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1 Introduction

1.1 Background

Acquiring a deeper understanding of phase behavior of polymer solutions is an interesting
and important subject in thermodynamics of polymer solutions, and therefore consider-
able efforts’ have been continuously devoted to the subject since Flory* and Huggins®
broke ground for it. Even in these days, the phase behavior of polymer solutions is usually
interpreted in the framework of the Flory—Huggins (FH) theory, in which the so-called
FH entropy term is combined with an enthalpy term including the thermodynamic in-
teraction coefficient y. For binary solutions of non-polar polymers in non-polar solvents,
which commonly exhibit upper-critical-solution-temperature (UCST) miscibility behav-
ior in an ordinary temperature range, the FH theory with x oc 7! may qualitatively
explain experimental results. As for binary solutions of polar polymers in polar solvents,
on the other hand, they show a variety of phase diagrams, e.g., lower-critical-solution-
temperature (LCST), hour-glass shaped, and closed-loop ones, other than the UCST one,
since x is not simply proportional to 7! in such solutions because of interactions be-
tween permanent electric dipole moments of solute polymers and solvent molecules. In
particular, the dipolar interactions are very strong in aqueous polymer solutions, in which
x may be appreciably varied by breakdown of the so-called hydrogen bond as the solution
temperature is raised, and a special interest therefore has centered on aqueous solutions.
For instance, phase behavior of aqueous polyoxyethylene (POE) solutions has been almost
completely investigated both experimentally®® and theoretically.® The aqueous POE so-
lution could be a model system for a comprehensive study of aqueous polymer solutions, if
it were easy to carry out a variety of experimental measurements other than the turbidity

near room temperature.

Among aqueous polymer solutions studied so far, those of poly(/N-isopropylacryl-
amide) (PNIPA) are considered to be suitable for a variety of experimental measurements
near their phase-separation temperatures, since they show LCST miscibility behavior near
the human body temperature.!’ Besides such experimental convenience, PNIPA itself is
an attractive polymer because of its potential applications to drug-delivery devices and

intelligent materials.!’1? Not a few studies have therefore been made of phase behavior
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13221 and theoretically,?? in which the cloud-

of its aqueous solutions both experimentally
point curve in the solution is always considered to be the binodal as in the cases of other
polymer-solvent systems.!™ The cloud point in aqueous PNIPA solutions has been shown
to have some salient and unusual features: it is rather insensitive to the concentration of
the solutions,!3 2!
weight of PNIPA.'"!® Unfortunately, however, the literature data'® 2! for the cloud point

is rather scattered and the difference between literatures beyond experimental error. It is

and at a given concentration it decreases with decreasing the molecular

therefore necessary to find the source of the difference and to inquire the reasons of such

characteristic features. It is the purpose of this thesis.

1.2 pointed out that the cloud point in an aqueous PNIPA solution

Recently, Ray et a
appreciably depends on the stereochemical composition of the sample used. In addition, it
seems to be sensitive to hydrophobic and electrostatic interactions between the end groups

of the samples used. All the PNIPA samples used in the literatures! 2!

were synthesized
by radical polymerization under different polymerization conditions from each other. The
fraction f, of racemo diads, specifying the stereochemical composition, of the samples
so synthesized are considered to be almost independent of the solvent condition and the
initiator used for the polymerization, so that the difference in the cloud point between the
literature data may not be caused by the difference in f,. The end groups of the samples
synthesized by the use of different initiators are different from each other. The difference
in the cloud point, however, exists not only between the samples having the different end
groups but also between those having the same end group. Under these circumstances,

the cause of the difference in the cloud point between the literature data is not clear.

The experimental procedures to determine the cloud point, such as the rate of in-
crease in temperature and/or the manner of adopting a temperature as the cloud point,

1321 g5 that the above-mentioned dif-

are somewhat different between the investigators,
ference in the cloud point between the literature data is possible to be apparent and is
not yet conclusive. It is therefore desirable to compare experimental data for the cloud
point in aqueous PNIPA solutions determined following the same procedure in the same
laboratory. In this study, we synthesize the PNIPA samples by radical polymerization
in methanol, tert-butanol, benzene, and 1,4-dioxane by the use of azobis(isobutyronitrile)
as an initiator, and then determine their cloud points in aqueous solutions, in order to
examine whether or not the difference in the cloud point between the samples synthesized

in different solvents really exists beyond experimental error.

If there is surely a difference in the cloud point between the samples so prepared,
we have to go in search of its sources other than the above-mentioned differences in f;
and experimental procedure. Recent report by Gao and Frisken?*?5 tells us that PNIPA

samples synthesized by radical polymerization in some conditions have random-branched
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structure, suggesting that PNIPA samples synthesized by radical polymerization in gen-
eral have branched structure and the number of branch points in the sample, depends
on solvents used for polymerization. Since the number of the branch points does not
seems so large that it can be detected by spectroscopic techniques, it is necessary for
confirmation of the branched structure to examine dilute solution properties, e.g., the
mean-square radius of gyration (S?), second virial coefficient Ay, translational diffusion
coefficient D, and intrinsic viscosity [n] determined from static and dynamic scattering
(LS) and viscosity measurements.

Further if the PNIPA samples synthesized by radical polymerization surely have the
branched structure, it is desirable for us to prepare well-characterized linear PNIPA sam-
ples and to examine the cloud point of their aqueous solutions. Preparation of the linear
PNIPA samples, for example, by living anionic polymerization requires some comments.
It is known that living anionic polymerization of N-isopropylacrylamide (NIPA) is unfea-
sible because of acidity of its amide proton.?6:>” Recently, it has been shown that linear
PNIPA may be synthesized by living anionic polymerization of protected NIPA whose

amide proton is masked with a group properly chosen,?¢29

and that the living anionic
polymerization of NIPA monomers masked with a methoxymethyl group by the use of
diphenylmethylpotassium as an initiator,?” 2 leads to linear samples which have the same

value of f,. as that of the samples synthesized by the radical polymerization.

1.2 Outline

The plan of this thesis is as follows.

In Chapter 2, the cloud point was determined for aqueous solutions of four kinds of
poly(N-isopropylacrylamide) (PNIPA) samples synthesized by radical polymerization in
methanol, tert-butanol, benzene, and 1,4-dioxane by the use of azobis(isobutyronitrile)
(AIBN) as an initiator, in the range of the weight fraction w of the sample from 0.5 to 10%.
It has then been found that the cloud points so determined for the samples synthesized
in benzene and 1,4-dioxane are definitely lower than those for the samples synthesized in
methanol and tert-butanol, although all the samples have almost the same stereochemical
composition and the same end group. The observed deviation may be regarded as arising
from the difference in the primary structure between the samples.

In Chapter 3, the mean-square radius of gyration (S?), second virial coefficient As,
and intrinsic viscosity [n] were determined in methanol at 25.0 °C for two kinds of PNIPA
synthesized by radical polymerization in tert-butanol and benzene by the use of AIBN
as an initiator. In all cases of the three quantities, it is found that the value is smaller
for the PNIPA synthesized in benzene than for that synthesized in tert-butanol and the
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difference between the two kinds of PNIPA increases with increasing the weight-average
molecular weight M,. The average chain dimension of the former PNIPA should then
be smaller than that of the latter. Since the two kinds of PNIPA were shown to have
the same stereochemical composition (and also the same chain end group), the difference
in the average chain dimension may be regarded as arising from the difference in the
primary structure, i.e., the number of branch points. Considering the fact that the average
dimension of a given polymer chain in general decreases with increasing the number of
branch points, it may be concluded that the number is larger in the former PNIPA than
in the latter. The behavior of the interpenetration function ¥ and the Flory—Fox factor

® as functions of My, is also examined, confirming the conclusion.

In Chapter 4, Ay and [n] were determined in methanol at 25.0 °C for PNIPA samples
synthesized by living anionic polymerization in the range of M,, from 4.91 x 103 to 7.23 x
10*, which are called L samples, and also for those by radical polymerization in tert-
butanol and benzene by the use of AIBN as an initiator in the range of M,, from 1.23 x 10*
to 7.83 x 10*, which are called T and B samples, respectively. It is found for both A, and
[n] that their values for the three kinds of samples agree well with each other in the range
of M, < 3 x 10* but deviate from each other as M,, is increased from 3 x 10%, the value
for the L sample being the largest and that for the B sample the smallest. The result is
consistent with the fact that the average chain dimension is the largest for the L sample
having no branch point and the smallest for the B sample having the largest number
of branch points. From a simultaneous analysis of Ay and [n] for the L samples on the
basis of the Kratky—Porod wormlike chain with excluded volume, the stiffness parameter
A1 is estimated to be 18 A, which is almost the same as those determined for typical
flexible polymers. For the L samples, the cloud point was also determined in their aqueous
solutions in the range of w of PNIPA from ca. 0.5 to ca. 10%. It is found that the cloud
point in the range of w 2 2% decreases from ca. 32 °C to ca. 18 °C as M, is decreased
from 7.23 x 10* to 5.47 x 10®. Such behavior may be regarded as arising from effects of

hydrophobic chain end groups of the L samples.

In Chapter 5, transmittance of light passing through aqueous solutions of the L sample
with M, = 7.23 x 10* was measured under a series of changes in temperature. It is then
found that the transmittance is held at a constant value between 0 and 100% even at a
temperature slightly higher than the cloud point, indicating that the macroscopic phase
separation does not take place at the cloud point in the aqueous PNIPA solutions and
therefore the cloud-point curve dose not correspond to the binodal. Static and dynamic
light scattering measurements were also carried out for aqueous solutions of the L sample
and the T sample with M, = 7.19 x 10* at temperatures considerably lower than the

cloud point, the latter sample being considered to have random-branched structure. It
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was found that both the PNIPA samples in aqueous solution form aggregates even at such

temperatures, the number, size, and density profile of the aggregates depending on the

kind of end group and also on the primary structure.
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2 Cloud Points in Aqueous
Poly(N-isopropylacrylamide) Solutions

2.1 Introduction

As mentioned in Chapter 1, aqueous solutions of Poly(/N-isopropylacrylamide) (PNIPA)
have then been shown to have some salient and unusual features: the cloud point is
rather insensitive to its concentration,!® and at constant concentration it decreases with
decreasing the molecular weight.>¢ Unfortunately, however, the literature data'™ for the
cloud point are rather dispersed and differ from each other, the difference being beyond
experimental error. It is therefore necessary to ascertain the cause of the dispersion of

the data prior to inquiring the reasons of such characteristic features.

1'% pointed out that the cloud point for the aqueous PNIPA solution

Recently, Ray et a
appreciably depends on the stereochemical composition of the sample used. In addition,
it seems to be sensitive to the hydrophobic and also electrostatic interactions between
the end groups of the sample used, especially in aqueous solutions. All the PNIPA sam-
ples used in the previous studies'™ of the cloud point had been synthesized by aqueous
redox polymerization by the use of a redox catalyst consisting of ammonium persulfate

3

as an oxidative part and of sodium bisulfite,! tetramethylethylenediamine,® or sodium

metabisulfite® as a reductive part, or by conventional radical polymerization in a mix-
ture of benzene and acetone,? in benzene,®* in tert-butanol,>% in tetrahydrofuran,” or in
methanol,” by the use of azobis(isobutyronitrile) (AIBN) as an initiator. The fraction f;
of racemo diads, specifying the stereochemical composition, of the samples so synthesized
are considered to be almost independent of the solvent condition and the initiator used
for the polymerization, so that the difference in the literature data for the cloud point
may not be caused by the difference in f,. The end groups of the samples synthesized by
the use of the redox catalyst and that of AIBN are different from each other, the former
end group being ionic. The difference in the cloud point, however, exists not only between
the samples having the different end groups but also between those having the same end
group. Under these circumstances, the cause of the difference in the cloud point between

the literature data is not clear.
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The experimental procedures to determine the cloud point, such as the rate of increase
in temperature and/or the manner of adopting a temperature as the cloud point, are
somewhat different between the investigators,’™ so that the above-mentioned difference
in the cloud point between the literature data is not yet conclusive. It is therefore desirable
to compare experimental data for the cloud point in aqueous PNIPA solutions determined

following the same procedure in the same laboratory.

In this chapter, we synthesize the PNIPA samples by radical polymerization in methanol,
tert-butanol, benzene, and 1,4-dioxane by the use of AIBN as an initiator, and then de-
termine their cloud points in aqueous solutions, in order to examine whether or not the
difference in the cloud point between the samples synthesized in different solvents really

exists beyond experimental error.

2.2 Experimental

2.2.1 Materials

Four kinds of (original) PNIPA samples were synthesized by radical polymerization in
methanol, tert-butanol, benzene, and 1,4-dioxane by the use of AIBN as an initiator. In
each case, N-isopropylacrylamide (ca. 20 g), which had been recrystallized three times
from a 8/2 mixture of n-hexane and benzene and then dried in a vacuum for 12 h, were
polymerized in the solvent (ca. 150 mL) with AIBN (ca. 1 mol%) under dry nitrogen at
60 °C for 30 h, the conversion being almost 100%. The original samples so synthesized
were purified by reprecipitation from acetone solutions into n-hexane and then separated
into fractions of narrow molecular weight distribution by fractional precipitation using
acetone as a solvent and n-hexane as a precipitant, or by a column elution method with
a mixture 6/4 of n-hexane and acetone as an eluent. The test samples so prepared were
dissolved in 1,4-dioxane, then filtered through a Teflon membrane of pore size 1.0 pm,
and finally freeze-dried from their 1,4-dioxane solutions. They were dried in a vacuum at

ca. 80 °C for ca. 12 h just prior to use.

The solvent methanol used for light scattering (LS) measurements was purified by
distillation after refluxing over calcium hydride for ca. 6 h. The solvent tetrahydrofuran
used for analytical gel permeation chromatography (GPC) was of reagent grade with no
stabilizer. The solvent deuterated dimethyl sulfoxide used for 'H NMR spectroscopy was
of reagent grade. The solvent water used for the determinations of the cloud point was
highly purified through a Milli-Q Labo water purification system of Millipore Co., its
resistivity being 18.2 MQ-cm.
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2.2.2 Light Scattering

LS measurements were carried out to determine the weight-average molecular weight M,
for all the samples, in methanol at 25.0 °C. A Fica 50 light-scattering photometer was used
with vertically polarized incident light of wavelength Ay = 436 nm. For a calibration of
the apparatus, the intensity of light scattered from pure benzene was measured at 25.0 °C
at a scattering angle of 90°, where the Rayleigh ratio Ry,(90°) of pure benzene was
taken as 46.5 x 1079 cm™1.'! The depolarization ratio p, of pure benzene at 25.0 °C was
determined to be 0.41+0.01. Scattered intensities were measured at seven or eight different
concentrations and at scattering angles # ranging from 30.0 to 142.5°, and then converted
to the excess unpolarized (Uv) components ARy, of the reduced scattered intensities
by the use of the scattered intensities from the solvent methanol. The data obtained
were treated by using the Berry square-root plot.!? For all the samples, corrections for
the optical anisotropy were unnecessary since the degree of depolarization was negligibly

small.

The most concentrated solution of each sample was prepared gravimetrically and made
homogeneous by continuous stirring at room temperature for 1 day. It was optically
purified by filtration through a Teflon membrane of pore size 0.10 pm. The solutions of
lower concentrations were obtained by successive dilution. The weight fractions of the test
solutions were converted to the polymer mass concentrations ¢ by the use of the densities
of the respective solutions calculated with the partial specific volumes vy of the samples
and with the density py of the solvent methanol. The values of v5 in methanol at 25.0 °C
were determined to be 0.903 cm?/g irrespective of the kind of test sample, by the use of
a pycnometer of the Lipkin—Davison type having the volume 10 cm?. For the value of pg
of methanol at 25.0 °C, we used the literature value 0.7866 g/cm3.!3

The refractive index increment dn/dc was measured at wavelength 436 nm by the use
of a Shimadzu differential refractometer DR-1. For the refractive index of methanol at
25.0 °C at wavelength of 436 nm, we used the literature value 1.3337.13

2.2.3 Analytical Gel Permeation Chromatography

The ratio of M,, to the number-average molecular weight M, for all the PNIPA samples
were evaluated by analytical GPC with five serially connected columns (Tosoh GMHy
+ G5000H, + G5000H,; + G4000H, + G4000H,;) connected to a HPLC pump (Jasco
PU-980) and a UV detector (Tosoh UV-8000) using tetrahydrofuran as an eluent and
12 standard polystyrene (PS) samples (Tosoh, M, = 2.8 x 10® — 8.4 x 10%, M, /M, =

1.02 — 1.17) as reference standards.
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2.2.4 'H NMR

'H NMR spectra for all the PNIPA samples in deuterated dimethyl sulfoxide at 170 °C
were recorded on a JEOL JNM-A500 spectrometer at 500.2 MHz by the use of an rf pulse
angle of 45° with a pulse repetition time of 8 s, where tetramethylsilane was added to

each test solution as an internal standard.

2.2.5 Transmittance of Light

The intensity of light passing through the aqueous solution of each PNIPA sample at
a given weight fraction w of the sample was monitored in order to determine its cloud
point. All the measurements were carried out by the use of a self-made apparatus with
incident light of wavelength 650 nm from a laser diode module, as described below. A
cylindrical cell of outer diameter 10 mm containing a given test solution was immersed in
a water bath, the test solution in the cell being stirred continuously. The temperature of
the water bath was controlled to increase at the rate of ca. 1.5 °C/h. During continuous
increase in temperature from 28 to 34 °C, the intensity of light passing through the cell
was monitored by a photodiode. The output of the photodiode along with the solution
temperature measured simultaneously by the use of a platinum resistance thermometer
combined with a programmable digital multimeter (Yokokawa 7555) was recorded on a
personal computer at intervals of 10 s.

The measurements were carried out at 8 different concentrations in the range of 0.5 <
w < 10% for each sample. The most concentrated solution of each sample was prepared
gravimetrically and made homogeneous by continuous stirring for 1 day at ca. 20 °C. The

solutions of lower concentrations were obtained by successive dilution.

2.3 Results and Discussion

2.3.1 Characterization

The values of M,, determined by LS measurements in methanol at 25.0 °C and M, /M, by
analytical GPC using the standard PS samples as reference standards for all the PNIPA
samples used in this work are given in the second and third columns of Table 2.1, respec-
tively, the first letters M, T, B, and D in the sample codes in the first column indicating
the solvents used for radical polymerization, i.e., methanol, tert-butanol, benzene, and
1,4-dioxane, respectively. We note that the values of On/0dc in methanol at 25.0 °C, which
are necessary for the evaluation of M, from the LS data, were determined to be 0.184,,
0.1857, 0.1844, 0.1837, 0.1825, 0.1857, 0.1845, and 0.185¢ cm?/g for the samples M6, M9,
T5, T13, B5, B14, D5, and D13, respectively.
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Table 2.1. Values of M, M, /M,, and f, for Poly(N-isopropylacrylamide)

sample M, My /M, * fe

synthesized in methanol
M6 6.45 x 10* 1.19 0.51
M9 9.44 x 10* 1.17 0.52
synthesized in tert-butanol
Th 5.17 x 10* 1.14 0.52
T13 1.31 x 10° 1.23 0.52
synthesized in benzene
B5 4.65 x 10* 1.17 0.52
B14 1.44 x 10° 1.14 0.51
synthesized in 1,4-dioxane
D5 5.18 x 10* 1.28 0.52

D13 1.27 x 10° 1.18 0.52

@The values of M, /M, were determined by analytical GPC using standard PS samples

as reference standards.
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Figure 2.1 shows the 'H NMR spectra for all the 8 samples in the range of the chemical
shift 0 from 0.7 to 2.4 ppm, where the signals from the methylene (a) and methine (b)
protons in the main chain and the methyl protons (c) in the side group are included.
According to Isobe et al.,'* the signals in the ranges of 1.0 <§ <1.2,1.2 <6 < 1.8, and
1.9 < 0 < 2.2 (in units of ppm) may be assigned to the ¢, a, and b protons, respectively.
The three signals from the a protons in the range of 1.2 < § < 1.8 may be further assigned
to those in the meso (m), racemo (r), and m diads, respectively, from the right to the
left, as explicitly shown in the spectra for the samples M6 and M9. In the last column of
Table 2.1 are given the values of f, determined from the intensities of those three signals
from the a protons. All the PNIPA samples have almost the same value (0.51—0.52) of

fr, as has been expected.

2.3.2 Cloud Point

The (relative) transmittance of light through the aqueous solutions of the PNIPA samples
M6, M9, Th5, T13, B5, B14, D5, and D13, at the weight fraction w = 5.04, 4.93, 5.04,
5.07, 4.96, 5.09, 4.94, and 5.02%, respectively, in heating process are plotted against
temperature in Figure 2.2. Here, the (relative) transmittance is defined as the ratio of
the intensity of light passing through a test solution at a temperature to that at a lower
temperature at which the test solution may be regarded as transparent. The light curves
represent the values of M6, T5, B5, and D5 and the heavy ones represent those of M9,
T13, B14, and D13, as indicated.

The transmittance as a function of temperature is expected to decrease steeply with
increasing temperature at a threshold temperature, i.e., the cloud point where the macro-
scopic phase separation takes place if the solution under consideration really shows the
LCST miscibility behavior. From Figure 2.2, however, it is seen that the shape of the
transmittance curve depends on the kind of sample and also on M, and its decrease is
rather gentle except for the samples M9 and T13. Such results arouse us some doubt if
the decrease in the transmittance really corresponds to the macroscopic phase separation
in all cases. We note that the shape of transmittance curve is independent of the rate of
increase in temperature if it is slower than 1.5 °C/h.

The cloud point is experimentally determined to be the temperature at which a given
test solution just begins to be turbid, ¢.e., its transmittance just starts to decrease from
100%, in the heating process. Because of the situation mentioned above, it is difficult to
determine such a temperature unambiguously, so that we adopt the temperature at which
the transmittance becomes 90% as the cloud point, for convenience. The symbols O, O,
v, A, O, o, 2 and é in Figure 2.2 represent the cloud points so determined for the
samples M6, M9, T5, T13, B5, B14, D5, and D13, respectively.
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Figure 2.1. '"H NMR spectra of the methylene (a) and methine (b) protons in the main

chain and the methyl protons (c) in the side group for all the PNIPA samples.
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Figure 2.2. Temperature dependence of the transmittance of light passing through
aqueous solutions of the PNIPA samples M6, M9, T5, T13, B5, B14, D5, and D13, at
w = 5.04, 4.93, 5.04, 5.07, 4.96, 5.09, 4.94, and 5.02%, respectively, the symbols O, O,
v, A, U, 0, <&, and S representing the respective cloud points (see the text).
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Although there still remain some issues concerning the experimental determination of the
cloud point, it is clearly seen that the cloud points for the samples M6, M9, T5, and T13
are definitely higher than those for the samples B5, B14, D5, and D13 in spite of the
fact that all the samples have the same f, and the same end group and that all the test
solutions in Figure 2.2 are at almost the same concentration. Although the cloud point in
general depends on M, of the sample used, the above-mentioned difference in the cloud
point is larger than that between the two samples of each kind (M, T, B, and D) having
different M,,.

In Table 2.2 are given the cloud points so determined for aqueous solutions of all the
eight PNIPA samples at various w. Figure 2.3 shows plots of the cloud point against
w for the aqueous PNIPA solutions. The unfilled symbols represent the present data
for the PNIPA samples M6 (Q), M9 (O), T5 (v), T13 (»), B5 (0), B14 (0), D5
(¢), and D13 (&), each solid curve connecting smoothly the data points for the same
sample. The filled symbols represent the literature data for PNIPA samples synthesized
by radical polymerization by the use of AIBN as an initiator in various solvent conditions,
i.e., the data by Fujishige et al.? for the sample with the molecular weight M = 8.40 x 10°
synthesized in a benzene/acetone mixture at 60 °C (4 ), which have been evaluated from
their transmittance data in the manner mentioned above, those by Boutris et al.* for
the sample with M, = 9.0 x 10® synthesized in benzene at 50 °C (m), those by Tong
et al.>% for the samples with M,, = 4.94 x 10* (w) and 1.01 x 10° (A) synthesized
in tert-butanol at 55 °C, those by Afroze et al.” for the sample with M, = 1.0 x 10*
synthesized in tetrahydrofuran at 50 °C (@), and those by Furyk et al.? for the samples
with M, = 5.58 x 10* (@) and 4.75 x 10° ( ®) synthesized in methanol. The symbol @
represents the literature data for the PNIPA samples with M,, = 6.15 x 10° synthesized by
aqueous redox polymerization at 25 °C by de Azevedo et al.® Each dashed curve connects

smoothly the literature data points for the same sample.

Considering the ambiguity in the determination of the cloud point, the present data
for T5 and T13 are consistent with the corresponding literature ones by Tong et al.>®
but the present data for M6 and M9 and those for B5 and B14 are appreciably different
from the corresponding literature ones by Furyk et al.® and Boutris et al.,* respectively.
The difference between the present data for M6 and M9 and those by Furyk et al. may be
regarded as arising from the fact that the instrument used by them to determine the cloud
point is a newly-designed one,'® which measures intensity of light scattered from solutions
contained in rectangular capillary tubes under a temperature gradient, and completely
different from those used by the others and us. The cause of the difference between the
present data for M5 and M14 and those by Boutris et al. is not clear. As for the literature

data by Fujishige et al.,> Afroze et al.,” and de Azevedo et al.,® we have no corresponding
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Figure 2.3. Cloud-point curves for aqueous solutions of PNIPA. The unfilled symbols
represent the present data for the samples M6 (©), M9 (0), T5 (v), T13 (A), B5 (0),
B14 (&), D5 (¢), and D13 (¢&>) and the filled and half-filled symbols the literature data
by Fujishige et al.? for the sample with M = 8.40 x 10° (@), by Boutris et al.* for the
sample with M, = 9.0 x 10® (m), by Tong et al.>% for the samples with M, = 4.94 x 10*
(w) and 1.01 x 10° (A), by Afroze et al.” for the sample with M, = 1.0 x 10* (@), by
de Azevedo et al® for the sample with M, = 6.15 x 10° (®), and by Furyk et al.® for
the samples with M,, = 5.58 x 10* (@) and 4.75 x 10° (@®). The solid and dashed curves
connect smoothly the present and literature data points, respectively.
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sample to be compared because the polymerization solvents and/or the initiators used by
them are different from ours.

As first pointed out by Tong et al.,’ the cloud point is lower for the sample with
smaller M, in the range of 1 < w < 10% for each pair of samples synthesized in the same
solvent, although it is not conclusive because of the above-mentioned ambiguity in the
determination of the cloud point. If such dependence of the cloud point on M, is true,
it is opposite to that of the literature data for the aqueous POE solutions,'® 7 the latter
dependency being easy to understand on the basis of the conventional polymer solution
thermodynamics.'® Considering the recent results for aqueous solutions of block copoly-

919722 it may be regarded as arising from interactions

mers having hydrophobic end parts,
between hydrophobic chain end groups.

It is more important to note that the cloud points for the samples B5, B14, D5, and
D13 are definitely lower than those for the samples M6, M9, T5, and T13. Recently,

23,24 have carried out aqueous redox polymerization of PNIPA at various

Gao and Frisken
temperatures ranging from 40 to 90 °C and then found that gel particles of PNIPA have
been formed by interchain self-cross-linking (or branching) through the chain transfer
reaction during and after the polymerization. Their result implies that the quality (good
or poor) of the solvent used for radical polymerization should probably affect the primary
structure of resultant PNIPA, i.e., the poorer the solvent is, the higher degree of branching
the resultant PNIPA should have. The samples B5 and B14 therefore seem to have higher
degree of branching than the samples M6, M9, T5, and T13, since benzene is a poor
solvent for PNIPA, while methanol and tert-butanol are the good. The decrease in the
cloud point for the samples B5 and B14 might be caused by increase in the number of
the hydrophobic end groups associated with the increase in the degree of branching. As

for the samples D5 and D13, we have no plausible reason for their lower cloud point.

2.4 Concluding Remarks

The cloud point was determined for aqueous solutions of the four kinds of PNIPA samples
synthesized by radical polymerization in methanol, tert-butanol, benzene, and 1,4-dioxane
by the use of AIBN as an initiator. It has then been found that the cloud points for
the samples synthesized in benzene and 1,4-dioxane are definitely lower than those for
the samples synthesized in methanol and tert-butanol, although all the samples have
almost the same stereochemical composition and the same end group. On the basis of

23,24 we have conjectured

the recent experimental results obtained by Gao and Frisken,
that the PNIPA samples synthesized in the different kinds of solvents should probably

have different primary structures, i.e., the degree of branching, which might mainly be
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caused by the difference in the quality (good or poor) of the solvent used for radical

polymerization. In order to confirm such a conjecture, it is desirable to examine the

primary structure of PNIPA synthesized by radical polymerization in some solvents having

different quality on the basis of, for example, its dilute solution properties.
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3 Primary Structure of
Poly(N-isopropylacrylamide)
Synthesized by Radical Polymerization.
Effects of Polymerization Solvents

3.1 Introduction

In Chapter 2, we have reported results for the cloud point in aqueous solutions of four
kinds of poly(N-isopropylacrylamide) (PNIPA) samples synthesized by radical polymer-
ization in tert-butanol, methanol, benzene, and 1,4-dioxane by the use of azobis(isobutyro-
nitrile) (AIBN) as an initiator.! Tt has been shown that the cloud point is definitely lower
for the samples synthesized in benzene and 1,4-dioxane than for those synthesized in tert-
butanol and methanol, although all the samples have almost the same stereochemical
composition and the same end group. It has then been conjectured that the difference in
the cloud point may be regarded as arising from the difference in the primary structure,
i.€., the number of branch points, between the samples synthesized in the solvents of dif-
ferent quality (good or poor). In this chapter, we actually perform a detailed examination
of the primary structure of the PNIPA samples synthesized in tert-butanol (good solvent)

and benzene (poor or nonsolvent) in order to confirm the conjecture.

Previously, we have not been able to verify the existence of branch points in the PNIPA
samples by means of 'H NMR! (Chapter 2). It may be considered that the number of
branch points, which form through side-chain reactions such as the chain transfer during
the radical polymerization, is not large enough to be detected by 'H or *C NMR or
by other spectroscopic methods, since the intensity of such a spectroscopic signal is in
principle proportional to the number of atoms which belong to the branch points. On
the other hand, the average dimension of a polymer chain represented by its mean-square
radius of gyration (S?) and/or the intrinsic viscosity [n] is considered to be sensitive to
its primary structure and is expected to be useful to detect branch points in it even if
they are only a few. In this chapter, therefore, we determine (S?) and the second virial
coefficient Ay by light scattering (LS) measurements and [n] by viscosity measurements

and then examine the difference in the average chain dimension between the PNIPA

21
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samples synthesized in tert-butanol and benzene.

3.2 Experimental

3.2.1 Materials

Two kinds of (original) PNIPA samples were synthesized by radical polymerization in
tert-butanol and benzene by the use of AIBN as an initiator. In each solvent, N-iso-
propylacrylamide (ca. 20 g), which had been recrystallized three times from a 8/2 mixture
of n-hexane and benzene and then dried in a vacuum for 12 h, were polymerized in the
solvent (ca. 150 mL) with AIBN (ca. 1 mol%) under dry nitrogen at 60 °C for 30 h,
the conversion being almost 100%. The original samples so synthesized were purified by
reprecipitation from acetone solutions into n-hexane and then separated into fractions
of narrow molecular weight distribution by fractional precipitation using acetone as a
solvent and n-hexane as a precipitant, or by a column elution method with a mixture
6/4 of n-hexane and acetone as an eluent. The test samples so prepared were dissolved
in 1,4-dioxane, then filtered through a Teflon membrane of pore size 1.0 um, and finally
freeze-dried from their 1,4-dioxane solutions. They were dried in a vacuum at ca. 80 °C
for ca. 12 h just prior to use.

In the first and fourth columns of Table 3.1 are given the codes of all the 17 samples
used in this work, the first letters T and B in the codes indicating the solvents used
for radical polymerization, i.e., tert-butanol and benzene, respectively. We note that
the samples T5, T13, B5, and B14 are the same as those used in the previous study!
(Chapter 2). In the second and fifth columns of the table are given the values of the ratio
of the weight-average molecular weight M, to the number-average molecular weight M,,
which were determined from analytical gel permeation chromatography (GPC) in the same
manner as Chapter 2 using tetrahydrofuran as an eluent and 12 standard polystyrene (PS)
samples (Tosoh, M,, = 2.8 x 103—8.4 x 10%, M,,/M,, = 1.02—1.17) as reference standards.
In the table are also given the values of the fraction f, of racemo diads for the samples T5,
T13, T220, B5, B14, and B270 in the third and sixth columns, which were determined
from 'H NMR spectra in the same manner as Chapter 2 on the basis of the assignments
of the 'H signals proposed by Isobe et al.? Each of the two series of samples Tz and Bz
came from one original sample, so that all the samples listed in the Table 3.1 should have
almost the same stereochemical composition.

The solvent methanol used for LS and viscosity measurements was purified by distil-
lation after refluxing over calcium hydride for ca. 6 h. The solvents tetrahydrofuran used
for analytical GPC and deuterated dimethyl sulfoxide used for NMR spectroscopy were

of reagent grade.
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Table 3.1. Poly(/N-isopropylacrylamide) samples

synthesized in tert-butanol and benzene

in tert-butanol in benzene

sample My, /M, fe sample M, /M, fr

Tb 1.14 0.52 Bb5 1.17 0.52
T7 1.11 B11 1.22
T13 1.23 0.52 B14 1.14 0.51
T23 1.18 B20 1.18
T38 1.12 B62 1.22
TH4 1.16 B130 1.21
T96 1.19 B170 1.24
T120 1.23 B270 1.26 0.52

T220 1.20 0.52
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3.2.2 Light Scattering

LS measurements were carried out to determine M, and A, for all the 17 samples and (S?)
for 13 samples with M,, > 1.3 x 10°, in methanol at 25.0 °C. A Fica 50 light-scattering
photometer was used for all the measurements with vertically polarized incident light of
wavelength \y = 436 nm. For a calibration of the apparatus, the intensity of light scattered
from pure benzene was measured at 25.0 °C at a scattering angle of 90°, where the Rayleigh
ratio Ry, (90°) of pure benzene was taken as 46.5 x 107¢ cm™.3 The depolarization ratio
pu of pure benzene at 25.0 °C was determined to be 0.41 4+ 0.01. Scattered intensity
was measured at seven or eight different concentrations and at scattering angles 6 ranging
from 15.0 to 142.5°, and then converted to the excess unpolarized (Uv) components ARy,
of the reduced scattered intensity by the use of the scattered intensity from the solvent
methanol. The data obtained were treated by using the Berry square-root plot.* For all
the samples, corrections for the optical anisotropy were unnecessary since the degree of
depolarization was negligibly small.

The most concentrated solution of each sample was prepared gravimetrically and made
homogeneous by continuous stirring at room temperature for 1-3 days. It was optically
purified by filtration through a Teflon membrane of pore size 1.0, 0.45, or 0.10 pm.
The solutions of lower concentrations were obtained by successive dilution. The weight
concentrations of the test solutions were converted to the polymer mass concentrations ¢
by the use of the densities of the respective solutions calculated with the partial specific
volumes v, of the samples and with the density py of the solvent methanol. The values
of vy in methanol at 25.0 °C were determined to be 0.903 cm?/g for all the samples
independently of the kinds of solvents used for radical polymerization and M, by the use
of a pycnometer of the Lipkin—Davison type having a volume of 10 cm?3. For the value of
po of methanol at 25.0 °C, we used the literature value 0.7866 g/cm?3.5

The refractive index increment dn/dc was measured at the wavelength of 436 nm by
the use of a Shimadzu differential refractometer DR-1. The values of dn/0c in methanol
at 25.0 °C were determined to be 0.1844, 0.183,, and 0.183; cm?/g for the samples T5,
T7, and T13, respectively, 0.185, cm? /g for the samples T23—T220 independently of M,
0.1825 and 0.183g cm?/g for the samples B5 and B11, respectively, and 0.185; cm?/g for
the samples B14—B270 independently of M. For the refractive index ng of methanol at
25.0 °C at the wavelength of 436 nm, we used the literature value 1.3337.°

3.2.3 Viscosity

Viscosity measurements were carried out for all the 17 samples in methanol at 25.0 °C by

the use of a conventional capillary viscometer of the Ubbelohde type. The flow time was
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measured to a precision of 0.1 s, keeping the difference between those of the solvent and
solution larger than 20 s. The test solutions were maintained at a constant temperature
within £0.005 °C during the measurements.

The most concentrated solution of each sample was prepared in the same manner as in
the case of the LLS measurements. The solutions of lower concentrations were obtained by
successive dilution. The polymer mass concentrations ¢ were calculated from the weight
fractions with the densities of the solutions. Density corrections were also made in the
calculations of the relative viscosity 7, from the flow times of the solution and solvent.
The data obtained for the specific viscosity 7, and 7, in the range of n, < 1.8 were treated
as usual by the Huggins (n,/c vs ¢) and Fuoss-Mead (Inn,/c vs ¢) plots, respectively,
to determine [n] and the Huggins coefficient &’. (Note that the two plots have the same

intercept.)

3.3 Results and Discussion

The values of M, (S?), and Ay determined from LS measurements and those of [r] and
k" from viscosity measurements for the PNIPA samples in methanol at 25.0 °C are given
in the second through sixth columns, respectively, in Table 3.2. In the table, the values of
(S?) for the samples T5, T7, B5, and B11 with smaller M, have been omitted because the
slopes of the Berry square-root plots against the square of the magnitude of the scattering
vector for those samples are not sufficiently large to evaluate (S?) accurately. The values
of Ay are of order 107 cm®mol/g? and those of &’ are in the range of 0.3 < k' < 0.4,
indicating that methanol at 25.0 °C is a good solvent for PNIPA.

3.3.1 Mean-Square Radius of Gyration

Figure 3.1 shows double-logarithmic plots of (S?) (in A2?) against M, for PNIPA in
methanol at 25.0 °C. The circles and triangles represent the values for the PNIPA samples
synthesized in tert-butanol and benzene, respectively. The solid curve connects smoothly
the data points for the samples synthesized in each solvent. It is seen from the figure that
the data points for the samples synthesized in benzene deviate downward from those syn-

thesized in tert-butanol in the whole range of M, examined, and the deviation increases
> 105 are 1.1,

~Y

with increasing M,,. The slopes of the data points in the range of M,
and 0.9, for the samples synthesized in tert-butanol and benzene, respectively. Note that
the former value 1.15 is somewhat smaller than 1.2 for linear flexible polymers with very
large M, in good solvents and further that the latter value 0.9 is even smaller than unity
for unperturbed linear flexible polymers. It implies that the primary structure of PNIPA

synthesized by radical polymerization is not linear.
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Table 3.2. Results of LS and viscosity measurements
for poly(N-isopropylacrylamide) in methanol at 25.0°C
1074(S?) 1014, [n] 1073
sample M,y (A?) (cm3mol/g?) (dL/g) K U (mol™t)
samples synthesized in tert-butanol
TS 5.17 x 10* 6.05 0.308  0.40
T7 7.19 x 10* 5.35 0.389 0.39
T13 1.31 x 10° 1.8 4.71 0.606 0.36 0.23; 2.1
T23  2.27 x 10° 3.34 3.96 0.926 0.38 0.244 2.3,
T38  3.76 x 10° 6.1, 3.58 1.27 036 0.25, 214
T54  5.35 x 10° 9.2 3.25 1.73 0.35 0.24; 2.25
T96  9.63 x 10° 17.4 2.90 2.47 0.36 0.27; 2.24
T120 1.16 x 108 22.4 2.76 2.84 0.35 0.257 2.0g
T220 2.20 x 108 45.5 2.39 4.33 0.39 0.28; 2.14
samples synthesized in benzene
B5 4.65 x 10* 5.73 0.275  0.42
B11 1.11 x 10° 4.48 0.484 0.39
B14 1.44 x 10° 1.95 4.31 0.591 0.40 0.25, 2.17
B20 1.97 x 10° 2.63 3.94 0.683 0.39 0.26g 2.15
B62 6.21 x 10° 8.9 2.88 1.40 0.39 0.30g 2.2
B130 1.30 x 108 17.; 2.34 2.17 0.38 0.39; 2.57
B170 1.72 x 106 22.4 2.02 2.61 0.39 0.42,4 2.89
B270  2.69 x 106 34 1.79 3.17 0.40 0.48, 2.9
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Figure 3.1. Double-logarithmic plots of (S?) (in A?) against M, for PNIPA in methanol
at 25.0°C: (O) samples synthesized in tert-butanol; ( A ) samples synthesized in benzene.
The solid curve connects smoothly the data points for the samples synthesized in each
solvent.
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The average dimension of a given polymer chain in dilute solution may in general be
affected by chain stiffness and local chain conformation® which are mainly determined by
the chemical structure and stereochemical composition of the chain, by the intramolecular

t6, 7

excluded-volume effect®” which is determined by interactions between polymer segments

7 The stereochemical

and solvent molecules, and by the primary structure of the chain.
compositions of all the PNIPA samples used in this chapter have been confirmed to be
almost identical with each other, as already mentioned in the preceding section. The dif-
ference in (S?) between the two kinds of samples, both having the same chemical structure
and stereochemical composition and both measured in the same solvent condition, there-
fore, is considered to be caused by the difference in the primary structure, ¢.e., the number
of branch points. Then the number of branch points in the PNIPA sample synthesized in
benzene seems larger than that in the sample synthesized in tert-butanol, since in general
the larger the number of branch points is, the smaller the average chain dimension is.
Further, the difference in the number of branch points between the two kinds of samples

seems to increase with increasing M.

3.3.2 Second Virial Coefficient

Figure 3.2 shows double-logarithmic plots of Ay (in cm®mol/g?) against M,, for PNIPA in
methanol at 25.0 °C. The unfilled symbols and the solid curves have the same meaning
as those in Figure 3.1. As in the case of (S?) shown in Figure 3.1, the data points for the
samples synthesized in benzene deviate downward from those synthesized in tert-butanol
in the whole range of M, examined, and the deviation increases with increasing M,,. It
indicates that the effective volume Vg excluded to one polymer chain by the presence of

another, which may be defined by
Ay = AN\Vg /M 2 (3.1)

with N, the Avogadro constant, is smaller for the former samples. The slopes of the data
points in the range of M,, = 10% are —0.23 and —0.33 for the samples synthesized in tert-
butanol and benzene, respectively, which are somewhat less than —0.2 for linear flexible
polymers with very large M, in good solvents, implying that the distribution of segments
constituting a single polymer chain is more compact for the present PNIPA, especially for
that synthesized in benzene, than for linear flexible polymers in good solvents.

For comparison, in Figure 3.2 are also plotted the literature data for PNIPA in
methanol at 25.0 °C reported by Chiantore et al.® (m) by the use of samples synthe-
sized in methanol at temperatures ranging from 50 to 70 °C with AIBN as an initiator.
Although their values of A, are rather in good agreement with ours in the range of

M, < 10°, the former values deviate upward from ours and seem almost independent
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Figure 3.2. Double-logarithmic plots of Ay (in cm®mol/g?) against M, for PNIPA in
methanol at 25.0°C: () literature data by Chiantore et al.® The unfilled symbols and
curves have the same meaning as those in Figure 3.1.
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log [n]

4.5 5 9.5 6 6.5
log M,,

Figure 3.3. Double-logarithmic plots of [n] (in dL/g) against M, for PNIPA in methanol
at 25.0°C: (m) literature data by Chiantore et al.;® (@) literature data by Zeng et al.?
The unfilled symbols and curves have the same meaning as those in Figure 3.1.
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of M. Such behavior of As is usually observed for very stiff chains and is unusual for

flexible polymers with very large M,, in good solvents.

3.3.3 Intrinsic Viscosity

Figure 3.3 shows double-logarithmic plots of [n] (in dL/g) against M, for PNIPA in
methanol at 25.0 °C. The unfilled symbols and the solid curves have the same meaning
as those in Figure 3.1. As in the cases of (S?) and Ay shown in Figures 3.1 and 3.2,
respectively, the data points for the samples synthesized in benzene deviate downward
from those synthesized in tert-butanol in the whole range of M, examined, and the
deviation increases with increasing M,. It indicates that the effective hydrodynamic

(molar) volume, which may be defined by
Vit = 672 My [n] (3.2)

is smaller for the former samples. The slopes of the data points in the range of M, > 10°
are 0.67; and 0.5; for the samples synthesized in tert-butanol and benzene, respectively,
which are smaller than 0.8 for linear flexible polymers with very large M,, in good solvents.

For comparison, in Figure 3.3 are also plotted the literature data for PNIPA in
methanol at 25.0 °C reported by Chiantore et al.® (m) by the use of the same samples
as those shown in Figure 3.2 and by Zeng et al.’ (@) by the use of samples synthesized
in tert-butanol at 55 °C with AIBN as an initiator. The data points by Chiantore et al.
follow a straight line with a slope of 0.6; in the range of M, > 10°, implying that their
PNIPA should be flexible. Such behavior is inconsistent with that of A;. The data points
by Zeng et al. deviate downward from the present ones for the samples synthesized in

tert-butanol (O). The reason for this difference is not clear.

3.3.4 Interpenetration Function

All the present experimental results for (S?), Ay, and [n] shown above imply that the
number of branch points in the PNIPA samples synthesized in benzene is larger than that
in the samples synthesized in tert-butanol. The interpenetration function ¥ defined by

U = Ve

- m3/2(S52)3/2 (3.3)

is known to be a quantity sensitive to the primary structure of a polymer chain,%” which
takes a value ca. 0.24 for linear flexible polymer chains with very large M in good solvents
and takes a larger value if the segment density of the polymer chain under consideration
in dilute solution is larger than that of the linear flexible chain. It is therefore interesting

to examine the behavior of W.
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log M,,

Figure 3.4. Plots of ¥ against log M,,. The unfilled symbols and solid curves have the
same meaning as those in Figure 3.1. The filled symbols represent the literature data for
PS in benzene at 25.0°C: (@) linear PS;'%!! (@) 4-arm star PS;'2 (@) 6-arm star PS."?
The dotted curve connects smoothly the data points for each kind of PS.
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In the seventh column of Table 3.2 are given the values of ¥ calculated from eq 3.3
with eq 3.1 along with the values of M, (S?), and A, given in the second through fourth
columns, respectively, of the table. Figure 3.4 shows plots of ¥ against log M, for PNIPA
in methanol at 25.0 °C. The unfilled symbols and the solid curves have the same meaning
as those in Figure 3.1. It is seen that W for the samples synthesized in benzene remarkably
increases with increasing M.

For comparison, in Figure 3.4 are also plotted the literature data for linear polystyrene
(PS) ()2 regular four-arm star PS (#),'2 regular six-arm star PS (#)," all measured
in benzene at 25.0 °C. The dotted curve connects smoothly the data points for each kind of
PS. It is seen that ¥ increases with increasing number of the arms. Note that the linear PS
corresponds to the regular 2-arm star PS. For the PNIPA samples synthesized in benzene,
U is close to that for the linear PS in the range of M, < 3 x 10°, but deviates upward
from the latter as M, is increased, and becomes even larger than that for the regular four-
arm star PS. In contrast to this, ¥ for the PNIPA samples synthesized in tert-butanol
becomes slightly larger than that for the linear PS as M, is increased. The difference in
the behavior of ¥ between the two kinds of samples confirms the above implication that
the number of branch points in the PNIPA samples synthesized in benzene is larger than

that in the samples synthesized in tert-butanol.

3.3.5 Flory—Fox Factor

The Flory—Fox factor ® defined by

Vi

d = (52—;{3/2 (3.4)
is also sensitive to the primary structure of a given polymer chain, which takes a value
ca. 2 x 10?* mol~! for linear flexible polymer chains with very large M in good solvents
and takes a larger value if the segment density of the polymer chain under consideration
in dilute solution is larger than that of the linear flexible chain. In the eighth column
of Table 3.2 are given the values of ® calculated from eq 3.4 with eq 3.2 along with the
values of My, (S?), and [n] given in the second, third, and fifth columns, respectively, of
the table.

Figure 3.5 shows plots of @ (in mol™!) against log M,, for PNIPA in methanol at
25.0 °C. All the symbols and curves in the figure have the same meaning as those in
Figure 3.4. The difference in behavior of ® between the two kinds of PNIPA samples is
the same as that in the behavior of .

Finally, we make brief mention of the number of branch points in the PNIPA sam-
ples. Existence of branch points could not be detected by 'H NMR even for the samples

synthesized in benzene,! which are considered to have not a few branch points, while,
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10 (mol™)

log M,,

Figure 3.5. Plots of ® (in mol™!) against log M,,. The unfilled symbols and solid curves
have the same meaning as those in Figure 3.1. The filled symbols and dotted curves have
the same meaning as those in Figure 3.4.
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as expected, it has been clearly verified in this chapter of the average chain dimension.
Probability that a given proton belongs to one of the branch points in PNIPA chains
should be smaller than 1%, i.e., detectability of 'H NMR spectroscopy.

3.4 Conclusion

We have determined (S?), A,, and [n] in methanol at 25.0 °C for the two kinds of PNIPA
samples synthesized by radical polymerization in tert-butanol and benzene by the use of
AIBN as an initiator. For all the three quantities, it has been found that the observed value
for the latter PNIPA is smaller than that for the former and the difference increases with
increasing M, indicating that the average chain dimension of the latter PNIPA is smaller
than that of the former. Since the two kinds of PNIPA have the same stereochemical
composition (and also the same chain end group), the difference in the average chain
dimension may be regarded as arising from the difference in the primary structure, i.e.,
the number of branch points. The average dimension of a given polymer chain in general
decreases with increasing the number of branch points. It may then be concluded that
the number of the branch points is larger in the latter PNIPA than in the former. It has
also been found that the values of ¥ and ® for the latter PNIPA are remarkably larger
than the corresponding values for the linear PS, confirming the conclusion. Increase in
the number of branch points is necessarily accompanied by increase in the number of
hydrophobic end groups, which might be the reason for the difference in the cloud point
between the two kinds of PNIPA !
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4 Characterization of Linear
Poly(N-isopropylacrylamide) and Cloud
Points in its Aqueous Solutions

4.1 Introduction

In Chapters 2 and 3, we have made a study of “phase” behavior of aqueous poly(N-
isopropylacrylamide) (PNIPA) solutions, which we had conventionally considered to be
a well-defined model solution of a polar polymer in a polar solvent and to show lower-

1 Contrary to our optimistic

critical-solution-temperature (LCST) miscibility behavior.
expectation, however, the cloud points determined for aqueous solutions of PNIPA sam-
ples synthesized by radical polymerization in tert-butanol and methanol by the use of
azobis(isobutyronitrile) (AIBN) as an initiator have been found to be definitely higher
than those of samples synthesized in benzene and 1,4-dioxane, although the four kinds
of samples had almost the same weight-average molecular weight M, and stereochemical
composition specified by the fraction f. of racemo diads.?

In order to investigate the causes of such difference in the cloud point, we have exam-
ined the average chain dimensions of the PNIPA samples synthesized in tert-butanol and
benzene, in dilute methanol (good solvent) solution. The mean-square radius of gyration
(S?), second virial coefficient A,, and intrinsic viscosity [f] have then been found to be
larger for the former sample than for the latter, both having the same M, and f,. It
has been concluded that the PNIPA samples synthesized by radical polymerization have
branch points and the number of them is smaller in the sample synthesized in tert-butanol
(or methanol) than in the one synthesized in benzene (or 1,4-dioxane).> As a necessary
continuation of the previous studies®? (Chapters 2 and 3), we make a further study of the
cloud point of the aqueous solutions of well-characterized linear PNIPA samples properly
synthesized, e.g., living anionic polymerization, in order to investigate the effect of the
branch points on the cloud point.

As mentioned in Chapter 1, preparation of linear PNIPA by living anionic polymer-
ization requires a comment. It is known that anionic polymerization of N-isopropylacryl-
amide (NIPA) is unfeasible because of acidity of its amide proton.*® Recently, however,

it has been shown that linear PNIPA may be synthesized by anionic polymerization of
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“protected” NIPA whose amide proton is masked with a group properly chosen.* " In
this chapter, we adopt the Ishizone-Ito procedure by the use of NIPA masked with a
methoxymethyl group along with diphenylmethylpotassium as an initiator,> * which leads
to a linear PNIPA sample having the same value of f; (=~ 0.50) as that of the previous
samples synthesized by the radical polymerization (f, ~ 0.52).%3

For the linear PNIPA samples so prepared, we first determine Ay and [n] in methanol
(good solvent) and analyze them on the basis of the Kratky—Porod (KP) wormlike chain
model.®? We then determine the cloud points in aqueous solutions of the samples and
compare the results so obtained with the previous ones for the PNIPA samples synthesized

by radical polymerization.

4.2 Experimental

4.2.1 Material

Following the Ishizone-Ito procedure,®” linear PNIPA samples were prepared by hydrol-
ysis of methoxymethyl groups of poly(/N-methoxymethyl-N-isopropylacrylamide) [poly-
(NMM-NIPA)]| by the use of aqueous hydrochloric acid in 1,4-dioxane at room temperature
for 10 h, where poly(NMM-NIPA) had been synthesized by living anionic polymerization
of NMM-NIPA in tetrahydrofuran (THF') at —78°C under high vacuum conditions for 24 h
by the use of diphenylmethylpotassium as an initiator in the presence of diethyl zinc. The
monomer NMM-NIPA was synthesized by the reaction of NIPA with chloromethylmethyl
ether in the presence of potassium tert-butoxide in dry diethyl ether under dry nitrogen
at 0°C, where NIPA had been recrystallized three times from a 9/1 mixture of n-hexane
and benzene and then dried in a vacuum for 12 h. The initiator diphenylmethylpotassium
was synthesized by the reaction of diphenylmethane with potassium naphthalenide in dry
THF under argon at room temperature, where potassium naphthalenide had been synthe-
sized by the reaction of naphthalene with potassium. The polymerization of NMM-NIPA
was terminated by adding methanol, so that the initiating and terminating chain ends of

PNIPA are a diphenylmethyl group and a hydrogen atom, respectively.

Seven original samples so prepared were purified by reprecipitation from acetone solu-
tions into n-hexane and then dialyzed seven times against pure water for 24 h by the use
of a cellulose tube. By fractional precipitation using acetone as a solvent and n-hexane
as a precipitant, each of the samples was separated into three fractions, the middle of
them being used as a test sample. The seven test samples were freeze-dried from their

1,4-dioxane solutions after filtration through a Teflon membrane of pore size 1.0 ym.
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Table 4.1. Values of M,, /M, and f, and results of LS and viscosity
10 A, ]
sample M, /M,?* fr M, (cm®mol/g?) (dL/g) K

samples synthesized by living anionic polymerization

LO.5 1.23
LO0.6 1.12
L1 1.16
L2 1.12
L3 1.08
L6 1.09
L7 1.12

0.51

0.49

0.50

0.51

0.51

0.51

0.50

4.91 x 10°
5.47 x 10°
8.98 x 10?
2.21 x 10
3.11 x 10*
5.64 x 10*

7.23 x 10%

11.8

11.5
9.1,
7.15
6.9
5.8

9.64

0.0763 0.59
0.080¢ 0.59
0.103 0.53
0.175 0.47
0.235 0.46
0.367 0.39
0.413 0.41

samples synthesized by radical polymerization in tert-butanol

T1 1.29
T3 1.25
T4 1.29

0.52

0.52

0.52

1.23 x 10%
2.76 x 10*

4.23 x 104

8.55
6.65

6.1,

0.125 0.54
0.204 0.57
0.280 0.42

samples synthesized by radical polymerization in benzene

B3 1.26

B8 1.28

0.52

0.52

2.90 x 10*

7.83 x 10*

6.59

4.7

0.206 0.43

0.398 0.39

39

aThe values of M, /M, were determined by analytical GPC using standard PS samples

as reference standards.
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Besides the above linear PNIPA samples, we also synthesized two PNIPA samples by
radical polymerization with AIBN as an initiator, in the same manner as in the previous
study? (Chapter 2). One sample was synthesized in tert-butanol and the other in benzene.
We note that chain ends of the PNIPA samples are considered to be isobutyronitrile groups
derived from AIBN, although detailed information could not be obtained. The samples so
synthesized were purified and then separated into several fractions of narrow molecular-
weight distribution, in the above-mentioned manners. Three and two fractions from the
samples synthesized in tert-butanol and benzene, respectively, were used as test samples
and were freeze-dried in the above-mentioned manner.

In the first column of Table 4.1 are given the codes of all the samples synthesized in
this work. We use the letter L for the samples synthesized by living anionic polymerization
and the letters T and B for those synthesized by radical polymerization in tert-butanol
and benzene, respectively, and call the samples generally as L, T, and B samples, for
convenience. In the second column of the table are also given the values of the ratio
M, /M, of M, to the number-average molecular weight M,,, which were determined from
analytical gel permeation chromatography (GPC) in the same manner as before? using
THF as an eluent and 12 standard polystyrene samples (Tosoh, M, = 2.8 x 103> —
8.4 x 10%, M, /M, = 1.02 — 1.17) as reference standards.

The solvent methanol used for static light scattering and viscosity measurements was
purified by distillation after refluxing over calcium hydride for ca. 6h. The solvent THF
used for analytical GPC was of reagent grade with no stabilizer. The solvent deuterated
dimethyl sulfoxide (DMSO) used for '"H NMR spectroscopy was of reagent grade. The
solvent water used for the determinations of the cloud point was highly purified through

a Simpli Lab water purification system of Millipore Co., its resistivity being 18.2 MQ-cm.

4.2.2 'H NMR

'H NMR spectra for all the samples in deuterated DMSO at 170 °C were recorded on a
JEOL EX-400 spectrometer at 399.8 MHz by the use of an rf pulse angle of 90° with a
pulse repetition time of 8 s, where tetramethylsilane was added to each test solution as

an internal standard.

4.2.3 Light Scattering

Light scattering (LS) measurements were carried out to determine M, and the second
virial coefficient A, for all the samples in methanol at 25.0 °C. A Fica 50 light-scattering
photometer was used for all the measurements with vertically (v) polarized incident light of

wavelength A\g = 436 nm. For a calibration of the apparatus, the intensity of light scattered
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from pure benzene was measured at 25.0 °C at a scattering angle of 90°, where the Rayleigh
ratio Ry, (90°) of pure benzene was taken as 46.5 x 1075 em™'.!% The depolarization ratio
pu of pure benzene at 25.0 °C was determined to be 0.41 4+ 0.01. Scattered intensity was
measured at seven or eight different concentrations and at scattering angles # ranging from
30.0 to 142.5°, and then converted to the excess unpolarized (Uv) components ARy, of the
reduced scattered intensity by the use of the scattered intensity from the solvent methanol.
The data obtained were treated by using the Berry square-root plot.!' It was found that
the corrections for the optical anisotropy were necessary to estimate true M, and A, for
samples with M, < 8 x 103, and therefore the excess depolarized (HV) components ARy,
of the reduced scattered intensity necessary for the corrections were also measured for
them. As for samples with M, > 8 x 103, the corrections were unnecessary since effects

of optical anisotropy were very small.

The most concentrated solution of each sample was prepared gravimetrically and made
homogeneous by continuous stirring at room temperature for 1-3 days. It was optically
purified by filtration through a Teflon membrane of pore size 0.10 gm. The solutions of
lower concentrations were obtained by successive dilution. The weight concentrations of
the test solutions were converted to the polymer mass concentrations ¢ by the use of the
densities of the respective solutions calculated with the partial specific volumes v, of the
samples and with the density of the solvent methanol. The quantity v, was measured
by using an oscillating U-tube density meter (Anton-Paar, DMA5000). The values of vy
so determined in methanol at 25.0 °C are 0.893, 0.892, 0.904, 0.901, 0.901, 0.901, 0.901,
0.901, 0.902, 0.902, 0.892, and 0.903 cm?/g for the samples L0.5, L.0.6, L1, L2, L3, L6,
L7, T1, T3, T4, B3, and B8, respectively. For the value of py of methanol at 25.0 °C, we

used the literature value 0.7866 g/cm3.!2

The refractive index increment dn/dc was measured at the wavelength of 436 nm by
the use of a Shimadzu differential refractometer DR-1. The values of dn/0c in methanol
at 25.0 °C were determined to be 0.188g, 0.1867, 0.187¢, 0.1839y, 0.184;, 0.1845, 0.184s3,
0.1845, 0.183¢, 0.183g, 0.184;, and 0.184y cm?/g for the samples L0.5, L0.6, L1, L2, L3,
L6, L7, T1, T3, T4, B3, and B8, respectively. For the refractive index ny of methanol at
25.0 °C at the wavelength of 436 nm, we used the literature value 1.3337.12

4.2.4 Viscosity

Viscosity measurements were carried out for all the samples in methanol at 25.0 °C by the
use of conventional capillary and four-bulb spiral capillary viscometers of the Ubbelohde

type. The flow time was measured to a precision of 0.1 s, keeping the difference between
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those of the solvent and solution larger than 20 s. The test solutions were maintained at

a constant temperature within +0.005°C during the measurements.

The most concentrated solution of each sample was prepared in the same manner as in
the case of the LS measurements. The solutions of lower concentrations were obtained by
successive dilution. The polymer mass concentrations ¢ were calculated from the weight
fractions with the densities of the solutions. Density corrections were also made in the
calculations of the relative viscosity 7, from the flow times of the solution and solvent.
The data obtained for the specific viscosity 7, and 7, in the range of n, < 1.4 were treated
as usual by the Huggins (7,/c vs ¢) and Fuoss-Mead (Inn./c vs ¢) plots, respectively,
to determine [n] and the Huggins coefficient &’. (Note that the two plots have the same

intercept.)

4.2.5 Transmittance of Light

The intensity of light passing through the aqueous solution of the five L samples at a
given weight fraction w of the sample was monitored. All the measurements were carried
out by the use of a self-made apparatus with incident light of wavelength 650 nm from
a laser diode module, as described below. A cylindrical cell of outer diameter 10 mm
containing a given test solution was immersed in a water bath, the test solution in the

cell being stirred continuously.

In order to determine the cloud point of each solution, the temperature of the water
bath was controlled to increase at the rate of ca. 1.5 °C/h. During continuous increase in
temperature from 15 °C to 30 °C for the sample L0.6, from 17 °C to 32 °C for the sample
L1, from 18 °C to 32 °C for the sample L2, from 20 °C to 33 °C for the sample L3, and
from 26 °C to 34 °C for the sample L7, the intensity of light passing through the cell
was monitored by a photodiode. The output of the photodiode along with the solution
temperature measured simultaneously by the use of a platinum resistance thermometer
combined with a programmable digital multimeter (Yokokawa 7555) was recorded on a
personal computer at intervals of 10 s. Then, the (relative) transmittance as defined as
the ratio of the intensity of light through a test solution at a temperature to that at a
lower temperature at which the test solution may be regarded as transparent was deter-
mined as a function of temperature. The measurements were carried out at 8 different
concentrations in the range of 0.5 < w < 10 % for each sample. The most concentrated
solution of each sample was prepared gravimetrically and made homogeneous by contin-
uous stirring for 2 d at ca. 5 °C. The solutions of lower concentrations were obtained by

successive dilution at ca. 5 °C.
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4.3 Results

4.3.1 Stereochemical Composition

Figure 4.1 shows 'H NMR spectra for the samples L0.5 and L7 (synthesized by living
anionic polymerization) over the whole range of the chemical shift ¢ (in units of ppm) in
which all the signals from PNIPA, i.e., the methylene (a) and methine (b) protons in the
main chain and the amide (c), methine (d), and methyl (e) protons in the side group, are
included. According to Isobe et al.,'® the three signals from the a protons in the range
of 1.2 £ ¢ < 1.8 may be assigned to those in the meso (m), racemo (r), and m diads,
respectively, from the right to the left, as shown in the spectrum for L0O.5. At § ~ 7.2,
the signals from the phenyl groups at the initiating end may be definitely observed ()
for L0.5, while those for L7 are very weak.

In the third column of Table 4.1 are given the values of f. determined from the rel-
ative intensities of the three signals from the a protons. It is seen from the values of f;
that all the PNIPA samples synthesized in this work have almost the same stereochemi-
cal composition irrespective of the polymerization method, i.e., living anionic or radical

polymerization.

4.3.2 Second Virial Coefficient in Methanol at 25 °C

The values of M, and A, determined from LS measurements in methanol at 25.0 °C are
given in the fourth and fifth columns, respectively, of Table 4.1, where the corrections for
the optical anisotropy to M, and A, were made for the samples L0.5 and L0.6 following

14718 a5 done in previous studies.!®?° We omit here the details of

the standard procedure,
the corrections and only note that the values of the optical anisotropy factor ¢ determined
from ARy, and ARy, are 9.95x 1072 and 6.75 x 1072 for L0.5 and L0.6, respectively. From
the relative intensities of the 'H NMR signals from the phenyl groups at the initiating end
of the L samples (see Figure 4.1), we have been able to estimate M, of L0.5 and L0.6 to
be 4.2 x 10% and 4.7 x 103, respectively, which are rather in good agreement with the M,
values 4.0 x 10% and 4.9 x 10? estimated for L0.5 and L0.6, respectively, from the values
of My, and M, /M, given in Table 4.1. For the other L samples, the intensities of the
'H NMR signals from the terminal group are not strong enough to estimate M, accurately.
The values of A, are of order 1072 — 10™* cm?® mol/g? for all the samples, indicating that
methanol at 25.0 °C is a good solvent for them irrespective of the polymerization method.

Figure 4.2 shows double-logarithmic plots of A, (in cm®mol/g?) against M,, for PNIPA
in methanol at 25.0 °C. The circles, triangles, and squares represent the values for the
L, T, and B samples, respectively, and the solid curve connects smoothly the data points

for the respective samples. We note that there are also plotted the data points for the
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Figure 4.1. 'H NMR spectra for the PNIPA samples L0.5 and L7. The signal indicated

by the asterisk may be assigned to the phenyl protons at the initiating end of the PNIPA
samples.
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Figure 4.2. Double-logarithmic plots of Ay (in cm?®mol/g?) against M,, for PNIPA in
methanol at 25.0 °C: (O) L samples; (A) T samples; (0O) B samples. The solid curve
connects smoothly the data points for the respective samples.
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Figure 4.3. Double-logarithmic plots of [n] (in dL/g) against M, for PNIPA in methanol
at 25.0 °C. The symbols and curves have the same meaning as those in Figure 4.2.
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samples T5 (M,, = 5.17 x 10%), T7 (7.19 x 10%), and B5 (4.65 x 10%) which have been
reproduced from Figure 3.2 (see also Table 3.2). It is seen that the data points for the
three kinds of samples agree well with each other in the range of small M, (< 3 x 10%)
and the data points for the T and B samples deviate downward progressively from those
for the L samples with increasing M,, (= 3 x 10%), the value of A, for the B sample being

the smallest at a given M.

It has been shown in the previous study® (Chapter 3) that the PNIPA samples syn-
thesized by radical polymerization have a small number of branch points, which is larger
for the B sample than for the T one at a given M,,. The quantity A, is proportional to
an effective volume excluded to one polymer chain by the presence of another, and it may
be considered to decrease with increasing the number of branch points. The above result
that A, for the L sample having no branch point is the largest of all at a given M, is

therefore consistent with the previous conclusion.?

As is well known, effects of chain ends on A, become remarkably large in the range
of small M,,, including oligomers.? 2126 The slope of the plots in the range of M, < 104,
where the Ay values for the L, T, and B samples agree with each other, is ca. —0.34 and is
appreciably steeper than the asymptotic value —0.2 for linear flexible polymers with very
large M,,. This is due to the effects of chain ends. The agreement between the A, values
in the range of small M, implies that the number of the branch points in the T and B
samples is negligibly small if any and the difference in the end group does not appreciably
affect Ay in methanol at 25.0 °C.

4.3.3 Intrinsic Viscosity in Methanol at 25 °C

The values of [] and k' determined from viscosity measurements in methanol at 25.0 °C
are given in the sixth and seventh columns, respectively, of Table 4.1. Figure 4.3 shows
double-logarithmic plots of [n] (in dL/g) against M, for PNIPA in methanol at 25.0 °C.
The symbols and curves have the same meaning as those in Figure 4.2. We note that
there are also plotted the data points for the samples T5, T7, and B5 which have been
reproduced from Figure 3.3 (see also Table 3.2). As in the case of As shown in Figure 4.2,
the data points for the three kinds of samples agree well with each other in the range of
small M, (< 3 x 10*) and the data points for the T and B samples deviate downward
progressively from those for the L samples with increasing M, (= 3 x 10%), the value
of [n] for the B sample being the smallest at a given M,,. Since [n] proportional to the
hydrodynamic volume is considered to decrease with increasing the number of branch

points, the above result for [n] is consistent with that for A, in the previous subsection.
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Figure 4.4. Temperature dependence of the transmittance of light passing through
aqueous solutions of the PNIPA samples L0.6, L1, L2, L3, and L7 at w = 5.03, 4.97,
4.94, 4.93, and 4.94 %, respectively, the symbols <&, O, v, A, and Orepresenting the
respective cloud points (see the text).



49

4.3 Results

9'T¢ 116 ¢6C  GT'8 9%z 8¢9 8'1¢  8¥'8 “9°LT  L0°6
%9T¢ 969 99°6c  GT'L ‘Tee 9T'L tLTE €69 LT GPL
%9'1¢ 6T €62 €67 T'9¢ 767 81T L6T “T8T €0°G
81¢ 107 f0°0¢ ¥6'€ ‘29z €0F °®TIC  L0T “T8T  G8'¢
"0'ce 86T "ZT0E  66°C °%¢9z  10°¢ %1¢  90°€ €8T F0°€
9:2¢  00C 62°0¢ 66T 0Lz 00T rece 10T 661 00T
Lee 001 8¢'0¢ 860 ‘08¢ 660 'e¢z 001 “8'1C 00T
%'c¢ 090 £°0¢ 090 99'%C 670 08¢ 160 “Gvec 050
Do) (%) ) () ) %) ) % D) (%)
dug, m duo], m due], m duo], m duo], m
L1 | ¢'1 11 9071
UOI)RZLISWIA[OJ DTUOIUY SUIAI AQ POZISOUIUAG
(eprurejAoe[Adoidost- A7) A[oJ Jo suornjog snoenby ur sjutod pnor)  ‘g'¥ S[qel,



50 4 Linear Poly(N-isopropylacrylamide)

The agreement between the [n] values in the range of small M, indicates that the number
of the branch points in the T and B samples is negligibly small if any. The slope of the
plot for each sample increases with increasing M, because of the intramolecular excluded-

volume effect.

4.3.4 Cloud Point in Aqueous Solutions

Figure 4.4 shows plots of the (relative) transmittance of light through the aqueous solu-
tions of the PNIPA samples L0.6, L1, L2, L3, and L7 at the weight fraction w = 5.03,
4.97,4.94, 4.93, and 4.94%, respectively, against temperature. Here, the (relative) trans-
mittance is defined as the ratio of the intensity of light passing through a test solution at
a temperature to that at a lower temperature at which the test solution may be regarded
as transparent. We note that the shape of the transmittance curve for each solution is
almost independent of the rate of increase in temperature if it is slower than 1.5 °C/h.

It is seen that the transmittance curve shifts toward the low-temperature side and the
decrease in the transmittance becomes gentle, with decreasing M, .

The cloud point is experimentally determined to be the temperature at which a given
test solution just begins to be turbid, i.e., its transmittance just starts to decrease from
100%, in the heating process. As seen from Figure 4.4, it is difficult to determine such a
temperature unambiguously, so that we adopt the temperature at which the transmittance
becomes 90% as the cloud point, for convenience, following the previous study? (Chapter
2). The symbols <&, O, v, A, and O in Figure 4.4 represent the cloud points so
determined for the samples L0.6, L1, L2, L3, and L7, respectively. The cloud points
determined for the aqueous solutions of the samples L0.6, L1, L2, L3, and L7 at various

w are given in Table 4.2.

4.4 Discussion

4.4.1 Chain Stiffness in Methanol at 25 °C

As far as we know, there has not yet been made polymer molecular characterization of
PNIPA on the basis of its dilute solution properties, and therefore there is no available
information about its chain stiffness. Since the PNIPA samples used so far in studies of
their solutions are synthesized by radical polymerization and consequently have branched
structures,® the stiffness of the PNIPA chain could not be correctly estimated from their
solution properties. Fortunately, however, we were able to prepare the series of linear
PNIPA samples, i.e., L samples, by living anionic polymerization, and analyze the data

for their Ay and [n] in order to estimate the stiffness.
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As shown in previous studies of dilute solution properties of various vinyl polymer
chains, they prefer to take locally curved or helical conformations, so that the helical
wormlike (HW) chain is suitable for the analysis of their solution properties.®?" Tt is
therefore desirable to analyze the present data for the L samples on the basis of the HW
chain. Unfortunately, however, the range 5 x 103—7 x 10* of M,, of the L samples is
not sufficiently wide to determine unambiguously all the HW model parameters from a
comparison of the HW theory with the experimental data. Then we adopt the KP chain®?

as the second best model.

Before proceeding to make a comparison of theory with experiment, we briefly sum-
marize the KP theory of As and [n]. The KP chain is an elastic wire with bending energy
immersed in a thermal bath, whose statistical behavior may be characterized by the stiff-
ness parameter \~! having the dimension of length.® We note that the chain becomes stiff
with increasing A™!, and the two limits of A™! — 0 and oo correspond to the random coil
and rigid rod, respectively. We also note that the HW chain is also an elastic wire with
torsional energy in addition to the bending one and includes the KP chain as a special
case. The total contour length L of the KP chain is related to the molecular weight M of

a real polymer chain by

L = M/M, (4.1)

where Mj, is the shift factor as defined as the molecular weight per unit contour length of
the KP chain. The equilibrium conformational behavior of the KP chain without excluded
volume may then be described by the two parameter A=! and M;..

According to the Yamakawa theory,”?! A, of the KP chain may be written in the

form,

Ay = AV 4 AP (4.2)

where AgHW) is a part of A, without effects of chain ends and AéE) represents a contribution
of the effects. We note that the superscript (HW) has been attached since the theory is
originally formulated on the basis of the HW chain. In the theory, the excluded volume
is incorporated by n + 1 beads arrayed with spacing a between them along the KP chain
contour, so that L = na. The n—1 intermediate beads are identical and the two end beads
are different from the intermediate ones and also from each other in species. Identical
excluded-volume interactions between intermediate beads are expressed in terms of the
binary cluster integral 3, which characterizes AéHW). In addition to 3, two kinds of excess
binary-cluster integrals (3 and (35 are introduced to express interactions between unlike
(and like end) beads, (3; being associated with one end bead and (5 with two end beads,

which characterize AgE).
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The first term AEHW) on the right-hand side of eq 5.2 may be written in the form,

N\ B 3
AEW) _ TAZ 4.
2 2M;2 "\ agd(2) (4.3)

where Ny is the Avogadro constant, B is the excluded-volume strength defined by
B = 3/a* (4.4)

and h is the so-called h function that is the dimensionless function of the intermolecular
scaled excluded-volume parameter Z divided by the cube of the gyration-radius expan-
sion factor ag as a function of the intramolecular scaled excluded-volume parameter Z.
The dimensionless quantities Z and Z are related to the (conventional) excluded-volume

parameter z defined by

2= (3/27)**(AB)(\L)*/? (4.5)
by
5o 38 ?L)z (4.6)
and oo
©T 0865 (4.7)

respectively, where K and () as functions of the reduced contour length AL represent
effects of the chain stiffness on the intra- and intermolecular excluded-volume effects,
respectively. Both the factors 3K /4 and ()/2.865 become unity in the limit of AL — oo
(random coil), so that # = Z = z and the above expression for AgHW) reduces to that of
A, in the framework of the (conventional) two-parameter (TP) theory.®!'* In the limit
of AL — 0 (rigid rod), on the other hand, K and therefore Z (intramolecular excluded
volume) vanishes. The h function is given by eq 8.110 of ref 9 (or eq 14 of ref 20), the
Domb-Barrett equation® given by eq 8.57 of ref 9 (or eq 6 of ref 20) is adopted for ag, and
K and @ are given by eqs 8.46 and 8.102 of ref 9 (or eqs 8 and 17 of ref 20), respectively.
We do not reproduce their explicit forms, for simplicity.

The second term AEE) on the right-hand side of eq 5.2 may be written in the form,

ONAG 1 1
E) AM1
AT = TN =205

(4.8)

with My the molecular weight of the bead. We note that AgE) rapidly decreases to 0 with

increasing M and has been shown to be very small for M > 10° for all the vinyl polymers

9,22-25

examined so far. It is seen from eqs 1—7 that the theoretical values of Ay may be
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calculated for a given polymer by the use of proper values of A=*, My, and AB along with
£, and (s.

As in the cases of other vinyl polymers, we adopt the touched-bead model as a hy-
drodynamic model,” in which N identical spherical beads of diameter dj, are arrayed with
spacing dp, between them along the KP chain of total contour length L = Nd,, its [7]

(= [n]o) without excluded volume may be written in the form,%2°

1
o = )\Q—Mf’r],KP()\L; Ady) (4.9)

where f, xp as a function of AL and the reduced bead diameter Ady, is defined by
faxp(AL; Ady,) = A" My [n]e (4.10)

with [n]kp being given by eq 6.111 with eqs 6.113 and 6.117 of ref 9 (or eq 15 with eqs 17
and 22 of ref 29). We note that [n]kxp in refs 9 and 29 is written in units of (A™')% and
the quantities L and d, in those references means the reduced quantities AL and Ady,
respectively. We do not reproduce the explicit form of [n]kp, for simplicity.

In the framework of the quasi-two-parameter (QTP) scheme or the Yamakawa—Stock-
mayer—Shimada scheme® 3% 32 on the basis of the HW (or KP) chain, [5] of the KP touched-

bead model with excluded volume may be given by

1] = [n)o aiy(2) (4.11)

where 1]y is given by eq 5.9 and «, is the viscosity-radius expansion factor as a function
of Z and may be given by the Barrett equation,® whose explicit form is not reproduced
here, for simplicity. We note that all the expansion factors, including «,,, are functions
only of Z, in the QTP scheme. Then the theoretical values of [n] may be calculated for a
given polymer by the use of proper values of A\=!, My, AB, and \d,,.

Now we are in a position to make a comparison of KP theories of Ay and [n| with
the experimental data, from which we may in principle determine the values of A\=*, My,
AB, and \d,, along with §; and 35 for linear PNIPA. As mentioned above, however, the
range of M, of the linear PNIPA samples is not wide enough to determine unambigu-
ously all those parameters. Further, the double-logarithmic plots of Ay and [n] against
M,, shown in Figures 4.2 and 3 (O), respectively, do not have any characteristic features
but are rather monotonous over the whole range of M, examined. In order to reduce the
number of the parameters to be determined, therefore, we assume the value of My, to be

45 A=, which has been calculated from the value 113 of the molecular weight of the repeat
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Figure 4.5. Double-logarithmic plots of A, (in cm® mol/g?) against M,, for the L samples
in methanol at 25.0 °C. The solid curve represents the best-fit KP theory values without
the effects of chain end and the dot-dashed curve represents those with the effects (see
the text).
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Figure 4.6. Double-logarithmic plots of [n] (in dL/g) against M, for the L samples in
methanol at 25.0 °C. The solid curve represents the best-fit perturbed KP theory values
and the dashed curve represents the corresponding unperturbed values (see the text).
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unit and its length®»% 2.5 A in the all-trans conformation. We then attempt to determine
the three parameters A=!, AB, and \d}, from a simultaneous comparison of the KP theories
of Ay and [n] with the experimental data. For A,, the comparison is restricted to the range
of M, > 5 x 10* where the effects of chain ends is considered to be sufficiently small to
neglect the contribution of AéE) on the right-hand side of eq 5.2. As for the data for A,
in the range of M,, < 5 x 10%, we analyze them to evaluate 3; and (3, included in AgE)
given by eq 4.8 by the use of the values of A(QHW) calculated from eq 5.3 with the values
of A™! and A\B so determined.

Figures 4.5 and 6 show double-logarithmic plots of Ay (in cm®mol/g?) and [] (in dL/g)
against M, for the L samples in methanol at 25.0 °C, where the solid curves represent the
best-fit KP theory values of Ay without the effects of chain ends, i.e., AgHW), calculated
from eq 5.3 with eqs 5.4—5.7 and those of [n] calculated from eq 4.11 with eqs 5.9 and
4.10, respectively, with A™! = 18 A, AB = 0.60, and \d, = 0.58. We note that relative
errors in the values of A™', AB, and \d,, are estimated to be £10%, +£15%, and +12%,
respectively, at most. The value 18 A of A\~ so determined is almost the same as the
values A™! = 20.6-27.0 A and 12.718.7 A determined for atactic polystyrene (a-PS)
with f, = 0.59 in cyclohexane at 34.5 °C (©) and polyisobutylene (PIB) in isoamyl
isovalerate at 25.0 °C (0),” respectively, indicating that PNIPA in methanol is as flexible
as typical flexible polymers. The value 10., A of dj, evaluated from the above-mentioned

values of A\~ and \dp, seems reasonable.

In Figure 4.5, the experimental value deviates upward progressively from the AgHW)

value (solid curve) as M,, is decreased from ca. 5 x 10? because of the effects of chain ends.
The dot-dashed curve in the figure represents the value of A, calculated from eq 5.2 with
the AgHW) value represented by the solid curve and the AgE) calculated from eq 4.8 with
the values 100 and 210 A3 of §; and (s, respectively, where we have taken the monomer
unit of the PNIPA chain as a single bead (M, = 113). We note that the values of ; and
(o for PNIPA in methanol at 25.0 °C are comparable to those obtained for other flexible

polymers in good solvents.?2 %

In Figure 4.6, the dashed curve represents the unperturbed value [n]y of [5] calculated
from eq 5.9 with eq 4.10 with the above-mentioned values of A= and Ady. It is seen
that the experimental value deviates upward progressively from the [n]y value as M, is
increased because of the intramolecular excluded-volume effect.

It should be noted here that the PNIPA chain in aqueous solution might become stiffer
than that in methanol due to the hydration of the solvent water. Unfortunately, however,
it is difficult to carry out fine molecular characterization of the chain in aqueous solution
in the same manner as above, since the cloud point in aqueous PNIPA solution remarkably

decreases with decreasing temperature, as shown in the previous subsection.
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Figure 4.7. Cloud-point curves in aqueous PNIPA solutions. The unfilled symbols
represent the cloud points in aqueous solutions of the L samples L0.6 (<), L1 (O), L2
(v), L3 (A), and L7 (O) and the filled symbols represent those of the T and B samples
T5 (a), T13 (@), B5 (@), and B14 (m) which have been reproduced from Figure 2.3.
The solid and dashed curves connect smoothly the cloud points of the L samples and the
T and B samples, respectively.
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4.4.2 Cloud-Point Curve in Aqueous Solutions

Figure 4.7 shows cloud-point curves in aqueous PNIPA solutions. The unfilled symbols
represent the cloud points for the L samples L0.6 (&), L1 (O), L2 (v), L3 (A), and
L7 (O), and the filled symbols represent those previously determined for the T and B
samples T5 (A ) with M, = 5.17 x 10*, T13 (@) with M, = 1.31 x 10°, B5 (@) with
M, = 4.65 x 10*, and B14 (m) with M,, = 1.44 x 10°, which have been reproduced from
Figure 2.3. The solid and dashed curves connect smoothly the cloud points for the L
samples and the T and B samples, respectively. We note that all the L, T, and B samples
have almost the same values of f; (= 0.50 — 0.52).

It is interesting to see that the cloud point in the aqueous solutions of the L sam-
ples decreases remarkably with decreasing M,,, especially in the range of rather large
w (2 2%). Such behavior sharply contradicts the familiar conclusion derived from the
polymer solution thermodynamics. It is known that amphiphilic A-B diblock®%37 or A-
B-A triblock®® copolymers with the B block being PNIPA form aggregates and the cloud
points in their aqueous solutions are lower than that in aqueous PNIPA solution. Further,
it was pointed out by Ito and Ishizone” that the hydrophobic diphenylmethyl group at
the initiating end of the L sample affects the cloud points in its aqueous solutions. For
PNIPA samples synthesized by radical polymerization, it was also pointed out by Duan

139 and by Furyk et al.*° that the cloud points of their aqueous solutions become

et a
lower as hydrophobicity of the end group is increased. It may therefore be considered
that the cloud point in aqueous solutions of the L samples is mainly governed by the

diphenylmethyl group and decreases as its effect is relatively increased by decreasing M,,.

At first we expected that the cloud points in the aqueous solutions of the L samples
without branch points would be higher than those for the T and B samples with branch
points. As seen from Figure 4.7, however, the cloud point in the range of w 2> 3%
is still lower for L7 than for T13 due to the effect of the diphenylmethyl group whose
hydrophobicity seems to be larger than that of the isobutyronitrile group at the ends of
the T and B samples. In this connection, we may conjecture that the decrease in the cloud
point with decreasing M,, and with increasing the number of branch points observed in
Chapters 2 and 3 (and also shown by the filled symbols in Figure 4.7) for the aqueous
solutions of the T and B samples is also caused by the hydrophobicity of the end group.

Considering the above-mentioned situation along with the fact that the transmittance
curves shown in Figure 4.4 do not show sharp decrease as usually observed in common
LCST miscibility behavior, there arises a doubt that the cloud point determined from
the transmittance of the light through the aqueous PNIPA solutions does not necessarily

correspond to the binodal point, at which the macroscopic phase separation occurs.
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4.5 Concluding Remarks

We have determined A; and [n] in methanol at 25.0 °C for the PNIPA samples synthesized
by living anionic polymerization following the procedure of Ishizone and Ito,” 7 which we
call L samples, and also for those by radical polymerization in tert-butanol and benzene
by the use of AIBN as an initiator, which we call T and B samples, respectively. Note
that the L samples are linear while the T and B samples have a small number of branch
points. It has been found for both As and [n] that their values for the three kinds of
samples agree well with each other in the range of small M, (< 3 x 10%) but deviate from
each other as M, is increased from 3 x 10, the value for the L sample being the largest
and that for B sample the smallest. Such deviations may be regarded as arising from the
difference in the primary structure of the samples, i.e., the average chain dimension is the
largest for the L sample having no branch point and the smallest for the B sample having
the largest number of branch points. The number of the branch points in the T and B
samples seems to become very small for M,, < 3 x 10*. From a simultaneous analysis
of Ay and [n] for the L samples on the basis of the KP chain with excluded volume, the
stiffness parameter A~ has been estimated to be 18 A, which is almost the same as the
values for typical flexible polymers, e.g., a-PS and PIB.

For the L samples, the cloud point has also been determined in their aqueous solutions
in the range of 0.5% < w < 10% by monitoring the transmittance of light through the
solutions in the heating process. It has then been found that the cloud point decreases
remarkably with decreasing My, especially in the range of w = 2%, because of the effects
of the hydrophobic chain end groups of the L. samples. It is more important to note
that the transmittance curve for each solution does not show sharp decrease as usually
observed in common LCST miscibility behavior. Such a result implies that the cloud
point does not necessarily correspond to the binodal one as far as the aqueous PNIPA

solutions are concerned.
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5 Is a “Cloud-Point Curve” in Aqueous
Poly(N-isopropylacrylamide) Solution
the Binodal?

5.1 Introduction

As mentioned in Chapters 2, 3, and 4, we found that aqueous solution behavior of poly(/N-
isopropylacrylamide) (PNIPA) is not so simple as usually considered, as follows. (1) The
cloud points in aqueous solutions of PNIPA samples synthesized by radical polymerization
with azobis(isobutyronitrile) (AIBN) as an initiator are appreciably different from each
other if the solvents used for the polymerization are different, even though the samples
have the same weight-average molecular weight M, and stereochemical composition spec-
ified by the fraction f, of racemo diads.! (2) Those samples have branched structure and
the number of branch points depends on the kind of solvent used for the radical polymer-
ization.? (3) The cloud point in aqueous solutions of linear PNIPA samples synthesized by
living anionic polymerization, which have a diphenylmethyl group at the initiating chain
end, decreases remarkably with decreasing M, in the range of 5 x 103 < M,, <7 x 10%.3
The implication is that the cloud point in aqueous PNIPA solutions is governed not only
by the hydrogen bonds between PNIPA and surrounding water molecules but also by the
end group and primary structure of PNIPA chains.

The above-mentioned cloud point has been determined as usual as a temperature
at which the transmittance of light passing through aqueous PNIPA solutions becomes
equal to a threshold value (e.g., 90%). If the transmittance changes steeply with increas-
ing (or decreasing) temperature, the determination is unambiguous and the cloud point
so determined may be equated to the binodal point. Unfortunately, however, the situa-
tion is rather unclear in the solutions. Figure 5.1 reproduces the plots in Chapter 4 of
the (relative) transmittance against temperature for the aqueous solutions of the above-
mentioned linear PNIPA samples with M,, = 5.47 x 103, 8.98 x 102, 2.21 x 10%, 3.11 x 10*,
and 7.23 x 10%, at almost the same concentration ca. 5 wt% and in a heating process
at a rate of ca. 1.5 °C/h. It is important to see that the transmittance for each solution
decreases rather gently with increasing temperature, which raises a question whether or

not the decrease in the transmittance corresponds to the macroscopic phase separation.
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Figure 5.1. Temperature dependence of the transmittance of light passing through the
aqueous solutions of the linear PNIPA samples with M,, = 5.47x 103, 8.98x 103, 2.21 x 104,
3.11 x 10%, and 7.23 x 10* at w = 5.03, 4.97, 4.94, 4.93, and 4.94%, respectively (Chapter
4). The horizontal line indicates the threshold value (90%) and the unfilled circle on each
curve indicates the cloud point.
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In this chapter, we make a rather detailed examination of an aqueous PNIPA solution
in the vicinity of its cloud point in order to resolve the above question. If the decrease
in the transmittance for the solution really reflects the macroscopic phase separation, it
should continue to decrease to 0% accompanying spontaneous change in the solution, even
though the solution temperature is fixed at a constant value slightly higher than the value
at which the decrease begins. The first examination we carry out is therefore an obser-
vation of the transmittance under a series of changes in temperature different from the
above-mentioned monotonous heating. If the decrease in the transmittance does not re-
flect the phase separation, it may be regarded as arising from formation of large aggregates
of some kinds. Then we carry out static and dynamic light scattering (LS) measurements,
as the second examination, of the solutions at some temperatures considerably lower than

their cloud points in order to verify the existence of such aggregates.

5.2 Experimental

5.2.1 Materials

The two PNIPA samples L7 and T7 used in this work are fractions separated by frac-
tional precipitation from original samples synthesized by living anionic polymerization in
Chapter 4 following the procedure of Ishizone and Ito* % and by radical polymerization
in tert-butanol by the use of AIBN as an initiator in Chapters 2 and 3, respectively. The
sample L7 is linear and its two chain ends are a diphenylmethyl group (initiating end)
and a hydrogen atom (terminal end). On the other hand, the sample T7 has branched
structure? and almost all its chain ends are considered to be isobutyronitrile groups de-
rived from the initiator AIBN, although the detailed information could not be obtained.
In the second, third, and fourth columns of Table 5.1 are reproduced from Chapters 3 and
4, the values of M, determined from LS measurements in methanol at 25.0 °C, those of
the ratio of My, to the number-average molecular weight M, determined from analytical
gel permeation chromatography, and those of f. determined from ‘H NMR, respectively,
for the samples L7 and T7. It is seen from the f, values that the two samples have almost
the same stereochemical composition.

The atactic polystyrene (a-PS) sample F20 used in this Chapter is the standard one
supplied by Tosoh Co., Ltd. The nominal values of its M, and M, /M, are 1.9 x 10° and
1.04, respectively, according to the supplier.

Water was highly purified through a Simpli Lab water purification system of Milli-
pore Co., its resistivity being 18.2 MQ:-cm. Methanol and cyclohexane were purified by

distillation after refluxing over calcium hydride and sodium, respectively, for ca. 6 h.
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Table 5.1.  Poly(MN-isopropylacrylamide) Samples Synthesized
by Living Anionic (L7) and Radical (T7) Polymerization®

sample M, My /M, Ir
L7 7.23 x 10* 1.12 0.50
T7 7.19 x 104 1.11 0.52

2All the values are reproduced from Chapters 3 and 4, where the values of M, /M, were

determined by analytical GPC using standard PS samples as reference standards.

5.2.2 Transmittance of Light

The intensity of light passing through aqueous solutions of the sample L7 at the weight
fraction w = 1.01 and 4.91% and of the sample T7 at w = 0.98% and also that through
a cyclohexane solution of the a-PS sample F20 at w = 3.14% were monitored. All the
measurements were carried out by the use of a self-made apparatus with incident light of
wavelength 650 nm from a laser diode module. A cylindrical cell of outer diameter 10 mm
containing a given test solution was immersed in a water bath, the test solution in the
cell being stirred continuously.

In order to determine the cloud point of each aqueous PNIPA solution, the temperature
of the water bath was controlled to increase at a rate of ca. 1.5 °C/h. During continuous
increase in temperature from 26 °C to 35 °C, the intensity of light passing through the cell
was monitored by a photodiode. The output of the photodiode along with the solution
temperature measured simultaneously by the use of a platinum resistance thermometer
combined with a programmable digital multimeter (Yokokawa 7555) was recorded on a
personal computer at intervals of 10 s. Then, the (relative) transmittance as defined
as the ratio of the intensity of light through a test solution at a temperature to that
at a lower temperature at which the test solution may be regarded as transparent was
determined as a function of temperature. Each solution was prepared gravimetrically and
made homogeneous by continuous stirring for 2 days at ca. 5 °C.

As mentioned in Introduction, transmittance measurements were carried out for the
aqueous solution of the sample L7 at 4.91% under the series of changes in temperature
as follows: the temperature was first increased at the rate of ca. 1.5 °C/h from ca.

26 °C where the transmittance is ca. 100%, then kept at a constant value when the
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transmittance became ca. 80%, and finally increased again at the rate of ca. 1.5 °C/h
until the transmittance decreased to zero (ca. 35 °C) or decreased inversely at a rate of
ca. —1.5 °C/h until the transmittance recovered to be ca. 100% (ca. 25 °C).

For comparison, a similar measurement was carried out for the cyclohexane solution of
the a-PS sample F20 at w = 3.14% under the series of changes in temperature as follows:
the temperature was first decreased at a rate of ca. —1.0 °C/h from ca. 27 °C where the
transmittance is ca. 100%, then kept at a constant value when the transmittance became
ca. 95%, and finally decreased again at the rate of ca. —1.0 °C/h until the transmittance
decreased to zero (ca. 21 °C) or increased inversely at a rate of ca. 1.0 °C/h until
the transmittance recovered to be ca. 100% (ca. 28 °C). Remember that the solution
shows upper-critical-solution-temperature (UCST) miscibility behavior. The solution was
prepared gravimetrically and made homogeneous by continuous stirring for 2 days at ca.
50 °C.

5.2.3 Static Light Scattering

Static LS measurements were carried out for the aqueous solutions of the sample L7 at
w = 0.103 and 1.35% and of the sample T7 at w = 0.102 and 1.36%, each at 15.0, 20.0,
and 25.0 °C, by the use of a Fica 50 light scattering photometer with vertically polarized
incident light of wavelength Ay = 436 nm. For a calibration of the apparatus, the intensity
of light scattered from pure benzene was measured at 25.0 °C at the scattering angle
0 = 90°, where the Rayleigh ratio Ry,(90°) of pure benzene was taken as 46.5x107% cm=*.7
The depolarization ratio p, of pure benzene at 25.0 °C was determined to be 0.41 £ 0.01
by the method of Rubingh and Yu.®

Each solution was prepared gravimetrically and made homogeneous by continuous
stirring at ca. 5 °C for 2 days. Its weight concentration was converted to the polymer
mass concentrations ¢ by the use of its density calculated with the partial specific volume
vy of the sample in water and with the density pg of water. The vy value was determined
by the use of an oscillating U-tube density meter (Anton-Paar, DMA5000). The values
of vy so determined in water at 15.0, 20.0, and 25.0 °C are 0.849, 0.854, and 0.858 cm? /g,
respectively, for the sample L7 and 0.861, 0.866, and 0.869 cm?/g, respectively, for the
sample T7. As for the values of py of water, we used 0.99910, 0.99820, and 0.99704 g/cm?
at 15.0, 20.0, and 25.0 °C, respectively.?

Each solution was poured into a cylindrical optical cell through a polyvinylidene flu-
oride membrane of pore size 0.10 ym in an atmosphere of ca. 5 °C. From the time the
cell was immersed in thermo-controlled p-xylene in cylindrical quartz vessel set in the
photometer, the excess unpolarized (Uv) components ARy, of the reduced scattered in-

tensity at = 90° was recorded as a function of elapsed time t, up to t, ~ 40 h. At ¢, ~ 1,
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3,6, 12, 24, and 36 h, ARy, was measured also at # = 30.0, 37.5, 45.0, 60.0, 75.0, 105.0,
120.0, 135.0, and 142.5° to examine the dependence of ARy, on 6.

For the values of the refractive index ng of water at A\ = 436 nm, we used 1.3401,
1.3396, and 1.3390 at 15.0, 20.0, and 25.0 °C, respectively, which were evaluated from
no = 1.3390 at 25.0 °C and the temperature coefficient dng/dT = —1.1 x 10~ *deg=1.10

5.2.4 Dynamic Light Scattering

Dynamic LS measurements were carried out for methanol (good solvent) solutions of the
samples L7 and T7 at 25.0 °C and also their aqueous solutions in the same solution
conditions as those in the above-mentioned LS measurements. For the measurements,
a Brookhaven Instrument model BI-200SM light scattering goniometer was used with
vertically polarized incident light of Ay = 532 nm from a Spectra-Physics model Millenia
Pro 2s Nd:YVOj, laser. The photomultiplier tube used was EMI 9893B/350, whose output
was processed by a Brookhaven Instrument model BI-9000AT Digital Correlator. (An
electric shutter was attached to the original detector alignment in order to monitor the
dark count automatically.)

The normalized autocorrelation function g (t) of the scattered light intensity I(t)
at time ¢ was measured for the methanol solutions at € ranging from 20 to 50°. The
time-averaged intensity I along with ¢(®(¢) were measured for the aqueous solutions at
6 ranging from 20 to 120°. For a calibration of the apparatus, which is necessary for an
evaluation of ARy, from [ for each aqueous solution, I was measured also for pure toluene
at 25.0 °C and at § = 90°, where Ry, (90°) of pure toluene was taken as 27.4x107% cm~1.1!

The most concentrated solution of each sample in methanol was prepared gravimet-
rically and made homogeneous by continuous stirring at room temperature for 2 days.
The methanol solutions of lower concentrations were obtained by successive dilution. The
weight concentration of each methanol solution was converted to ¢ by the use of its density
calculated with v, = 0.901 and 0.903 cm?/g for the samples L7 and T7, respectively, in
methanol at 25.0 °C, which was determined by the use of the above-mentioned oscillat-
ing U-tube density meter, and with py = 0.7866 g/cm?® of methanol at 25.0 °C.!1Y Each
methanol solution was poured into cylindrical optical cell through a Teflon membrane of
pore size 0.10 ym in an atmosphere of room temperature. We note that the measurement
for each methanol solution was started as soon as its temperature became 25.0 °C. As
for the aqueous solutions, each solution was prepared in the same manner as in the case
of the above-mentioned static LS and its ¢'® () and I were measured at t, ~ 1, 3, 6, 12,
24, and 36 h.

The value of ng of methanol at A\g = 532 nm and at 25.0 °C is 1.3289, which was

estimated by a linear interpolation of the plot of ngy against Ay with the literature values'
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1.3337 and 1.3284 of ng of methanol at A\g = 436 and 546 nm, respectively, and at 25.0 °C.
The value of ng of water at \y = 532 nm and at 25.0 °C was similarly estimated to be
1.3345 from the literature values!® 1.3390 and 1.3340 of ny of water at 25.0 °C and at
Ao = 436 and 546 nm, respectively. The values of ny of water at \y = 532 nm and at 15.0
and 20.0 °C are 1.3356 and 1.3350, respectively, which were evaluated from the above-
mentioned ng value 1.3345 at 25.0 °C and dng/dT = —1.1 x 10~*deg™'.1® We used the
value 0.545 cP of the viscosity coefficient 7y of methanol at 25.0 °C,'? and those 1.138,
1.002, and 0.890 cP of 1y of water at 15.0, 20.0, and 25.0 °C, respectively.'3

For later use, the viscosity coefficient n was determined for the aqueous solutions of
the sample L7 at w = 1.35% and the sample T7 at w = 1.36%, both at 15.0, 20.0, and
25.0 °C, by the use of a capillary viscometer with the use of the above-mentioned values
of ny of water at the respective temperatures. The values of 1 so determined are 1.997,
1.701, and 1.446 cP for the former solution at 15.0, 20.0, and 25.0 °C, respectively, and
2.034, 1.726, and 1.464 cP for the latter solution at 15.0, 20.0, and 25.0 °C, respectively.

5.3 Results

5.3.1 Transmittance

Figure 5.2 shows plots of the transmittance and the solution temperature against time for
the aqueous solutions of the PNIPA sample L7 at w = 4.91% (a) and for the cyclohexane
solution of the a-PS sample F20 at w = 3.14% (b). The heavy curves represent the
values of the transmittance and the light line segments connect the values of the solution
temperature. The kind of curve and line (solid or dashed) distinguishes patterns of change
in temperature.

For the aqueous solution of the PNIPA sample L7 shown in Figure 5.2a, decrease
in the transmittance slows down and it seems to approach a nonzero value (ca. 50%),
from the time the solution temperature is fixed at 32.8 °C where the transmittance first
becomes 80%. Then the transmittance decreases to 0% as the solution temperature is
raised to ca. 35 °C or recovers to 100% as the temperature is lowered to ca. 25 °C. On the
other hand, for the cyclohexane solution of the a-PS sample F20 shown in Figure 5.2b,
which is a well-defined UCST system, the transmittance continues decreasing very steeply
to zero even after the solution temperature is fixed at 23.0 °C where the transmittance
first becomes 95%. The difference in the behavior of the transmittance between the two
solutions clearly shown in Figure 5.2 indicates that the decrease in the transmittance in
the aqueous PNIPA solution does not correspond to the macroscopic phase separation

but arises from formation of large aggregates of some kinds.



70 5 Reconsideration of “Cloud-Point Curve”

| |
(a)
100 k= P 35
.\ ,/’
80 N
60 <—Il A =4 30
/ AN
/a 40 B \\\ ~—~
2 |8
aQ 20 - \\— 256’
S S
£ 0 | = £
0 -
S 100 p—u - =4 30
I: /, —
80 ,' o
60 P L 125
N
a0 \
|
20 : —4 20
)
O | fr—
0 5 10 15

Time (h)

Figure 5.2. Plots of the transmittance and the solution temperature against time for
the aqueous solution of the PNIPA sample L7 at w = 4.91% (a) and the cyclohexane
solution of the a-PS sample F20 at w = 3.14% (b). The heavy curves represent the
values of the transmittance and the light line segments connect the values of the solution
temperature. The kind of curve and line (solid or dashed) distinguishes patterns of change
in temperature.
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5.3.2 Static Light Scattering

Figure 5.3 shows plots of ARy, /c at § = 90° against t. for the four aqueous solutions
of the sample L7 at w = 0.103 (a) and 1.35% (b) and of the sample T7 at w = 0.102
(c¢) and 1.36% (d), at 15.0, 20.0, and 25.0 °C. We note that the cloud points in the
aqueous solutions of the sample L7 at w = 1.01% and of the sample T7 at w = 0.98%
have been determined to be 32.9 and 32.4 °C, respectively, which are definitely higher
than 25.0 °C. For all the solutions except that of the sample T7 at w = 0.102%, ARy, /c
increases monotonically with increasing t. over the whole range of ¢, examined, and the
increasing rate becomes large as the solution temperature is raised from 15 to 25 °C. The
increase in ARy, /c with increasing time and/or temperature implies that the average
size (or molecular weight) or number of scatterers in the aqueous solutions increases with

increasing time and/or temperature even at a temperature at which their transmittance

is 100%.

The situation becomes more clear by examining the angular dependence of ARy, /c.
Figure 5.4 shows the Berry square-root plots'* of (¢/ARy,)"/? against k? in the range of
0 from 30 to 142.5° for the same solutions as those in Figure 5.3, i.e., the sample L7 at
w = 0.103 (a) and 1.35% (b) and the sample T7 at w = 0.102 (c¢) and 1.36% (d), at 15.0,
20.0, and 25.0 °C, where the magnitude k of the scattering vector is related to 6 as

4 6
k= Z:O sin 3 (5.1)

with )y the wavelength of light in a vacuum. In the figure, the half-filled circles represent
the experimental values with their direction distinguishing the values at ¢, ~ 1 h (®),
3h(®),6h(®),12h (@),24h (@), and 36 h (®) from top to bottom, and the solid

curves connect smoothly the data points.

Corresponding to the monotonous increase in ARy, /c with increasing t. shown in
Figure 5.3, for all the solutions except for that of the sample T7 at w = 0.102%, the
value of (¢/ARy,)"? at a given k? decreases with increasing t,. The slopes of the plots
for the solution of the sample T7 at w = 0.102% are almost identical with zero, while
those for the other solutions are definite and increase with decreasing k2, implying that
the average size of scatterers in the latter solutions is appreciably larger than that in the
former solution and that the distribution of the sizes in each of the latter solutions is
rather widespread. It is interesting to see for the solution of sample T7 at w = 1.36%
that the initial slope becomes remarkably large with increasing t., especially at 25.0 °C.
It means that there exist remarkably large scatterers although the number of them is not

so large.
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Figure 5.3(a). Plots of ARy, /c at § = 90° against t, for the aqueous solution of the
sample L7 at w = 0.1026 % at 15.0, 20.0, and 25.0 °C.
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Figure 5.3(b). Plots of ARyy/c at 8 = 90° against ¢, for the aqueous solution of the
sample L7 at w = 1.346 % at 15.0, 20.0, and 25.0 °C.
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Figure 5.3(c). Plots of ARy,/c at 6 = 90° against t, for the aqueous solution of the
sample T7 at w = 0.1022% at 15.0, 20.0, and 25.0 °C.
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Figure 5.3(d) Plots of ARyy/c at § = 90° against ¢, for the aqueous solution of the
sample T7 at w = 1.360% at 15.0, 20.0, and 25.0 °C.
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Figure 5.4(a). Plots of (¢/ARy,)"? against k? for the aqueous PNIPA solution of the
sample L7 at w = 0.1026 % at 15.0, 20.0, and 25.0 °C. The half-filled circles represent
the experimental values with their direction distinguishing the values at t, ~ 1 h (@),
3h(®),6h(®),12h (@),24 h (@), and 36 h (®) from top to bottom, and the solid
curves connect smoothly the data points.
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Figure 5.4(b). Plots of (¢c/ARy,)Y? against k? for the aqueous PNIPA solution of the
sample L7 at w = 1.346% at 15.0, 20.0, and 25.0 °C. The half-filled circles represent the
experimental values with their direction distinguishing the values at t, ~ 1 h (®), 3 h
(®@),6h (0),12h (@), 24 h (@), and 36 h (®) from top to bottom, and the solid
curves connect smoothly the data points.
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Figure 5.4(c). Plots of (¢/ARy,)"? against k? for the aqueous PNIPA solution of the
sample T7 at w = 0.1022% at 15.0, 20.0, and 25.0 °C. The half-filled circles represent
the experimental values with their direction distinguishing the values at t, ~ 1 h (@),
3h(®),6h(®),12h (@),24 h (@), and 36 h (®) from top to bottom, and the solid
curves connect smoothly the data points.
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Figure 5.4(d). Plots of (¢c/ARy,)"Y? against k? for the aqueous PNIPA solution of the
sample T7 at w =1.360% at 15.0, 20.0, and 25.0 °C. The half-filled circles represent the
experimental values with their direction distinguishing the values at t, ~ 1 h (®), 3 h
(®),6h (0),12h (@), 24 h (@), and 36 h (®) from top to bottom, and the solid
curves connect smoothly the data points.
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5.3.3 Dynamic Light Scattering

The dynamic LS data for g (¢) as a function of ¢ obtained for the methanol solutions
of both the PNIPA samples L7 and T7 were confirmed to follow single-exponential de-
cays over the whole ranges of 6 and ¢, so that the (z-average) translational diffusion
coefficient D (at infinite dilution) of isolated PNIPA chains could be determined for the
two samples following a standard procedure:'> the slope I' (first cumulant) of the plot
of (1/2)In[g®(t) — 1] against ¢ was first determined at each @ and c, then the apparent
diffusion coefficient D5 (c) at finite ¢ was determined as a limiting value of I'/k? in the
limit of k* — 0 at each ¢, and finally D was determined by an extrapolation of D™ (c) to
¢ = 0. The values of D so determined for the samples L7 and T7 in methanol at 25.0 °C
are 5.51 x 1077 and 5.74 x 1077 cm?/s, respectively. In Table 5.2 are given the values of

the hydrodynamic radius Ry calculated from the defining equation,
with kg the Boltzmann constant and 7" the absolute temperature and with those D values.

Table 5.2. Values of Ry for the samples
L7 and T7 in methanol at 25.0 °C

sample Ry (nm)
L7 7.29
T7 6.99

On the other hand, the data for the aqueous solutions were found not to follow single-
exponential decays, since there were scatterers of different sizes other than the isolated
PNIPA chains, as expected from the above-mentioned results of static LS. Then, by the
use of the FORTRAN program package CONTIN,'0 we decomposed [¢? () — 1]'/? at a

given k into a series of exponential-decay functions as

ng
g9 (1) =12 =3 Ami, k) et/ (5.3)
i=1
where 7; (i =1, 2, -- -, ny) is the ith relaxation time and A(7;, k) is the amplitude of the

ith component e~*/7. The quantity A(7, k) as a function of the relaxation time 7 also has

the meaning of the distribution of 7. In practice, we adopted n; = 150 and distributed



5.4 Discussion 81

7; at regular intervals in the logarithmic scale over the range from 1 us to 1 s. Figure 5.5
shows plots of g (t) — 1 at # = 20° and at t, ~ 36 h against the logarithm of ¢ (in s)
and those of A(7,k) (as a function of 7) against the logarithm of 7 (in s) for the four
aqueous solutions of the sample L7 at w = 0.103 (a) and 1.35% (b) and of the sample T7
at w = 0.102 (c) and 1.36% (d), at 15.0, 20.0, and 25.0 °C. The unfilled circles represent
the experimental values and the solid curves connect smoothly the data points.
Corresponding to the LS results shown in Figure 5.4, A(7, k) as a function of 7 is
bimodal for all the aqueous solutions except that of the sample T7 at w = 0.102%,
implying that there are two classes of scatterers having different sizes. For the solutions
of the sample L7 at w = 1.35% and of the sample T7 at w = 1.36%, A(r, k)’s obtained
at other 6 and t, are always bimodal, although the results are omitted here. The class
having larger 7 (~ 1072 s) may be considered to be large aggregates, and the other one
(1 ~ 1073 s) seems to correspond to isolated PNIPA chains. As for the solution of the
sample T7 at w = 0.102%, A(7, k) is unimodal, implying that appreciably large aggregates
may not be formed. It may be seen from the figure, the number of the aggregates is larger
in the solution of the sample L.7 than in that of the sample T7 if their concentrations are

the same.

5.4 Discussion

In the previous section, it is clearly shown that the cloud point in the aqueous solutions
at least of the linear PNIPA sample having the diphenylmethyl end group synthesized by
living anionic polymerization does not directly correspond to the binodal point and that
there exist rather large aggregates in the aqueous solutions of both the PNIPA samples
synthesized by living anionic and radical polymerization, at a temperature considerably
lower than the cloud point, if the concentration is not extremely dilute. It is then desirable
to get some information about the size of the aggregates. By an application of the method
proposed by Kanao et al.'' for an analysis of dynamic LS data for a polymer solution in
which isolated polymer chains and their aggregates coexist, we analyze the dynamic LS
data for the solutions of the sample L7 at w = 1.35% and of the sample T7 at w = 1.36%,
for which A(r, k) is definitely bimodal, in order to estimate the hydrodynamic radius Ry

and mean-square radius of gyration (S?) at finite c.

5.4.1 Hydrodynamic Radius

Under the assumptions that the solution includes only a small amount of aggregates,
interactions between them may be neglected, and the lifetime of each aggregate is much

longer than its translational relaxation time, the mutual diffusion coefficient Dy, of the
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Figure 5.5(a). Plots of g (t) — 1 at # = 20° and t, ~ 36 h against the logarithm of ¢
(in s) and those of A(7, k) against the logarithm of 7 (in s) for the aqueous solution of
the sample L7 at w = 0.103% at 15.0, 20.0, and 25.0 °C. The unfilled circles represent
the experimental values and the solid curves connect smoothly the data points.
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Figure 5.5(b). Plots of ¢ (t) — 1 at § = 20° and ¢, ~ 36 h against the logarithm of
t (in s) and those of A(7, k) against the logarithm of 7 (in s) for the aqueous solution of
the sample L7 at w =1.35% at 15.0, 20.0, and 25.0 °C. The unfilled circles represent the
experimental values and the solid curves connect smoothly the data points.
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Figure 5.5(c). Plots of ¢ (t) — 1 at § = 20° and ¢, ~ 36 h against the logarithm of
t (in s) and those of A(7, k) against the logarithm of 7 (in s) for the aqueous solution of
the sample T7 at w = 0.102% at 15.0, 20.0, and 25.0 °C. The unfilled circles represent
the experimental values and the solid curves connect smoothly the data points.
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Figure 5.5(d). Plots of ¢ () — 1 at § = 20° and ¢, ~ 36 h against the logarithm of
t (in s) and those of A(7, k) against the logarithm of 7 (in s) for the aqueous solution of
the sample T7 at w =1.36% at 15.0, 20.0, and 25.0 °C. The unfilled circles represent the
experimental values and the solid curves connect smoothly the data points.
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isolated polymer chains at finite ¢ and the z-average diffusion coefficient Dy, of the

aggregates may be given by!!
D, = ;131% [./k*  (a = fast, slow) (5.4)

with
To= Y 7 'Almk)/ > Ak (o= fast, slow) (5.5)
i€ mode Ti€a mode
where 7; belongs to a set of relaxation times named “fast mode” if 7; is shorter than an
appropriate threshold value which may divide the distribution A(7, k) shown in Figures

5.5b and 5.5d into two modes, and to another set named “slow mode” otherwise.

For instance, Figure 5.6 shows plots of T', /k? against k? for the aqueous solutions of
the sample L7 at w = 1.35% (a) and of the sample T7 at w = 1.36% (b), at 25.0 °C
and at t, ~ 36 h. The unfilled and filled circles represent the values for @ = fast and
slow, respectively. The data point at the left end in each plot corresponds to the plot
of A(t,k) at 25.0 °C shown in Figures 5.5b and 5.5d. The values of Tt /k? (O) for
both the solutions are independent of k? within experimental error in the whole range
of k% examined, so that Dy may be evaluated as a mean of the experimental values
for each solution, which is represented by the horizontal line. The values of Dy, so
estimated for the sample L7 at 15.0, 20.0, and 25.0 °C are 2.9 x 1077, 3.5; x 1077, and
4.14 x 1077 ¢cm? /s, respectively, and those for the sample T7 are 2.95 x 1077, 3.2 x 1077,
and 3.45 x 10~7 ¢cm? /s, respectively. On the other hand, the values of Ty, /k? (@) for both
the solutions appreciably depend on &2 in the range of large k? (= 2 x 10'° cm™2), so that
we estimate Dgo by an extrapolation of T'yoy /k? to k% = 0 following the curve connecting
smoothly the data points for each solution as shown in Figure 5.6. The values of Dgoy SO
estimated for the sample L7 at 15.0, 20.0, and 25.0 °C are 2.85 x 1078, 4.75 x 1078, and
5.8¢ x 1078 cm? /s, respectively, and those for the sample T7 are 2.7; x 1078, 3.95 x 1078,
and 3.7 x 1078 cm? /s, respectively.

From the values of D, so determined, we define the hydrodynamic radius Ry, by

kgT
RHa &

o = 67‘(‘77—D (Oé = fast, SlOW) (56)

where 7t and 7g0w are the viscosity coefficients of fluids around the isolated polymer
chains and aggregates and are set equal to those of the solvent (1) and solution (7),
respectively.!! ' We note that Ry fast 1s not the hydrodynamic radius in the strict sense of
the term, since Dy, is the mutual diffusion coefficient at finite ¢. We also note that the
solution viscosity 7 is used in the definition of Ry o since the translational motion of the

aggregates is very slow compared to that of the isolated chains and therefore the aqueous
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Figure 5.6. Plots of T /k? (O) and Tgeyw/k* (@) against k2 for the aqueous solutions
of the sample L7 at w = 1.35% (a) and of the sample T7 at w = 1.36% (b), at 25.0 °C and
at te ~ 36 h. The horizontal line associated with each plot of '/ k? indicates the mean
of the experimental values and the curve associated with each plot of Ty / k? connects
smoothly the data points.
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solution of the isolated chains may be considered to act as a continuous fluid around
the aggregates. Here, it has been assumed that the aggregate can hardly contribute the

observed 7 since its concentration is extremely low as assumed above.!!

Table 5.3. Values of Ry tast and Ry giow for the samples L7 and
T7 in water at 15.0, 20.0, and 25.0 °C and at t, ~ 36 h

Ry fast (n) Ry glow (nm)

sample w, % 15.0°C 20.0°C 25.0 °C 15.0 °C 20.0 °C 25.0 °C

L7 1.35 6.36 6.1 9.93 371 26.¢ 25.3

T7 1.36 6.35 6.5g 7.1g 38.3 31.3 40.3

In Table 5.3 are given the values of Ry ast and Ry giow calculated from eq 5.6 with the
above-mentioned values of Dy, and Dgjoy, respectively. The values of Ry fas¢ S0 obtained
for the samples L7 and T7 in aqueous solutions are comparable to the respective values
of Ry for them in methanol at 25.0 °C given in Table 5.2, confirming that the fast mode
may be ascribed to the translational motion of the isolated PNIPA chains. The values of

Ry gow are 4—06 times as large as the corresponding values of Ry gast-

5.4.2 Mean-Square Radius of Gyration

Since A(7,k) as a function of 7 is definitely bimodal for the aqueous solutions of the
sample L7 at w = 1.35% and the sample T7 at w = 1.36% as mentioned above, ARy (k)
determined from the time-averaged scattering intensity / may be divided into the two
contributions ARuyy fast (k) and ARyy giow(k) from the fast- and slow-mode components,

respectively, as follows,

ny
ARuya(k) = ARye(k) Y Al k) / > A(rik) (o = fast, slow) (5.7)

T; Ea mode =1
Under the assumptions that the solution includes only a small amount of aggregates and
interactions between them may be neglected, the z-average mean-square radius of gyration

(S?)gow Of the aggregates may be estimated from?!!

|:ARUV,SIOW (O> :| 1/2

_ Lo 2
ARyyaon(F) =1+ 6<S dstowk” + (5.8)
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with the values of ARuyy gow(k) defined by eq 5.7. Although a similar analysis of dynamic

1719 jts theoretical background was not adequately jus-

LS data can be found elsewhere,
tified, as pointed out by Kanao et al.l!

Figure 5.7 shows plots of [ARuyysow(0)/ARyy siow(k)]/? against k% for the aqueous
solutions of the sample L7 at w = 1.35% (a) and of the sample T7 at w = 1.36% (b), at
15.0, 20.0, and 25.0 °C and at t, ~ 36 h. The unfilled circles represent the experimental
values and the solid curves connect smoothly the data points. The dot-dashed line segment

L/2 evaluated

associated with each curve indicates its initial tangent. The values of (S?)

from the slopes of those initial tangents are given in the third, fourth, and fifth columns
of Table 5.4. Tt is seen that (S?) L2 i appreciably larger for the sample T7 than for the

slow
sample L7 at each temperature.

Table 5.4. Values of (SQ>1/ 2 and Pslow for the samples L7 and

slow

T7 in water at 15.0, 20.0, and 25.0 °C and at t, ~ 36 h

1/2
(S22 (nm) Pelow

sample w, % 15.0°C 20.0°C 25.0°C 15.0 °C 20.0 °C 25.0 °C

L7 1.35 40.7 24.6 17.5 1.1 0.92 0.69

T7 1.36 61., 32.9 49.9 1.6 1.05 1.2

5.4.3 Reduced Hydrodynamic Radius

Finally, we consider the density profile of the aggregate on the basis of values of the ratio
p of (S?)Y/2 to Ry,
p=(5%)"?/ Ry (5.9)

its reciprocal p=! being called the reduced hydrodynamic radius.?’ It is well known that
the p value of an isolated solute in dilute solution is sensitive to its density profile, i.e.,
p = 1.2—1.5 for a random coil (Gaussian density profile) and p = 0.775 for a rigid sphere
with a uniform density.?® The p value becomes even smaller than 0.775 if the density
profile in the rigid sphere concentrates at its center rather than its periphery.tl-2!

In the sixth, seventh, and eighth columns of Table 4 are given the values of pq,, for

the slow mode in the aqueous PNIPA solutions at 15.0, 20.0, and 25.0 °C, respectively,
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Figure 5.7. Plots of [ARuyy siow(0) /ARy slow (k)]*/? against k2 for the aqueous solutions
of the sample L7 at w = 1.35% (a) and of the sample T7 at w = 1.36% (b), at 15.0,
20.0, and 25.0 °C and at t, ~ 36 h. The unfilled circles represent the experimental values
and the solid curves connect smoothly the data points. The dot-dashed line segment
associated with each curve indicates its initial tangent.
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and at . ~ 36 h calculated from eq 5.9 with the values of Ry gow and <52)8110/V3 given in
Tables 3 and 4, respectively. The value of pgo, at each temperature is smaller for the
sample L7 than for the sample T7. For the sample L7, pgo, decreases from 1.1 to 0.7

with increasing temperature. As for the sample T7, it takes a minimum 1.0 at 20.0 °C.
1/2
slow

The results for pgow along with Ry gow and (S?) indicate that the aggregates in the
aqueous solutions of the sample L7 seem to be densely packed spheres of small size, while
those of the sample T7 look like loosely packed random coils of large size.

The above-mentioned differences in the size and density profile of the aggregates and
also in the number of them (Figure 5.5) between the aqueous solutions of the samples
L7 and T7 may be regarded as arising from the differences in the primary structure and
in the chain end group, i.e., the sample L7 has the linear structure and the diphenyl-
methyl group at one end, while the sample T7 has the random-branched structure with a
small number of branch points and the isobutyronitrile group at almost every end. The
diphenylmethyl group may be considered to be more hydrophobic than the isobutyroni-
trile group, so that an attractive interaction between the chain end groups in an aqueous
solution seems stronger for the sample L7 than for the sample T7. Linear PNIPA chains
having hydrophobic groups at one end can form only star-like aggregates, while random-
branched PNIPA chains having hydrophobic groups at almost every end can even form
networks.

Concerning the shape and number of aggregates in aqueous PNIPA solutions, it is
pertinent to refer here to literature LS data for aqueous solutions of telechelic hydrophobi-
cally modified PNIPA (HM-PNIPA)?*:2 — a linear PNIPA chain with strong hydropho-
bic groups at both the chain ends. It was shown that the HM-PNIPA samples with
M, = 1.2 x 10*-4.9 x 10* formed aggregates in aqueous solutions at 2030 °C and at
1x107*—1 x 1072 wt% and that there remained no isolated HM-PNIPA chain. Further,
from a rather detailed analysis of the LS data, it was supposed that the aggregates were
flower micelles consisting of 10—40 HM-PNIPA chains.

5.5 Conclusion

A rather detailed examination has been made of the transmittance of light passing through
the 4.91 wt% aqueous solution of the linear PNIPA sample of M, = 7.23 x 10*, which
was synthesized by living anionic polymerization and has the diphenylmethyl group at
the initiating end, in the vicinity of its cloud point. In contrast to the case of a typical
phase separation as observed in cyclohexane solutions of a-PS in which the transmittance
decreases very steeply to zero, even though the solution temperature is fixed at a constant

value very close to its cloud point, the transmittance was found to be held at a constant
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value between 0 and 100% near the cloud point in the aqueous PNIPA solution. The
indication is that the cloud point in the aqueous PNIPA solution does not correspond to
the binodal point.

Static and dynamic LS measurements have then been carried out for aqueous solutions
of the above-mentioned linear PNIPA sample and also of another PNIPA sample, which
was synthesized by radical polymerization and has random-branched structure with the
isobutyronitrile group at almost every chain end, at temperatures considerably lower than
the cloud point where the solutions are apparently transparent. It was found that both
the PNIPA samples in aqueous solution form aggregates, whose number, size, and density
profile depend on the kind of end group and also on the primary structure. The linear
PNIPA chains with the diphenylmethyl group at one end seem to form densely-packed
spherical aggregates of small size, while the random-branched PNIPA chains with the
isobutyronitrile group at almost every end prefer to form large aggregates like loosely-

packed random coils.
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