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Chain aggregation in dilute solutions of polymethyl methacrylate)
below the phase-separation temperature
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For dilute solutions of pol§methyl methacrylatein isoamyl acetate with the molecular weigkit, = 4.4
X 10P, the phase-separation process was studied by static light-scattering measurements. The dilute solutions in
the concentration range from x40 * to 3.8< 10 “ g/cn? were quenched to about 16 K below the phase-
separation temperature, and the aggregation processes of polymer chains were measured over a period of
several hours. By analyzing the light-scattering data with the Guinier plot, the weight-averaged molecular
weight(M),, andz-averaged square radi(ig?)’? for clusters of polymer chains were determined as a function
of time t(min) and concentration (g/cnT). The growth of clusters was represented by the exponential forms
(M),,/M(0)=e%" and (R?),/R?(0)=e"°! as a function ofct, whereM(0) andR?(0) were the values at
t=0, and the constantsandh were determined to bg=11.6 anch=7.5. A double-logarithmic plot ofM),,
versus(R?)2? yielded a straight line with the slof2=3.06+0.02. These characteristic features of the chain
aggregation process were compared with the Smoluchowski equation for cluster-cluster aggregation with the
collision kernel {+j) for i-mer and-mer. The observed slow growth of clusters was attributed to the reaction-
limited cluster aggregation. The chain density in a cluster was found to increase with an increase of the cluster
size, resulting in the slopB exceeding 3.
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[. INTRODUCTION quench at higher temperatures but did not completely col-
lapse during the time at lower temperatures in the globule
For dilute solutions of polymethyl methacrylate region[2].
(PMMA) in isoamyl acetate, phase separation occurs very In the study of the phase-separation process Nbj
slowly even far below the phase-separation temperature=2.35x 10°, light-scattering data were analyzed by the
Taking advantage of this nature of the solution, we studiedsuinier plot to determine the average molecular weight
the phase-separation process for the molecular we¥gpt (M), and radius(R?)¥? of clusters of polymer chainfg].
=2.35x10° and coil-globule transition forM,,x10 ®  The observed phase-separation process was expressed by the
=2.35, 4.4, 8.4, and 12.2 by static light scattering measureexponential growth ofM),,~e®! and(R?),~ "', where the
ments[1-3]. For solutions in the concentration range from coefficientsG andH were proportional to the concentration.
10°° to 10 “glen?, the coil-globule transition and the This behavior was in agreement with the Smoluchowski
phase-separation process were observed separately for exguation[5] with the collision kerneli+j for i-mer and
perimentally suitable time periods. The light-scattering meaj-mer[6,7]. Since the observed cluster formation process of
surements were carried out 30 min after setting a solutiopolymer chains was very different from the phase-separation
cell in a photometer on account of the thermal equilibrationprocess in dilute polymer solutiori8,9], our experimental
in the solution cell. This blank time in the initial stage did results were compared with the aggregation processes of col-
not seriously affect our experimental measurements becaussidal particles[10]. This comparison and analysis by the
of the suitable ranges of the molecular weight and concenSmoluchowski equation indicated that the exponential
tration. growth was due to a reaction-limited cluster aggregation
Since forM,,= 2.35x 10° the polymer chain contracted to (RLCA) rather than a diffusion-limited cluster aggregation
the equilibrium size in the first 30 min after quench, the(DLCA) [10-15.
kinetics of the chain collapse could not be observed but the The double-logarithmic plot ofR?)3”* versus(M),, ob-
process of the phase separation was mead@edor M,,  tained forM,=2.35x 1P was represented by a straight line
X 10 ®=8.4 and 12.2 the process of the chain collapse wasvith the slopeD =2.86[3]. The considerable deviation from
observed in a time period from several hundred minutes to ® =3 was attributed to the cluster-size distribution rather
few thousand minutes in the globule temperature reg@n than the cluster structure. The polymer-segment density of a
Scattered intensities obtained during the process yielded thaduster was assumed to be independent of the cluster size and
molecular weights correctly, which indicated that the effectwas estimated to be roughly three times that of a single chain
of phase separation was negligible. For these moleculaat the same temperature. The experimental value (M)
weights the phase separation process may be observed for eanged from 15 to 19, corresponding to the average number
appropriate time period at higher concentrations, but consesf chains in a cluster from 1.4 to 76. It is conceivable that the
quently the chain collapse and the phase separation will ocstructure of a small-size cluster made of a few chains may be
cur competitively. ForM,,=4.4x10° the polymer chain different from that of a large-size cluster. Our previous ex-
contracted to an equilibrium size in the first 30 min afterperiments were not suitable for revealing the properties of a
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small-size cluster, because the cluster was not large enougixtraordinarily long neail, and at low concentrations, the
for precise light scattering measurements and the observegliench temperature was changed at every 0.5 K. Thys,
values of (M), and (R?), deviated from the exponential was determined to be 45.0, 46.0, 47.0, and 47.5°C at
growth at small times and at small concentrations. It is interc(10™ % g/cn?)=1.414, 2.324, 3.034, and 3.787, respec-
esting to investigate the time evolution of the structure oftively.
cluster and to elucidate the slojiefor the plot of (R?)Y? For dilute polymer solutions, light scattering data at an
versus(M),, . angle 6 are analyzed with the excess Rayleigh r&ipfrom

In this study, we carried out light-scattering measure-polymers. By neglecting the terms due to the virial coeffi-
ments on dilute solutions of PMMA witl,,=4.4x 1P in cient, R, can be related to the molecular weightand the
isoamyl acetate at 30.0 °C. As predicted from the experimenscattering functiorP(q) for a polymer chain by17]
tal results in the previous study,2], the PMMA chain col-
lapsed to an equilibrium globule in the first 30 min after
guench to 30.0.°C. The light-scattering measure_ments for thﬁl ere K and the argumentq are defined asK
phase separation process revealed exponential growth 0:(2772n2/NA)\4)(dn/dc)2 and q=(4mn/\)sin(@12), re-

2 . .
{M)y and(R%), of clusters of polymer chains. According to spectively. HereN, is Avogadro’s numbem is the refrac-

an analysis based on the Smoluchowski equation, Fhﬁve index of the solution, and is the wavelength of the

polymer-segment density of a cluster increased with an iNc cident light in a vacuum. Hence, we usgor the molecu-

crease of cluster size by a power law and approached a cofly, weight of a polymer anl for the molecular weight of a
stant value for large clusters. The slopewas measured to cluster of polymers

b.e 3'06.t0'02 and was found to be attributed to the size In the aggregation process of polymer chains, the optical

d|str|but|on_ of clusters and the size dependence of the SeGonstantk and the concentration in Eq. (1) remain un-

ment density of a cluster. changed, but is given by the sum ot,,>c, for various
k-mers including monomeét= 1 (single polymer chain Ac-

[l. EXPERIMENT AND DATA ANALYSIS cordingly, the Rayleigh rati®, from the clusters is given by
the sum =2Kc M P, (q) for k-mers with the molecular
weight M (=km) and scattering functio®,(q). Thus,R,
can be expressed as

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

As a PMMA sample, we used the same fractioh3 in
the seriesM 19 as was used in the previous stUdy. The
sample has the molecular weigM,=4.4x10° and the
characteristic ratio (s2),,/M,,=6.1x10"%cn?,  which Ry=Kc(M)(P(Q)),. 2
gives a measure for the molecular weight distribution as
M, /M,=1.17[2]. Isoamyl acetate was fractionally distilled With
immediately before use. The refractive index increment
dn/dc for the present system has been obtained as a function (M)y=> Mka/ > (3)
of temperature, andn/dc=0.0944 was used at 30 ]

Light scattering measurements were carried out at angul
intervals of 15° in the range from 30° to 150° with unpolar-
ized incident light at 435.8 nm. The photometer was cali-
brated with benzene as in the case of experiments for dilute (P(@),= > Pk(Q)Mka/ > Mg 4
polymer solutions, taking its Rayleigh ratio as 46.5
x 10 ®cm™ at 25°C[16]. Four solutions at concentrations Here,(M),, and(P(q)), are the weight-averaged molecular
c(10 *glent)=1.414, 2.324, 3.034, and 3.787 at 30.0 °Cweight and thez-averaged scattering function for clusters.
were prepared in each optical cell of 18 mm inner diameterFor spherical particles, Eq2) can be expressed by the ap-
The solutions were filtered twice through a Sartorius memyproximate form[4]
brane(SM 116, 0.8um) for optical clarification and stored
in the dark near th@ temperature under saturated vapor of

isoamyl acetate. A cylindrical cell located at the center of th%vhere R2)_ is the zaveraged square radius. According to
photometer was filled with the solvent and kept at 30.0°C b (R Y d | 9

. . | : g. (5), light scattering data were analyzed by the Guinier
cwcu_latmg thermostatteq wqter to the jacket. The olptlcal .C_ETEOI to determingM),, and(R?), of the clusters.
was immersed in the cylindrical cell, and scattered intensitie
were measured at time intervals of about 30 min after the
guench. During the measurements the solutions were trans-
parent to the eye and the multiple scattering effect was neg- Figure 1 shows the Guinier plot for scattered intensities
ligibly small. from the solution ac=2.324x 10 * g/cnt. The plots from

To determine the phase-separation temperature, the solthe bottom were obtained at 30, 210, 390, 540, 720, 900,
tion was quenched to low temperatures. At each temperature080, and 1290 min after quench to 30.0 °C, respectively.
scattered intensity from the solution was monitored for a fewThe solid lines were given to show the behavior of data
days because of a long incubation time. The temperature gioints. On the basis of Eq(5), (M), (g/mol) and
which scattered intensity began to increase was taken as ti®?), (nm?) at each time were evaluated from the intercept
phase-separation temperatdrg. Since the lag period was and the initial slope of the line, respectively. At other con-

IN(Ry/Ke) =In(M),— £(R?),02, ®)

IIl. EXPERIMENTAL RESULTS
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FIG. 1. Guinier plots for scattered intensities from PMMA in  FIG. 2. Semilogarithmic plots of weight-averaged molecular
isoamyl acetate at=2.324x 10~ 4 g/cn? according to Eq(5) with ~ Weight(M),, (g/mol) of clusters versus timgmin) at various con-
R,/K(g/mol). Curves from bottom to top were obtained at 30, Centrations. Data points were obtained a(10™“g/cn?)
210, 390, 540, 720, 900, 1080, and 1290 min after quench to=1.41400), 2.324(A), 3.034(0), and 3.787(x).

30.0°C. where the coefficientsy and h were determined ag
=11.6cntg 'min ! andh=7.5 from the straight lines in

centrations, light scattering data were analyzed in the samgy 5 These values agree well with those estimated from the
manner to determingM),, and(R?), at each time. Figure 2 plots in Fig. 4.

shows a plot of I(M),, versus the timé(min) for solutions at

c(10 *glen?)=1.414(0), 2.324(/), 3.034(0), and 3.787 9.5
(X). Figure 3 shows a plot of {?), versust(min) with the

same symbols as those used in Fig. 2. The plots in Figs.

and 3 are represented by straight lines and can be fitted to tt
relations

o
o

In(M)y,=InM(0)+Gt. (6) 8.5

In{R?),=In R?(0) + Ht. 7

In <R%>,

whereM (0) andR?(0) are the values extrapolatedtts 0.
Table | gives the values ofl (0), R?(0), G, andH estimated
from the straight lines in Figs. 2 and 3. Figure 4 shows the
plots of G andH againstc. Each plot yields a straight line
passing through the origin. The slopes of the plot&aind

H versusc were estimated to be 11.4 égi *min~* and 7.3,
respectively. Thus, the plots of (M),/M(0) and
In(R?),/R?(0) versus ct should be represented by single
straight lines. Figure 5 shows the reduced plotg fd),, and
(R?), by open circles and triangles, respectively. As ex- 6.5 ' : ' —
pected, each plot can be fitted to a straight line. Thus, th 0 500 1000 1500 2000 2500
present data can be expressed by the following:

1.5

t (min)
(M)w/M(0)=exp(gct), (8) FIG. 3. Semilogarithmic plots of-averaged square radius
(R?), (nm?) of clusters versus tim&(min) at various concentra-
<R2>Z/R2(O):ethct), 9 tions. Symbols of data points are the same as those in Fig. 2.
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TABLE I. Concentration dependence of the parameké(9) andG in Eq. (6), andR?(0) andH in Eq.
(7). The present data were obtained for the molecular waight4.4x 10f and previous data fom=2.35

X 10° (Ref. [3]).

c M (0) G R?(0) H R(0)MY3(0)
(10~ * glenT) (1 g/mol) (10 3min~?) (10° nn?) (10 °min™}) (nm mol’3/g*/3)

m=4.4x 1¢f

1.414 5.24 1.67 1.002 1.10 0.182

2.324 6.06 2.71 1.097 1.80 0.182

3.034 6.98 3.42 1.287 2.15 0.188

3.787 7.59 4.28 1.366 2.71 0.188
m=2.35x10°

1.30 1.28 6.86 0.347 4.91 0.172

2.66 2.33 13.9 0.572 9.53 0.180

4.04 3.51 20.8 0.721 14.6 0.177

5.37 4.20 28.8 0.854 18.7 0.181

Figure 6 shows the plot of {M),, versus IgR?)Y? for the

timated for the solution at=2.324x 10" * g/cn? and at 720

data at the four concentrations. The data points given byO), 900(A), 1080(), and 1290 min(X). The data points
open circles construct a single straight line independent obbtained at different times appear to construct a single com-

time and concentration. Thus, the relation betw@dn,, and
(R?), can be expressed by the power law as

(R?)F2=A(M)5P. (10
By a least-squares fit, the exponéhtand the coefficiens,
were determined aB =3.06=0.02 andA,=0.204+0.005.
It is clear that the exponem® exceeds 3.

Figure 7 shows the semilogarithmic plot @P(x)),
(=Ry/Kc(M),) versusx?=(R?),q2%, where(P(x)), was es-
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c (10" g/em®)

FIG. 4. SlopeG for the plot of IfM),, versust and slopeH for
the plot of IHR?), versust as a function of the concentratian

posite line in the whole range of. The data points at the
other concentrations were found to fall on the same line.

IV. COMPARISON WITH THE SMOLUCHOWSKI
EQUATION

Smoluchowski formulated aggregation kinetics in terms
of cluster-cluster collision§5]. k-mers are formed by colli-
sions ofi-mers andj-mers k=i+j) and grow into larger

4

In<M>,/M(0), In<R*>,/R*0)
N

0 *:\‘ il 1 1 1
0 0.1 0.2 0.3 04
ct (min g/cm®)

FIG. 5. Plots of I§M),/M(0) versusct (open circley and
In{R?),/R?(0) versusct (triangles for data at various values of time
t(min) and concentratiorm(g/cnt) for m=4.4x10°. The former
and latter plots yield the slopg=11.6 andh=7.5, respectively.
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FIG. 6. Double-logarithmic plot ofM),, versus(R?)Y2 for data

at various times and concentrations. The straight line fitted to the FIG. 7. Guinier plot of the scattering functidiP(q)), against

data points gives the exponeRt=3.06+=0.02. The four thin lines x*=(R?),g% Data points were obtained at=2.324x 10 * g/cn?

represent a double-logarithmic plot (¥1),, versus (M?3),/20)¥2  and att(min)=720(0), 900(A), 1080(J), and 12901X). The line

calculated with Eqs(14) and (16) at the experimental concentra- & was calculated at the same values@ndt as the data points by

tions. The factor 1/20 is for the convenience of the scale in abscissa&lsing Eqs.(4), (17), (19), and(21). The lineb is for monodisperse
spheres. The straight linehas the initial slope o% for spheres.

clusters by collisions with other clusters. By assuming a ran- ) ] ) .

dom distribution of clusters in solution, the time evolution of Equation(13) agrees with Eq(8) in the functional form and

the numbem,(t) of k-mer (k=1,2,...) in unit volume was in the scaled timet, M(0) in Eq.(8) depends o due to the

derived with the collision kerne;; in the form interaction between polymer chains and gives an apparent
molecular weight, while the factog can be equated to
2B/m. Thus, we have B/m=11.6.

de/dt:(1/2)i+_2k KuNiNj—NkZ KiNj. (1D It is possible to evaluate the-averaged square radius
= . (R?), by using the Smoluchowski equation provided that the
Equation(11) has been solved only fd¢;=1,i+], ij and distribution N(t) is given explicitly and the relation be-

their linear combinations, while the moments of the distribu-IWeen the molecular weightl,(=km) and the radiu®, for
tion defined byQ,(t)==,k"N(t) can be easily calculated k-mer is known. First, we assumed the relation

by [6] Re=A(km)*P, (14)

(12) whereA is a constant for a monodisperse cluster and may be
different fromA, in Eq. (10) for a polydisperse clusteD in
Eqg. (14) may be different from that in Eq10). By using Eq.
The first momenQ, represents the total numbigrof mono-  (14), we have
mers and should be constant. The number-averaged molecu-
lar weight and weight-averaged molecular weight of clusters (R?),=A%(M?P),, (15
are expressed as(M),=mQy(t)/Q, and (M),

dQu/dt=(1/2) 2 X [(i+])"=i"=|"IK;NN;.
[ ]

=mQ,(t)/Q1, respectively. For a given form of;;, an with

explicit expression of), can be obtained for an initial con-

dition. In the present experiment, the initial condition is (M2Py = (km)Z/Dksz/ > k?N,. (16)

given byN;(0)=N(=c/m) andN;(0)=0(i=2). Thus, for

Kij=B(i+]) with B as a constant, Eq12) gives (M), For the present initial condition, the solution of HdJ)

=mexp Bctm) and with K;;=B(i +j) has been written explicitly &s,7]
(M),,=mexp2Bct/m). (13 Ny (t)=N(1—b)e *P(kb)*~Y/k!, (17
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0.22 the behavior ofA as shown by the solid line in Fig. 8. Thus,
Eq. (18) asserts thafA depends on the cluster sikeand Eq.
(14) should be rewritten as

Re=A(mk)*P, (19
0.18 ) )
with D=3. The relation betweer\, and k may have the

form

Ac=p+(A—p)k9, (20
0.14

with A;=0.185. The constantp and g in Eq. (20) were
determined in such a way that the calculatedveraged
square radiugA?M?P), may agree with the experimental
value of (R?),. We obtained an agreement between calcu-
0.10 - ' . lated (A°M?P),/A2M?P(0) and observed(R?),/R?(0)
0 10 20 30 40 within an error of 1% forp=0.124 andg=0.42. Naturally,
’ <MD, /M(0) these values gb andq can reproduce the observed exponent
D in EqQ. (10) as 3.09-0.02. Thus, the observed constant
FIG. 8. Values ofA in Eg. (14) as a function of observed vyalue ofD can be exp]ained by E(QZO) for the size depen_
(M), /M(0). A* was estimated as a ratio ¢R?), observed 1o dence ofA, and Eq.(17) for the size distribution and may
(M), calculated by Eq(17) andg=11.6. The solid line is de- not he attributed to a self-similar structure of the clusters.
scribed by Eq(20) with p=0.124 andy=0.42. Equation(20) implies that the segment density of a cluster
, B (Bt increases with an increase of cluster size. Clusters of a few
with b=1—e - It should be noted that(t) depends  holymer chains may have a transient structure different from
on timet throughb with the scaled timet. We assume® 5 gphere of a uniform density profile. However, under the
=3 in Eq. (14), because polymer chains fo#,, = 4.4x 10° assumption of a spherical cluster of uniform densiy,
were in the globule state at 30.0 {C]. Since the value ot gives a measure for packing of polymer chains in a cluster,
[=M(0)] at each concentration has been estimated as showipcaysend=R3/M, is proportional to the specific volume of
in Table I, an(ZJIID:P;/m is given byg=11.6, we can calculate 5 |yster.
(M),, and(M“"), at each concentration and at each time A /31113 3_
corresponding to the experimental data. In Fig. 6, the plot OtsinV\Ils ot;tlam,zi C?"ali?]S nWrE”rngW(/ag h a?lgdA_lo fzgogi ;‘(’)Arga
In((M?P)_/20)*2 versus IiM),, due to the calculation is g'e poly ) > a3, ”
shown by thin lines, where the factgg is for the conve- _0'001.9 for a sufﬂmently Iargge CIUSteA“ for thg Iarge
nience of scale in the abscissa. The plot shows marked cuf!USter i roughly one third of; for a single chain: in a
ger cluster, polymer chains undergo further contraction

vature and noticeable dependence on the concentration ;
and/or penetrate one another. An alternative parameter to

small IfM),,, while the plot appears to converge on a line - . .
with the slope 3.0 at large M),,. In fact, the slope of the characterize the cluster is the polymer mass concentration

_ 3
plot was found to approach 3.0 neatMy,=21. The calcu-  Ck= 3/(47NiAy). From the above values &; andA.., we
lated curves are considerably different from the behavior of'ave ¢;=0.063 g/em and c..=0.21. The concentration for
the experimental data points in slope and concentration débe Single polymer at thé-temperature is estimated to be
pendence. 0.0075 g/crii, which is much lower thae,; andc.. .

The coefficientA in Eq. (14) was evaluated as a ratio of ~ The scattering functiofP(q)), at each concentration and

the observed value ofR?)Y2 to the calculated value of each time can be calculated by using Ed$and(17). It was
<M2/D>l/2 for D=3. In Fig. 8, the estimated values & assumed that the scattering functiBp(q) for k-mer could
; . . 8,

fbe expressed by

(nm mol’3/g*3) are plotted against the observed values o
<M>_W/I\/_I (0), which indicates the v_veight—a\_/erage number of P(q) ={[3((R)2I[SiN(Req) — (Req) cod Ryq) 12

chains in a cluster. The data points at different concentra- (21)
tions appear to construct a single composite curve. In Table

I, R(0)/M(0)¥® seems to be constant compared to the largdor sphereg4], whereR, is given by Eqs(19) and(20). We
dependence of1(0) andR?(0) onc and yields an average calculated P(q)), at the same values afandt as those for
value of 0.185. Thus, a composite curve for the data pointthe scattering data in Fig. 7. The four scattering functions
should start fromA;=0.185 at(M),,/M(0)=1 and may calculated at different times closely agree with one another
approach a constant value at lakdé),,/M(0). Therelation  and yield the composite cuna The lineb is calculated for
betweenA and (M),,/M(0) was found to be well repre- monodisperse spheres and the straightdireegiven with the

sented by a power law as initial slope 1/5 for spheres. At large? the linea is much
closer to the data points than linesndc. The Guinier plot
A=u+(A—w){(M),/M(0)} 7. (18 has been used to determine the size of monodisperse spheri-

cal particles because of a wide range of the initial slope. For
In fact, the values ofi=0.129 andv=0.76 can reproduce polydisperse spherical particles, the range of the initial slope
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. o FIG. 10. Plots of IKM),/M(0) versusct (open circles and
FIG. 9. Cloud-point cutves of PMMA in isoamyl acetate for the | g2y /R2(0) versusct (triangles for data at various values of time
molecular weightmx10™°=2.35 (curve 8, 4.4 (curve B, 8.4  in) and concentratior(g/cn?) for m=2.35x 10° (Ref. [3]).
(curve 9, and 12.2(curve d. The short horizontal lines indicate The former and latter plots give the slope=52.4 andh=36.5,
coil-globule crossover temperature estimated by- ¢1T)m?= respectively.
—-97.

mx 10 ®=4.4 in the present study, and the curees, and
may depend on the form of the size distribution and is noly were obtained formx 10 6=2.35, 8.4, and 12.2 in the
known a priori. The curvesa andb agree with the straight previous studies, respectivel@,3]. The cloud-point curve
line ¢ in the ranges ok*<5 andx®<2 within 3% error,  shifts to a higher temperature and has a larger slope with
respectively. A curve fitted to the experimental points agreeghcreasing molecular weight. The short horizontal line indi-
with the line c in x*<2.5 within the same error. Thus, the cates the coil-globule crossover temperature calculated by
Guinier plot can be used for the present system with thgj — g/T)ym!2= — 97 [1]. Each horizontal line intersects the
same reliability as in the case for monodisperse particles. cloud-point curve neac=3x10 *g/cn?. It is difficult to

The present light scattering equations are based on thgpserve the influence of the chain collapse on the cloud-point
Rayleigh-Debye approximation, which may be valid for cyrve, Because of the increaseTof with increasing concen-
4m(R?);(m—1)/\" <1, wherem s the ratio of the refrac- tration, the plots in Figs. 4 and 5 are constructed with data
tive index of the cluster to that of the solvent axnt is the points at different quench depths from the cloud-point tem-
wavelength of the light in the solutidii8]. The largest size perature. However, the single composite lines in Fig. 5 indi-
of clusters observed wa@R?);?=104nm.m—1 was esti- cate that the phase-separation process is dominated by the
mated roughly to be 0.014 withdn/dc=0.0944, c,, temperature distance-16/T from the #-temperature rather
=0.21g/cni, and the refractive index of solvent 1.406. than by the quench depth frofy, .

Then, 477(R2>§’2(m—1)/)\’ was estimated to be 0.06. Thus, In the previous study3], the phase-separation process
the Rayleigh-Debye approach can be used for the presemtas investigated fom=2.35<10° at 25.0 °C. The plots of
system. As expected from the above estimation, no depolata(M),, and INR?), versust yielded straight lines, and the
ization was observed for the scattered light from polymerconstants in Eqs6) and (7) were determined as shown in

chain clusters. Table I. Note that the slopes andH were expressed by the
small letters in the previous study. For the lowest concentra-
V. DISCUSSION AND CONCLUSION tion we determined the slope with data at later times because

of the very slow cluster growth in the initial stage. However,
In usual liquid mixtures the rate of a phase separatiorthe slopesG and H were proportional tac, and the scaled
depends strongly on the quench depth from the phaseslots in the form of Eqs(8) and(9) were predicted. Figure
separation temperature, i.e., cloud-point temperature. Figur&0 shows the scaled plots foM ),, (open circleg and(R2>g
9 shows a plot of the observed cloud-point temperaliye (triangles, and the straight lines fitted to data points yield
against the concentration The curveb was obtained for g=52.4 andh=36.5, which agree with the previous values.
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0.20 ' chains we used Ed21) for spheres of uniform density, be-
cause(P(q)), was measured far below the coil-globule
crossover temperature as shown in Fig. 9. Since the time

018 evolution of (M),, calculated due to Eq(l7) is in good
agreement with the observed one of E).in the functional

0.16 form and in the scaled form, the size distribution of ELy)
is likely to be appropriate for the present aggregation pro-

< ' cess. It is necessary to examine the scattering functions

0.14 o ° o ° (P(x)), more closely. In the previous study, we calculated

a (P(x)), at different concentrations and timegc
X 10" *g/en®, t(min)] as (1.30, 690, (2.66, 240, (4.04,

0.12 r 150), and (5.37, 90 with Eq. (14). By using Eq.(20) with
p=0.138 andg=0.71, we recalculatedP(x)), at the same

0.10 . . . . time and concentration and obtained a composite curve,

which was 5% smaller than the previous one<at 15: the
use of Eq(20) resulted in a slightly larger disagreement. The
ratio of observed and calculated values (&f(x)), at x?
FIG. 11. Values ofA in Eq. (14) as a function of observed = 15 is 1.36 form=2.35<10° and 1.49 fom=4.4x 1CP. It
(M),,/M(0) for m=2.35x10P (Ref. [3]). A2 was estimated as a Should be noted thdP(x)), was calculated at different val-
ratio of (R?), observed to(M??), calculated by Eq(17) andg  ues of polydispersity of cluster size. In polymer characteriza-
=52.4. The solid line is given by Eq20) with p=0.138 andq  tion, the polydispersity is expressed wittM),,/(M),,
=0.71. Data points were obtained ef10~*g/cn®)=1.3000),  which is given by exgBctm) in the present caséP(x)),
2.66(A), 4.04(0), and 5.37(X). was found to be calculated é¥),,/(M),=3.6, 4.9, 5.4, and
10.6 for m=2.35x10°; and 2.7, 3.5, 4.5, and 6.0 fan
In the plots data points at smalfor lower concentrations are  — 4 4x 10f in the order of increasing time. Thus, the better
omitted because of the marked deviation from the straighfgreement between the calculated and observed values of
lines. We reanalyzed the previous data wgth 52.4 andh _(P(x)), is obtained for the larger polydispersity fon
=36.5 by the same method as the present ones and obtaine :35x 1(P. This indicates that the discrepancy(iR(x)),

Ain Eq. (14), A, in Eg. (19 and{P(q)),- at largex?
. gex® may stem from a structure of the cluster rather
Figure 11 shows the plot ot versus(M),,/M(0) for the than from the size distribution given by E@.7). The cluster

same data points as those in Fig. 7 of R&f. At ct=0, i.e., .
(M) /M(O)pz 1,Ais equal toR(g)/M(OF)gl’ggiven in Table of polymer chains cannot be correctly represented by a
W : spherical particle of uniform density.

|- The values oM(0) andR(0) at the lowest concentration It is interesting to visualize the time evolution of the size
are very small because of the use of data points at later timeg .~ . sting .
(see Figs. 2 and 3 in Refi3]). NeverthelessR(0)/M ¥30) Istribution given by Eq(l??. Figure 12 show$l;, N5, N3,
seems to be independent®énd gives the average value of a”‘?'<'\">w/'\/',(0) as a function ott for m=4.4x 10°, where
0.177. Correspondingly, the data points in Fig. 11 may béVi iS normalized a*kN,=1. At largect, Ny, N, andN;
fited to a single curve starting fromA,=0.177 at become very small and consequenikN,=1 may be con-
(M),,/M(0)=1. The solid curve in Fig. 11 is described by tributed from numerous terms at largeThus, with increas-
Eq. (18) with u=0.138 andv =0.88. In the previous study, ing ct, the size distributiorNy becomes flatter with the tail
we could not characterize the behavior Afbecause of a extended to largek. We calculated the rati®@k®N,/e?°!,
small number of data points at smatland an inappropriate which is unity when the summation is taken frdos1 to
plot of A versus IfM),,. On account of the marked depen- infinity. The ratios were calculated to be 1.000, 0.902, and
dence ofA on{M),,/M(0), again we assumed E(R0) and  0.376 forct=0.1, 0.2, and 0.3, respectively, when the sum-
determinedp andq by comparing(R?), calculated with Eqs. mation was taken frotk=1 to 50. Atct=0.3 the contribu-
(17), (19), and (20) with the observed one. The values of tion from terms fork=50 to(M),, exceeds 60%. This trend
(R?),/R?(0) calculated withp=0.138 andq=0.71 were may be more remarkable in the calculation of teveraged
found to agree with Eq9) with h=36.5 within an error of  square radiugR?), .
1%. These values gf andq reproduced the observed slope  Aggregations of colloidal particles have been studied in
D=2.86 in Eq.(10) correctly. The ratio A;/A.)° for the  two different regimes, i.e., the fast aggregation process due
specific volume of a monomer to a sufficiently large clusterto diffusion-limited cluster aggregatiodDLCA) and the
is estimated to be 2.1. The value @findicates thatA, for  slow aggregation process due to reaction-limited cluster ag-
m=2.35x 10 approaches the asymptotic valpdaster than  gregation(RLCA) [10]. The two aggregation processes have
A, for m=4.4x10°, been distinguished by the structure of the cluster and the
Although the introduction of th& dependence oA ex-  time evolution of the cluster size distributiofl1-15.
plained the behavior ofR?), reasonably, we can see a no- DLCA is represented by Eq11) with the collision kernel
ticeable discrepancy between the data points and the calck;; =87DR, whereD andR are the diffusion constant and
lated curvea at largex? in Fig. 7. For clusters of polymer radius of a monomer, respectivel§]. For the initial condi-

0 20 40 60 80 100
<M>,/M(0)
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1 40 polymer chain may be parallel behavior to the slow aggrega-

tion of polymer chains, because both the processes may be
o dominated by a specific reaction between segments of the
polymer chain. The reaction may be the same regardless of
08 r whether the segments belong to a same chain or different
chains.

Chu, Ying, and Grosberg carried out dynamic light-
scattering measurements on a dilute solution of polystyrene
in  cyclohexane with m=8.12x10° and c=8.7
X 10 8 g/en? and observed a single-chain collapse process
for a time period of about 10 min after the quench of the
solution[19]. For this solution the characteristic time is cal-
culated as 0.2 s by E¢22) and the ratio of the observed and
calculated characteristic times may be estimated a§ 10
02 r N, which is much smaller than the present rati§.10o explain
the observed slow aggregation process for the polystyrene
solution, Chuang, Grosberg and Tanaka performed a molecu-
0 —— ' — 0 lar dynamics simulation for a topological repulsive force act-

0 0.1 0.2 0.3 ing between two approaching polymer globul@9]. Ac-
cording to the simulation, the entanglement force operational
on the prereptational time scale was sufficient to explain the

FIG. 12. Cluster size distribution as a functionafN,, N,, ~ oPbserved slow-down aggregation. On the other hand, the
andNs are calculated by Eq17) with g=11.6 and normalized by 1argely different ratios of characteristic times obtained by us

SkN,=1. Data points represent the weight-average number ofNd Chu Ying, and Grosberg suggest that the aggregation
chains in a cluster obtained fon=4.4x 10°. rate in a dilute polymer solution depends strongly on a spe-

cific nature of the solution. To elucidate the slow aggregation
tion with monomers alone, Eq(12) gives (M),=m(1  Process it is important to distinguish the contributions from
+4wDRNt) and the specific nature of the solution and that from the universal
nature of the chain entanglement, though the origin of the
(M), =m(1+87DRNt), (220 specific nature is not clear. The observed molecular weight
dependence of the coefficieBtmay not be explained by the
where 1(87DRN) is a characteristic time and expressed tospecificity of the polymer solution but by the entanglement
be 3»/4kTN with the Stokes-Einstein relationD force demonstrated by Chuang, Grosberg, and Tanaka.
=kT/(677nR). Here, n is the viscosity coefficient and has  In recent theoretical studies on polymer chain clusters be-
been measured to bg=7.53< 10" % Pa's for isoamyl acetate low the #-temperaturg21,27, the radius and stability of the
at 30.0°C. For the present solution witlk=1.414 cluster were analyzed as a function of the two-body excluded
X 10 *#glen®, the characteristic time is calculated to be 7.0volume parametez, the three-body parameter, and the num-
% 10 %s, while the observed characteristic time is obtainedoer k of chains in a cluster. The radii calculated for clusters
from Eg. (8) as 1§c=610min. The ratio of the observed of k=2, 3, 5, and 10 were represented graphically, and
and calculated characteristic times is estimated a4. asymptotic behavior of the radius at largez and largek
Thus, on account of the time scale and the form of the exwas conjectured. The calculation predicted the form of Eq.
ponential growth, the observed aggregation process of thel4) with D=3 at large— z as expected for a compact globu-
polymer chains cannot be compared with DLCA but with lar cIuster.Aﬁs for clusters at larg& were represented by a
RLCA [10-185. power law with the exponent-2/3, while in the present
The Smoluchowski equation with the collision kernel study,A, in the whole range ok is expressed by Eq20). A
Kij=B(i +]) gives Eq.(13): the rateg=2B/m of the aggre-  small cluster such as those beldw 10 was predicted to
gation decreases inversely proportional to the moleculahave a smaller radius of gyration than a single polymer chain
weight of the polymer chain. Since we obtaingd 52.2 and  in a narrow temperature range between the stability tempera-
11.6 for m=2.35x10° and 4.4< 1P, respectively, the ob- ture and chain collapse temperature. In Fig. 9, this tempera-
served rate decreases with the increasmguch faster than ture region may be located between the cloud point curve
the predictiong=2B/m. This implies that the coefficier®  and the horizontal line extended to a higher concentration.
depends on the molecular weight of PMMA. In a previousBelow the chain collapse temperature, the segment density of
study, we were able to measure the chain collapse processassingle polymer chain was estimated to be as large as the
for mx 10 6=8.4 and 12.2 for long time periods of 1500 critical nucleus for phase separation; the free energy barrier
min and 9540 min after quench, respectivily. In the mea- to the onset of the chain aggregation might vanish in the
surements, additional light scattering due to phase separatidwo-phase region near the dilute branch of the phase dia-
was negligibly small and the solutions appeared to be stablgram. In the present cloud-point measurements that were car-
for the time period. Thus, very small valuesgére expected ried out near the coil-globule crossover temperature, scat-
for these high molecular weights. The slow collapse of theered intensity was observed to increase with a long lag time
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after quench as mentioned in the experimental section. Oaf the spinodal in the present system is interesting but seems
the other hand, in the cluster aggregation experiments made be very difficult experimentally.

at far below the cloud-point temperature, scattered intensity

was observed to increase immediately after quench into the

globule region. Furthermore, Figs. 2, 3, and 5 show that the ACKNOWLEDGMENT
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