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Solvent effect on single-chain collapse of poly  (methyl methacrylate )
in tert-butyl alcohol

Yoshiki Nakamura, Naoki Sasaki, and Mitsuo Nakata®
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 puolgthyl methacrylatg PMMA) in

pure tert-butyl alcohol were determined by static light scattering and compared with those of PMMA
in the mixed solvent tert-butyl alcohtlvatef2.5 vol % in order to examine the effect of water on

the chain collapse. The measurements were carried out for the molecular Meigtd ®=4.1 and

12.2 in the concentration range of &80 *-2.6x10 “g/cn?, and the mean-square radius of
gyration (s?) 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 Mor 1.22

% 10" and within 30 min forM=4.1x10°. 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 alcohelwaterf2.5 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
a?=(s?)/(s?), obtained for fully collapsed chains in pure tert-butyl alcohol was represented by the
theoretical predictiome®— a—C(a 3—1)=B(1— 6/T)M¥? with the coefficients ofB=0.0179

and C=0.054. For PMMA in the mixed solvent, the coil-globule transition curve has been
expressed by the same equation vlBth 0.0164 andC=0.049, 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. @003 American Institute of Physics.

[DOI: 10.1063/1.1539841

I. INTRODUCTION a®—a—C(a3-1)=BMY?, (1)

We have recently studied the kinetic and static propertiegvhich was derived for a contracted chdw<1), wherer is
of the coil-globule transition of polynethyl methacrylate  defined as + 6/T, M is the molecular weight, anl andC
(PMMA) in isoamy! acetate and in the mixed solvent tert-are related to second and third virial coefficients among seg-
butyl alcohok-watex2.5 vol %) by static light scattering=®  ments, respectively. These coefficients were determined to be
Since the solutions underwent very slow phase separatio®=0.0041 andC=0.073 for PMMA in isoamyl acetalé
the mean square radius of gyrati¢s?) of PMMA chains  andB=0.0164 andC=0.049 in the mixed solvent tert-butyl
was determined accurately in the temperature ranges fromicohok-water2.5 vol %9.%*
the ¢ temperature 61.0°C to 0°C in isoamyl acejc&tan_d The coil-globule transition has been studied for some
from the ¢ temperature 41.5°C to 20°C in the mixed other polymer solutions, for which light scattering measure-
solvent* by using solutions in the concentration range of ments have been carried out for very large molecular weights
0.7x10 *-5X 10 *g/cn™. PMMA chains in both of the and at extremely low concentrations in order to minimize the
solvents collapsed completely before the onset of phasgffect of the phase separation. Tanakaal.”® obtained a
separation. The rate of chain collapse depended strongly afbil—globule transition curve for polystyrene in cyclohexane
the molecular weight and was slower in the mixed solveniyith the molecular weighM,,=2.6x 10’ in the concentra-
than in isoamyl ace'Fat?e‘? For M,,=1.22x 10/, chain col- tion range from 3<10 ° to 3x 10 8 g/cn®. A recent analy-
lapse required a period of hours to weeks depending on theis of the data has revealed that the transition curve can be
solvent and quench depth. The observed chain collapse preepresented by Edq1) with B=0.0162 andC=0.026% Chu
cess was fitted to a stretched exponential function, withet al. attempted to determine the chain collapse process for
which an expansion factor for totally collapsed chains wagyolystyrene in cyclohexane withl,,=8.1x 1¢° at the con-
estimated. For PMMA with M,,=2.84x10° in the mixed  centration 8.%10 ®g/cn? by dynamic light scattering.
solvent, complete chain collapse occurred within about 60rheir measurements, which were carried out at a temperature

min after a temperature decrease. of a few degrees below the phase separation temperature,
The observed expansion factar=(s?)/(s?), relative  suggested a two-stage collapse process with characteristic
to (s?), at the  temperature has been representet®by times of 357 and 323 s in the first and second stages, respec-

tively. Wanget al1° carried out static and dynamic light scat-

3Author to whom correspondence should be addressed. Electronic maif€fing mef_isurements for_ pQN—isopropyIacrylamid?a
nakata@gogh.sci.hokudai.ac.jp (PNIPAM) with M,,=1.3x 10’ in water at the concentration
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6.7x10 7 g/lc®. They observed a fully collapsed chain just PMMA chains of M X 107°=4.1 and 12.2 collapsed to an
after attainment of temperature equilibration and detected nequilibrium size within 30 and 90 min after quenching, re-
change in chain size for 10 h at that temperature. The coil-Spectively. It should be recalled that the chain collapse of
globule transition curve obtained experimentally for PMMAwith M =1.22x 10’ required a time period of days in
PNIPAM was compared with Eq) with B=0.0325 and the mixed solvent tert-butyl alcohelwate(2.5 vol %). The
C=0.0295. rate of chain collapse in pure tert-butyl alcohol is much faster
The results of the abovementioned experimental studiethan that in the mixed solvent. The small amount of water
on different polymer solutions suggest that a coil-globuleobviously caused the slowdown of the chain-collapse rate in
transition curve of polymer solutions may be expressed b)}he mixed solvent. The coil-globule transition curve of
Eq. (1), in which the coefficient8 and C depend on the PMMA in pure tert-butyl alcohol was the same as that in the
interaction between polymer and solvent. On the other handnixed solvent at 2.5 vol % of water. The kinetic and static
the time period required for chain collapse varies |arge|yproperties of chain collapse were not correlated with each
depending on the system of polymer and solvent. For thé@ther.
molecular weightV ~ 107, the time period required for chain
collapse is roughly days for PMMA, minutes for polysty- |l. EXPERIMENT

rene, and shorter than the time required for thermal equili- 10 fractions designated by M19-F12 and M21-F9 were
bration in experiment for PNIPAM. _ used as PMMA samples in the present study. The molecular
The kinetics of chain collapse has been studied on th@veights of M19-F12 and M21-F9 were determined to be
basis of phﬁqumenologlcal mOdJérslSIa”d by computer ;5 1076=4.0 and 12.2, respectively, in a previous stfdy.
simulations.™** de Gennes first studied a mechanism ofthe molecular weight distribution has been estimated from
chain collapse and derived the characteristic tigas™ observed characteristic ratios to kg, /M ,~ 1.20. tert-butyl
o= 7a%(— IN?/K, ) alcohol was f'ractiona!ly distilled @mmediately before use.
The solution for light-scattering measurement was pre-
where 7 is the viscosity coefficient of the solverd,is the  pared at four concentrations neal0 % g/cn?)=0.6, 1.2,
segment size\ is the segment number per chain, did the 1.8, and 2.4, similar to those used in a previous sfuigch
Boltzmann constant. Grosbeeg al. also derived a character- solution was transferred into an optical cell of 18 mm in i.d.
istic time similar to Eq(2).2 Since each quantity in Eq2)  and 1 mm in wall thickness and sealed tightly with a Teflon
is comparable for the above polymer solutions, Bj.fails  cap to prevent evaporation of the solvent. The optical cells
to explain the large difference in the observed chain collapseere kept under saturated vapor of tert-butyl alcohol in the
duration. Moreover, the characteristic time of E2).is of an  dark at a temperature near 70°C. The solutions were kept
order of 10 s for the above solutions witM~10" and is  still for a few days to sediment impurity particles to the
much smaller than the chain-collapse durations observed fdyottom of cell, which made the optical clarification of the
PMMA and polystyrene. Theoretical analyses and computesolution effectively.
simulations for chain collapse have been focused on the Each optical cell was immersed in a thermostated cylin-
chain length dependence of the characteristic time rather thadrical cell at the center of a photometer. The measurements
the absolute value. Equatidf) gives the characteristic time of scattered light were started 30 min after the setup of the
for the first stage in a two-stage collapgsé? The character- cell to allow sufficient time for thermal equilibration and
istic time in the second stage dependsNhand may be continued at time intervals of 30 min. The measurements
much longer than that in the first stage. The results of thavere carried out over the angular range of 30°-135° at in-
above experiments on the chain collapse process are ntdrvals of 15° with unpolarized incident light at 435.8 nm of
compatible with the theoretical prediction of two-stage col-a mercury arc as described elsewhfhe light-scattering
lapse. data were obtained in the temperature ranges of 54—70°C
So far, there has been little discussion on the rate ofor M19-F12 and of 47—70 °C for M21-F9.
chain collapse of real polymers, because the rate of chain The refractive index incremerdn/dc(cm’/g) at a re-
collapse is likely to depend on specific properties of polymerquired temperature(°C) for PMMA in pure tert-butyl alco-
and solvent and accordingly cannot be discussed from a unikol was calculated from the relatiotin/dc=0.0990+ 3.6
fied viewpoint. However, elucidation of the chain-collapse x 10™%t, which was obtained as follows. On account of the
process of real polymers is important for the understandindiigh 6 temperature for pure tert-butyl alcohapn/dc was
of the fundamental behavior of linear polymer chains anddetermined for PMMA in the mixed solvent tert-butyl
conformational transitions of biopolymers. It would be inter- alcohok-water at the volume fraction of water as 0.015,
esting to examine the effect of water on the rate of chair0.025, and 0.05. The dependencealafdc onu was small in
collapse in the mixed solvent tert-butyl alcokalater, since the above range af, and dn/dc for PMMA in pure tert-
water is nonsolvent for PMMA but an addition of a small butyl alcohol was determined by an extrapolation of the ob-
amount of water to tert-butyl alcohol gives rise to a strongserveddn/dc to u=0 as given above. The values @f/dc
solvent power for PMMA. for PMMA in the mixed solvent were determined at the tem-
In this study, we carried out static light scattering mea-peratures 30, 45, and 60 °C fod,,=8.8x 10* by using a
surements for PMMA in pure tert-butyl alcohol. Ti#fgem-  differential refractometer of the Brice-type.
perature was determined to be 66.0 °C. This higempera- In order to determine the molecular weight,,, the
ture has hampered experimental studies on the solutiomean-square radius of gyratids®) and the second virial
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FIG. 1. Zimm plot of Kc/R,)¥(mol’%g?) as a function of sif(6/2) and 00 0'5 1 15
c(glen?) for light-scattering data of PMMA wittM,,=4.1x 1CP in tert- ’ ’
butyl alcohol. The data were obtained 30 min after quenching to 60.0 °C. sin2(9/2)+2000c

The four solid lines fitted to data points represent the dependence on

sir?(6/2). The solid lines at two lower concentrations are parallel to eachF|G. 2. Zimm plot of Kc/R,) ¥ as a function of sif(6/2) andc(g/cn?)

other, and the broken lines at two higher concentrations are given parallel ty; |ight-scattering data of PMMA wittM,,=1.22x< 10’ in tert-butyl alco-

these solid lines. hol. Data for plots a and b were obtained 30 min after quenching to 66.0 and
47.0 °C, respectively. Plots ¢ and d were obtained 60 min and 120 after
guenching to 47.0 °C for the highest concentration.

coefficientA, from the light-scattering data, the excess Ray-
leigh ratioR, at an angled was analyzed by the scattering

; 0
equatiort; the slope of the two parallel lines at the lower concentrations

(Kc/Rp)Y2=M, Y31+ (1/3a)(s?)q?+ (2/a)M ,A,C} was used for the determination @?). For M19-F12, Zimm
(3)  plots similar to those shown in Fig. 1 were obtained at 30
with K = (22n2INs\Y) (dn/dc)? and q min afFer quenching to tempergtures above 5_4 °C. Light-
= (4mn/)\)sin(82), whereN, is Avogadro’s number) is scattering data obtained at 60 min after que_nchlng, however,
the wavelength of incident light in a vacuum, ands the were largely affected by the chain aggregation due to phase

refractive index of solution. The plot ofKc/R,)Y@ vs  Preparation. ,
sif(612) gives a straight line for an appropriate value of the ~ Fi9ure 2 shows the Zimm plots for the sample M21-F9
constanta and (s?) can be obtained from the slope of the &ccording to Eq(3) with a=1.5. The plots a ando b were
plot according to Eq(3).22The values ofs?), A,, andM,, qbtamed 30 min after quenching to 66.0 a}nd 47.0 C, respec-
were determined by using the Zimm plot with=2 for the tlyely. For each of the plots, the straight lines for the
sample M19-F12 and=1.5 for M21-F9. sir?(6/2) dependence have Fhe same slopes and are extrapo-
lated to =0 as shown by filled circles. The value ¢?)
was estimated from the slope of the parallel straight lines.
Il EXPERIMENTAL RESULTS M,, andA, were obtained from the straight line fitted to the
Figure 1 shows light-scattering data for the sample M194illed circles. The fact that the lines for the 4#2) depen-
F12 obtained at 30 min after quenching to 60.0 °C. The dataence are parallel to each other and the lineg=ed have a
are given in a form of the Zimm plot due to E@) with a  common intercept indicates that chain aggregation is negli-
=2. Each plot of Kc/R,)Y? vs sirf(6/2) at four concentra-  gibly small at 30 min after quenching. The molecular weight
tions is described by a solid straight line, which is extrapo-was determined to b#,,=1.24x10’, which agrees with
lated to #=0 as shown by filled circle. The intercept of the that obtained in the mixed solvent tert-butyl alcohol
solid line fitted to the two filled circles at the lower concen- +water2.5 vol %). The plots ¢ and d were obtained for the
trations gives the molecular weight,,=4.4x 10°, which is  solution at the highest concentration at 60 min and 120 min
slightly larger than 4. 1C° obtained near thé temperature.  after quenching to 47.0 °C, respectively. The large forward
The second virial coefficierh, was not determined reliably scattering at 120 min is caused by an incipient phase sepa-
with the slope of the solid line. The solid lines for the de- ration. However, plots ofc/R,)¥*® vs sirf(6/2) at the two
pendence on sfrg/2 at the two lower concentrations are par- lower concentrations obtained at 120 min after quenching,
allel to each other, and the broken lines at the two highethough not shown, were parallel to each other and yielded
concentrations are described parallel to those lines. The solithe correct molecular weight within an error of 5%. At tem-
lines fitted to data points at the higher concentrations haveeratures above 47.0 °C, the effect of phase separation on the
slopes larger than those of the broken lines indicating aimm plots was negligibly small for a time period of 180
effect of the chain aggregation due to phase separation. Sineein after quenching even at the highest concentration. The
the effect of chain aggregation is very small at the lowersecond virial coefficienf,, though apparent one below the
concentrations as shown by the observed molecular weighphase-separation temperature, was obtained unambiguously,
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FIG. 3. Temperature dependencies of the second virial coeffigignThe 0.3t
open circles show data obtained 30 min after quenching for PMMA with
M,,=1.22x10" in pure tert-butyl alcohol, and the filled circles are data 02k-- e oe—ge-—0---%__
corrected for the effect of phase separation. The triangles are data for the v °
same sample in the mixed solvent tert-butyl alcehehte2.5 vol% ob- [ ~7=°°°7 @===0---0---0---5--
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since the points extrapolated =0 yielded a straight line ) .

with a well-defined slope. time(min)
In Fig. 3, the second virial coefficier&,, which was  FiG. 4. Time dependencies of the expansion faatdrfor PMMA with

obtained forM,,=1.22<10" at 30 min after quenching, is M,=1.22<10 in tert-butyl alcohol. Plots from the top to the bottom were

plotted against temperature by open circles. To eliminate theriee & ° 4 B0 B3 & o, S einguished hecause of overiap

Eﬁec_t due to C_ham _aggregatlon, th? apparent valuesof ping. Dotted Iinés indicate tﬁe equilibrium exngnsion factors at each tem—p

obtained at a time interval of 30 min were extrapolated toperature.

zero time. The extrapolated value 8§ was taken as an

equilibrium one because of the rapid collapse of the PMMA

chain. The corrected values & are shown by filled circles the expansion factor foM,=4.1x 10 is also an equilib-

in Fig. 3. The broken line for the corrected data and the solid!Um one.

line for uncorrected data show essentially the same behavior. According to Eq.(1), the plot of (@*—a)/(1—a"°) vs

A, vanishes at 66.0 °C, where we obtained the characteristieM “%/(1—a %) for a<1 should give a straight line, whose

ratio as (s?)/M,,x10%=6.1 and 6.7 crh for M,,x107° slope and intercept may be used to estinndC, respec-

=4.1 and 12.2, respectively. These values agree with thodd&ely. Figure 6 shows the plot with the same symbols as

obtained at the) temperaturé:* Thus, thed temperature for

PMMA in pure tert-butyl alcohol can be determined to be

66.0°C, which is 24.5°C higher than th& temperature 14} °

41.5°C for PMMA in the mixed solvent tert-butyl alcohol

+water2.5 vol %.* 121 °
Figure 4 shows plots of the expansion factot vs the ~ 1k

time (min) at various temperatures fof,,=1.22<10". The ° N

plots from the top to the bottom were obtained at 65.0, 64.0, 0.8f

63.0, 61.5, 60.0, 57.5, 55.0, 52.5, 49.5, and 47.0 °C, respec-
tively. The plots at 52.5 and 49.5 °C overlap each other. The 06
plot at 47.0 °C lacks data points at 150 and 180 min because 04l
of the effect of phase separation. The plot at 63.0 °C exhibits
a clear time dependence af. At each temperaturey? be-
comes constant at 60 min after quenching. The broken line at : .
each temperature shows the value of the equilibrium expan- -200 -100 0
sion factor. M2
In Fig. 5, the equilibrium expansion factor is plotted

against TM 12 The open circles show the data fod,, FIG. 5. Plot of the equilibrium expansion fa_cta? vs M Y2 for PMMA_irel3
=1.22x107, and the triangles show the data fr,=4.1  '©'tPub/ alcohol. The open circles and triangles are dataMop< 10

. A ; =12.2 and 4.1, respectively. The solid line is described by (Eqwith B
X 10° obtained at 30 min after quenching. The agreement g 9179 andC=0.054. The open square represents the crossover point
between the data for the two molecular weights indicates thatetween coil and globule regions.

02}
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0.5 IV. DISCUSSION AND CONCLUSION
04l The behavior ofA, given by open circles in Fig. 3 has a
G minimum near 61.5 °C, which is somewhat below the coil—-
? 0.3 globule crossover temperature 63.8°C. The minimum near
T the crossover point has been predicted by a theoretical cal-
’e;s‘ o2k culation based on a mean-field model with chain collapse
s ’ taken into accourtt: The correction for chain aggregation is

large near the minimum and near 47.0 °C. The large correc-
tion reflects a fast phase separation. In our previous study, we
measuredA, for PMMA with M =1.22x 10" in the mixed
solvent tert-butyl alcohatwatel2.5 vol % at 30 min after
—01 , ) guenching. The triangles in Fig. 3 show the data for the
"0 10 20 30 mixed solvent. Since the solution of the mixed solvent un-
derwent very slow phase separation, the valuégfs not
affected by chain aggregation. However, the value may be a
FIG. 6. Plot according to Eq1) for PMMA in tert-butyl alcohol. The open  transient one because of the slow chain collapse. Analysis of
circles and triangles are favl,,x10 6=12.2 and 4.1, respectively. The the light-scattering data obtained for a long period showed
slope and intercept of the straight line give the coefficients in(EgasB that A, decreased slowly with contraction of the polymer
=0.0179 andC=0.054, respectively. chain. The Zimm plots in Fig. 2 in Ref. 4 gav®,=—2.5
x 10" °crm® mol/g? at 30 min and—5.2x10 ° at 178560
min after quenching to 23.0 °C. The high valuessfin the
mixed solvent compared with the present ones are attributed
mainly to the slow chain collapse. Thus, the valueg\gfin
the single solvent and in the mixed solvent may be compa-
rable. CorrespondinghyB and C in Eq. (1) are also compa-
rable in these two solvents as seen later. For the solution of
. . - the mixed solvent, the phase separation became fast at tem-
states Waszassumsgl to be located at the mf_lectlon point on ﬂbeeratures below 20.0°C, while for the present solution, the
curve ofa” vs 7M"* and was calculated with E¢1) to be ., phase separation became faster at temperatures below
?=0.55 andrM*?= —23.0. The open square on the solid 47 0°C. It would be interestin
. . . . g to compare these threshold
line shows theﬁc::%rpssover point. 12 . temperatures with the spinodal temperature between the
In Fig. 7,7 is plotted againstM = in order to inspect metastable and unstable regions. Angular dependencies of

the behavior in the glob_ule regidnTh(_a s_ymb_ols are_the scattered light may be different above and below the thresh-
same as those used in Fig. 5. The solid line is described b

. ¥ld temperatures.
Eq. (1) with the above values d8 andC. The open square In previous studies, we obtaineB=0.0164 andC
indicates the crossover point between the coil and gIobuIe:0 ’

: L . 049 for PMMA in the mixed solvent tert-butyl alcohol
regions. Taking into account the uncertainty due to Sma”+wate|(2 5 vol 9.3 These values oB and C are close to
values of@? in the globule region, the data points fit the ' '

o the values obtained in this study. In Figs. 5 and 7, the coil—
solid line reasonably. globule transition curves for PMMA in pure tert-butyl alco-
hol and in the mixed solvent cannot be distinguished. The
small amount of water does not affect the shape of the coil—
globule transition curve but shifts theé temperature from
66.0 °C to 41.5. The large drop in ti#gemperature is known
to be a phenomenon of cosolvency. Cowteal. suggested a
mechanism of the cosolvency of alcohkalater for
PMMA.?? The cosolvency of tert-butyl alcohelater for
PMMA may not be caused by a preferential sorption of the
solvent, because the characteristic rti),/M obtained in
the mixed solvent agrees with those obtained in pure tert-
butyl alcohol and in isoamyl acetaté.The correct charac-
teristic ratio could not be obtained at tlietemperature de-
fined byA,=0 in the presence of a preferential sorption.

In the present experiment, the PMMA chain in pure tert-
butyl alcohol was found to collapse completely within 90
7200 2100 0 min after quenching foM =1.22< 10’ and within 30 min
" for M=4.1x 10°. For PMMA in the mixed solvent tert-butyl
™ alcohoh-watel2.5 vol %), the chain collapse process was
FIG. 7. Plot of a2 vs M2 for behavior in the globule region. The sym- Observed over periods of hours to weeks depending on the
bols and line are the same as those in Fig. 5. temperature and the molecular weidht. is clear that the

©
-—

™M1 - 7%

those used in Fig. 5. Data points near theemperature are
omitted because of a large scattering. From the straight lin
for the data points, we obtaind&k=0.0179 andC=0.054. In
Fig. 5, the solid line is described by Ed.) with these values
of B and C. The crossover point between coil and globule

60r

201
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presence of the small amount of water caused a drastic slowhus, the rates of chain collapse and chain aggregation are
down of the chain collapse process contrary to the une¢losely correlated with each other through the reaction be-
changed behavior of the coil-globule transition curve. Theaween polymer segments. The role of water in the rates of
fast chain collapse in pure tert-butyl alcohol is in accord withchain collapse and chain aggregation in the mixed solvent
the fast phase separation. The chain aggregation due to phasay be revealed by an experiment which is carried out by
separation causes an apparent molecular weight which can lsbanging the water content. When the temperature was low-
used as a measure for the rate of phase separation. Fered, the rate of chain aggregation of PMMA suddenly in-
PMMA in pure tert-butyl alcohol, the apparent molecular creased near 20.0 °C in the mixed solvent and near 47.0 °C in
weight was obtained asx71(P for M,,=4.1x 10° at 60 min  pure tert-butyl alcohol. A comparison of scattering functions
after quenching to 60.0°C and K40’ for M,,=1.22  above and below the threshold temperature would give infor-
X 107 at 24 h after quenching to 55.0 °C. The effect of chainmation on the mechanism of the chain collapse and chain
aggregation indicated by these large apparent moleculaggregation from a different point of view.
weights made the determination ) unreliable, though
the solutions were transparent by the eye. On the other handCKNOWLEDGMENT
for PMMA in the mixed solvent tert-butyl alcohol
+wate2.5 vol%), the increase in observed molecular
weight due to chain aggregation was negligibly small for a
day after quenching foM,=4.0x10° and at least for a
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