According to the relation
ML/IMI = exp(Bct/m), the scattering functions in
Figure 7 have been obtained at the different polydis-
persity as IML/IM[ = 13.7 (O), 8.8 (»), 8.4 (O), and 9.6
(x). These values are extremely large when compared
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with the molecular weight distribution IML/IM[{ = 2
typical for synthetic polymers prepared by usual method.

V. Discussion and Conclusion

In a previous study,® the chain aggregation process
was studied for the same system as the present one at
the different temperatures as 25.0 and 30.0 °C. The time
evolution of the average size of clusters was discussed
in terms of ML, and 0R2[J. Each double-logarithmic plot
of IML, vs [R2[j at 25.0 and 30.0 °C was represented by
a single straight line. The plots of In IM[}, and In[R23
vs ct were considerably curved and constructed com-
posite curves only in the region of small ct at each
temperature. The initial slope g for In IM[}, vs ct was
determined unambiguously to be g = 5.0 at 25.0 °C and
16.9 at 30.0 °C, which are smaller than the present
value g = 34.8 at 33.0 °C. Furthermore, we determined
the phase-separation temperature T, of the dilute
solutions to be 35.7, 36.2, 36.6, and 36.7 °C at ¢ (10~
g/lcm3) = 1.43, 2.73, 4.17, and 5.58, respectively.® Since
these concentrations are very close to the present ones,
the observed phase-separation temperature can be
applied to the present study. The strong temperature
dependence of g indicates that a slight decrease of
temperature gives rise to a large decrease of the rate of
the chain aggregation. This implies that the chain
aggregation processes at a constant temperature dis-
tance from the phase-separation temperatures could not
be expressed by the composite line as given in Figure
5. That is, the rate of the aggregation is not specified
by the temperature distance from a phase-separation
temperature but by the absolute temperature. In the
previous study, we also estimated the second virial
coefficient A, as a function of temperature from the
light-scattering data. The observed values of A, exhib-
ited a clear minimum near 33.0 °C and increased with
decreasing temperature in the limited range from 33
to 25 °C. According to our intuition for the phase-
separation process, this behavior of A, is compatible
with the temperature dependence of the observed chain
aggregation rate: The chain aggregation is to become
faster with decreasing A,. However, this is not the case
for the chain aggregation processes just below the
phase-separation temperature and near 20.0 °C where
the rapid phase-separation has been suggested.”

The aggregation process at 33.0 °C can be compared
with the Smoluchowski equation for cluster—cluster
aggregation with the collision kernel (i + j) for i-mer
and j-mer because of the reduced linear plot of InOML},
vs ct in Figure 5. The observed aggregation process was
analyzed consistently by the equation assuming D = 3
in eq 15 on the basis of eq 18. The coefficient A was
determined to be a constant independent of time and
concentration, which may indicate a constant polymer
segment density in clusters. The relation between ML,
and [R2[7 obtained at large ct was represented by eq 10
with D, = 3 and A, = 0.192, which was deduced
analytically from the asymptotic expression of eq 19. As
shown in Figure 7, the calculated scattering function
given by the curve a cannot describe the experimental
data points at large [(R?[Zq? satisfactorily. This behavior
may reflect a cluster structure slightly different from a
sphere with a uniform segment density rather than a
deviation from the cluster size distribution of eq 18.
Because of the constant value of A, the polydispersity
of the cluster size is directly reflected to the curved line
in Figure 6. In light of Figure 9 the asymptotic behavior
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Figure 10. Cluster size distribution as a function of ct. Ny,
N2, and N3 calculated by eq 18 with 2B/m = 34.8 cm?/(g min)
and normalized by YkNx = 1. Data points represent the
weight-average number M[L}/M(0) of chains in a cluster.

with Dy = 3 is seen in the region where the polydisper-
sity exceeds IMLJ/IML4 ~ 5. It is remarkable that the
time-evolving system with extremely wide cluster size
distribution is expressed by a simple relation of eq 20.
It should be noticed that the exponent D, depends on
the averaging method for M and R, i.e., experimental
method for determining M and R. For example the use
of the number-average molecular weight M} instead
of ML) would yield D, = 1.5.

It is interesting to visualize a time evolution of the
cluster size distribution given by eq 18. Figure 10 shows
N1, N2, N3, and IME/M(0) as a function of ct, where N;
is normalized as Y kkNx = 1. The open circles represent
experimental data for IM[L}/M(0). N; decreases mono-
tonically with increasing ct because of the unidirectional
cluster formation without dissociation. Each of N, and
N3 has a peak due to a balance of the cluster formation
and conversion to larger size clusters. According to an
analysis of eq 18, this is also the case for N; (i > 4). The
peak has a lower value and shifts to a larger ct with
increasing k. The weight-average number IM[LJ}/M(0) of
chains in a cluster starts from unity at ct = 0 and
increases monotonically. It is obvious that the cluster
size distribution becomes very broad at large ct.

Aggregations of colloidal particles have been studied
in two different regimes: the fast aggregation process
due to diffusion-limited cluster aggregation (DLCA) and
the slow aggregation process due to reaction-limited
cluster aggregation (RLCA).8 The two aggregation pro-
cesses have been distinguished by the rate of aggrega-
tion and the functional form of the time evolution of the
cluster size distribution.1218 DLCA is represented by eq
11 with the collision kernel Kj; = 82D{R, where D; and
R are the diffusion constant and radius of a monomer,
respectively.’® For the present initial condition with
monomers alone, eq 12 gives IM[{ = m(1 + 47D{RNt)
and

M, = m(1 + 87D,RN), (22)

where 1/(87DRN) is a characteristic time and expressed
as 37/4KTN with the Stokes—Einstein relation Dy = KT/
(6yR). Here, 7 is the viscosity coefficient and is roughly
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103 Pa-s for the present mixed solvent. Thus, in the
experimental range of the concentration, the charac-
teristic time is estimated to be 1072 s, which is smaller
by several orders than the time period of the present
aggregation process. The functional form of eq 22 for
DLCA is different from that of eq 14, which has been
known to characterize RLCA.8 It is clear that the
present aggregation process is controlled by the reac-
tion-limited cluster aggregation.

In general, RLCA has been observed far from the
equilibrium state. On the other hand, the present chain
aggregation process is measured at a few degrees below
the phase-separation temperature and is sensitive to the
temperature change. The reaction between polymer
clusters may be due to the reaction between polymer
segments. Thus, the collapse of a single polymer chain
is also expected to occur very slowly, because the
reaction between segments belonging to different chains
cannot be distinguished from the reaction of those
belonging to a same chain. In fact, for the molecular
weight m x 107 = 4.0 and 12.2, we have observed a
chain collapse process for a long time period from a few
hours to a few weeks.” An inquiry for the origin of RLCA
is out of the scope of this study. However, we suppose
that the chain aggregation rate might depend on the
content of water in the mixed solvent. An experiment
with the mixed solvent of a different water content is
under investigation.

In previous studies,*® the chain aggregation process
of PMMA in isoamyl acetate was measured for m = 2.35
x 106 at 25.0 °C and for 4.4 x 106 30.0 °C by static light
scattering. Since the observed chain aggregation pro-
cesses were characterized by the exponential growth of
eqs 8 and 9, the processes were analyzed by the
Smoluchowski equation as in the present study. For the
processes in isoamyl acetate, the obtained values of A
in eq 15 showed a rapid decrease at small cluster size k
and approached constant values with increasing k. The
decrease of A at small k was more remarkable for m =
4.4 x 108 than for m = 2.35 x 10°. This behavior
disclosed a variation of the cluster structure with the
cluster size k: the coalescence of polymer chains of large
molecular weight may be difficult on account of a
topological repulsion between polymer globules,?° and
the shape of a cluster of a few polymer chains may be
different from a sphere. For the present solution of the
low molecular weight m = 1.57 x 108, the dependence
of A on k is not expected from Figure 9. Thus, the
polymer chains of low molecular weight may coalesce
easily into a spherical cluster of a constant segment
density independent of k.
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