Location of three critical phase boundaries
in poly(acrylic acid)-dioxane solutions
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The phase behaviour of poly(acrylic acid }-dioxane solutions has been studied over a wide range of solution
concentration and temperature. Three distinct phase boundaries have been observed on increasing the
temperature from ambient where homogeneous solutions are obtained. Phase separation occurs, below
the boiling point of dioxane, when the solutions are heated and this first cloud-point curve has been called
a quasi-lower critical solution temperature (LCST) boundary. Further heating of the two-phase system in
sealed tubes leads to redissolution of the polymer and the location of an upper critical solution temperature
(UCST)for the solution. If the temperature is allowed to rise further, phase separation again takes place at an
LCST that is due to free-volume differences in the solution.

The heats of dilution and laser Raman spectra of the poly(acrylic acid) solutions and those of a model
compound, propionic acid, dissolved in dioxane have been examined below the quasi-LCST. Evidence for
hydrogen bonding between the solvent and the carboxylic groups in the polymer has been found.

It is suggested that the ability of dioxane to dissolve the polymer at ambient temperatures but not at
higher temperatures below the solvent boiling point is a result of a changing balance between specific,
polar, polymer-solvent interactions and normal, non-polar, dispersion forces, the ratio of which alters with

changing temperature.
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INTRODUCTION

The observation of a lower critical solution temperature
(LCST) in non-polar polymer solutions, where phase
separation occurs on raising the temperature, is now a
well established phenomenon and can be explained by
modern theories of polymer solutions developed by
Prigogine', Patterson® and Flory®. These theories show
that differences in the thermal expansion (or free volume)
of the two components can lead to phase separation at
elevated temperatures, which is often quite close to the
gas-liquid critical temperature of the solvent, and that
the process is entropically controlled. There are, however,
a number of systems in which phase separation occurs
on heating but where the phase separation temperature
is well below the critical point and is usually below the
boiling point of the solvent. The majority of these are
aqueous solutions of polar polymers. In a few cases, such
as poly(oxyethylene)** and poly(vinyl alcohol)® dissolved
in water, after phase separating at a lower temperature
these systems redissolve on further heating to form a
closed loop of immiscibility, exhibiting both an upper
critical solution temperature (UCST) and an LCST". In
these aqueous solutions, where both the heat of dilution
and the excess entropy of dilution are generally negative,
phase separation on heating has been explained by
hydrophobic effects®®. It is postulated that addition of
a hydrophobic molecule to water increases the ordering
of the water molecules in the vicinity of the solute, and
that this hydrophobic hydration gives rise to the negative
entropy of dilution. When there are polar groups on the
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polymer capable of hydrogen bonding with the solvent,
then the thermodynamic properties of the solution are
governed by the ratio of the polar interactions to the
apolar contacts. As the temperature is increased, the
constraints imposed on the water molecules hydrating
the polymer decrease, thereby allowing the hydrophobic
interactions to increase, leading eventually to phase
separation. The driving force for this lower critical phase
separation is again regarded as being entropic as with the
LCST in non-polar systems, but has different origins.
Thus one ought to distinguish between these two types
of LCST as it should be theoretically possible to locate
both in polar solutions. The LCST, which is caused by
differences in free volume, is now regarded as a feature
common to all polymer solutions, whereas the LCST
arising from specific solvent—polymer interactions, other
than van der Waals interactions, will probably be
confined to polar systems. As the underlying cause of
phase separation in the latter case is different and present
only in certain polar systems we shall call it a quasi-
LCST.

While the presence of a quasi-LCST is most commonly
observed in aqueous solutions, there are a few examples
in which this phenomenon has been observed for polar
polymers dissolved in non-aqueous polar solvents. Systems
for which this has been reported include poly(methacrylo-
nitrile) in butanone!®, poly(acrylic acid) in dioxane!!-#
and poly(2-vinylpyridine) in chloroform/ hexane mixtures*>.

The LCST originating from free-volume differences is
normally observed well above the boiling point of the
liquid; consequently its experimental detection in aqueous
systems (where the critical point of water is 647 K) may
be difficult because of the potentially high temperatures
involved, at which the polymer may degrade. This would
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not necessarily be the case for polar organic solvents with
lower gas-liquid critical points, and it was decided to
examine the phase behaviour of poly(acrylic acid) in
1,4-dioxane more closely.

EXPERIMENTAL DETAILS

Materials

Poly(acrylic acid) samples were obtained from Poly-
sciences as aqueous solutions, with the exception of
PAA20 and PAA17, which were supplied by Allied
Colloids and ICI Mond Division, respectively. The
polymers were isolated either by freeze-drying the aqueous
solutions or by casting and drying films.

Molecular-weight measurements

Number-average molecular weights (M) were deter-
mined either by vapour-pressure osmometry at 328 K
(samples PAA2, PAAS, PAA17, PAA20) or by membrane
osmometry (samples PAAS0, PAA90, PAA150, PAA300),
using dry 1,4-dioxane as solvent. The values are collected
in Table 1.

Solvents

1,4-Dioxane was refluxed for 2 h over calcium hydride
followed by fractional distillation. The purified solvent
was then stored over sodium wire prior to use and the
water content, as determined by the Karl-Fisher method,
gave consistent results of less than 0.1% water from
different batches of solvent dried in this way.

Phase boundary measurements

Polymer solutions, of various concentrations, were
prepared in situ in glass tubes (3mm i.d.) using 0.3 cm?
of dry dioxane. The polymer was introduced into the
tubes as strips of thin film and weighed, then solvent was
added.

The tubes were sealed under vacuum, taking care to
leave a vapour space above the solution. The tubes were
then heated in a water bath for temperatures up to 353K,
and in a silicone oil bath for higher temperatures, at a
rate of approximately 0.5 K min ~'. Phase separation was
observed visually and this could be assisted by watching
for the ‘blurring’ of the image of a copper wire placed
behind each tube. After initial phase separation had taken
place, heating was continued with agitation of the tubes
to assist any redissolution process. Phase separation
temperatures were also observed, during cooling cycles.

Critical-point determination

Critical points at the quasi-LCST phase boundary
were determined for several samples using the phase
volume ratio method described by Koningsveld'é. Several
concentrations of polymer solution were prepared in

Table 1 Number-average molecular weights for poly(acrylic acid)
samples

1074M, 107*M,,
Sample (v.p.0.) Sample (osmotic pressure)
PAA2 0.164 PAAS5SO 2.57
PAAS 0.291 PAASO 10.50
PAA17 0.970 PAA150 15.80
PAA20 1.600 PAA300 26.20
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sealed tubes as for the phase separation studies and
immersed in a thermostatted bath controlled for several
different temperatures (T) above the temperature of the
phase separation boundary (T,). The solutions precipitate
at these temperatures and the two phases were then
allowed to separate completely; this usually took between
1 and 2h. The relative volumes of each were then
estimated from the heights of the dilute (/;) and the
concentrated (/,) phases and the ratio r=(I,/I.) was then
plotted as a function of (T—T,) for each concentration
studied. The critical concentration C* can then be
determined for the conditions r=1 and (T —T,)=0. For
concentrations above and below the critical concen-
tration, the value of r tends to infinity and zero
respectively as (T —T,) tends towards zero.

Microcalorimetry
The heats of dilution (AH,) of poly(acrylic acid) and

a model compound, propionic acid, were measured in
1,4-dioxane using an LKB 10700-2 batch calorimeter.
The heat of dilution is related to the final volume fraction
¢, of solute when An moles of solvent are added to a
solution of initial solute volume fraction ¢,, i.e. AH =
RTyyp,0, An, where xy is the enthalpy component of
the interaction parameter y; then yy is equivalent to x,
the enthalpy of dilution parameter pertaining to the
Flory—Krigbaum dilute-solution theory.

Laser Raman spectroscopy

Spectra were measured using a Spex Ramalog RSM
spectrometer using a coherent CR6 argon-ion laser
(514.5nm). Solutions of PAA17 and PAAS0 (concen-
trations 3.29%) in dioxane were contained in thin-walled
capillary cells and were studied in the temperature range
295-353 K. Propionic acid solutions in dioxane were
examined at solution concentrations of 20%.

RESULTS

Phase equilibria

Phase separation temperatures were determined for
each sample over a wide range of concentrations of up
to 40% (wt/vol). No phase separation could be located
in solutions of sample PAA2. For the other samples
studied, three phase separation boundaries were located
with increasing temperature, with the exception of sample
PAAS, which displayed only one lower critical phase
boundary as shown in Figure 1a. The phase diagrams
for the remaining samples are drawn in Figures 1b-f,
showing that the gross features are common to each
sample. When the temperature is increased from ambient,
a quasi-LCST is located close to or below the boiling
point of dioxane (374K), and if the minimum phase
separation temperature T, of this lower critical cloud-
point curve is taken as a reference then the quasi-LCST
is seen to decrease generally with increasing molecular
weight of the polymer.

Critical concentrations C* for the quasi-LCST boun-
daries were determined by the Koningsveld phase volume
ratio method and these values of T, are listed for
comparison with T, in Table 2. Generally T, is higher
than T,,, which may reflect the sample polydispersity,
and it also shows less evidence of any dependence on
sample molecular weight.

On increasing the temperature further, the polymer
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Figure 1 Phase boundaries for poly(acrylic acid) samples in dry dioxane: (a) PAAS; (b) PAA17; (¢) PAA20; (d) PAAS50; (e) PAA9O; (f) PAA150

Table 2 Phase separation temperatures at the minimum (T,,,) of the quasi-LCST cloud-point curve, and at the critical concentration (7). Also
values of the UCST and LCST at solution concentration of approximately 2%

Quasi-LCST Critical
concentration C*, UCST LCST

Sample Tom (K) T. (K) (g/100cm?) (K) (K) AT
PAAS 427 - - - -

PAA17 378 - - 417 456 39
PAA20 374 - - 422 456 34
PAASO 319 331 10.51 426 458 32
PAA9O 319 330 8.28 427 450 23
PAALS0 318 329 823 401 421 20
PAA300 303 308 7.02 379 394 15

redissolves and passes through an upper critical phase
boundary, at temperatures near to the boiling point of
the solvent. This is followed by a region of miscibility
before the solution again undergoes phase separation.
This latter phase separation point has all the character-
istics of a conventional LCST observed in a non-polar
system. It is difficult to be precise about the critical

temperatures for these upper and lower critical boundaries,
and an arbitrary solution concentration of 2% was used
to derive the temperatures collected in Table 2. From
these data the LCST values show the expected trend with
molecular weight, but this is not the case for the UCST
values. The latter increase with M, as expected up
to M,~10° but then decrease for samples with higher
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Figure 2 Lower, upper and quasi-lower solution temperatures as a
function of molecular weight showing the general phase boundary
trends. Shaded areas are two-phase regions
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Figure 3 Schultz—Flory plot of quasi-LCSTs for poly(acrylic acid)-
dioxane solutions, using equation (1)

molecular weights. Comparison of the change in the
miscibility range, AT, between these two boundaries
shows that this decreases with rise in M, as might be
expected.

The concentration range over which the upper misci-
bility region extends also varies with the sample: for
PAA17, PAA20, PAA150 and PAA300 it is limited to
concentrations <20%, whereas for PAA50 and PAA90
there was no closing of the miscibility range, which
remained open up to ~40% concentration. It is not
obvious why these differences should be observed. The
only apparent trend in this region was an increase in the
miscibility range on moving from PAA17 to PAA90, but
a decrease was noted thereafter for PAA150 and PAA300.
These general features are summarized in Figure 2.

Lower theta temperature

Stable solutions were obtained at temperatures below
the quasi-LCST boundaries. A theta temperature of
0=303 K was reported!! for poly(acrylic acid) in dioxane
(containing ~2% water) and it is of interest to determine
whether a theta temperature might exist for the system
when the dioxane is dry.

Phase separation temperatures T, were extrapolated
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according to the Flory-Krigbaum equation:

1 1 1 1 1
ﬁa[”wl(ﬁmﬂ ®

where x is the degree of polymerization and , is the
entropy of dilution parameter. If the values of T, for
the quasi-LCST boundary are used in equation (1), the
data extrapolate to §=290K and give a limiting value
of Yy, = —0.26 (see Figure 3). This plot has a pronounced
curvature, which places some doubt on the validity of
applying equation (1) to polar systems. The original
derivation was based on the solution behaviour of
non-polar polymer solutions at the UCST and may not
apply to the polar solutions studied here. The same
procedure has not been applied to the other critical
boundaries because of the uncertainty concerning the
appropriate phase separation temperature to use. The
entropy of dilution parameter is seen to be negative at
the quasi-LCST but, as relatively little is understood
about this region, an attempt was made to obtain more
information on the thermodynamic characteristics of the
solutions by measuring heats of dilution.

Heats of dilution

The solubility of a polymer in a liquid is governed by
the free energy of mixing, determined by the interplay of
the enthalpy and entropy contributions. The heat of
mixing of a polymer in a solvent is difficult to measure
accurately and the enthalpy of dilution is more commonly
estimated. This is expressed conveniently as the integral
heat of dilution AH,; where:

AHy=RTop,9, Anyy (2)

Here ¢, and ¢, are the volume fractions of the polymer
in solution before and after dilution respectively, An is
the number of moles of solvent added and yj is the
apparent enthalpy parameter defined by:

An=X1+ 120+ 239" 3)
or by the approximation:
X =X1+ 1201+ 9,)/2 )

If there is no concentration dependence of y; then it
is equivalent to the Flory enthalpy of dilution parameter
K, and:

(x—0.5)=r,—¥, ©)

where y is the interaction parameter characterizing
near-neighbour interactions.

Propionic acid—dioxane solutions

A model compound was studied first and propionic
acid was selected as a suitable analogue for poly(acrylic
acid). The heat of mixing for propionic acid with dioxane
has been determined by Wilhelm et al.!'”, who showed
that it was endothermic at 298 K over the complete range
of concentration. This was confirmed in the present work,
during which it was also found that for measurements
made at 304, 308 and 312K the heat of mixing became
less endothermic with rise in temperature. The heats of
dilution and the corresponding y, were estimated at
298 K and the results are summarized in Figures 4a and
4b. The heat of dilution is endothermic and y is a linear
function of (¢, + ¢,)/2 with a negative slope and intercept
Xl = + 6.5
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Figure 4 (a) Enthalpy of dilution plotted according to equation (2)
for propionic acid mixed with dioxane. (b) Corresponding y, values
treated according to equation (4)
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Figure 5 Raman spectra for (a) propionic acid mixed with dioxane
(20% w/v solution of the acid) and (b) pure propionic acid

The Raman spectrum of pure liquid propionic acid
was measured, and shows a symmetrical carbonyl
stretching frequency peak at 1659 cm ™!, which has been
interpreted as being due to a hydrogen-bonded dimeric
species!®,

When the acid is diluted with dioxane at 298 K a new
peak appears at 1740 cm ™! arising from a non-hydrogen-
bonded species'® while the peak at 1659 cm ™! weakens,
as shown in Figure 5. As the temperature is increased,
the intensity of the peak due to the dimeric species
diminishes steadily, indicating further disruption of the
hydrogen-bonded species to form free molecules. Thus
dilution of the propionic acid with dioxane breaks up
the hydrogen-bonded dimers in the acid, resulting in an
endothermic heat of mixing and dilution. The observed
decrease in the heat of mixing with increasing tempera-
ture must then be due to the reduction in the concentration
of acid dimers as the temperature is raised.

Poly(acrylic acid)y-dioxane

The heats of dilution (AH,) and the corresponding y
parameters determined for PAA150 in dioxane are shown
in Figures 6a and 6b to provide some indication of the
errors in the data. Similar plots for PAASO are presented
in Figures 7a and 7b, where for clarity only the smoothed
curves through the data obtained at several temperatures
are drawn to illustrate the trends. The heat of dilution
is endothermic at all the temperatures studied but there
is no consistent trend in AH,4 observable with change in
temperature. Extrapolation of yxj to infinite dilution gave
similar values for both PAASO and PAA150, reflecting
the similarities in phase behaviour. The plots were
curved, however, indicating a more compiex concentration
dependence of the y; parameter than for the propionic
acid.

The laser Raman spectrum was more difficult to
measure because of local overheating tendencies during
the measurements, but four peaks could be identified for
PAASO in dioxane at 1639, 1658, 1690 and 1730cm ™!,
Using the interpretations for propionic acid and poly-
(methacrylic acid)?®, the 1658 and 1639cm™! absorp-
tions arise from inter- and intramolecular hydrogen
bonding, respectively, in the poly(acrylic acid), 1730cm ™!
represents the unbonded species and 1690cm ™! may
come from possible interactions with dioxane. A study
of PAA17 at several temperatures between 295 and 353 K
indicated a general increase in the intensity of the peak
at 1720cm~! (equivalent to 1730cm™' in PAAS0),
suggesting that there is a decrease in hydrogen bonding
with increase in temperature.
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Figure 6 (a) Enthalpy of dilution data for poly(acrylic acid) in
dioxane. (b) Corresponding values of y derived from these data for
sample PAA150. Error bars are included to give an indication of the
expected accuracy
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Figure 7 (a) Enthalpy of dilution for PAAS50 in dioxane measured at
several temperatures. (b) Corresponding tends in j derived from these
data. Smoothed curves have been used to avoid confusion of data points

DISCUSSION

Poly(acrylic acid) dissolves in dioxane at room tempera-
ture to form stable homogeneous solutions. From the
observed behaviour it is thought that the dissolution
process at room temperature involves the following series
of steps. Addition of dioxane to the polymer first solvates
it by disrupting some of the inter- and intra-hydrogen
bonding between the carboxylic acid groups in the
poly(acrylic acid), and some new solvent—polymer specific
bonding sites are formed together with unbound carbonyl
groups. The laser Raman data support this hypothesis,
and in a recent publication®! it was demonstrated that
stable complexes are formed between poly(acrylic acid)
and poly(vinyl methyl ether). Complex formation was a
consequence of the formation of a substantial number of
hydrogen bonds between the ether oxygen of poly(vinyl
methyl ether) and the carboxyl group of the poly(acrylic
acid). Thus the competitive interaction of dioxane with
the hydrogen-bonding sites on poly(acrylic acid) is not
an unreasonable postulate and will produce a solvated
polymer with many of the polar sites negated, thereby
producing an essentially non-polar coil. Further dilution
by solvent will involve normal dispersion forces and a
positive heat of dilution is consistent with this model if
the non-polar interactions outweigh the specific polar
ones, as seems highly likely in this system.

The negative entropy of dilution term estimated from
equation (1) is not what one would expect on the basis
of the arguments presented and there is some doubt as
to the validity of using this method of analysis for a
system in which specific solvent—polymer interactions
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may be present. However, the parameter is derived from
phase separation temperature data and as such may refer
only to the boundary conditions. The thermodynamic
behaviour below these boundaries may change and so
interpretation of this parameter must be regarded with
caution in this system.

As the temperature is increased the hydrogen-bonding
interactions will tend to weaken and the balance of
lyophobic interactions will change. Eventually domination
of the solution behaviour by the unfavourable dispersion
forces, as the ratio of lyophilic to lyophobic inter-
actions decreases, will lead to phase separation and the
appearance of a quasi-LCST.

On heating the system further, the unfavourable
enthalpy term will become less and is eventually offset
by the favourable entropy of mixing term, thereby
encouraging the redissolution of the polymer.

This is shown by the existence of an upper critical
phase boundary, and a second region of miscibility where
one-phase solutions are stable. Finally, at higher tem-
peratures, a lower critical solution temperature is observed
when the free-volume factors dominate and the differences
in expansivity between the polymer and the solvent are
too great to sustain a one-phase system, so that phase
separation again takes place.

Thus the reasons for phase separation occurring at this
higher LCST have different origins from those responsible
for phase separation in the quasi-LCST region and we
should distinguish between the two types. The LCST at
temperatures well above the solvent boiling point is
caused by differences in free volume between the two
components, whereas at the quasi-LCST, observed below
the solvent boiling point, phase separation is more likely
caused by disruption of specific, polar, solvent—polymer
interactions, which are thermally labile. In aqueous
systems, the LCST behaviour is also observed at
temperatures well below the boiling point of water and
has been explained as a manifestation of hydrophobic
interactions. The behaviour in aqueous solutions is
then dependent on a balance between intercomponent
hydrogen bonding and hydrophobic hydration and is
associated with changes in the structure of water itself.
As such this may lead to differences in the thermodynamic
parameters when compared with the present systems and
the behaviour observed here in dioxane solutions may
not be entirely analogous. A study of poly(acrylic acid)
in dioxane-water mixtures will be presented in a forth-
coming publication, which will highlight some of these
differences.
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