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Abstract

Experimental osmotic second virial coefficients are reported for linear and star poly(ethylene oxide) in water and 1-propanol in the
temperature region 25-55°C. All measured osmotic second virial coefficients are positive.

At fixed temperature, the osmotic second virial coefficient for star poly(ethylene oxide) is lower than that for the linear polymer of
comparable molecular weight. The osmotic second virial coefficient for star poly(ethylene oxide) decreases with rising temperature in both
water and 1-propanol. © 2001 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Poly(ethylene oxide) is a water-soluble, biodegradable
polymer with a variety of interesting possible applications
(see, for example, O’Connor et al. [1], or Tsuji et al. [2]).
Poly(ethylene oxide) of low molecular weight, in the range
200-20,000 g/mol, is used in cosmetics, lubricants, phar-
maceuticals and electronics [3]. Star poly(ethylene oxide)
has characteristics that make it suitable as a carrier for
bioactive molecules into the blood stream or as an enhancer
of antibody/antigen reactions [4]. Regular star polymers are
branched structures where equi-sized linear arms emanate
from a central core. Because the core is usually limited in
size, it does not significantly affect any thermodynamic
property. Star polymers with up to 450 arms with desired
chemical and molecular weight asymmetries can be synthe-
sized [5—7]. Several articles report the effect of branching
upon the thermodynamic properties of dilute polymer solu-
tions; primary attention has been given to linear and star
polystyrenes in organic solvents (see, for a review, Grest
et al. [7]).

Only a few studies have considered dilute polymer solu-
tions in polar solvents (see, for example, Nagahama et al.
[8D.

Poly(ethylene oxide) is a peculiar polymer; it is soluble in
most organic solvents, as well as in water, because the poly-
mer backbone contains oxygen atoms in every third posi-
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tion. The electron-rich oxygen atom offers a site for
coordination with a solvent’s electron-poor groups. [For a
simulation study of the effect of solvent and temperature on
poly(ethylene oxide), see Ferreira et al. [9]]. Poly(ethylene
oxide) is able to hydrogen bond with polar solvents, an
important feature for its use in numerous applications.

Mio and Prausnitz [10] reported solvent activities for
chloroform and acetone in concentrated poly(ethylene
oxide) solutions. The polymers used were linear, 17-, and
20-arm star poly(ethylene oxide); branching slightly
increases solvent sorption.

This work is concerned with dilute polymer solutions of
linear and 7-arm star poly(ethylene oxide). Osmotic second
virial coefficients for linear and 7-arm star poly(ethylene
oxide) are reported in water and in 1-propanol.

Nagahama and coworkers [8] reported osmotic second
virial coefficients for aqueous linear poly(ethylene oxide)
with molecular weights 105,000 and 520,000 g/mol; the
positive osmotic second virial coefficient decreases with
rising temperature. For aqueous linear poly(ethylene
oxide), molecular weight 105,000 g/mol, the theta tempera-
ture is near 50°C.

2. Experimental method and results

Osmotic pressures were measured with a membrane
osmometer, model 231, from Jupiter Instrument Co., Jupi-
ter, Florida (USA). Measurements were made for solutions
of 7-arm star and linear poly(ethylene oxide) in nanopure
water and in 1-propanol (Fisher Scientific, used as
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Table 1
Polymer properties

Polymer Acronym Molecular weight (g/mol) Polydispersity Supplier

Linear poly(ethylene oxide) LPEO1 53,500" 1.07 Polymer Source, Inc.
Linear poly(ethylene oxide) LPEO2 77,600? 1.06 Polymer Source, Inc.
7-arm star poly(ethylene oxide) SPEO 70,000 - Shearwater Polymer, Inc.

* From size-exclusion chromatography.

received). Polymers were kept under vacuum anywhere
from two to three days before measurement to ensure
removal of low-molecular-weight impurities. Table 1
shows polymer characteristics. The cellulose acetate
membranes were supplied by Jupiter Instrument Company.
The molecular-weight-cut-off was 10,000 g/mol.

The osmotic pressure, II, of a polymer solution can be

expressed in a virial expansion [11]:
R—I'IT = MLH‘CQ + Bzz'C% + Bzzz'cg + veey (1)
where R, M,, By, By and ¢, are, respectively, the gas
constant, the polymer’s number average molecular weight
[12], second and third virial coefficients and polymer mass
concentration. At low polymer concentration, terms of order
higher than second can be neglected, and Eq. (1) reduces to:
R—L;c—lz = Min + Bycy (2)
The results reported for B,, and M, are obtained by fitting
experimental data to Eq. (2). B,, provides information about
interactions between a pair of molecules in solution. When
By, is positive, the molecules repeal each other and the
solvent is considered a ‘good’ solvent. When B, is negative,
the molecules attract each other and the solvent is consid-
ered a ‘poor’ solvent. For a polymer-solvent system, B,
is a function of temperature. It can be positive at certain
temperatures and negative at others. By, equals zero at the
theta temperature.

Table 2 shows experimental molecular weights and
osmotic second virial coefficients. The molecular weight
is generally comparable to that obtained from the supplier
when the polydispersity is taken into account. All osmotic
second virial coefficients are positive.

Table 2

Fig. 1 shows experimental osmotic second virial coeffi-
cients as a function of temperature for linear and 7-arm star
poly(ethylene oxide). At fixed temperature, B,, for a star
polymer is lower than that for the linear homologue, in
agreement with other reports for other branched polymers
at good solvent conditions (see, for example, [7] and [13]).
This result follows from the radius of gyration that is smaller
for a star polymer than for a linear polymer with the same
molecular weight. At good solvent conditions, the repulsion
between two different molecules is of shorter range for star
polymers than for linear homologues. By, for 7-arm star
poly(ethylene oxide) decreases with rising temperature in
both polar solvents, as observed for linear poly(ethylene
oxide) in water [8]. Extrapolating to the temperature
where By, equals zero for 7-arm star poly(ethylene oxide)
in water, we obtain a theta temperature near 55-60°C,
slightly higher than the 50°C reported for linear poly(ethy-
lene oxide) [8]. In agreement with results reported by Mio
and Prausnitz [10] and with results for linear and star poly-
mers in non-polar solvents, branching appears to increase
solubility. This result is probably due to the compact struc-
ture of star polymers which, at poor solvent conditions, does
not allow them easily to penetrate into each other. Therefore
a ‘steric repulsion’ may be responsible for increased solu-
bility. The theta temperature for 7-arm star poly(ethylene
oxide) in 1-propanol is near 52°C.

3. Conclusions

Osmotic second virial coefficients are reported for linear
and 7-arm star poly(ethylene oxide) in water and in 1-propa-
nol. These results confirm that branching lowers the osmotic
second virial coefficient for polymers in good solvents,

Osmotic second virial coefficients for poly(ethylene oxide), linear and 7-arm star

Polymer Solvent Temperature (°C) M, (1073 g/mol) By (10771 rnol/gz)
LPEO1 water 33.8 72+ 8 9.0 £0.2

SPEO water 28.9 732 8.15+0.1

SPEO water 33.8 110+5 5.85%0.1

SPEO water 434 60.6 £ 1.4 5.10 £0.15
LPEO1 1-propanol 49.6 553+03 4.34 +0.02
LPEO2 1-propanol 49.6 67.2+0.3 7.8 0.1

SPEO 1-propanol 445 75+4 53+04

SPEO 1-propanol 49.0 71525 23%03
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Fig. 1. Osmotic second virial coefficient of poly(ethylene oxide), linear and
7-arm star, in water and 1-propanol. By, decreased with rising temperature
for star poly(ethylene oxide) in both solvents. B,, for the star polymer is
lower than that for the linear polymer at the same experimental conditions.
Symbols are larger than the experimental uncertainty.

probably because of the smaller radius of gyration that char-
acterizes star polymers when compared to linear polymers
of the same molecular weight.

For 7-arm star poly(ethylene oxide), the osmotic second
virial coefficient decreases with rising temperature in both
polar solvents. The estimated theta temperatures are near
57°C in water and 52°C in 1-propanol. The theta tempera-
ture in water is higher than that reported for linear poly-
(ethylene oxide), indicating that branching, because of the
repulsion generated by the high segment density around the
center of mass, increases solubility also in hydrogen-bond-
forming solvents.
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