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ABSTRACT: Poly(2-ethyloxazoline) is a tertiary amide polymer that is completely soluble in water at
temperatures below 60 °C, above which the system undergoes a liquid-liquid phase segregation. For M,, =
116 000 and M, /M, = 2.4, the critical concentration is 0.109 g cm™3, and the critical temperature is 65.3 °C.
The macroscopic behavior of phase separation is given by the coexistence curve, which in the neighborhood
of the critical point shows a cubic dependence on the reduced temperature. The behavior of PEOX in water
is expressed in terms of excess thermodynamic functions of dilution derived from osmometry and static light
scattering. The low-temperature thermodynamics are shown to be consistent with the phase transition. Static
light-scattering experiments show excess scattering at small angles concurrent with the appearance of slow
relaxation modes in dynamic scattering. Both are consistent with long-range concentration fluctuations in
PEOX-water solutions. The variety of measurements is consistent with the hypothesis that the system can
experience partial organization at all temperatures, even well below the LCST, and that the origin of the
organization is a specific hydrogen-bonded interaction between the carbonyl oxygen of PEOX and water.

I. Introduction

The work! here reported was initiated from previous
investigations on the relation between the chemistry and
physical behavior of aqueous solutions of polymers having
a lower consolute solution temperature (LCST) or phase
separation on heating. As reported,? these early studies
provided a synthetic copolymerization scheme to produce
polymeric films having a desired temperature dependence
of solute transport property.

In this paper, we characterize the solution behavior of
poly(2-ethyloxazoline) (PEOX?3) in water. PEOX is an
amorphous, nonionic, tertiary amide polymer with a repeat
unit ~-CHsN(COC;Hs)CHo- and is prepared by the cat-
lonically initiated ring-opening polymerization of 2-ethyl-
2-oxazoline.* The polymer exhibits® a broad range of
solubility in polar organic solvents and behaves nearly as
a O solute® in water at room temperature. The aqueous
solutions undergo a liquid-liquid phase separation above
60 °C.

The solution properties of PEOX in water presented in
the following sections are determined from osmometry,
dynamic and static light scattering, and phase equilibria
measurements. Osmometry and static light-scattering
results are used to derive excess thermodynamic dilution
functions.” These functions describe the interplay between
the enthlapy and entropy of solution which controls the
miscibility of PEOX in water. Insofar as data could be
acquired, the low-temperature thermodynamic measure-
ments are entirely consistent with, and predictive of, the
LCST phase transition. The molecular origin for the
thermodynamic behavior is in part related to specific
interactions between water and PEQX, verified by infrared
spectroscopy.

The macroscopic properties of the phase separation are
described by the coexistence curve, which for multicom-
ponent solutions (PEOX: M,,/M, = 2.4) is appreciably
different from the cloud point curve.? The critical behavior
of the phase separation is described by a cubic dependence
of the composition of the coexisting phases on the reduced
temperature.?

Static light scattering in dilute solution is used to
determine molecular weight and molecular size.® Dynamic
scattering!! is used to find translational diffusion
coefficients and hydrodynamic radius. Static!?-17 and
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dynamic!®-26 scattering have demonstrated inhomogene-
ity in moderately to highly concentrated solutions of a
variety of polymers and are applied here to solutions of
PEOX. In this study, we show that the inhomogeneity
arises from specific interactions between PEOX and water
which contribute to partial organization at lower tem-
peratures, and to the LCST phase transition at higher
temperatures.

II. Materials and Methods

1. Materials. Poly(2-ethyloxazoline) was obtained from Dow
Chemical Co. Aqueous solutions of PEOX were dialyzed prior
to extensive ultrafiltration with constant stirring under nitrogen
pressure in a Nucleopore ultrafiltration cell with a 100 000
molecular weight cutoff membrane. The filtered solution was
thoroughly freeze-dried to constant weight. The residual ash
content of purified polymer was negligible.

2, Experimental Technique. a. Osmometry. Osmotic
measurements were performed on a Wescan Recording Membrane
Osmometer, Model 231. The instrument as calibrated with a
hydrostatic manometer showed a linear response up to 100 cm
of hydrostatic pressure. Osmotic pressures were obtained by using
a 5000 D cutoff membrane for concentrations up to ca. 0.10 g cm™=3.

Data were analyzed for the molecular weight and thermo-
dynamic parameters by using eq 1 for the reduced osmotic
pressure 7/c:

w/c = RT/M, + Ay (1)

where R is the gas constant, T is the absolute temperature, M,
is the number-average molecular weight, ¢ is the polymer
concentration (g cm), and A, is the second virial coefficient (mol
cm? g2),

b. Light Scattering. The light-scattering apparatus included
a Malvern photon correlation system with 64 multibit channels
(Model K7025), a temperature-controlled chamber (£0.02 °C),
a goniometer-mounted photomultiplier with an analyzer and
interference filters, a 15-mW helium-neon laser, a 5-W Argon ion
laser, and a HP 9825 computer for data retrieval and analysis.
The incident light intensity was monitored by partially reflecting
the incident light onto a photodiode detector.

Solutions for light scattering were filtered through a com-
bination of a prefilter and a 0.2-um Millipore filter directly into
a cylindrical quartz cell (1-cm i.d.) which was then covered tightly
with a polymeric cap, all in a glovebox.

The cell was placed in the scattering vat filled with an aqueous
solution of glycerol (80% v/v) as an index matching fluid. Two
light-scattering methods were used to probe the solution behavior
of PEOX in water.
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i. Static Scattering. In dilute solutions, the excess Ray-
leigh ratio AR(8) (=R(0)soin — R(8)1v) due to concentration
fluctuations at scattering angle § was analyzed for molecular
weight, thermodynamic parameters, and molecular size by using
the expression!?

Kc/AR(6) = MM (1 + (qR)?/3) + 2A,c (2)

where M, is weight-average molecular weight, R; is the radius
of gyration, and g = 4wng sin (8/2) /Ao is the momentum transfer
vector. Here, A is the wavelength in vacuum and n, is the
refractive index of the solvent. The constant?” K is given by (27n,
(dn/dc))?/ NA¢* where N is Avogadro’s number. The refrac-
tive index increment, dn/de, of the solution was measured on a
differential refractometer. For light scattering of PEOX in water
at Ao = 6328 A, K = 1.97 X 10~7 ¢cm? mol g2 if ng = 1.3316 (water)
and dn/dc = 0.165 cm® g™! are used.

The Rayleigh ratio, R(6), is calculated? from
R(8) = CRl(8) sin 8(n,/n /I, 3)

where I(8) is the instrument reading for scattered light, I, is that
for incident light, and n, and n. are the refractive indices of the
scattering solution and the calibration liquid. The factor (n,/
n.)? is the refractive index correction for the volume viewed by
the photomultiplier. The scattered intensities are photon counts
recorded by the K7025 correlator. Toluene was used as a
scattering reference to determine the constant Crin eq 3. The
Rayleigh ratio for toluene is Ry v(90°) = 10.5 X 10 ¢m™. The
subscripts correspond, respectively, to a vertically polarized
incident light and to the vertical component of the scattered light
collected by the detector through the analyzer. This value was
derived from Ryv+u(90°)/(1 + py) where V+H signifies the
collected total scattered light of both polarizations and pv is the
depolarization for scattered light. At 6328 A, the value® Ry yu-
(90°) is 14.02 X 10-¢ cm™ and pv was measured as 0.329 for toluene.
No depolarized scattering due to PEOX was observed in the
concentration range reported in this paper.

Proper alignment?’ of the optical and detection system was
verified by measuring in a dilute aqueous solution of rhodamine
B (excited with 5140 A) the fluorescence intensity, F(6), at 6328
A as a function of the observation angle 8. For isotropic
fluorescence, the photomultiplier signal is proportional to the
volume viewed which varies as sin™! §. Values of F(f) sin /F(90°)
plotted against 6 were found to be independent of 6 with deviations
less than 1% for a range of angles between 22° and 145°.

ii. Dynamic Scattering. The translational diffusion
coefficient and the effective hydrodynamic radius of PEOX in
water were determined in dilute solution by quasielastic light
scattering. The experimental unnormalized homodyne auto-
correlation function C(g,t) was analyzed by using a three-
parameter model

Clg,t) = Hy + H, exp(-2T'(¢)t) (4)

in a nonlinear least-squares program. T is the average decay rate
which depends on the momentum transfer vector ¢. Assuming
homodyne scattering, the diffusion coefficient is D = I'/q2. Except
for verification of the angular dependence of I'(g), the majority
of experiments were obtained at 90° scattering angle. Sample
times were chosen so that the accumulated correlation function
covered 2-3 times the apparent exponential decay.

In cases where the autocorrelation function was a sum of two
exponentials, two decay constants could be extracted by judicious
choice of sampling times in several separate experiments on each
sample, so long as the two decay rates were separated by several
orders of magnitude. At temperatures approaching the phase
transition, it became necessary to discard some of the initial data
points (1-5 points) in the long time correlation function since
these points contain information on the short (fast) time
correlation function. The baseline for the short correlation
functions was the asymptotic value attained for a function covering
two to four relaxation times. The delayed baseline was used for
long-time correlation functions. Similar results were obtained
from separate experiments and from fitting using multiple
component exponential regressions at intermediate sampling
times.
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c. Phase Diagram. i. Cloud Point Curve. The cloud point
curve was obtained by raising the temperature of homogenous
solutions of known concentration of PEOX in water until optical
scattering was observed. By use of a Perkin-Elmer 300 spec-
trophotometer equipped with a digital temperature controller and
a heating chamber modified to accept a 1-mm path length cell,
the temperature for phase separation was taken as that at which
the optical density at 6328 A changed by 0.05 unit when heating
at a constant rate of 0.1 °C/min.

ii. Coexistence Curve. The coexistence curve was obtained
by raising the temperature of solutions in small increments above
the critical temperature. The coexistence curve is a plot of these
increments against the concentration of the two separated phases.
Phase separations were carried out in sealed vials filled with
approximately 4 mL of solution. Vials, placed in a carousel holder,
were immersed in an insulated temperature-controlled bath (£0.02
°C). Temperature increments were measured with a differential
thermometer. After temperature equilibration, the samples were
left in the bath undisturbed until phase separation was completed
(24-48 h). Aliquots from each of the two phases were collected
with gas-tight syringes, and the concentration of each phase was
determined on a differential refractometer.

d. Refractive Index. A differential refractometer of the Brice
type® was used to determine the refractive index and concen-
tration of PEOX solutions. The refractive index of aqueous
solutions of sodium chloride® was used for calibration. For
concentration measurements, the refractometer was calibrated
against known concentrations of PEOX in water ranging from
0.001 to 0.20 g cm™3,

e. Viscometry. Viscosity was measured with a Cannon-
Fenske viscometer calibrated at two temperatures with freshly
distilled water. The intrinsic viscosity, [¢], for PEOX in water
is 46.5 cm® g1 at 30 °C.

f. Density Measurement. Densities of the solutions, p, were
determined with a pycnometer for a concentration range up to
ca. 0.15 g cm3 in the temperature range from 30 to 60 °C. These
measurements were used to find the partial molar volume of water
in solution and to convert the polymer volume concentration, cp,
to volume fraction, ¢p, by using3?

¢y = 1/[1+ (y/v)(p/c, — 1)] (6)

with v the specific volume of the water and v, that for PEOX,
measured® as 0.877 cm?® g1 at 25 °C.

g. Infrared Spectra. Solutions of PEOX were prepared as
0.01 g cm™ at various molar ratios of deuterated acetonitrile and
deuterium oxide. The spectra were taken on a Perkin-Elmer 580B
dispersive spectrometer in a 0.1-mm path length BaF; cell against
a suitable reference cell.

II1. Results

1. Thermodynamic and Solution Characteristics.
The solution properties and molecular parameters of
PEOX in water at several temperatures are summarized
in Table I. In Figure 1, the reduced osmotic pressure is
linear in concentration well into the concentrated solution
region of PEOX (ca. 0.05 g cm™3). Second virial coefficients
derived from analysis of light scattering in dilute solutions
(<0.01 g cm™) are in good agreement with osmotic results.
The second virial coefficients (Figure 2) show that water
is a thermodynamically good to moderate solvent for
PEOX only at 30 °C.

+ The molecular size of PEOX in water can be determined
from the slope of the reduced scattered intensities, ¢/ AR-
(6), versus sin? (§/2) extrapolated to zero concentration
(eq 2). In dilute solutions between 30 and 45 °C, ¢/AR-
(8) was within experimental error independent of the
scattering angle. Hence gR; « 1in eq 2, indicating that
PEOX in water behaves as an isotropic scatterer. This
result places an upper limit to R, at A/20 = 240 A.
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Table 1
Solution and Molecular Properties of PEOX (M,,/M, = 2.4)
method mol wt temp, °C Az X 104, mol cm?® g2 R, A Ry, A solvent

osmometry 4.92 X 104 (M,) 30 8.56 H:0

45 3.66

60 ~1.46
static scatter 11.6 X 104 (M) 30 8.74 <240° H;0

40 5.41

60 -1.28
dynamic scatter 30 1076 H:0
viscosity 30 1114 H,0
osmometry 30 11.77 EtOH
static scatter 30 12.20 154 EtOH
dynamic scatter 30 124¢ EtOH

¢ PEOX is an isotropic scatterer, i.e., Ry < 1 in eq 2. An upper limit for B, is 6328 A/(1.3316 X 20). ® Hydrodynamic radius, evaluated
from eq 13, is temperature independent hetween 30 and 57 °C. ¢ Derived from zero concentration diffusion coefficient. ¢ Radius of gyration

estimated from eq 6: [5] = 46.5 cm3 g1 at 30 °C with M, = 116 000.
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Figure 1. Reduced osmotic pressure, =/c, vs concentration of
PEOX in water at 30, 45, and 60 °C. The solid lines were
generated from a least-squares fit of the data to eq 1.
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Figure 2. Temperature dependence of the second virial
coefficients, B, = RTA,, derived from osmometry (O) and static
light scattering (®). The © temperature where B; = 0 is 56 °C
and B’ = (dB;/dT) = -0.019 cal cm® g2 K-,

We estimated R; from intrinsic viscosity using the
expression3334

[n] = ®6*°R /M, (6)

We calculated R, to be 111 A using & = 2.68 X 102 mol™!
and [9] = 46.5 cm3 g1 at 30 °C.

The virial coefficients of Table I were used to calculate
the excess chemical potential of the solvent, AuE, given
by’

A E = AhE - TAs® = -Byc?v, (7)
where

AhE = (B,T - By)c*V, (8

0.00 4

-1.00 4
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Excess Function/(cal/mole)

-2.00 T T T T T )
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Volume fraction
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Figure 3. Excess thermodynamic dilution functions chemical
potential Au;E, enthalpy of mixing Ah,E, and entropy of mixing
AsqE plotted against volume fraction of PEOX in water for 30
°C (top) and 60 °C (bottom).

as,B = BV, )]

are the excess enthalphic and entropic dilution components,
respectively. Here B; = RTA,, B'; = dBy/dT, and Vi is
the partial molar volume of water. The excess functions
represent the behavior of the solution relative to that
described by the ideal solution

Ap? = -TAs ) = -B,cV, (10)
and

AR =0 (11)

with B; = RT/M,. From the temperature dependence of
Bs, given in Figure 2, we obtained a solution © temperature
(B2 = 0) of 56 °C and B’; = —0.019 cal cm? g2 K-1. The
excess functions plotted against the volume fraction of
PEOX are shown in Figure 3 for 30 and 60 °C.

2. Phase Diagrams. The cloud point and coexistence
curves plotted against concentration of PEOX are given
in Figure 4. The coexistence curve was obtained at the
critical concentration (0.109 g cm™3) determined by the
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Figure 4. Cloud point (isolated solid curve) and coexistence curve
(squares) for PEOX in water for M, = 116 000 as a function of
concentration. The coexistence curve was determined at the
critical volume fraction of 0.097 (0.109 g cm™3). The solid curve
associated with the coexistence data is eq 12b.
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Figure 5. Low-concentration temperature dependence of
diffusion coefficients of PEOX in water at 90° scattering angle
for several concentrations. The solid line connects points which
are the diffusion coefficients at zero concentration.

phase volume method.?® The concentrations of the
coexisting phases were measured over a 2-deg range above
the critical temperature, T'.

The relation between the volume fractions of the two
coexisting phases, ¢* and ¢, at temperature T is sum-
marized by®

8¢ = |¢* - ¢7] = 20.B.¢ (12a)

where the reduced temperature is ¢ = (T - T,,) / T and ¢,
(=0.097) and B8 are the critical volume fraction and
exponent, respectively. The data were least-squares fitted
over a 2-deg temperature range. The best fit was found
with T, = 338.3 K, 8 = 0.33 £ 0.02, and B, = 4.4 + 0.3.
To fully accord with the data to the extent shown in Figure
4, a modification of eq 12a is necessary

6%/ = ¢, + 1.363¢ £ 59/2 (12b)

where ¢/~ is either ¢* or ¢-, the coexisting volume
fractions.

3. Dynamic Light Scattering. The temperature
dependence of the diffusion coefficient, D, at low con-
centrations of PEOX in water is given in Figure 5. The
diffusion coefficient increases with temperature at low
temperatures as 1/viscosity of water but decreases above
the © temperature (56 °C). This decrease in D may be
interpreted as a slowing down of the concentration
fluctuations as the LCST is approached.
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Figure 6. Plots of the logarithm of the correlation function vs
correlator channel number for 0.099 g cm™ of PEOX at 40 °C,
for sampling times of 5 and 300 us. These plots are also typical
of the data obtained at concentrations higher than 0.05 g cm™.
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Figure 7. Concentration dependence of the diffusion coefficients
from the fast (solid circles) and slow (open circles) relaxation
modes of PEOX at 45 °C.

The hydrodynamic radius, Ry, of PEOX was calculated
from the Stokes—Einstein relation

R, = kyT/(671,D,) (13)

where kg is Boltzmann’s constant and 7 is the viscosity
of water. The translational diffusion coefficient at zero
concentration, Dy, was obtained by extrapolating the
diffusion coefficients to zero concentration (see Figure 5)
by using data determined at concentrations less than 0.03
g cm~3 at temperatures between 30 and 56 °C. A constant
Ry = 107 A was found for this temperature range.

Above 63 °C, two relaxation modes were obtained at all
concentrations, each of which showed an exponential decay
profile. Two distinct correlation functions were also
observed in high concentrations of PEOX at all tem-
peratures. In Figure 6, the logarithm of representative
correlation functions is plotted against the correlator
channel number for 0.099 g cm=3 PEOX to illustrate the
exponential profiles seen.

The separation between the two modes depends on
concentration, temperature, and scattering angle. The
slow-mode diffusion coefficient, which shows a strong
dependence on concentration (=~1/c2), may be separated
from the fast-mode diffusion coefficient by several orders
of magnitude as illustrated in Figure 7. This separation,
however, decreases as the temperature approaches the
phase transition (Figure 8). The decay constant I (eq 4)
for both modes was apparently proportional to g2 and
intercepted the origin, consistent with pure diffusive
processes.

At low temperatures, the slow-mode correlation function
could not be found for a freshly filtered solution until a
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Figure 8. Temperature dependence of the diffusion coefficients
for the fast (solid markers) and slow (open markers) relaxation
modes of PEOX in water at concentrations of 0.099 g cm™ (circles)
and 0.116 g cm™ (squares).
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Figure 9. Plots of the log of the reduced excess scattered
intensities from static scattering experiments, ¢/ AR(9) (eq 2) vs
sin? (8/2) for 0.0094 g em™? of PEOX at the indicated tempera-
tures. These plots typify the behavior of scattered intensities
for dilute solutions. The solid lines are drawn with the ad hoc
eq 17 discussed in the text. The numerical scale is such that
toluene has a value of unity.

sufficient period of time (on the order of 5-15 min) had
elapsed. After the delay, a gradual increase in the forward
scattering intensity was observed with a corresponding
development of the correlation signal. There was no
difficulty in recording the fast-mode decay immediately
after filtration. Within experimental error, the fast-
mode diffusion coefficients did not change with time.
Because of the low amplitude of the slow mode, the kinetic
evolution could not be followed. Similarly, the propor-
tionality of the slow diffusion coefficient to g2 should be
considered tentative. '

4. Static Light Scattering. Temperature effects on
the distribution of scattered light with angle are given in
Figure 9 for 0.0094 g cm=3 PEOX. These plots are
representative of the behavior found in dilute solution and
illustrate the near independence of ¢/ AR(6) with sinZ (8/
2) at low concentration for temperatures below 60 °C. The
non-zero slope develops as the temperature is raised with
excess low-angle scattering becoming strongly evidence at
62 °C.

Excess low-angle scattering is observed at higher PEOX
concentration at all temperatures. Figure 10 shows the
reciprocal scattered intensities for 0.116 g cm3 PEOX on
a logarithmic scale as a function of sin2 (§/2). The solid
lines in this figure are drawn from

I=I[(1+ &%) + (1 + £%¢H™) (14)
where
£, =374A/((T-T)/T)* (15)
£, = 2800 A
I,=0.026((T~T,)/T)%* (16)

with T, = 338.8 K. The fit with these parameters has a
maximum error of 16%. The rms error value of (I - I,,)/
I, where I, are the data in Figure 10, is estimated as less
than 2 times the experimental error.
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Figure 10. log of the reduced scattered intensity vs sin? (4/2)
at 0.116 g cm™. The solid lines are described by eq 14.
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Figure 11. Infrared spectra at room temperature of 0.01 g cm™
PEOX in 100% CD;CN, in 100% D,0, and in 1:1 mole ratio of
CD3sCN/D;0.

The form of the first term in eq 14 is the conventional
Ornstein—Zernike scattering expression.%3 The exponents
in eqs 15 and 16, taken from ref 37, are consistent with
the phase separation results. The term in eq 14 involving
&; is arbitrarily chosen to be of the same form as that
involving £, but incorporates the observed temperature
independence.

The solid lines in Figure 9 are an ad hoc modification
of eq 14 to include concentration effects:

I/IO - CN0.02[(1 + 512(]2)-1 +
(1/CYUT/TY¥ M + £,2¢H™ (17)

where Iy = 0.026((T - T.)/ T )1-25Cn'2 Cy = 0.0094/0.116
(the concentration ratio). Equation 17 has not been
resolved with eq 2.

5. Infrared Spectra. Figure 11 shows the infrared
spectra of PEOX between 1500 and 1800 cm™ at selected
molar ratios of CD3CN and D,0. These spectra show the
effects of the solvent environment on the position of the
carbonyl stretching frequency. The frequency shifts from
1648 cm™! in a polar, non-hydrogen-bonding solvent (100 %
CD3CN) to 1609 cm! in a hydrogen-bonding solvent (100%
D0).

IV. Discussion

LCST systems present the anomaly that as the system
is heated and the overall entropy is increased, the system
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seems to become more organized, that is, of lower entropy.
The thesis put forth is that in fact parts of the system—
the macroscopic phase separation—do become more
organized, but the “lost” entropy appears in the solvent
component in the low-density phase by virtue of the
breaking of hydrogen bonds between the polymer and the
solvent.

1. Thermodynamic and Phase Behavior. The
solution behavior of PEOX in water can be described with
the excess thermodynamic dilution functions 5839 A
negative T'As{E can be realized in solutions where specific
interactions, such as dipole~dipole or hydrogen bonding,
are effective in imposing constraints on the relative distance
and orientation between unlike components of the mixture,
These interactions are contributive factors for observing
a lower consolute solution temperature below the boiling
point of the solvent.#0 Hydrogen-bonding interaction
between PEOX and water is substantiated from infrared
spectra which show a preferential interaction between water
and the carbonyl oxygen of PEOX. This finding cor-
responds with results found between nonpolymeric amides
and water,*! where the enthalpy and entropy of formation
for hydrogen bonding have been determined.4243

At 30 °C, we find that |AhE| > T)As:E| and AuiE makes
a negative contribution to the chemical potential of the
solvent Au; = Aui'd + ApusE where Ap'd < 0 at all tem-
peratures. The solubility of PEOX in water is dominated
by the more favorable energy contribution (AhE < 0) which
overcomes the unfavorable entropic contribution (-T'AsE
> 0). At 60 °C, T|AsE| is slightly greater than |Ah,E[ and
AuiE makes a positive contribution to Au;. At these higher
temperatures, the increased mobility of the interacting
molecules tends to lessen the effectiveness of the specific
interaction. This is shown by the progressive decrease of
the solvent property of water as reflected by the tem-
perature dependence of the second virial coefficient B,
(Figure 2). Finally, if the water-water or PEOX-PEOX
energy of interaction is relatively more favorable than the
water-PEOX interaction, the entropy loss in solution will
not be sufficient to keep the components mixed, and the
free energy of the system is lower through separation into
high- and low-concentration solutions of polymer.

Unlike a binary solution, where the cloud point and the
coexistence curves are identical, the cloud point curve for
a polydispersed polymer in a single solvent does not fully
describe the macroscopic behavior of phase separation.®
Concentrations corresponding to points on the cloud point
curve connected with a horizontal line at a given tem-
perature are not coexisting phases derived from a phase
separation.’ It has been shown,?4¢ however, in polymer
solutions that one of the coexisting phases resides on a
curve (called a shadow curve) which is not amenable to
direct observation. Furthermore, the two branches of the
coexistence curve converge as the composition of the
solution approaches the critical concentration. To obtain
a coexistence curve like that shown in Figure 4, the overall
polymer concentration must be in the neighborhood of the
critical concentration.*

The critical exponent 8 = 0.33 for the PEOX-water
system is in good agreement with values found for binary
liquids of small molecules*s and for the polystyrene-
cyclohexane,*® system which has an upper consolute
solution temperature (UCST). The critical exponents
found in these systems lie between 0.33 and 0.35. This
agreement indicates that 8 is fairly independent of the
system since the same value is obtained in the polystyrene—
cyclohexane UCST system and the PEOX-water LCST
system. The universality of the critical exponent is
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Figure 12, Calculated free energy of mixing as a function of
concentration for the system PEOX-water assuming second-
order functions of concentration for both osmotic pressure and
density. The origin of the calculations is set out in Appendix
1. That the curves rise above zero free energy at finite concen-
tration beyond 60 °C is consistent with the coexistence curves
of Figure 4.

supported by the favorable comparison of 8 with those
obtained from one-component systems.*’

2. Consistency of Thermodynamic Measures and
Phase Transition Data. During the course of the
investigations reported here, we frequently posed the
question, Is the observed phase transition consistent with
the thermodynamic measurements made below the
transition temperature? An affirmative answer would
permit the argument that all of the phenomena observed
are manifestations of the same set of interactions.

Classical solution®® theory gives a description for the total
free energy of a solution from osmotic data, as outlined
in Appendix 1. To make use of the classical theory, the
osmotic and density data were fitted to empirical poly-
nomials, and the composite set of equations was solved and
converted to Fortran by using macsyma.4® The resuits are
shown in Figure 12.

A complete free energy versus concentration curve for
a system which would spontaneously separate would have
a hump in the center; an initial concentration in the central
region would segregate into higher and lower concentrations
to yield lower overall free energy. The segregated solutions
would then be the coexistence curve. While osmotic data
could not be acquired at polymer concentrations high
enough to reproduce the entire free energy vs concentration
curve, we judge that Figure 12 is consistent with the left
branch of the coexistence curve, Figure 4, within the
experimental and mathematical accuracy permitted by the
data. We therefore conclude that the low-temperature
thermodynamic data and the LCST phase transition are
self-consistent.

3. Light Scattering. Light-scattering experiments
show that the excess scattering at low angles in static
scattering coincide with the appearance of a second
relaxation mode in dynamic scattering. Both observations
in solutions of PEOX in water are consistent with large-
scale concentration fluctuations which are controlled by
the temperature and concentration of the solution.

Both static and dynamic light scattering can be written
in terms of a thermodynamic parameter, the osmotic
derivative, dn/dc (xdAu;/dc). While this term can
qualitatively account for some of the temperature behavior
demonstrated by D and ¢/AR(8), it does not provide
information on the angular distribution of scattered light
or on the existence of a slow relaxation mode. Excess
scattered intensities similar to those of PEOX solution a
few degrees from the phase transition have also been
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observed in other polymer-solvent systems.121517.50-52 The
appearance of a slow relaxation mode in dynamic scattering
in the accompaniment of excess low-angle scattering seems
to be associated with the development of long-range spatial
and temporal concentration fluctuations3® that would
eventually drive the system toward a macroscopic phase
separation.

In concentrated PEOX solutions, the large-scale
fluctuations persist at all temperatures and are described
with two Ornstein—-Zernike like terms. The unusual
component of the scattered light in eq 14 is that described
by the term (1 + £32¢2), where ¢ is independent of
temperature. The form of this term was chosen in the
spirit of the Ornstein—Zernike model, where a short-
range direct correlation function can effectively produce
a long-range concentration correlation.® £, which has the
unit of length, is about 20 times larger than the molecular
dimension of the PEOX in water. Since this component
is not observed at low concentrations and appears to be
independent of absolute scattered intensity, we conclude
that the term describes solution inhomogeneity arising from
PEOX-water interactions. The structures of this inhomo-
geneity are not given by the present analysis. However,
excess scattering in other polymer-solvent systems, some
of which do not exhibit a phase transition, has been
associated with inhomogeneity due to special orientation
between polymer molecules!?14 or to aggregation!®!7 or to
polydispersity.5354

The intensity of scattered light, being proportional to
the static structure factor, is the Fourier transform of the
concentration correlation function.5 The expression for
the structure factor can be inverted to yield the con-
centration correlation function. Without knowing what
intermolecular interactions underlie the static structure
factor, it is clear that the statistics of the static light
scattering require fluctuations on two different length
scales.

The findings at high temperature and high concentration
are supported by eq 17, the extension of eq 14, to include
concentration effects. The parameters in eq 17 with
dimension of length are the same as eq 14. The effect of
concentration is in the relative weighting of the two
scattering modes.

The inhomogeneity of solutions seen in static scattering

is qualitatively substantiated by the presence in dynamic -

scattering of the slow relaxation mode. The appearance
of this mode is observed in conjunction with an increase
in the forward scattered intensity following filtration.
Correlation lengths estimated from the Stokes—Einstein
equation using the measured viscosity are 2-3 times smaller
than those determined from static light scattering, but still
much larger than molecular dimensions.

Slow modes have been found in concentrated solutions
in other polymer—solvent systems.2426% These modes have
been associated with the self-diffusion coefficient of the
polymer as a whole in a random network of other poly-
mers!¥2 and which at infinite dilution corresponds to
translational diffusion of polymer in solvent. Since we were
unable to detect slow relaxation modes below 0.05 g cm™3,
we cannot determine if the slow mode diffusion coefficients
extrapolate to the zero concentration diffusion coefficients
of the fast mode shown in Figure 5.

4. Ethanol and D,O as Solvent. Ethanol, which is
a better solvent than HyO (as shown in Table I), does not
show phase separation at any temperature below the boiling
point at atmospheric pressure. This observation suggests
intramolecular interactions are not a major driving force
for the phase transition. Use of D30 in place of H:O
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yielded a cloud point some 3 °C lower. This lowering of
the transition temperature by 3 °C with D;O seems to
parallel the relationship between the critical temperature
of H20 and D;,0.57 Together with the infrared results, the
effectiveness with which the LCST of PEOX can be
modified by substituting D20 for H20 strongly supports
the existence of hydrogen bonding between PEOX and
water.

V. Summary

The thermodynamic properties of dilute solutions of
PEOX in water have been characterized by osmometry,
static and dynamic light scattering, and phase equilibria
experiments. The properties found are in accord with
behavior for systems possessing a lower consolute phase
transition and are consistent with specific interactions
associated with hydrogen bonding between water and the
carbonyl oxygen of PEOX.

The light-scattering experiments show excess scattering
at small angles in static scattering and the concurrent
appearance of a slow relaxation mode in dynamic scat-
tering. Both are consistent with long-range concentration
fluctuations in PEOX-water solution which exist in
solutions near the phase transition temperature and in
concentrated solutions at all temperatures.
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Appendix. An Expression for the Total Free
Energy of Mixing of a Solution Using
Second-Order Expansions for Osmotic Pressure
and Solvent Density

The total free energy of mixing of a two-component
solution is

Ag,, = ¢ Ap, + ¢2Al‘2

where ¢; and ¢, are the volume fractions of the solute and

solvent and Ay; and Au; are the chemical potentials. The
volume fraction of the solute is

$y = 1/[1 + 0.877p,(p,/C - 1)]

where py, is the density of water, ¢; = 1 — ¢3, C is con-
centration, and 0.877 is the specific density of PEOX. The
chemical potential of the solute is calculable from the
osmotic pressure data:

Ap, = -(B,C + B,CH(M,,/p,)

where M,, is the molecular weight of water, 7(C) = (B; +
B,C)C, and B; and B; are first-order polynominals in
temperature. Aus can be expressed in terms of concentra-
tion as

Ap, =P 1;Dp¢1 /#5(8Au,/dC) dC

where vy, is the specific density of PEOX and P is the
degree of polymerization taken as the ratio of molecular
weights. For computational purposes, we describe the
density of the solutions as an empirical polynomial

ps = pg(Xy+ X,C+ XZCZ)

The above equations were integrated by using MacsyMa.
The final expression, with the additional translation B,C
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+ ByC?2 =7, is

Ag,, = ~(B,CPM 0, XV} In (C°V. %) + ((6CM,*r +
(4B,C* + 3B,C>pM,)p, X, + (6CP + 6C)M,xp X, +
((12p + 6)M,w - 12B,CPM,)p X, + (-6CP -
6C)M,m)V,* + (-6B,CPM,p, X, - 12B,CPM p X, +
6B,CPM,)V,? + (-3B,CPM,p, X, - 6B,CPM p X, +
8B,CPM,)V, - 4B,CPM,p.X,)/(6Cp, Vp* +

(6C%0, X, + 6Cp,2X| + 6p,2X, - 6Cp,)V,})
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