VOLUME 69, NUMBER 21

PHYSICAL REVIEW LETTERS

23 NOVEMBER 1992

Pressure-Induced Crossover from Good to Poor Solvent Behavior for Polyethylene Oxide in Water
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The application of pressure to solutions of polyethylene oxide in water causes phase separation
through spinodal decomposition similar to that observed when the temperature is raised above the lower
critical solution temperature. This phase separation pressure is dependent on molecular weight but in-
dependent of concentration. Viscosity measurements indicate a continuous decrease in the radius of
gyration from good to theta solvent conditions as pressure is increased. This pressure-induced loss of sol-
vent quality is a result of the loss of the ability of water to form hydrogen bonds at high pressure and the

resulting changes in hydrophobic interactions.

PACS numbers: 61.25.Hq, 64.75.+g, 35.20.Gs, 87.15.—v

Understanding the configuration of macromolecules in
water-based solutions is fundamental to many technolo-
gies as well as to much of biology. Because of the pres-
ence of electrostatic, dipole, and hydrophobic interactions
as well as hydrogen bonding the conformation of aqueous
polymers can show additional complexity typically not
seen in nonaqueous polymers. An example of how these
forces can influence configuration is given in living organ-
isms where the cooperative effect of these interactions
produces quite specific polymer chain configurations, and
the resulting secondary and tertiary structures (which are
known to change under pressure) [1] are responsible for a
biomacromolecule’s activity. The solution properties of
polyethylene oxide (PEO) allow the examination of two
of these forces, hydrogen bonding and hydrophobic in-
teractions, without complications from the myriad in-
teractions arising from multifunctional biomolecules.
Nevertheless, PEO in water shows complex solution be-
havior manifested in its unusual phase behavior, a
closed-loop temperature-concentration phase diagram at
low molecular weight and a lower critical solution tem-
perature (= 100°C) for longer chain length [2]. This
has attracted recent theoretical interest [3,4]. In addi-
tion, the solution behavior of PEQ itself leads to many
technical applications [5] including its use as a drag re-
ducer.

Under ambient conditions PEO in water is in several
ways a typical example of a polymer good solvent system.
The random coil nature of PEO in water has recently
been unambiguously demonstrated [6]. For example, the
scaling exponents R, M3 R,oc M%7 and A,
o« M ~%20 are all found to be in excellent agreement with
theoretical predictions for polymers in good solvents [7].
One unusual feature of PEO in water is that the second
osmotic virial coefficient A, is unusually large, reflecting
an anomalous swelling of the chains [7,8]. This is attri-
buted to the strong water-PEO interaction through hy-
drogen bonding. An ambient-temperature hydration
number of 2-3 water molecules per PEO monomer unit
has been reported [9-11]. This unusually strong hydro-
gen bonding plays a pivotal role in the water solubility of
PEO; for example, the structurally similar polypropylene

3072

oxide has relatively weaker hydrogen bonding and thus is
insoluble in water [12]. The effect of elevated tempera-
ture is to weaken this PEO-water bonding, and this, cou-
pled with entropic effects, is predicted to lead to a com-
plex temperature-concentration phase diagram [3].

High-pressure studies can in general be quite revealing
about such water-based systems. The major effect of
pressure is to reduce the degree of hydrogen bonding in
water [13-16]. The application of pressure to water is
also known to diminish the strength of hydrophobic in-
teractions [17,18]. As these are the two types of interac-
tions that control PEO solubility, one can anticipate that
high pressures can strongly perturb the solution behavior
of PEO in water. In contrast, good solvent polymer solu-
tions typically show rather small effects at high pressures.
Solvent quality and thus chain dimensions may change
with pressure [19], but this is usually a small (<20%)
effect seen in the poor solvent regime. In a recent study
of four good solvent systems it was shown that the size of
the macromolecular coils was unaffected by pressures of
up to 20 kbar (1 kbar=1000 atm) [20]. Pressure is also
known to affect the solubility and compatibility of poly-
mers: While the upper critical solution temperature
(UCST) may be raised or lowered by high pressure, the
lower critical solution temperature (LCST) is theoretical-
ly predicted [21,22] and always observed to increase with
pressure, often as much as 500°C/kbar [23-25]. As will
be seen, the chain dimensions of PEO in water are quite
susceptible to change under pressure and the LCST de-
creases with increasing pressure above 2 kbar.

The PEO samples were anionically polymerized with
molecular weights of M, =1423, M,, =1489; M, =3336,
M, =3662, M,=4506, M, =4948; M,=9193, M,
=10904; M,=14677, M,, =19683 obtained from Pres-
sure Chemical Co. and M,=248000, M, =270000;
M, =822000, M, =937500 obtained from American Po-
lymer Standards. The polymers were used as received
and were subsequently dissolved in triply distilled water.
For the M,, =270000 sample, the intrinsic viscosity was
experimentally determined at ambient pressure and
22.5°C in an Ubbehlode tube viscometer to be [n]
=2.421+0.02 dl/g with the Huggins coefficient 0.29
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+0.01. This value of [n] is consistent with the known
values of the radius of gyration [7] indicating the absence
of aggregation in our samples.

The phase behavior was determined through studies
carried out in a temperature-controlled diamond-anvil
pressure cell. The phase separation temperature as a
function of pressure (Fig. 1) was determined for the sam-
ple by measurement of the total transmitted light intensi-
ty through the cell at a given pressure while ramping the
temperature at 0.5°C/min. This transition is identified
by an abrupt change in transmission corresponding with a
microscopically visible change from a single-phase, trans-
parent sample to a two-phase liquid mixture. The transi-
tion occurs at the same temperature to within experimen-
tal error, +0.2°C, for both increasing and decreasing
temperature. The pressure, determined by ruby fluores-
cence [26], remains constant to within experimental er-
ror, 0.3 kbar, in the small temperature range (typically
6°C) of the measurement. This transition may also be
observed by increasing pressure at a given temperature as
is done in the determination of the molecular weight
dependence (see Fig. 2). This was observed by tightening
(or loosening) the pressure-controlling screws of a
Merrill-Bassett diamond-anvil cell while observing micro-
scopically the appearance (or disappearance) of phase-
separated regions. In the single-phase region the viscosity
of a dilute solution of PEO in water was also determined.

Upon compression above a critical pressure P. (P,
=4.3 kbar for 1.0 g/dl and 270000 g/mol), liquid-liquid
phase separation consistent with spinodal decomposition
is observed. The separated regions are observed to move
with Brownian motion and the system has a finite viscosi-
ty, indicating the liquid nature of the two-phase system.
After a pressure jump to ca. 5 kbar at room temperature,
we observe the Ostwald ripening associated with spinodal
decomposition with precipitated droplets growing from an
initial size of =3 to =20 pm at 1 h for this sample and
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FIG. 1. Pressure-temperature phase diagram for PEO (1.0

g/dl, 270000 g/mol) in water. The system undergoes spinodal
decomposition when crossing into the two-phase region upon in-
creasing either pressure or temperature. This curve is reprodu-
cible for both increasing and decreasing pressure, indicating
that the chains are not degraded by pressure.

similar behavior at other concentrations and molecular
weights.

The temperature-pressure phase diagram for one of the
solutions (1.0 g/dl, 270000 g/mol) is shown in Fig. 1. At
ambient pressure we see the LCST of 100°C consistent
with previous measurements [2]. Up to 1.5 kbar a slight
increase in the phase-separation temperature 7, of =2°
C/kbar is observed in agreement with the previous low-
pressure data (P < 0.05 kbar) increase of 4°C/kbar [2].
However, above 2 kbar d7,./dP becomes negative and the
phase boundary becomes nearly vertical above 4 kbar.
Above 4.31+0.3 kbar PEO is insoluble at all tempera-
tures.

Changes in concentration have little effect on this
phase diagram. In particular, at 22.5°C the phase sepa-
ration pressure P, for M, =270000 g/mol is 4.35 and
4.30%£0.3 kbar for 1.0 and 0.3 g/dl, respectively; for
M, =19683, P.=5.57 and 5.39 +0.3 kbar for 1.0 and
20.0 g/dl. Because these concentrations span the dilute to
semidilute range, we can conclude that this phase-
separation behavior reflects single-chain behavior.

The phase-separation pressure at room temperature is
strongly dependent on molecular weight as shown in Fig.
2. At the higher molecular weights, P, tends to saturate
while at low molecular weights there is a significant
elevation of P, with decreasing M,,. At the lowest molec-
ular weight, 1489 g/mol, P, exceeds the freezing pressure
of pure water (P =9.2 kbar), and the phase transition for
this solution is a complex interplay of both phase separa-
tion and ice-VI formation. The formula for the Flory in-
teraction parameter x|, and its application to the critical
temperature [27] shows the importance of the square root
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FIG. 2. Pressure-molecular-weight phase diagram of PEO in
water. The curve was determined at a temperature of 22.5
+1°C and at concentrations of 20 g/dl below 10 g/mol and
1.0 g/dl above 10% g/mol. Samples with M, <1500 g/mol
remain stable in solution up to the ice-VI-liquid equilibrium
pressure of water at 9.2 kbar. The limits of the error bars rep-
resent the pressures measured above and below the transition
and the line serves to guide the eye. Inset: A linear relation be-
tween P. and M, "/? as discussed in the text.
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of molecular weight on phase compatibility:
X2e=t1+1/x"2, )
/T, =1/Te+ kM, "2, (2)

where x is the degree of polymerization. We find (see
Fig. 2, inset) at 22.5°C for samples of various molecular
weight the empirical relationship

P, =PO+k'M, 2. (3)

This suggests that yiy. is linearly dependent on pressure
under critical conditions. In analogy with the use of a
Shultz-Flory plot to calculate 7T, the y intercept in the
inset of Fig. 2 yields Py =3.9 kbar.

The effect upon the phase behavior of substituting D,O
for H,O is small. We find that P, decreases to 3.98 +0.3
kbar for 1.0 g/dl, 270000 g/mol solution of PEO in D,O
as opposed to 4.30 0.3 kbar in H,O. One effect of the
use of D,O is to alter the degree of hydrogen bonding,
and this can be more drastically altered through the use
of methanol as a solvent. Unlike PEO in water, published
results suggest [28] and we observe that PEO crystallizes
out of methanol solution at pressures above =2 kbar
over the course of a few hours.

If the phase separation for PEO in water is considered
to be arising from a deterioration of solvent quality with
increasing pressure (i.e., dy/dP > 0), a significant change
in chain dimensions is expected in going from swollen
chains to collapsed ones. This can be calculated from
viscosity data using the method of a previous study [29].
Figure 3 shows the experimental PEO solution viscosity
data (upper curve) measured by the velocity of a rolling
ball within the diamond-anvil cell [30]. As can be seen,
viscosity actually decreases with increasing pressure, a
phenomenon previously known only for water below
20°C from O to 2 kbar [31].

With these data and the pressure-dependent viscosity

o

PEO Solution’

Viscosity (cp)
T

- Water

0.8 * = e
Pressure (kbar)

FIG. 3. Viscosity of PEO (0.3 g/dl, 270000 g/mol) in water.
The water viscosity is from Bruges and Gibson [32] in quantita-
tive agreement with measurements made in the diamond-anvil
cell [30]. The decrease in viscosity with pressure for the PEO
solution is a unique result known only for water below 2 kbar
and 20°C.
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of water [32], the viscosity radius (R,,=Rgz/3R;,'/3, where
Rg is the radius of gyration and Ry is the hydrodynamic
radius) of the PEO chain can be calculated. High-
pressure intrinsic viscosity is calculated from the ratio of
high-pressure solution and solvent viscosity using the
Huggins equation with a Huggins coefficient of 0.29.
(This calculation does not account for an increase in the
Huggins coefficient one might anticipate with decreasing
solvent quality as pressure rises; as such this calculation is
an upper bound to the actual radius.) The radius (Fig. 4)
R, is then calculated from the Flory relationship [27]
[n] =®'R>M ~', where @' =3.7x10?? dlmol ~'cm 2.

R, can be used to infer solvent quality. At ambient
pressure, where good solvent conditions apply, R, has
been measured as 26.2 nm [7], in good agreement with
our result (see Fig. 4). R, under theta conditions has
been measured as 17.0 nm in 0.45M K,SOy4 at 35°C [33]
as 18.0 nm in diethylenglycolethyl ether at 50°C [27],
and as 18.2 nm in the melt [34]; these values compare
well with our result at 4.3 kbar. Recent small-angle neu-
tron scattering measurements on PEO in D,0O show de-
clining values for R, and A, with increasing pressure [8].
Extrapolation to 4, =0 gives a value in good agreement
with the P. found here. Thus the data of Fig. 4 may be
interpreted as the chain collapsing to the theta conforma-
tion as solvent quality smoothly decreases with increasing
pressure.

This drastic change in solvent quality for PEO and wa-
ter at high pressure is not observed in many other poly-
mer solvent systems, including those involving water as a
solvent where electrostatic forces replace hydrogen bond-
ing as the dominate polymer-solvent interaction (i.e.,
ionomers). R, for partially hydrated polyacrylamide in
water is pressure independent [20]. However, our result
of decreasing radius with pressure is similar to high-
temperature behavior of PEO in water. For example, the
second virial coefficient of PEO in water has been found
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FIG. 4. Viscosity radius R, calculated from the viscometric
data of Fig. 3. The decrease in radius with pressure shows a
contraction of the polymer chain from the expanded, good sol-
vent configuration to the contracted, theta solvent conforma-
tion. Any further increase in pressure results in phase separa-
tion.
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to decrease to zero at 102°C [35]. This is driven by the
continuous decrease in PEO’s hydration number from 2
to 3 at ambient temperature to nearly zero near T [36].
Clearly this further demonstrates the importance of hy-
drogen bonding in promoting good solvent behavior for
the PEO-water system.

The phase diagram of PEO in water is unusual in
several respects. Typically the LCST of polymer systems
is elevated with pressure, a fact both predicted by theory
and experimentally observed [21-25]. While this is ob-
served here up to 2 kbar, as would be expected on simple
thermodynamic grounds using the Clausius-Clapeyron
equation and noting that the volume of mixing is small
and negative (= —2 cm?>/mol) and that the entropy of
mixing is also negative [12], above this pressure the
LCST decreases. Eventually this leads to aP/9T. =0,
implying that at this point ASpix=0. Clearly this is a
significant change from the ambient-pressure situation.
This can be associated with both the reduction in hydro-
phobic interactions under pressure as well as the decrease
in hydrogen bond strength. These hydrophobic interac-
tion are driven by the ordering of water, for which is paid
an energy cost proportional to the entropy loss over a ran-
dom arrangement of molecules. As the extent of this or-
dering diminishes under pressure, the entropy is expected
to approach that of random mixing; in other words, cross-
over from the negative value at ambient pressure to a pos-
itive value at high pressure. The decrease in hydrogen
bonding in water at high pressure is known through
NMR diffusion measurements [13,14], and has been
modeled with molecular dynamics [15,16]. This has been
used to explain water’s decline in viscosity with pressure
[31]. We believe that this loss of hydrogen bonding abili-
ty in water at high pressure plays a major role in the
pressure-induced deterioration of solvent quality.
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