Macromolecules 1987, 20, 1965-1975 1965

Transition of Linear Polymer Dimensions from © to Collapsed
Regime. 1. Polystyrene/Cyclohexane System
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ABSTRACT: We report the results of a recent light-scattering investigation on several different high molecular
weight (M., ranging from 4 X 10 to 20 X 10° g/mol) polystyrenes in cyclohexane from O-temperature to the
collapsed state. The temperature (T) dependence of the radius of gyration (R,) and that of the hydrodynamic
radius (By) can be represented by master curves in a a®7|M,*/? vs. |7|M,}/? plot, where o [=R(T)/R(0)] is
the expansion factor and 7 [=(T - 6)/0] is the reduced temperature. We were able to observe the collapsed
state based on the size changes in the static radius of gyration. However, the dynamic property, i.e., Ry,
approaches the collapsed state at a much lower temperature. We also observed that a “metastable” collapsed
state could exist for finite (but long) time periods below the cloud-point curve, especially in the very dilute
concentration range of high molecular weight (M,, = 17.5 X 10° g/mol) polystyrenes. A rapid shrink-down
of polymer size and subsequent phase separation due to the metastable collapsed state were discussed. The
experimental data were compared with previously published results and the blob theory.

1. Introduction

Flory! stated a long time ago that the average dimension
and conformation of a single polymer chain in solution vary
with solvent quality. In a good solvent, the polymer chain
expands due to repulsive segment—segment interactions;
while in a poor solvent where segment—segment contacts
are favored, it can eventually be collapsed to form a globule
coil. The transition from random-coil behavior in the 0
state to a globule coil in the collapsed state has been the
focus of -interest of many theoreticians?®* and experi-
mentalists'®?7 for a couple of decades.

There have been controversies among the theoreticians
about the existence and the type of coil-to-globule tran-
sitions. In addition, the experiments have so far provided
conflicting results making definitive conclusions difficult.
Some theoreticians!* who predicted a first-order transition
prefer to refer to the experiments reported by Sun et al.1%%
(referred to as the MIT group) with additional refer-
ences,'®3 showing a drastic contraction of the polymer coil
in the collapsed state. Another attempt was reported by
Bauer and Ullman!’ even though the temperature range
studied was far from the collapsed state. Nevertheless,
they found that all their experimental data could be fitted
to a master curve. Later, many French groups’ results (for
example, R. Perzynski et al.?#?® and P. Vidakovic et al.?)
enforced the existence of a master curve and showed
consequently that the transition should be smooth and
continuous, rather than discrete, for a sufficiently flexible
and long polymer chain. Aside from the difference in the
results as reported by the MIT'? and Prague® groups vs.
the French groups®% concerning the nature of the coil-
to-globule transition for flexible polymer coils in solution,
no quantitative agreement exists among the different re-
search groups. Therefore, by studying the polystyrene/
cyclohexane (PS/CY) system, we try to reexamine the
coil-to-globule transition for flexible polymer coils in so-
lution and to seek plausible sources of those reported
discrepancies. It should be noted that Post and Zimm
considered the DNA condensation both theoretically® and
experimentally.?? The chain stiffness could play a unique
role in the coil-to-globule transition, predicting discon-
tinuous behavior for DNA and a diffuse transition for more
flexible polymers such as polystyrene.

* Author to whom correspondence should be addressed.
tPresent address: Department of Chemistry, Peking University,
Beijing, People’s Republic of China.

The theoretical background of coil-to-globule transition
and light-scattering technique are summarized in sections
II and III, respectively. Experimental conditions and
methods of data analysis are described in sections IV and
V in order to provide sufficient information concerning the
quality of our experiments. Finally, in section VI we
present our results and compare them with other experi-
ments and the blob theory.

II. Theoretical Background

Theoretical studies®®?8 show that in order to describe
correctly the collapsed state of a single polymer chain, a
three-body interaction as well as a two-body interaction
must be taken into account near and below the ©-tem-
perature. According to the mean field theory, the expan-
sion factor « and the size R in the collapsed regime have
the following relations:

a ~ |T|—1/3N—1/6
R ~ |T|‘1/3N1/3

(poor solvent) (1)
(poor solvent) (2)

In the temperature blob theory,”*®! a polymer chain of
N monomers is viewed as a succession of blobs, each
containing N, monomers. The polymer chain obeys
Gaussian statistics within each blob. However, the neck-
lace of N/N_ blobs has an expanded structure above the
O-temperature or a collapsed structure below the 6-tem-
perature.

The radius of gyration is defined as

N
RZ = (/N T (N - (R, ®

where R, is the size of a subchain with n monomers and
the bracket means an average over all possible configura-
tions of one polymer chain. According to the temperature
blob theory, (R,?) is modeled as

(R?) = d?,

(R,2) = a®N,I"¥n

n <N,
nzN, 4)

where a is the length of one monomer and » is an exponent
relating the molecular weight with R, (~M). The value
of N, is estimated from the ratio of one monomer volume
a® to the excluded volume v due to the pair interaction
between two monomers, i.e., N, ~ (a®/v)%

As the excluded volume parameter v is proportional to
the reduced temperature 7, the temperature blob size N,
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Table I
Molecular Weights, Polydispersities, Radii of Gyration, and Hydrodynamic Radii in PS/CY at the 6-Temperature (35 °C)

sample M, x 1078, g/mol M, /M, R;, nm® Ry, nm? R2/M. R /M Ru/R,

X 0.90 1.10 29.8 21.5 9.9 5.1 0.72
2N 1.98 1.10 44.3 33.0 9.9 5.5 0.74
4N 4.57 1.14 67.0 48.7 9.8 5.2 0.73
8N 8.62 1.26 95.3 69.5 10.5 5.6 0.73
17B 17.5 2.1 167 110 15.9 6.9 0.66
x¢ 24.7 ~2 196 136 15.6 6.6 0.69
F-1d 11.3 1.3 114 11.5

F-2¢ 17.7 1.5 151 105 12.9 6.2 0.70
F-3¢ 10.5 1.4 112 79.9 11.9 6.1 0.71

3R, could be determined to about £3%. °R; could be determined to about +2%. °Unit = 107® cm® mol/g. 9The F series was frac-
tionated from the sample 17B. ¢In the presence of 1 wt % antioxidant, & = 32.7 °C.

becomes N, = A* /72, with A* being a dimensionless pro-
portionality constant, depending only weakly on the nature
of the solvent® and the monomer structure. The value of
R, at the 6-temperature is R,(0) = aN'/2/6. The expansion
factor «, of the radius of gyration, defined by o, = R,-
(x)/R,(0) is

a, = 1.161(N/N,)1/8 (poor solvent) (5)

in the poor solvent limit, with » = !/; and x = N_/N.
The hydrodynamic radius R, of a polymer chain is de-
fined by

Rh = kBT/ (671'170D0) (6)

where 7, is the solvent viscosity and D, is the translational
diffusion coefficient at infinite dilution. On the basis of
temperature blob model of eq 4 and in the poor solvent
limit with v = 1/,

a, = 1.481(N/N)"/8
R, = 0.402aNV/3N 1/6

(poor solvent) (7)
(poor solvent) (8)

Although there have been disagreements among theo-
reticians about the existence and the type of the coil-to-
globule transition for one single polymer chain in solution,
we can extract some characteristic properties in the col-
lapsed regime.102

(1) The monomer density inside the polymer coil is
uniform, independent of the polymer molecular weight.

(2) The radius (either static or hydrodynamic) of the
collapsed coil is scaled as N*/3|7|"1/3,

(8) a|7|NY/2 ~ constant and a;%|7|N'/2 ~ constant, but
these two constants are not the same.

II1. Laser Light Scattering

The coil-to-globule transition of a single polymer chain
in solution is accompanied by a dimensional contraction
of the single polymer chain from the 6-temperature to a
collapsed temperature within a very narrow concentration
gap between infinite dilution and the left side of the
coexistence curve. The transition can be observed only
at very dilute concentrations, because the collapsed state
must be realized before the onset of phase separation.
Laser light scattering is an appropriate technique for
studying the coil-to-globule transition.

IIla. Static Light Scattering.?? For a polydisperse
polymer solution in the absence of intermolecular inter-
actions, the polarized (excess) Rayleigh ratio R, (cm™) in
dilute solution has the form

HC/RVV = (I/MW)FI(K) + 2A2C (9)

where H, C, M, P, K, and A, are, respectively, an optical
constant, concentration, weight-average molecular weight,
particle scattering factor, magnitude of momentum

transfer vector, and second virial coefficient. Equation 9
is used to determine M,, A,, and R,.

IITb. Dynamic Light Scattering.®3 In quasi-elastic
light scattering, the intensity-intensity time correlation
function (I(0)I(t)) = G?(t) can be expressed in terms of
the normalized electric field correlation function g®(¢)

GA(t) = A(1 + blgP (1)) (10)

where A and b are, respectively, the base line and the
coherence factor of the spectrometer, and gV'(¢t) = (E*-
(0)E(¢))/(E*(0)E(0)) with E being the scattered electric
field.

For polydisperse particles with or without internal
motions

gD = J; “G(Me T dr (11)

where G(I') is the normalized characteristic line width
distribution function. The cumulants method can be used
to retrieve information on G(I") for narrow characteristic
line width distributions.3®

In gV(@)] = Tt + (1/D(up/THTL? + .. (12)

where I' = [§G(I) dT, uy = f5(T' — T)?G(T) AT, with T and
Uy being respectively the average characteristic line width
and the second central moment, and VAR = u,/T% We
can express I' at finite K and finite C approximately as

/K2 = Dy(1 + FKHR2),)(1 + kyC) (13)

where Dy, kg4, and f are respectively the z-average trans-
lational diffusion coefficient at infinite dilution, the second
virial coefficient for diffusion, and a dimensionless constant
that depends upon chain structure, polydispersity, and
solvent quality.’” The subscript zero denotes infinite di-
lution. According to Brown et al.,®® u,/T? ~ (1/4)(M,/M,,
- 1) if M,/M,, < 1.25.

IV. Experimental Section

In view of the differences between our experimental data and
some of those results reported in the literature, we describe in
detail how our polymer solutions were prepared and polymer
samples fractionated and characterized and possible degradation
by laser radiation at extremely dilute concentrations.

IVa. Sample Preparation. Polystyrene samples were used
without further fractionation except the M, = 20 X 10¢ g/mol
sample (17B) from Pressure Chemical Co. The specifications of
the polymer samples used in this study are listed in Table I. Some
fractionated samples were prepared by fractional precipitation,
in which the polymer (17B) was dissolved in a benzene—methanol
mixture (75:25 by volume) and the solution was cooled in steps
from 35 to 28 °C. For purification of solvent, cyclohexane was
kept in a molecular sieve (4 A) and distilled under P,O; just before
use. We first prepared a mother solution with a concentration
of ~5 X 107* g/g. After wrapping the stopper of the mother
solution bottle with Teflon tape and Parafilm, we put it into a
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Figure 1. Degradation of polymer chain due to high laser power
density in the PS/CY system (sample 4N, M,, = 4.6 X 10% g/mol,
C=25%x10%g/g, T ~ 35 °C, and Ay = 514.5 nm). Each set
of measurements consists of a ~30-min exposure at a laser power
density of ~1 X 102 W/cm? for the absolute scattered intensity
data and less than 1-h exposure at a laser power density of ~6
X 102 W/cm? for the line-width data. Incident beam volume/
solution volume is ~1 X 1073,

small desiccator in an oven with temperatures set at ~45 °C. For
high molecular weight polymer samples, complete dissolution
requires a minimum of a couple of days with occasional stirring.
Complete dissolution for high molecular weight polymers such
as polystyrene in cyclohexane takes time. We were careful to check
the absolute scattered intensity of very dilute polymer solutions.
Reproducible intensity results from different preparations confirm
the same molecular weight as calibrated by good solvent and thus
complete dissolution. Next, the mother solution was diluted
20-100 times to the measured concentration, which is on the order
of CM,, ~ 20 g% cm™ mol™. This minimum concentration cor-
responds to a C/C* value of (1-2) X 1074, where the overlap
concentration C* can be taken as C* ~ 40/M,}/2 (g/cm®) for the
PS/CY system? with M., expressed in units of g/mol.

IVb. Characterization of System. IVb.1. Polydispersity
of Polymer. The index of polydispersity (e.g., M/ M,, M,/M,,
and variance) of our polystyrene samples used in this study is
listed in Table I. The figure part in the sample code denotes
roughly the weight average molecular weight by units of 10° g/mol.
The subsequent alphabet “B” or “N” stands for the broad or
narrow polydispersity. A polydispersity of M, /M, = 1.3 was used
as the borderline distinguishing the narrow and broad polydis-
persity. Usually, samples with M,, higher than 107 g/mol had a
broad polydispersity.

IVb.2. Degradation of Polymer. At very low polymer so-
lution concentrations (C < 107 g/g), even a small absolute amount
of polymer degradation has serious effects on the molecular weight
and size determinations. For instance, absolute degradation of
1 X 1078 g of polymer corresponds to a 10% weight fraction change
in 1 g of polymer solution at C = 107 g/g. However, such deg-
radation can always be neglected at ordinary concentrations (C
> 1078 g/g). Although we are not interested in the detailed
mechanisms of polymer degradation, we examined carefully several
possible causes of degradation, such as high laser power density,
trace of oxygen, and weak chemical bonds in the long polymer
chain. We first investigated the effect when a very dilute polymer
solution was exposed to a high power density laser beam (~1
W/(0.04 cm)? or ~625 W/em?). As shown in Figure 1, the ab-
solute scattered intensity of the polymer solution (sample 4N,
C = 2.5 X 108 g/g) decreased by ~18% after 14 sets of mea-
surements at 514.4 nm, where each set took ~ 30 min of exposure
at ~100 W/cm? for the absolute scattered intensity data and less
than 1 h at ~600 W/cm? for the line-width data. In actual
experiments, this difficulty could be alleviated by degassing the
oxygen in the polymer solution, by using a lower power density
laser beam (less than ~100 W/cm?), and by reducing unnecessary
exposure of the polymer solution to laser radiation during our
studies.

IVb.3. 6-Temperature. For the PS/CY system, © = 35 °C.
The O-temperature of PS/CY systems with 1 wt % antioxidant
was measured experimentally. Figure 2 shows plots of the second
virial coefficient A, vs. temperature for polymer solutions in the
presence of a known amount of antioxidant. In these plots, the
temperature at which A, = 0 was defined as our O-temperature
for that system. The 6-temperature of the PS/CY system with
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Figure 2. Variation of second virial coefficient A, as a function
of temperature (°C) in the polystyrene (M, = 2.33 X 10° g/
mol)/cyclohexane system with 1 wt % antioxidant (2,6-di-tert-
butyl-4-methylphenol). The 6-temperature of the PS/CY (1 wt
%) system could be estimated to be 32.7 °C.

1 wt % antioxidant (denoted as PS/CY (1 wt %)) was estimated
to be 32.7 °C, 2.3 deg lower than the 8-temperature for polystyrene
in cyclohexane.

IVec. Physical Constants. The reference values of (dn/dC)
at 35 °C for the PS/CY system were respectively®® 0.1810 and
0.1695 cm?/g at Ay = 436 and 546 nm. The temperature coefficient
of (dn/dC)r was 2.85 X 107 cm?®/(g deg).®® We used benzene as
a reference for computing the Rayleigh ratio R,, with R,,BZ = 2.49
X 107 and 3.20 X 107 em™ at 25 °C for benzene at A\, = 514.5
and 488 nm, respectively. The temperature dependence of R, B2
for benzene was given

R.BYT) = R, B%25 °C)[1 + (3.68 X 1073)(T ~ 25 °C)] (14)

where R,.,B%(T) is the Rayleigh ratio of benzene at temperature
T (°C). The viscosities of solvent cyclohexane were calculated
by using eq 15,*! where 7, (cP) is the solvent viscosity at tem-
perature T expressed in degrees Celcius.

o = (6.1739 X 10°%) exp[1481.6 /(T + 273)] (15)

V. Methods of Data Analysis

For large polymer coils in solution, the KR, < 1 range
is often difficult to achieve experimentally. VE’e describe
our empirical approach to determine R, and R, by taking
into account higher order interference effects, finite con-
centrations, and acceptable deviation from single-expo-
nential correlation function profile analysis.

Va. Intensity Data. As our experiments were per-
formed at extremely dilute concentrations ranging from
1078 to 108 g /g, the correction to finite concentration in
the determinations of My, and R, would be less than 1%
(ACM, ~ (3 X 107%)(4 X 107%)(4.6 X 105 ~ 0.5% even
at very low temperatures and could be taken to be neg-
ligible. Here, a value of ~3 X 107 mol em3/g? for A, used
in the above calculation was approximated from Figure 2.
That value for A, is an overestimate because of much
higher molecular weight PS samples used in the actual
studies. Furthermore, we usually used measurements of
two different concentrations in the very dilute solution
regime in order to assure ourselves that effects of inter-
molecular interactions are negligible.

In a plot of HC/R,, vs. sin? (6/2), the radius of gyration
can be computed from the initial slope where KR, < 1. If
a wide range of scattering angle is used to measure the
slope at KR, = 1, the initial slope approach is no longer
applicable. %’Ve used an empirical combination of Zimm
and Berry plots at different ranges of KR, in order to
ascertain a credible determination of R,.

Polydispersity could be estimated from scattered in-
tensity measurements. Miyaki et al.#> were able to de-
termine the polydispersity of very high molecular weight
polymers. The index of polydispersity of our high mo-
lecular weight polystyrene sample obtained by using the
Fujita plot is listed in Table 1.
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Figure 3, Variation of I'y/K® [=(T'/K?)/D,] as a function of KR,:
(a) sample 4N (M, = 4.6 X 10° g/mol, M,,/M,, = 1.14); (O) sampl

8N (M,, = 8.6 X 10° g/mol, M,,/M,, = 1.26); (V) sample 17B (M,,
= 17.5 X 108 g/mol, M,,/M,, = 2.1). Values of (T'/K?) /D, for PS
samples (4N, 8N) with narrow molecular weight distribution show
a strong upturn trend with respect to increasing KR, values. D,
is the translational diffusion coefficient at zero scattering angle.

Vb. Line-Width Data. The z-average characteristic
line width T' in this experiment was calculated by the
second-order cumulants fitting method. The difference
between I' values obtained by the second- and third-order
cumulants fitting procedure usually agreed to within 2-3%
in sample 17B (M,,/M,, = 2.1). The deviation plots show
almost no difference between the second- and third-order
cumulant fits.

The finite concentration effect in our measurements of
T could also be shown to be negligible, e.g., for sample 4N
(k4C ~ 100(4 X 107%) ~0.4%). The above-used value of
k4 was estimated from well-established empirical relations
at ©-temperature (kg = 0.052M,Y2 cm?®/g in PS/CY).2¢
According to theoretical calculations, the f value becomes
0.173 for a linear monodisperse Gaussian chain. It implies
that I'/K? measured even at KR, = 1 deviates by 17% from
the true translational diffusion coefficient. We plotted the
normalized T'y/K? [=(I'/K?) /D,] as a function of (KR,)2.
In Figure 3, a very narrow polydisperse sample 4N showed
a strong upturn but for polydisperse sample 17B; a straight
line was obtained up to (KR,)? ~ 4.

The condition for KR, < 1 can be fulfilled easily at
ordinary low scattering angles (# ~ 20°) for low molecular
weight samples such as 4N. Then the translational dif-
fusion coefficient could be obtained without extrapolation
to K = 0. However, at times it was difficult to obtain the
condition for KR, < 1 with large molecular weight sample
17B because of fjxe presence of dust particles. By using
the linearity condition between I'/K? and (KR,)? we could
extrapolate the data points above KR, > 1 into the zero
scattering angle limit without introducing appreciable
errors. All polydispersity results are listed in Table I. It
is interesting to note that the variance of narrow molecular
weight distribution samples (e.g., 4N) increases rapidly
with increasing KR, values, but that of polydisperse sample
(e.g., 17B) increases very little.

VI. Results and Discussion

Vla. Effect of Polydispersity on Polymer Dimen-
sion. We used the size of our polymer samples measured
at the O-temperature as a reference standard for the un-
perturbed polystyrene coil which is well established in the
literature. The z-average sizes (R, and R;) at the 6-tem-
perature and the scaling constants? such as R,2/M,, and
R.?/M,, have been summarized in Table I and elsewhere.
In a log-log plot of chain gize vs. molecular weight, all our
data could not be scaled with a typical exponent of 0.5
based on the ideal chain behavior. Some data for high
molecular weight samples, such as 17B etc., deviated from
the 0.5 value for the slope, as shown in Figure 4. We
believe that the deviation (in R, value by more than 20%)

Macromolecules, Vol. 20, No. 8, 1987

3

107 p—rr ey
/g j
5 f =5 ;
No10%k 4
xx 2 3
r 3
1D E o ST [N ST L JJ_LLIj

§ § 7 8

10 10 10 10

MW (g/molad

Figure 4. log-log plots of z-average size (R, and Ry) vs.
weight-average molecular weight at the ©-temperature: (v) Ry
(0) R,. Solid lines denote a typical exponent of 0.5 based on the
ideal chain behavior. High molecular weight samples showed
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are 35 and 32.7 °C, respectively.
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Figure 5. Variation of scaling constant (R,2/M,,) as a function
of the index of polydispersity (M,,/M,) at the O-temperature: (0)
R2=RJ2 (O)R? =Ry Scaling constant increase with increasing
index of polydispersity. ©-Temperatures of the PS/CY system
and the PS/CY (1 wt %) system are 35 and 32.7 °C, respectively.

is beyond our experimental error limits. As illustrated in
Figure 5, the scaling constant appeared as a monotonically
increasing function with respect to the index of polydis-
persity. Thus, polydispersity seems to be the source of the
observed deviation. It can be expected that the contri-
bution of molecular weight distribution (MWD) to z-av-
erage quantities is different from that of MWD to
weight-average quantities and that z-average quantities
are much more sensitive to the high molecular weight
fraction than weight-average quantities. Here, the physical
quantities (R,* and D) are z-averaged but the molecular
weight as observed by light scattering is weight-averaged.
Therefore, the scaling relation can be applied only to a
homologous series of narrow MWD (M, /M, < 1.2) poly-
mers. If the polymer samples are polydisperse, it is nec-
essary that each polymer sample has at least the same
polydispersity index. The scaling constant for polydisperse
polymer systems is no longer the same as that for the
monodisperse system. There exists a possibility of esti-
mating the polydispersity index from the change in the
scaling constant as a result of polymer polydispersity. An
average value [9.8 X 10728 cm? (mol/g)] of R,2/M,, for
narrow MWD polystyrene samples (2N, 4N, etc.) showed.
a better agreement with the value [9.36 X 107! cm?
(mol/g)] of Outer et al.* than those values reported by
others.#>%® From line-width measurements, our value [5.2
X 10718 ¢m? (mol/g)] of R,%/ M, was in agreement with the
reference value of 5.24 X 10718 ¢cm? (mol/g).*> In Figure
5, it was also observed that the variation of R %/ M, with
the index of polydispersity was much larger tflan that of
R/ M,

The most serious experimental problem in studying the
coil-to-globule transition is that there exists the possibility
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Figure 6. Variation of the scaled expansion factor a,%|7|M,,'/?
of static size as a function of scaled reduced temperature |r|M'/2
o, 7)M,,!/? at the asymptotic plateau region (denoted by a dashed
line) is 20.1 g1/2 mol /2. Filled symbols indicate “metastable”
collapsed regime. Data are listed in ref 43. It should be noted
that the scaled curve was obtained by using PS with different
molecular weights and at different concentrations.

of fractional phase separation, if the polydisperse polymer
solution at finite concentration is cooled down much below
the O-temperature. Generally, the broaderthe MWD, the
narrower the accessible (thermodynamically stable) tem-
perature range becomes.

In coil-to-globule transition studies, polydispersity would
prevent our polymer solutions from reaching the globule
regime because of fractional precipitation at finite con-
centrations.

VIb. Static Size. VIb.l. One-Phase Stable Region.
The scaled expansion factor «?|7|M,*/? was plotted as a
function of the scaled reduced temperature |7|M,,/2 where
the collapsed state was observed as a plateau region and
a, = R(T)/R,(0). After examining our data in Figure 6,
we couﬁd classify the results into several regimes such as
the ©-regime, the cross-over regime, the collapsed regime,
and the metastable collapsed regime. In the range 0 <
|7|M,1/2 < 10, there exists a ©-regime with the slope of «,
~ 1 where the polymer chain remains essentially unper-
turbed. Our data agree with literature results in the ©-
regime. After the O-regime, the o.%|7|M,/? values begin
to deviate from the o, = 1 line and above [r|M,'/2 ~ 30,
reach the plateau region corresponding to the collapsed
state. Some cross-over behavior was observed between the
O-regime and the collapsed regime with 10 < |7|]M,}/2 <
30. Unusual data points (denoted by filled symbols in
Figure 6) appeared over the whole temperature range. We
shall refer to those points as the “metastable” collapsed
regime. All our experimental data except those points in
the metastable state could be represented by one master
curve. The universality of polymer coil contraction in the
coil-to-globule transition has already been demonstrated
by other authors.!7?2% Qur experimental data differ from
most literature results in the details on how the plateau
region is reached, the magnitude of coil size in the globule
state, and whether the PS/CY system is at stable equi-
librium in the globule regime. A log-log plot of the ex-
pansion factors o, and o, in the thermodynamically stable
one-phase state versus the scaled reduced temperature
showed a slope of —0.31 + 0.03 for «, in the asymptotic
limit, in very good agreement with the theoretical exponent
of -1/5in eq 1. The rate of change of oy, suggests that we
have almost reached the collapsed regime on the hasis of
R;.
On the basis of static R, values, the collapsed state was
observed conclusively above |7]M,,}/%2 > 30. The asymptotic
height of o,%|7]M,,'/? in the plateau region was about 20.1
%+ 0.8 g'/2 mol™'/2, In the collapsed regime, the monomer
density distribution inside each polymer coil becomes
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Figure 7. Variation of scattered intensity and radius of gyration
of one metastable collapsed state (point A in Figure 6) with time
(day). The initial state at time ¢t = 0 was denoted as point A (17B,
M, =175 X 105 g/mol, C = 1.8 X 10 g/g, at 30.5 °C) in Figure
6. I denotes the scattered intensity extrapolated to zero scattering
angle: (0O) scattered intensity ratio; (A) ratio of radius of gyration.

essentially uniform after only a ~15% contraction from
the ideal Gaussian coil behavior, in contrast with most
reported larger magnitudes of contraction in the globule
state.

All data points which belong to the metastable collapsed
regime appeared below the master curve in Figure 6. This
means that the radii of gyration of those data points
contracted more than the values predicted by the master
curve. The size could not be scaled with reduced tem-
perature by using an exponent of ~1/3 even after the scaled
reduced temperature |7|M,/? reached the collapsed regime.
For example, the data points of sample 17B near the as-
ymptotic height with o %7|M,'/2 (~18.5) fell below the
value (~20) at the plateau region and decreased with
decreasing temperature.

To summarize, in the thermodynamically stable one-
phase state: (1) a, and ay, can be represented by master
curves; (2) for a,, the plateau region was reached with
ad|r|M,Y? ~ 20 g'/2 mol/2 and a scaling exponent in the
globule regime of ~1/3; (3) the contraction was only ~
15%, much smaller than most reported in the literature.

VIb.2. Metastable Region. We checked, first, whether
or not the data as denoted by filled symbols in Figure 6
were really thermodynamically stable. The scattered in-
tensities of data points always increased overnight at the
given temperature. A more detailed investigation was
performed at one point (denoted as “A” in Figure 6, sample
17B, C = 1.8 X 10 g/g at 30.5 °C) in the “metastable”
collapsed regime. As shown in Figure 7, the scattered
intensity reached a maximum value after 7 days and the
increase could amount to more than 100 times the initial
scattered intensity at the same given temperature (30.5
°C). The polymer chain also reached a maximum size at
the time of maximum intensity. Then both the intensity
and the size decreased gradually.

The electric field time correlation functions in Figure
8 show us clearly the tremendously increased sample time
{~108 times) needed in order to cover the frequency range
of the time correlation function after 7 days. On the basis
of these observations, we speculate that the polymer chain
started to aggregate slowly for 7 days and that the ag-
gregated clusters began to precipitate eventually after
reaching a certain size. The growth and precipitation took
a very long time because of the extremely dilute concen-
trations on the left side of the cloud-point curve for very
high molecular weight PS/CY systems.

We should now consider possible effects such as critical
phenomena, which might influence the coil-to-globule
transition. As the dilute polymer solution approaches the
cloud-point curve, the critical scattering at finite concen-
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Figure 8. Variation of normalized time correlation function
[g®(2)] of one metastable collapsed state. The initial state at time
t = 0 was shown as point A in Figure 6: (<) at time t = 0; (0)
after 7 days. The time correlation functions were measured at
6 = 24°, Ay = 514.5 nm, and 30.5 °C. The electric field time-
correlation function showed a tremendously increased delay time
in order to cover the whole frequency range and a distorted shape
after 7 days.
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Figure 9. Normalized scattered intensity vs. temperature (°C):
(a) sample 4N, M,, = 4.6 X 10® g/mol; (O) sample 8N, M,, = 8.6
X 108 g/mol; (0) samgle F-3, M,, = 10.5 X 10% g/mol; (V) sample
17B, M,, = 17.5 X 10° g/mol. Solid line denotes the calculated
temperature coefficient (~0.2% /°C) of the normalized inverse
scattered intensity on the basis of eq 9. Igx and Ip; are, re-
spectively, the excess scattered intensity of PS/CY solution and
the scattered intensity of benzene as a reference.

trations (but away from the critical solution concentration)
can be expressed as*

T Y
: 1o =— .1 1
11333,1° (Ts,, ) (16)

where I, is the additional scattered intensity introduced
by critical effects, T, is the spinodal temperature in kelvin,
and v (~1.24) is a critical exponent. Here, T, is a function
of polymer concentration. High molecular weight polymer
solutions exhibit very asymmetric coexistence curves and
the temperature gap between the coexistence curve and
the spinodal curve becomes very large in this low con-
centration range (C < 107 g/g) for our polymer solutions.
Therefore, the additional scattered intensity (or increase
of the apparent radius of gyration) due to critical effects
could not contribute appreciably to I, (or R;) because
Tp(C) & T(C) where T,(C) is the phase separation tem-
perature at concentration C. Figure 9 shows the variation
of the scattered intensity at zero scattering angle with
respect to the temperature. In order to make a proper
comparison among intensities scattered by different sam-
ples, we normalized all scattered intensities at different
temperatures with that at the ©-temperature. The de-
crease of inverse scattered intensity of samples 4N and 8N
is in good agreement with that calculated from standard
temperature coefficients of the physical parameters used
in eq 9 (given as a solid line in Figure 9). Thus, we believe
that critical phenomena did not play an appreciable role,
at least for those data points represented by the master
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Figure 10. Variation of scattered intensity and radius of gyration
of another metastable collapsed state (point B in Figure 6) with
time (hour). The initial state at time ¢ = 0 was denoted as point
B (M, = 24.7 X 10°g/mo), C = 2.1 X 10 g/g, at 31 °C) in Figure
6: (O) scattered intensity ratio; (A) ratio of radius of gyration.
I(¢) is the scattered intensity extrapolated to zero scattering angle
at time t. No guideline was drawn in the rapid shrink-down
pﬁrtion of the radius of gyration because the exact path is not
obvious.

curve. For sample 17B and at C = 1.8 X 107 g/g, the
inverse scattered intensity dropped rapidly for T < 32.5
°C, which corresponded to the temperature where
a’|7|M,!/2 reached a peak value in Figure 6.

If we assume that the additional scattered intensity
comes from local concentration fluctuations in the homo-
geneous one-phase region, it conflicts with the abrupt in-
crease in the scattered intensity and the subsequent rapid
contraction of the polymer coil. Another possibility is
fractional separation, especially if the high molecular
weight polymer is sufficiently polydisperse. Then some
high molecular weight polymer fractions could precipitate,
and only low molecular weight polymer fractions remained
in the solution. After fractionation and precipitation of
the high molecular weight polymer, the measured apparent
radius of gyration could be smaller than the original value
before precipitation. However, fractional separation could
explain only the eventual small particle size at equilibrium,
but could not account for the initial higher scattered in-
tensity. One more point (denoted as “B” in Figure 6 M,,
= 24.7 X 10% g/mol, C = 2.1 X 10 g/g at 30 °C) was
chosen to study the time dependence of scattered intensity
and polymer (or cluster) size as shown in Figure 10.

After 13 h, the size of the polymer chain was contracted
by ~20% while the absolute scattered intensity increased
by ~5%. In Figure 10, the initial decrease in the apparent
size of polymer chain and the increase in the apparent
molecular weight with increasing time could possibly be
attributed to a combination of aggregation and (more
dominating) contraction. The subsequent decrease in the
absolute scattered intensity and the corresponding polymer
size might come mainly from precipitation of aggregated
polymers which reduced the overall polymer concentration
in the scattering volume and the aggregated (but not yet
precipitated) polymer in solution, respectively. In fact,
aggregation and precipitation occurred almost simultane-
ously.

In the metastable regime, we can divide the time domain
into two regimes. Initially, intramolecular attractive in-
teraction could play a dominant role because the polymer
coil contracts with decreasing temperature. However, over
a longer time scale, polymer coils aggregated to form
clusters due to intermolecular attractive interactions
leading toward phase separation. If the two time domains
are strongly coupled, the collapse of each polymer chain
and the aggregation of polymer chains occur almost at the
same time.

Cuniberti et al.*’ reported that phase separation could
be achieved by two different mechanisms. For one
mechanism the polymer solution is phase separated by
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progressively growing clusters. The other is based upon,
first, formation of solidlike dense particles and then coa-
lescence of these particles. Here, we will refer to the former
as the growing cluster mechanism and the latter as the
compact particle coalescence mechanism. Finally, they
concluded that the mechanisms are dependent upon the
nature of the chemical system and gave examples such as
the PS/CY system for the growing cluster mechanism and
the polyacrylic acid/methyl ethyl ketone system for the
compact particle coalescence mechanism. The phase-
separation mechanism of our metastable collapsed data
suggests that the PS/CY system seems to come closer to
the compact particle coalescence mechanism.

More importantly, the mechanism of phase separation
depends upon the thermodynamic state, i.e., metastable
vs. unstable regions. The degree of coupling of the two
time domains of intra- and intermolecular attractive in-
teractions could be different in the unstable region when
compared with that in the metastable region. For filled
symbols, the data represent only the metastable two-phase
region. Furthermore, for the filled symbols in Figure 86,
the observed values change slowly with time, indicating
an absence of stable equilibrium even if it could take days
or weeks to detect such observable changes. Thus, for high
molecular weight flexible coils such as those exhibited by
points A and B in Figure 6, we are not dealing with dis-
continuous behavior®? in the coil-to-globule transition.

Recently, de Gennes*® calculated the time scale of a
collapse process for a flexible coil with N segments, when
a polymer chain is transferred abruptly from 6-point to
poor solvent (e.g., by a shift of temperature AT). By his
calculation for the PS (M, = 107g/mol)/CY system, the
collapsed time is generally only on the order of millise-
conds. Therefore, in order to separate the two time do-
mains, we should slow down the intermolecular attractive
interaction effect either by increasing the distance between
polymer chains or by using a very viscous solvent. If we
try to compare the distance between polymer chains in our
system (M,, = 17.5 X 106 g/mol, C = 1.8 X 10 g/g) and
the PS/CY system reported by Cuniberti et al. (M, = 4.23
X 105 g/mol, C = 1.0 X 1073 g/g), the average distance in
our system (~2.5 X 107 cm) is larger by 28 times than that
(~8.9 X 10 cm) reported by Cuniberti et al. If the
collision of polymer chains is controlled by the translational
diffusion coefficient, the time for traveling this average
distance in our system would be 2300 times longer. This
time difference could be the reason why we observe the
compact particle coalescence mechanism instead of the
growing cluster mechanism under the metastable collapsed
regimes which we investigated. It should also be noted that
our studies in the metastable collapsed regime were based
upon high molecular weight polystyrene samples (17B, etc.)
with fairly broad MWD.

To summarize, we attribute the metastable collapsed
regime as due to broad MWD (M,,/M, = 1.7-2.1) with the
cloud-point curve being located very close to the infinite
dilute solution limit. There is fractional separation even
at small AT. By using the high molecular weight (M,, =
17.5 X 108 g /mol) polystyrene samples, there is a very wide
metastable region below the cloud-point curve with T',(C)
& T,(C), even if the polymer solution concentration is only
slightly lower than the critical solution concentration.
Thus, it is unlikely that we reached the unstable two-phase
region in our experiments. As strong attractive interactions
exist in the metastable region, the polymer chain collapses
into the compact size very quickly (perhaps within a few
milliseconds) but the solution eventually becomes phase
separated (very slowly) because of the extremely dilute
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Figure 11. Comparison of our static size data (X) with reference
data. Only data points that can be represented by the master
curve in Figure 6 were presented.

polymer solution concentration used in our studies.
Time-dependent changes of observed values, no matter
how slow, further strengthen our supposition that we are
not dealing with one-phase stable thermodynamic states
for those data not represented by the master curve.
VIb.3. Comparison of Our Experimental Data with
Literature Results. Now, we compare our static size data
with all known published results in Figure 11. Here, we
present only those of our data points (in the one-phase
thermodynamically stable region) which can be repre-
sented by the master curve. Surprisingly, results by all
other groups except those by French I group!® showed
similar patterns in the cross-over and “globule” regimes,
in agreement with our data points in the metastable region
in Figure 6, not our globule region. The literature data
can be characterized as follows: (i) only the MIT® and the
French I groups observed the collapsed regime based on
R,. However, the plateau region of the MIT group had a
very small asymptotic height («%|7|M,/2 ~ 3 in contrast
to our observed value of ~20) and the temperature range
of the collapsed regime measured by the French I group
was somewhat narrow to be regarded as a definitive ob-
servation; (11) the R, data measured by the Akron,'* MIT,*®
and Prague?® groups decreased rapldly after reachmg a
peak value, while our master curve in the one-phase region
shows a smooth plateau; and (iii) the final size of the
polymer chain became a tiny collapsed globule according
to the data reported by the MIT and Prague groups. If
we examined the peak position and height as shown in
Figure 11, the scattering data by the Akron group showed
almost the same peak position and height as those by the
MIT group, but results by the Prague group had a different
peak position and a different height when compared with
those reported by others. This discrepancy can perhaps
be ascribed to the difference in solvents used. The Prague
group used DOP (dioctyl phthalate) as a solvent instead
of cyclohexane. Here, we should pay attention to the
Prague experiments which intentionally used a very viscous
solvent (e.g., at 2 °C ny = 295 ¢P for DOP). The viscous
solvent permitted the Prague group to go down below the
cloud-point curve in the metastable region without any
serious aggregation of polymer coils or fractional separation
over relatively short time periods. Thus, the Prague group
appeared to be able to measure the static (R;) and the
hydrodynamic (R)) sizes below the cloud-point curve.
However, their thermodynamic condition belonged to the
metastable region, not the stable region. Many data in
their experiments might never have reached thermody-
namic equilibrium. Let us examine more carefully the data
reported by the MIT group. First, their values of R, and
R, with M, = 20.6 X 10% g/mol at the ©- temperature were
reported as respectively ~1.84 X 10% and ~1.37 x 10% A,
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Figure 12. Variation of scaled expansion factor a,®|7|M,'/? of
hydrodynamic size as a function of scaled reduced temperature
|7|]M, 2. The asymptotic plateau region has not been observed
in this experiment. Data are listed in ref 43. Filled symbols
indicate “metastable” collapsed regime. It should be noted that
the scaled curve was obtained by using PS with different molecular
weights and at different concentrations. One may see a possible
leveling in the scaled curve, suggesting that we have almost
reached the collapsed regime based upon hydrodynamic size.

If R,2/M,, and Ry2/M,, can be used as a polydispersity
parameter, we could estimate the polydispersity (M, /M,
~ 1.7 £ 0.3) of the MIT sample from Figure 5. This value
is much larger than M, /M, = 1.3 which they indicated.
After checking Figure 1 of their article,'®® which showed
a plot of a;/a, (=scattering intensity of solvent/scattering
intensity of solute) vs. scattering angle at several different
temperatures, we found that the y-intercept kept almost
constant with respect to a temperature drop of 3.6 °C from
36.2 to 32.6 °C. However, this intercept decreased by more
than ~10% in the next temperature drop of 3.6 °C from
32.6 to 29.0 °C. They explained that this change could be
attributed only to the decrease of background scattering
from the solvent. According to our calculations, the rate
of decrease in a,/a, is only a few percent per 10 °C. The
10% discrepancy seems a little bit larger than the exper-
imental error limits. As already shown in Figure 9, our 17B
sample had similar trends in the metastable region,
showing abrupt decreases in the y-intercept. Therefore,
we spectulate that perhaps some of the data reported by
the MIT group were also measured below the cloud-point
curve and that they could not recognize the very slow
process of phase separation because of the extremely dilute
polymer solution concentration which they used. It should
be noted that in our time studies of the PS/CY system,
we had to examine the angular distribution of absolute
scattered intensity changes over periods of weeks for each
thermodynamic state before we were able to convince
ourselves of the behavior in the metastable region.

Vie. Hydrodynamic Size. Figure 12 shows a plot of
the scaled expansion factor ;37| M,,}/? vs. the scaled re-
duced temperature |7|M,'/2. By comparing Figure 12 of
the hydrodynamic size with Figure 6 of the static size, we
observed the following:

(i) The hydrodynamic size had a wider ©-regime (0 <
[7|]M,'/? < 15) than the static size had (0 < |7|]M,"% < 10),
as expected from theory.

(ii) We could not definitively reach the collapsed state
based on the hydrodynamic size using the finite concen-
trations within our experimental capabilities. In fact, a
wider O-regime already suggests that the collapsed regime
based on the hydrodynamic size will be located further
away in |7|M,'/2 than that based on the static size. It is
well-known that in the good solvent limit, hydrodynamic
properties of a long polymer chain converge much more
slowly to the asymptotic limit than static properties. A
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Figure 13. Comparison of our hydrodynamic size data with
reference data: (00) DOP (dioctyl phthalate) was used as solvent;
(A) intrinsic viscosity was used instead of the translational dif-
fusion coefficient for the calculation of hydrodynamic size.

guideline to this convergence problem in the poor solvent
limit can be obtained from eq 5 and 7 of the blob theory.
If we assume only one scaled reduced temperature where
the collapsed regime of both static and hydrodynamic sizes
are achieved, the ratio a,37|M,} 2%/ a®|7|M,'/? should be
constant in the collapsed regime, yiefding a value of 2.08
for this ratio.

If the approximate blob theory prediction is correct, the
value of a;,3|7|M,,'/? in the collapsed regime is supposed to
be around 42 (=2.08 X 20.1). In our experiments, we only
reached a value of ~30 for o},%|7|M,}/2. If the polymer
chain in the collapsed state is viewed as a solidlike dense
hard sphere (though we do not believe that this possibility
is correct in our case), the ratio will increase to 7.33, cor-
responding to an asymptotic ay’|7|M, 2 value of ~146.

(iii) Our data in the metastable region shows similar
behavior in both static (R,) and hydrodynamic (R})
properties (see filled symbols in Figures 6 and 12).

(iv) Except for data in the metastable region, all our
results can be represented by a master curve. Our hy-
drodynamic data were compared with the literature results
in Figure 13. Although claims were made that the col-
lapsed state based on the hydrodynamic size was observed,
the asymptotic heights at the plateau region were all
different. For example, the «;%|7|M,,'/? heights reported
by the French II,% French II1,24% and MIT groups were,
respectively, 42, 30, and 10 as shown in Figure 13, Why
could they reach the collapsed regime based on the hy-
drodynamic size while we could not? Or did they? First,
we checked the data reported by the French II group. Data
points in the collapsed regime were obtained mainly from
measurements using a Toyo Soda sample (M,, = 20.6 X 10°
g/mol; C = 2.1 X 107 g/mL) from 31.5 to 28.8 °C. Ac-
cording to our measurements, this Toyo Soda sample has
M, =20 X 10® g/mol, My /M, ~2, and R?/M, ~15.0 X
1078 ¢cm? (mol/g). Therefore, the polydispersity index of
this sample is comparable with that of our sample 17B
(M,/M, ~ 2.1). If we remember that a polymer solution
of 17B with C = 1.8 X 107 g/g was eventually phase sep-
arated at 30.5 °C, the data reported by the French II group
measured around 30 °C with C = 2.1 X 10 g/mL might
correspond to measurements in the metastable region. In
the previous section, we already discussed the possibility
that the data reported by the MIT group might also be
measured in the metastable region. Thus, a slowly in-
creasing function of @,%|7|M,!/? with respect to |7|M,}/?
could become apparently flat before the decrease. We need
more experiments using monodisperse high molecular
weight polymer samples over a wider temperature range
in order to convince ourselves of the achievement of a real
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Figure 14. Universal plot of static size vs. reduced blob parameter
(N/N,). All data obtained from different molecular weight
polystyrene samples could be superposed on one curve: (A) sample
4N, M, = 4.6 X 10® g/mol; (O) sample 8N, M,, = 8.6 X 105 g/mol;
(0) sample F-3, M,, = 10.5 X 108 g/mol. Data points reached an
aymptotic collapsed value (1.16) predicted by eq 5 above N/N,
> 5. N/N_is the number of temperature blobs in a single polymer
chain with N_ being the number of segments in a temperature
blob. It should be noted that we have used the A*N; value based
on eq 18 and the experimental asymptotic height in Figure 6.

collapsed state based on the hydrodynamic size. In Figure
13, the hydrodynamic size reported by the French III group
was calculated from the intrinsic viscosity {n] instead of
the translational diffusion coefficient. By using the Ein-
stein equation of viscosity, another hydrodynamic size R,
is given as R,> ~ M[5]. The expansion factor of the in-
trinsic viscosity o, is defined as o,® = [5]/[nle, where [n]o
and [n] are respectively the intrinsic viscosity at the O-
temperature and that at a given temperature. As
o3| 7|M,,'/? values based on our hydrodynamic size deter-
minations show very good agreement with those of
a,|T)M,}/? reported by the French III group, a,? is simply
scaled as o} at least in the temperature range of our
studies. Weill and des Cloizeaux*® reported that in the
expanded coil, the expression a,® = 2o, can describe the
reality of R, better than the perturbation expansion of «,
and (25

In order to construct a more universal plot, the reduced
blob parameter N/N, should be used as the x-axis instead
of the scaled reduced temperature |7|M,'/2. We recall that
the reduced blob parameter is directly related to |7|M,}/2
with

N _ TZMW
N.  M,(A*N,)

where M, is the molecular weight (104 g/mol) of one
monomer and N, is the number of monomer units in a
statistical length.

According to Ackasu and Han,” the product (A*N;)
cannot be obtained from theory but becomes an adjustable
parameter between theory and experiment. The prefactor
(A*N,) should be determined empirically by fitting the
experimental data to the theory. By combining static
experimental results in the collapsed regime, o %|7|M,,!/2
= 20.1, and the theoretical expectation of eq 5, we have

amn

N 7'zMw
N, 104(1.6)

The value of our prefactor (A*N; ~ 1.6 =+ 0.3) was much
smaller when compared with the value (A*N; ~ 4.0) es-
timated by Ackasu and Han in the good solvent regime
but in good agreement with the value (4*N; ~ 1.6) re-
ported by the French II group.  This agreement comes
from the fact that their hydrodynamic asymptotic height
(and|7|M,,1/2 ~ 42) is very close to the theoretically calcu-
lated value (o,3|7|M,'/2 ~ 41.8) based on our static as-
ymptotic height (e |7|M,/2 ~ 20.1).

(18)
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Figure 15. Universal plot of hydrodynamic size vs. reduced blob
parameter (N/N,). Although all data points could be superim-
posed, they did not reach an asymptotic collapsed value (1.48)
of eq 7. Symbols are the same as in Figure 14. N/N, is the
number of temperature blobs in a single polymer chain. The same
value of A*N, reported in Figure 15 (based on static size) was
used.

If we assume that the segment numbers in one statistical
length N, remain constant in both good and poor solvent
regimes, only A* should be a temperature-dependent pa-
rameter. We shall discuss this point in a later article.5
Figures 14 and 15 are universal plots of a(N/N_)'/® and
an(N/N,)8 vs. the reduced blob parameter N/N,, re-
spectively. In Figure 14, o(N/N,)/® reached an asymp-
totic value (1.16) above N/N, > 5. However, Figure 15
shows us that the asymptotic value (1.48) based on the
hydrodynamic size is still inaccessible by us at this moment
as discussed before.

VId. Solvent Permeability. Coil-to-globule transition
of a single polymer chain is related to a variation of mo-
nomer density distribution inside the chain as well as a
contraction in polymer size. According to the theoretical
prediction of the collapsed state, the monomer density
distribution should be uniform. In other words, there
should exist a uniform monomer density distribution
whenever a collapsed state is achieved. This implies that
the two physical quantities of monomer density distribu-
tion and polymer size are dependent upon each other.
Now we introduce another physical quantity, which may
be affected by the coil-to-globule transition. The solvent
permeability is related to the amount of solvent existing
inside the polymer chain. There are two experimental
parameters which can show solvent permeability. One is
the ratio of hydrodynamic size to static size (Ry,/R,), the
other being f in eq 13 of I'/K? vs. K% If attractive inter-
actions are strong enough to contract the polymer chain
down to a collapsed globule whose density is close to that
of a solid polymer ball (the limit of solvent impermea-
bility), this globular chain has R, /R, = 1.29. However, the
blob theory predicts that the ratio R;/R, varies from 0.664
at the O-temperature to 0.848 in the poor solvent limit.
Lately, Allegra et al.* reported that this ratio becomes 1.08
if the globule were assumed to be fully solvent permeable
but still retaining a uniform monomer density. In Figure
16, the normalized ratio (Ry/R,)/(R./R,)e was plotted
against the scaled reduced temperature |7}M,'/%2 The data
points used in Figure 16 were calculated from two master
curves of hydrodynamic and static size (see Figures 6 and
12). As shown in Figure 16, the normalized ratio increased
only a few percent over the entire range of 0 < |7|M, 2 <
50 and is still far away from the blob theory value 1.27
(=0.846/0.664). On the basis of this observation, we
suggest that the solvent permeability at the collapsed state
based on static size measurements is almost the same as
that of a Gaussian random coil at the O-temperature. It
is well-known that the f value is zero for a monodisperse
hard sphere. The variation of f values during the coil-
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Figure 16. Variation of normalized R,/ R, ratio as a function of
scaled reduced temperature (j7|M,/?. The normalized ratio has
increased by only ~10% even at the collapsed regime based upon
the static R, values and is far away from the value predicted by
means of eq 5 and 7 in the blob theory.
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Figure 17. Plots of I'y/K? [=(I'/K?%/D,] versus K? at several
different temperatures: sample 17B, M,, = 17.5 X 10¢ g/mol);
C=18x10%g/g. Asthe temperature is cooled down, the slope
becomes smaller.

to-globule transition indicates a degree of solvent perme-
ability. Experimentally the f value can be estimated from
the slope of T'/K? vs. K?, the translational diffusion
coefficient at infinite dilution, and the radius of gyration
by using eq 19. Figure 17 shows the angular dependence

f = (slope) / (D,R,?) (19)

of normalized T'y/K? [=(T'/K?)/D,] as a function of K* at
various temperatures. With the value of R, at each tem-
perature, the f value can be calculated from the slope in
a plot of T'/K? vs. K2 Figure 18 shows a plot of f as a
function of the scaled reduced temperature. We can again
observe that the solvent permeability does not vary even
in the collapsed state based on static size. However, for
data corresponding to the metastable region, the f value
drops toward zero. This means that in the metastable
region, the solvent permeability decreases rapidly.

VII. Conclusions

Measurements of both the radius of gyration and the
hydrodynamic radius in a single polymer chain have been
performed in the PS/CY system below the ©-temperature.
Contraction of a polymer coil having different molecular
weights at various temperatures could be represented by
master curves of static and hydrodynamic sizes. The
collapsed regime based on the static size was reached at
|7IM,}/2 > 30 with the asymptotic height o%|7|M,}/2 ~ 20
in a plot of & 37|M,\/? vs. |7]M, /2. However, the collapsed
regime based on the hydrodynamic size could not be
achieved definitively with our present instrumentation and
PS samples. In order to investigate thoroughly the slower
convergence of the hydrodynamic size to the collapsed
regime, we need more conclusive experimental data of very
high molecular weight polymer samples with narrower
indices of polydispersity (M,,/M,, < 1.3). We could explain
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Figure 18. Variation of f value as a function of scaled reduced
temperature (|7|M,/2). The f value was almost constant over the
whole temperature range except in the metastable collapsed re-
gime: (O) sample 8N, M,, = 8.6 X 108 g/mol, C = 9.6 X 10 g/g;
(v) sample 17B, M,, = 17.5 X 10% g/mol, C = 1.8 X 10%-g/g.

the discrepancies reported in the literature and our
time-dependent experimental data, as shown in Figures
16 and 18, by invoking phase separation and aggregation
in the two phase metastable region. For polystyrene in
cyclohexane, the coil-to-globule transition is diffuse.
Solvent permeability is proposed as an additional variable
to the polymer size and the monomer density distribution.
From experimental results of the R} /R, ratio and f value,
we conclude that based on static size, solvent permeability
in the polymer coil does not change appreciably from
Gaussian coil to the collapsed globule.
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Structural Studies of Phase Transitions in
Poly(di-n-alkylsiloxanes). 1. Poly(dimethylsiloxane) and

Poly(diethylsiloxane)
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ABSTRACT: Raman studies of poly(dimethylsiloxane) [PDMS] and poly(diethylsiloxane) [PDES] have been
carried out from room temperature to —263 °C (10 K). Several bands characteristic of either the backbone
or the allyl side chains have been identified and their bandwidth and frequency position followed as a function
of temperature. A number of phase transitions, initially observed by DSC measurements, have been evaluated
in terms of the molecular mobility introduced into the backbone and side chain at the transition temperature.
In the case of PDES, the low-temperature transition (=60 °C) can be classified as an order-disorder transition

leading to the formation of a “condis” crystal.

Introduction

The chemical incorporation of mesogenic groups into the
backbone and side chain of long-chain polymers has led
to the generation of a large number of liquid crystalline
polymers,'? which exhibit both novel molecular structures
and unique functional properties. Whereas much of the
focus of recent scientific activities has been on the latter,
few comprehensive structural studies of liquid crystalline
polymers have appeared. The motivation for such inves-
tigations lies in the fact that the characterization of the
conformational, crystal, and morphological structure re-
sponsible for liquid crystalline behavior will provide a
general understanding of the role of these parameters on
mesogenic activity.

From a structural point of view the poly(di-n-alkyl-
siloxanes) have received a considerable amount of attention
over the past 10 years. Although one of the simplest of
these structures, poly(dimethylsiloxane) (PDMS) shows
no liquid crystalline properties,’* it has been the subject
of a considerable amount of theoretical and experimental
interest.3”’

Poly(di-n-ethylsiloxane), on the other hand, has been
shown to exhibit a crystal-crystal transition and at least
one liquid crystalline phase.>!? Pochan et al.? have in-
vestigated all three transitions by DSC, NMR, WAXD,
optical microscopy, and light scattering methods and have
concluded that the high-temperature phase exists as a
“viscous crystalline” phase and is a composite of a partially
ordered and a totally amorphous phase. More recent work
by Papkov et al.# and Tsvankin et al.? has used WAXD
and SAXS to determine that PDES is polymorphic, ex-
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isting in either a monoclinic and/or a tetragonal form
depending on the thermal history. Each of these forms
independently showed a low-temperature transition in the
-83 to -63 °C (190-210 K) range that did not involve a
dramatic change in crystal structure, i.e., the monoclinic
form remained monoclinic while the tetragonal polymorph
also retained its structure above the low-temperature phase
transition. The primary changes that occur at -83 to —63
°C (190-210 K) are in the a and b dimensions of the unit
cell which is accompanied by a drop in the crystalline
density. A further lowering® of the density was observed
to occur in the 7-27 °C (280-290 K) range but in this case
was attributed to a transition from the monoclinic and
tetragonal polymorphs to a mesomorphic phase.
Vibrational spectroscopy has shown considerable prom-
ise in studying molecular motion in polymers due to the
extent of information available through studies of peak
position, bandwidth, and band intensity as a function of
temperature. In the low-frequency (100-600-cm™) re-
gion!'®* of nonlocalized vibrations, information about
conformational disorder can be obtained while in the
higher frequency regions an assessment of localized mo-
lecular motion should be possible. It was this capability
to use bandwidths and peak intensities to describe the
overall picture of the temperature-induced phase transi-
tions in PDMS and PDES that motivated this study.

Experimental Section

All Raman spectra were obtained with a Spectra Physics 165-08
argon ion laser operating at wavelengths of either 488.0 or 514.5
nm with a power level of 0.1-0.2 W. Light scattered at 90° to
the incident laser direction was collected and focused into a
Jobin-Yvon Ramanor HG2S double monochromator equipped
with an RCA 31034A-02 cooled photomultiplier and standard
photon-counting electronics. Data from multiple scans were
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