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Solvent effect on single-chain collapse of poly „methyl methacrylate …

in tert-butyl alcohol
Yoshiki Nakamura, Naoki Sasaki, and Mitsuo Nakataa)

Department of Polymer Science, Faculty of Science, Hokkaido University, Sapporo 060-0810, Japan

~Received 5 August 2002; accepted 27 November 2002!

Kinetic and static properties of the coil–globule transition of poly~methyl methacrylate! ~PMMA! in
pure tert-butyl alcohol were determined by static light scattering and compared with those of PMMA
in the mixed solvent tert-butyl alcohol1water~2.5 vol %! in order to examine the effect of water on
the chain collapse. The measurements were carried out for the molecular weightM3102654.1 and
12.2 in the concentration range of 0.631024– 2.631024 g/cm3, and the mean-square radius of
gyration ^s2& was determined as a function of the time after an abrupt decrease of temperature.
PMMA chains collapsed to equilibrium globules within 90 min after quenching forM51.22
3107 and within 30 min forM54.13106. Chain aggregation due to phase separation became
noticeable after the collapse of the chain because of an increase of observed molecular weight. For
PMMA in the mixed solvent tert-butyl alcohol1water~2.5 vol %!, the chain collapse process has
been observed for periods from hours to weeks depending on the molecular weight and temperature,
and the chain aggregation was negligibly small in the chain collapse process. The expansion factor
a25^s2&/^s2&0 obtained for fully collapsed chains in pure tert-butyl alcohol was represented by the
theoretical predictiona32a2C(a2321)5B(12u/T)M1/2 with the coefficients ofB50.0179
and C50.054. For PMMA in the mixed solvent, the coil–globule transition curve has been
expressed by the same equation withB50.0164 andC50.049, close to the above values. The small
amount of water in the mixed solvent caused a drastic slowdown in the chain-collapse rate but had
little effect on the coil–globule transition curve. ©2003 American Institute of Physics.
@DOI: 10.1063/1.1539841#
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I. INTRODUCTION

We have recently studied the kinetic and static proper
of the coil–globule transition of poly~methyl methacrylate!
~PMMA! in isoamyl acetate and in the mixed solvent te
butyl alcohol1water~2.5 vol %! by static light scattering.1–4

Since the solutions underwent very slow phase separa
the mean square radius of gyration^s2& of PMMA chains
was determined accurately in the temperature ranges f
the u temperature 61.0 °C to 0 °C in isoamyl acetate1,2 and
from the u temperature 41.5 °C to 20 °C in the mixe
solvent3,4 by using solutions in the concentration range
0.731024– 531024 g/cm3. PMMA chains in both of the
solvents collapsed completely before the onset of ph
separation. The rate of chain collapse depended strongl
the molecular weight and was slower in the mixed solv
than in isoamyl acetate.2,4 For Mw51.223107, chain col-
lapse required a period of hours to weeks depending on
solvent and quench depth. The observed chain collapse
cess was fitted to a stretched exponential function, w
which an expansion factor for totally collapsed chains w
estimated.4 For PMMA with Mw52.843106 in the mixed
solvent, complete chain collapse occurred within about
min after a temperature decrease.

The observed expansion factora25^s2&/^s2&0 relative
to ^s2&0 at theu temperature has been represented by5,6

a!Author to whom correspondence should be addressed. Electronic
nakata@gogh.sci.hokudai.ac.jp
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a32a2C~a2321!5BM1/2t, ~1!

which was derived for a contracted chain~a,1!, wheret is
defined as 12u/T, M is the molecular weight, andB andC
are related to second and third virial coefficients among s
ments, respectively. These coefficients were determined t
B50.0041 andC50.073 for PMMA in isoamyl acetate1,2

andB50.0164 andC50.049 in the mixed solvent tert-buty
alcohol1water~2.5 vol %!.3,4

The coil–globule transition has been studied for so
other polymer solutions, for which light scattering measu
ments have been carried out for very large molecular weig
and at extremely low concentrations in order to minimize
effect of the phase separation. Tanakaet al.7,8 obtained a
coil–globule transition curve for polystyrene in cyclohexa
with the molecular weightMw52.63107 in the concentra-
tion range from 331026 to 331028 g/cm3. A recent analy-
sis of the data has revealed that the transition curve can
represented by Eq.~1! with B50.0162 andC50.026.4 Chu
et al. attempted to determine the chain collapse process
polystyrene in cyclohexane withMw58.13106 at the con-
centration 8.731026 g/cm3 by dynamic light scattering.9

Their measurements, which were carried out at a tempera
of a few degrees below the phase separation tempera
suggested a two-stage collapse process with characte
times of 357 and 323 s in the first and second stages, res
tively. Wanget al.10 carried out static and dynamic light sca
tering measurements for poly~N-isopropylacrylamide!
~PNIPAM! with Mw51.33107 in water at the concentration
il:
1 © 2003 American Institute of Physics
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3862 J. Chem. Phys., Vol. 118, No. 8, 22 February 2003 Nakamura, Sasaki, and Nakata
6.731027 g/cm3. They observed a fully collapsed chain ju
after attainment of temperature equilibration and detected
change in chain size for 10 h at that temperature. The c
globule transition curve obtained experimentally f
PNIPAM was compared with Eq.~1! with B50.0325 and
C50.0295.

The results of the abovementioned experimental stu
on different polymer solutions suggest that a coil–glob
transition curve of polymer solutions may be expressed
Eq. ~1!, in which the coefficientsB and C depend on the
interaction between polymer and solvent. On the other ha
the time period required for chain collapse varies larg
depending on the system of polymer and solvent. For
molecular weightM;107, the time period required for chai
collapse is roughly days for PMMA, minutes for polyst
rene, and shorter than the time required for thermal equ
bration in experiment for PNIPAM.

The kinetics of chain collapse has been studied on
basis of phenomenological models11–15 and by computer
simulations.16–19 de Gennes first studied a mechanism
chain collapse and derived the characteristic timet0 as11

t05ha3~2t!N2/ku, ~2!

whereh is the viscosity coefficient of the solvent,a is the
segment size,N is the segment number per chain, andk is the
Boltzmann constant. Grosberget al.also derived a character
istic time similar to Eq.~2!.12 Since each quantity in Eq.~2!
is comparable for the above polymer solutions, Eq.~2! fails
to explain the large difference in the observed chain colla
duration. Moreover, the characteristic time of Eq.~2! is of an
order of 1021 s for the above solutions withM;107 and is
much smaller than the chain-collapse durations observed
PMMA and polystyrene. Theoretical analyses and compu
simulations for chain collapse have been focused on
chain length dependence of the characteristic time rather
the absolute value. Equation~2! gives the characteristic tim
for the first stage in a two-stage collapse.11,12 The character-
istic time in the second stage depends onN3 and may be
much longer than that in the first stage. The results of
above experiments on the chain collapse process are
compatible with the theoretical prediction of two-stage c
lapse.

So far, there has been little discussion on the rate
chain collapse of real polymers, because the rate of ch
collapse is likely to depend on specific properties of polym
and solvent and accordingly cannot be discussed from a
fied viewpoint. However, elucidation of the chain-collap
process of real polymers is important for the understand
of the fundamental behavior of linear polymer chains a
conformational transitions of biopolymers. It would be inte
esting to examine the effect of water on the rate of ch
collapse in the mixed solvent tert-butyl alcohol1water, since
water is nonsolvent for PMMA but an addition of a sma
amount of water to tert-butyl alcohol gives rise to a stro
solvent power for PMMA.

In this study, we carried out static light scattering me
surements for PMMA in pure tert-butyl alcohol. Theu tem-
perature was determined to be 66.0 °C. This highu tempera-
ture has hampered experimental studies on the solu
Downloaded 16 Mar 2006 to 133.87.26.100. Redistribution subject to AIP
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PMMA chains of M3102654.1 and 12.2 collapsed to a
equilibrium size within 30 and 90 min after quenching, r
spectively. It should be recalled that the chain collapse
PMMA with M51.223107 required a time period of days in
the mixed solvent tert-butyl alcohol1water~2.5 vol %!. The
rate of chain collapse in pure tert-butyl alcohol is much fas
than that in the mixed solvent. The small amount of wa
obviously caused the slowdown of the chain-collapse rate
the mixed solvent. The coil–globule transition curve
PMMA in pure tert-butyl alcohol was the same as that in t
mixed solvent at 2.5 vol % of water. The kinetic and sta
properties of chain collapse were not correlated with e
other.

II. EXPERIMENT

Two fractions designated by M19-F12 and M21-F9 we
used as PMMA samples in the present study. The molec
weights of M19-F12 and M21-F9 were determined to
Mw3102654.0 and 12.2, respectively, in a previous stud4

The molecular weight distribution has been estimated fr
observed characteristic ratios to beMw /Mn;1.20. tert-butyl
alcohol was fractionally distilled immediately before use.

The solution for light-scattering measurement was p
pared at four concentrations nearc(1024 g/cm3)50.6, 1.2,
1.8, and 2.4, similar to those used in a previous study.4 Each
solution was transferred into an optical cell of 18 mm in i
and 1 mm in wall thickness and sealed tightly with a Tefl
cap to prevent evaporation of the solvent. The optical c
were kept under saturated vapor of tert-butyl alcohol in
dark at a temperature near 70 °C. The solutions were k
still for a few days to sediment impurity particles to th
bottom of cell, which made the optical clarification of th
solution effectively.

Each optical cell was immersed in a thermostated cy
drical cell at the center of a photometer. The measurem
of scattered light were started 30 min after the setup of
cell to allow sufficient time for thermal equilibration an
continued at time intervals of 30 min. The measureme
were carried out over the angular range of 30°–135° at
tervals of 15° with unpolarized incident light at 435.8 nm
a mercury arc as described elsewhere.3 The light-scattering
data were obtained in the temperature ranges of 54–7
for M19-F12 and of 47–70 °C for M21-F9.

The refractive index incrementdn/dc(cm3/g) at a re-
quired temperaturet (°C) for PMMA in pure tert-butyl alco-
hol was calculated from the relationdn/dc50.099013.6
31024t, which was obtained as follows. On account of t
high u temperature for pure tert-butyl alcohol,dn/dc was
determined for PMMA in the mixed solvent tert-buty
alcohol1water at the volume fractionu of water as 0.015,
0.025, and 0.05. The dependence ofdn/dc on u was small in
the above range ofu, and dn/dc for PMMA in pure tert-
butyl alcohol was determined by an extrapolation of the o
serveddn/dc to u50 as given above. The values ofdn/dc
for PMMA in the mixed solvent were determined at the te
peratures 30, 45, and 60 °C forMw58.83104 by using a
differential refractometer of the Brice-type.

In order to determine the molecular weightMw , the
mean-square radius of gyration^s2& and the second viria
 license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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3863J. Chem. Phys., Vol. 118, No. 8, 22 February 2003 Single-chain collapse of poly(methyl methacrylate)
coefficientA2 from the light-scattering data, the excess Ra
leigh ratio Ru at an angleu was analyzed by the scatterin
equation,20

~Kc/Ru!1/a5Mw
21/a$11~1/3a!^s2&q21~2/a!MwA2c%

~3!

with K5(2p2n2/NAl4)(dn/dc)2 and q
5(4pn/l)sin(u/2), whereNA is Avogadro’s number,l is
the wavelength of incident light in a vacuum, andn is the
refractive index of solution. The plot of (Kc/Ru)1/a vs
sin2(u/2) gives a straight line for an appropriate value of t
constanta and ^s2& can be obtained from the slope of th
plot according to Eq.~3!.2,20The values of̂ s2&, A2 , andMw

were determined by using the Zimm plot witha52 for the
sample M19-F12 anda51.5 for M21-F9.

III. EXPERIMENTAL RESULTS

Figure 1 shows light-scattering data for the sample M
F12 obtained at 30 min after quenching to 60.0 °C. The d
are given in a form of the Zimm plot due to Eq.~3! with a
52. Each plot of (Kc/Ru)1/2 vs sin2(u/2) at four concentra-
tions is described by a solid straight line, which is extrap
lated tou50 as shown by filled circle. The intercept of th
solid line fitted to the two filled circles at the lower conce
trations gives the molecular weightMw54.43106, which is
slightly larger than 4.13106 obtained near theu temperature.
The second virial coefficientA2 was not determined reliably
with the slope of the solid line. The solid lines for the d
pendence on sin2 u/2 at the two lower concentrations are pa
allel to each other, and the broken lines at the two hig
concentrations are described parallel to those lines. The s
lines fitted to data points at the higher concentrations h
slopes larger than those of the broken lines indicating
effect of the chain aggregation due to phase separation. S
the effect of chain aggregation is very small at the low
concentrations as shown by the observed molecular we

FIG. 1. Zimm plot of (Kc/Ru)1/2(mol1/2/g1/2) as a function of sin2(u/2) and
c(g/cm3) for light-scattering data of PMMA withMw54.13106 in tert-
butyl alcohol. The data were obtained 30 min after quenching to 60.0
The four solid lines fitted to data points represent the dependence
sin2(u/2). The solid lines at two lower concentrations are parallel to e
other, and the broken lines at two higher concentrations are given paral
these solid lines.
Downloaded 16 Mar 2006 to 133.87.26.100. Redistribution subject to AIP
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the slope of the two parallel lines at the lower concentratio
was used for the determination of^s2&. For M19-F12, Zimm
plots similar to those shown in Fig. 1 were obtained at
min after quenching to temperatures above 54 °C. Lig
scattering data obtained at 60 min after quenching, howe
were largely affected by the chain aggregation due to ph
preparation.

Figure 2 shows the Zimm plots for the sample M21-
according to Eq.~3! with a51.5. The plots a and b wer
obtained 30 min after quenching to 66.0 and 47.0 °C, resp
tively. For each of the plots, the straight lines for th
sin2(u/2) dependence have the same slopes and are extr
lated tou50 as shown by filled circles. The value of^s2&
was estimated from the slope of the parallel straight lin
Mw andA2 were obtained from the straight line fitted to th
filled circles. The fact that the lines for the sin2(u/2) depen-
dence are parallel to each other and the lines atu50 have a
common intercept indicates that chain aggregation is ne
gibly small at 30 min after quenching. The molecular weig
was determined to beMw51.243107, which agrees with
that obtained in the mixed solvent tert-butyl alcoh
1water~2.5 vol %!. The plots c and d were obtained for th
solution at the highest concentration at 60 min and 120 m
after quenching to 47.0 °C, respectively. The large forwa
scattering at 120 min is caused by an incipient phase s
ration. However, plots of (Kc/Ru)1/1.5 vs sin2(u/2) at the two
lower concentrations obtained at 120 min after quenchi
though not shown, were parallel to each other and yield
the correct molecular weight within an error of 5%. At tem
peratures above 47.0 °C, the effect of phase separation o
Zimm plots was negligibly small for a time period of 18
min after quenching even at the highest concentration.
second virial coefficientA2 , though apparent one below th
phase-separation temperature, was obtained unambiguo

.
on
h
to
FIG. 2. Zimm plot of (Kc/Ru)1/1.5 as a function of sin2(u/2) andc(g/cm3)
for light-scattering data of PMMA withMw51.223107 in tert-butyl alco-
hol. Data for plots a and b were obtained 30 min after quenching to 66.0
47.0 °C, respectively. Plots c and d were obtained 60 min and 120 a
quenching to 47.0 °C for the highest concentration.
 license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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3864 J. Chem. Phys., Vol. 118, No. 8, 22 February 2003 Nakamura, Sasaki, and Nakata
since the points extrapolated tou50 yielded a straight line
with a well-defined slope.

In Fig. 3, the second virial coefficientA2 , which was
obtained forMw51.223107 at 30 min after quenching, is
plotted against temperature by open circles. To eliminate
effect due to chain aggregation, the apparent values ofA2

obtained at a time interval of 30 min were extrapolated
zero time. The extrapolated value ofA2 was taken as an
equilibrium one because of the rapid collapse of the PMM
chain. The corrected values ofA2 are shown by filled circles
in Fig. 3. The broken line for the corrected data and the s
line for uncorrected data show essentially the same beha
A2 vanishes at 66.0 °C, where we obtained the character
ratio as ^s2&/Mw3101856.1 and 6.7 cm2 for Mw31026

54.1 and 12.2, respectively. These values agree with th
obtained at theu temperature.1,4 Thus, theu temperature for
PMMA in pure tert-butyl alcohol can be determined to
66.0 °C, which is 24.5 °C higher than theu temperature
41.5 °C for PMMA in the mixed solvent tert-butyl alcoho
1water~2.5 vol %!.4

Figure 4 shows plots of the expansion factora2 vs the
time ~min! at various temperatures forMw51.223107. The
plots from the top to the bottom were obtained at 65.0, 64
63.0, 61.5, 60.0, 57.5, 55.0, 52.5, 49.5, and 47.0 °C, res
tively. The plots at 52.5 and 49.5 °C overlap each other. T
plot at 47.0 °C lacks data points at 150 and 180 min beca
of the effect of phase separation. The plot at 63.0 °C exhi
a clear time dependence ofa2. At each temperature,a2 be-
comes constant at 60 min after quenching. The broken lin
each temperature shows the value of the equilibrium exp
sion factor.

In Fig. 5, the equilibrium expansion factor is plotte
against tM1/2. The open circles show the data forMw

51.223107, and the triangles show the data forMw54.1
3106 obtained at 30 min after quenching. The agreem
between the data for the two molecular weights indicates

FIG. 3. Temperature dependencies of the second virial coefficientA2 . The
open circles show data obtained 30 min after quenching for PMMA w
Mw51.223107 in pure tert-butyl alcohol, and the filled circles are da
corrected for the effect of phase separation. The triangles are data fo
same sample in the mixed solvent tert-butyl alcohol1water~2.5 vol %! ob-
tained 30 min after quenching~Ref. 4!.
Downloaded 16 Mar 2006 to 133.87.26.100. Redistribution subject to AIP
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the expansion factor forMw54.13106 is also an equilib-
rium one.

According to Eq.~1!, the plot of (a32a)/(12a23) vs
tM1/2/(12a23) for a,1 should give a straight line, whos
slope and intercept may be used to estimateB andC, respec-
tively. Figure 6 shows the plot with the same symbols

he

FIG. 4. Time dependencies of the expansion factora2 for PMMA with
Mw51.223107 in tert-butyl alcohol. Plots from the top to the bottom we
obtained at 65.0, 64.0, 63.0, 61.5, 60.0, 57.5, 55.0, 52.5, 49.5, and 47.
The data at 52.5 °C and 49.5 cannot be distinguished because of ove
ping. Dotted lines indicate the equilibrium expansion factors at each t
perature.

FIG. 5. Plot of the equilibrium expansion factora2 vs tM1/2 for PMMA in
tert-butyl alcohol. The open circles and triangles are data forMw31026

512.2 and 4.1, respectively. The solid line is described by Eq.~1! with B
50.0179 andC50.054. The open square represents the crossover p
between coil and globule regions.
 license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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3865J. Chem. Phys., Vol. 118, No. 8, 22 February 2003 Single-chain collapse of poly(methyl methacrylate)
those used in Fig. 5. Data points near theu temperature are
omitted because of a large scattering. From the straight
for the data points, we obtainedB50.0179 andC50.054. In
Fig. 5, the solid line is described by Eq.~1! with these values
of B and C. The crossover point between coil and globu
states was assumed to be located at the inflection point on
curve ofa2 vs tM1/2 and was calculated with Eq.~1! to be
a250.55 andtM1/25223.0. The open square on the so
line shows the crossover point.

In Fig. 7,a23 is plotted againsttM1/2 in order to inspect
the behavior in the globule region.1 The symbols are the
same as those used in Fig. 5. The solid line is described
Eq. ~1! with the above values ofB andC. The open square
indicates the crossover point between the coil and glob
regions. Taking into account the uncertainty due to sm
values ofa2 in the globule region, the data points fit th
solid line reasonably.

FIG. 6. Plot according to Eq.~1! for PMMA in tert-butyl alcohol. The open
circles and triangles are forMw31026512.2 and 4.1, respectively. Th
slope and intercept of the straight line give the coefficients in Eq.~1! asB
50.0179 andC50.054, respectively.

FIG. 7. Plot ofa23 vs tM1/2 for behavior in the globule region. The sym
bols and line are the same as those in Fig. 5.
Downloaded 16 Mar 2006 to 133.87.26.100. Redistribution subject to AIP
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IV. DISCUSSION AND CONCLUSION

The behavior ofA2 given by open circles in Fig. 3 has
minimum near 61.5 °C, which is somewhat below the co
globule crossover temperature 63.8 °C. The minimum n
the crossover point has been predicted by a theoretical
culation based on a mean-field model with chain collap
taken into account.21 The correction for chain aggregation
large near the minimum and near 47.0 °C. The large cor
tion reflects a fast phase separation. In our previous study
measuredA2 for PMMA with M51.223107 in the mixed
solvent tert-butyl alcohol1water~2.5 vol %! at 30 min after
quenching. The triangles in Fig. 3 show the data for
mixed solvent. Since the solution of the mixed solvent u
derwent very slow phase separation, the value ofA2 is not
affected by chain aggregation. However, the value may b
transient one because of the slow chain collapse. Analysi
the light-scattering data obtained for a long period show
that A2 decreased slowly with contraction of the polym
chain. The Zimm plots in Fig. 2 in Ref. 4 gaveA2522.5
31025 cm3 mol/g2 at 30 min and25.231025 at 178 560
min after quenching to 23.0 °C. The high values ofA2 in the
mixed solvent compared with the present ones are attribu
mainly to the slow chain collapse. Thus, the values ofA2 in
the single solvent and in the mixed solvent may be com
rable. Correspondingly,B andC in Eq. ~1! are also compa-
rable in these two solvents as seen later. For the solutio
the mixed solvent, the phase separation became fast at
peratures below 20.0 °C, while for the present solution,
phase separation became faster at temperatures b
47.0 °C. It would be interesting to compare these thresh
temperatures with the spinodal temperature between
metastable and unstable regions. Angular dependencie
scattered light may be different above and below the thre
old temperatures.

In previous studies, we obtainedB50.0164 andC
50.049 for PMMA in the mixed solvent tert-butyl alcoho
1water~2.5 vol %!.3,4 These values ofB and C are close to
the values obtained in this study. In Figs. 5 and 7, the co
globule transition curves for PMMA in pure tert-butyl alco
hol and in the mixed solvent cannot be distinguished. T
small amount of water does not affect the shape of the co
globule transition curve but shifts theu temperature from
66.0 °C to 41.5. The large drop in theu temperature is known
to be a phenomenon of cosolvency. Cowieet al. suggested a
mechanism of the cosolvency of alcohol1water for
PMMA.22 The cosolvency of tert-butyl alcohol1water for
PMMA may not be caused by a preferential sorption of t
solvent, because the characteristic ratio^s2&0 /M obtained in
the mixed solvent agrees with those obtained in pure t
butyl alcohol and in isoamyl acetate.1,4 The correct charac-
teristic ratio could not be obtained at theu temperature de-
fined byA250 in the presence of a preferential sorption.23

In the present experiment, the PMMA chain in pure te
butyl alcohol was found to collapse completely within 9
min after quenching forM51.223107 and within 30 min
for M54.13106. For PMMA in the mixed solvent tert-buty
alcohol1water~2.5 vol %!, the chain collapse process wa
observed over periods of hours to weeks depending on
temperature and the molecular weight.4 It is clear that the
 license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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presence of the small amount of water caused a drastic s
down of the chain collapse process contrary to the
changed behavior of the coil–globule transition curve. T
fast chain collapse in pure tert-butyl alcohol is in accord w
the fast phase separation. The chain aggregation due to p
separation causes an apparent molecular weight which ca
used as a measure for the rate of phase separation.
PMMA in pure tert-butyl alcohol, the apparent molecul
weight was obtained as 73106 for Mw54.13106 at 60 min
after quenching to 60.0 °C and 1.73107 for Mw51.22
3107 at 24 h after quenching to 55.0 °C. The effect of cha
aggregation indicated by these large apparent molec
weights made the determination of^s2& unreliable, though
the solutions were transparent by the eye. On the other h
for PMMA in the mixed solvent tert-butyl alcoho
1water~2.5 vol %!, the increase in observed molecul
weight due to chain aggregation was negligibly small fo
day after quenching forMw54.03106 and at least for a
week after quenching forMw51.223107. Thus, it is obvi-
ous that the phase separation occurs much faster in pure
butyl alcohol than in the mixed solvent.

According to theories based on phenomenologi
models,11,12 the rate of chain collapse may be related to
nature of the polymer and solvent by Eq.~2!. With the use of
the relationŝ s2&05a2N/6 andm5M /N for the molecular
weight m per segment, the segment size for the monom
unit m5100 is estimated to bea250.366 nm2 from
^s2&0 /M56.131024 nm2. Then, forM51.223107 we ob-
tain t050.5 s for tert-butyl alcohol at 50 °C withh51.40
31023 Pa s andt050.4 s for the mixed solvent tert-buty
alcohol1water~2.5 vol %! at 35 °C withh52.631023 Pa s.
On the other hand, the observed duration of chain collaps
roughly one hour in pure tert-butyl alcohol and several d
in the mixed solvent as mentioned above. Thus, the theo
cally predicted and experimentally observed durations of
chain collapse are very different in a time scale and in
dependence on the solvent nature. It is clear that the ch
collapse rate of PMMA in the two solvents is governed by
different mechanism from that in the theories of de Genne11

and Grosberget al.12

The results of the present experiment together with
results of previous experiments suggest that the rate of c
collapse increases with increase of the rate of ch
aggregation.24–26The chain aggregation process observed
PMMA in the mixed solvent and in isoamyl acetate w
represented by an exponential function. It is known that
exponential growth of clusters is not caused by diffusio
limited cluster aggregation~DLCA! but by reaction-limited
cluster aggregation~RLCA!.27 An elementary reaction be
tween polymer chains stems from a reaction between p
mer segments, which are identical irrespective of whether
segments belong to the same chain or to different cha
Downloaded 16 Mar 2006 to 133.87.26.100. Redistribution subject to AIP
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Thus, the rates of chain collapse and chain aggregation
closely correlated with each other through the reaction
tween polymer segments. The role of water in the rates
chain collapse and chain aggregation in the mixed solv
may be revealed by an experiment which is carried out
changing the water content. When the temperature was l
ered, the rate of chain aggregation of PMMA suddenly
creased near 20.0 °C in the mixed solvent and near 47.0 °
pure tert-butyl alcohol. A comparison of scattering functio
above and below the threshold temperature would give in
mation on the mechanism of the chain collapse and ch
aggregation from a different point of view.

ACKNOWLEDGMENT

This work was supported by a Grant-in-Aid for Scie
tific Research~B! ~Grant No. 14340117! from the Ministry
of Education, Science, Sport, and Culture of Japan.

1M. Nakata and T. Nakagawa, Phys. Rev. E56, 3338~1997!.
2M. Nakata and T. Nakagawa, J. Chem. Phys.110, 2703~1999!.
3M. Nakata, Phys. Rev. E51, 5770~1995!.
4Y. Nakamura, N. Sasaki, and M. Nakata, Macromolecules34, 5992
~2001!.

5T. M. Birshtein and V. A. Pryamitsyn, Macromolecules24, 1554~1991!.
6A. Y. Grosberg and D. V. Kuznetsov, Macromolecules25, 1970 ~1992!;
25, 1980~1992!; 25, 1991~1992!; 25, 1996~1992!.

7G. Swislow, S. T. Sun, I. Nishio, and T. Tanaka, Phys. Rev. Lett.44, 796
~1980!.

8S. T. Sun, I. Nishio, G. Swislow, and T. Tanaka, J. Chem. Phys.73, 5971
~1980!.

9B. Chu, Q. Ying, and A. Y. Grosberg, Macromolecules28, 180 ~1995!.
10X. Wang, X. Qiu, and C. Wu, Macromolecules31, 2972~1998!.
11P. G. de Gennes, J. Phys.~France! Lett. 46, L-639 ~1985!.
12A. Y. Grosberg, S. K. Nechaev, and E. I. Shakhnovich, J. Phys.~France!

49, 2095~1988!.
13Y. Grosberg and D. V. Kuznetsov, Macromolecules26, 4249~1993!.
14L. I. Klushin, J. Chem. Phys.108, 7917~1998!.
15A. Halperin and P. M. Goldbart, Phys. Rev. E61, 565 ~2000!.
16J. Ma, J. E. Straub, and E. I. Shakhnovich, J. Chem. Phys.103, 2615

~1995!.
17A. Byrne, P. Kiernan, D. Green, and K. A. Dawson, J. Chem. Phys.102,

573 ~1995!.
18Y. A. Kuznetsov, E. G. Timoshenko, and K. A. Dawson, J. Chem. Ph

103, 4807~1995!.
19Y. A. Kuznetsov, E. G. Timoshenko, and K. A. Dawson, J. Chem. Ph

104, 3338~1996!.
20M. Nakata, Polymer38, 9 ~1997!.
21F. Tanaka, J. Chem. Phys.82, 4707~1985!.
22J. M. G. Cowie, M. A. Mohsin, and I. J. McEwen, Polymer28, 1569

~1987!.
23A. Dondos and H. Benoit, J. Polym. Sci., Part B: Polym. Lett.7, 335

~1969!.
24M. Nakata, T. Nakagawa, Y. Nakamura, and S. Wakatsuki, J. Chem. P

110, 2711~1999!.
25T. Nakagawa, Y. Nakamura, N. Sasaki, and M. Nakata, Phys. Rev. E63,

031803~2001!.
26Y. Nakamura, N. Sasaki, and M. Nakata, Macromolecules35, 1365

~2002!.
27T. Vicsek, Fractal Growth Phenomena, 2nd ed.~World Scientific, Sin-

gapore, 1992!.
 license or copyright, see http://jcp.aip.org/jcp/copyright.jsp


