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Theory of Solvation-Induced Reentrant Phase Separation in Polymer Solutions
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A simple model of solvation is introduced to describe lower critical solution points in polymer solu-
tions. Our theory predicts that physical bond formation between polymer segments and solvents can be a
major cause of miscibility gaps showing a closed-loop or hourglass shape. Relative positions of upper
and lower critical solution points are examined for the various molecular weights of the polymer. The
result is compared with the observed phase diagram of polyethylene glycol in water.

PACS numbers: 64.70.—p, 64.75.+g, 81.30.Dz

In certain binary mixtures, lower critical solution
points (LCST) are often observed. Typical examples are
nicotine in water,' polyethylene glycol in water,?>™* and
ethylene-vinyl acetate (EVA) blends with chlorinated
polyethylene (CPE).> There is evidence that these solu-
tions contain a complex formed by molecules of different
species, and that the formation of the complex is caused
by a hydrogen bond.>™ The microscopical explanations
of these properties in small molecules have been reviewed
by Walker and Vause.” Recent experimental and
theoretical studies’ have also suggested that an interac-
tion of the hydrogen-bonding type prevails in EVA-CPE
blends.

In this paper we examine a possible mechanism for the
appearance of LCST in polymer solutions from a molec-
ular point of view. The current understanding of the
phase behavior in polymer solutions is based on the co-
occurrence of solvation (hydration) and phase separation
on the temperature-concentration plane. Our theory pre-
dicts that a physical bond formation between polymer
segments and solvents causes peculiar types of phase sep-
aration, such as a closed-loop shape and an hourglass
shape. The result is compared with the observed phase
diagram for polyethylene glycol in water.*

When molecules form hydrogen bonds, the solution
contains polydisperse molecular aggregates. It has been
reported that the polydispersity is an important factor in
associating liquids,® including micellar solutions'® and
physical gels.!" The theoretical understanding of these
solutions must incorporate the size distributions of such
aggregates, strongly dependent on concentration and
temperature. We consider here the polydisperse
polymer-solvent complexes formed by hydrogen bonds.

Consider a binary mixture of polymer and solvent.
Each polymer chain is assumed to carry f identical func-
tional groups which do not interact with each other but
are capable of forming physical bonds with the solvent
molecules by pairwise association. The bonding energy
considered here is on the order of the thermal energy, so
that bonding-unbonding equilibrium is easily established

by thermal activation. In thermal equilibrium, each
polymer chain is associated with a certain number of sol-
vent molecules. If m groups among f on a chain are
bonded with the solvents, we call them m cluster in the
following. We include a pure chain in the case of m=0.
To derive the population of such clusters, we now consid-
er the thermodynamics of the system.

The free energy of our system can be constructed by
the sum of the two terms, F=F,+AF ., each required
in two different steps starting from the reference state
where pure solvent and pure polymer molecules are
prepared separately. The first term F e, is the free ener-
gy of the quasireference state where the clusters and the
unbonded free solvents are prepared separately. It is
written as Frea =Noud+ XNm+1u9+1 in terms of the
chemical potential u2+, of a single isolated m cluster,
where N, + is the number of m clusters and V¢ the un-
bonded free solvent molecules. The second term AF
describes the free-energy change required in the process
of mixing the thus constructed clusters with the free sol-
vents. According to the lattice theory of Flory-Hug-
gins,'? the free energy AF . is given by

’
ﬁAFm|x=NI ¢01n¢0+ Z —¢,:_—+nl1‘n¢m+l+l¢(l _¢) )
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where ¢¢ is the volume fraction of the free solvent mole-
cules, ¢, is that of the unbonded polymer, ¢, +
(m=1,2,...,f) is that of the m clusters, B=1/kpT, N,
is the total number of lattice cells in the system, n is the
number of segments on a polymer, and y is the solvent-
solute interaction parameter. The total volume fraction
o of the polymer is given by ¢ =X [n/(n +m)1¢, +:. For
binary systems, we have ¢o+ X¢,,+1 =1 by definition.

In thermal equilibrium, each molecule is in chemical
equilibrium through bonding and unbonding processes.
The multiple chemical equilibria conditions® are given by

U1 =m1+muy (m=0,1,2,...,f), 2)
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where po=0F/dN, is the chemical potential of the free
solvent, u,,+) =0F/ON,, +, is that of the m cluster, and
11 =09F/dN, is that of the unbonded polymer. Explicitly
we have

Buo=pBud+Ingo+1— + 102, (3a)

¢0+£
n

o

Bl-lm-H =ﬂ,ur?:+l+ln¢m+l+l_(n+m) ¢0+';;

+ny (3b)

(1—¢)2+ 2
n

Substituting Eq. (3) into Eq. (2) we have ¢+
=K,n0108' for the volume fraction of m clusters, where
the association constant K, is expressed as K,
=exp(m —A,,) in terms of the free-energy difference
A,, which is defined by A, =pud+ —ud—muf).
Splitting the free-energy change A, into the entropy AS
and the enthalpy AH terms, we have A,, =B(AH — TAS).
The entropy change AS consists of two parts:
AS =AS.om+AS4is. The combinatorial entropy AScon is
given by AScom =kgInW,,, where W,, is the number of
ways to select m functional groups out of f on a chain,
and is given by the binomial coefficient. We then have

| @

A com= -
S k”'“[m!(f—m)!

The configurational entropy change ASgs for an m-
cluster formation is given by AS4s=S(n,m)—S(n,0)
—mS(1,0), where S(n,m) is the configurational entro-
py of a single m cluster whose segment number is n +m.
By the use of “‘entropy of disorientation,”'? S(n,m) is
given by

m+m)z(z—1)"tm"2

cexpn+m—1) v

S(n,m)=kgln , (%)

where z is the coordination number of a quasilattice, o is
the symmetry number of the cluster, and w is a constant
giving the statistical weight whose logarithm is the local
entropy change for a bond formation. Using Eq. (5),
AS gis 1s expressed as

AS4s=kgln

n+m 16"] ’
n

where Ao=c(z—1)?w/ze is a parameter related to the
local entropy change® for a single bond formation. The
energy change AH is given by AH = —mAg, where Ag
(> 0) is the energy required for a bond formation. Sub-
stituting the above results into A,,, we find the associa-
tion constant K, is given by

!
m!(f—m)!

where A(T) is defined by A(T) =% exp(BAe).

_n+m

Km - n l(T)"' s (6)
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By the normalization condition together with multiple
equilibria, the volume fraction ¢ of the free solvents is
given as a function of ¢ and A(T):

po=MA—1—Q0+P)ro+D(9)]/21, 7
where P=f/n and
D@)=lA—1—U+P)rol +4r(1 —9) .

When P=0, we have ¢o=1—¢.

In the following we consider the equilibrium solution
properties. It is convenient to consider the free energy
per lattice cell: f,=F/N,.

The spinodal line is obtained '* from sz,,/3¢2=0, or
equivalently from duo/d¢ =0. This leads to

doo

1 ¢o— 1
—+
do

ne Po¢

The condition for the two phases to be in thermal
equilibrium is given by uo(¢') =uo(¢") and u,, + (")
=u,,+1(¢") for m=0,1,2,...,f. Because of the multi-
ple equilibria conditions u,, +; =u,+mug, however, the
coexistence curves (binodals) of the phase equilibrium
are derived by the coupled equations po(¢') =puo(¢") and
u1(¢")=p,(¢"), where ¢’ and ¢" are the polymer concen-
trations in the higher and the lower concentration
phases, respectively.

The osmotic pressure m is related to the solvent’s
chemical potential by zrﬂa3=—ﬁAu0, where Auo=po
—ud. In the dilute regime we can expand ¢g in powers
of the concentration ¢. Substitution of it into Aug yields
the dimensionless second virial coefficient in a simple
form:

A=+ —{x—nU+n/2)}, )

—2x=0. (8)

where n=PA/(L+1). The parameter y is always positive
and increases with temperature decrease.'? As A(T) is
always positive, the effect of solvation reduces the net in-
teraction between the two components. The number-
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FIG. 1. Second virial coefficient A4, against the reduced
temperature r. The entropy parameter Ao is varied from curve
to curve.
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average cluster size {m), which also equals the average
number of solvent molecules bonded on the polymer, is
given by (m)=XmN,,+ /XN, +,. Hence we have {(m)
=fx/(1+x), where x is defined as x =A¢.

For the numerical calculation we introduce the re-
duced temperature t by the definition 7=1—6y/T,
where Oy is the unperturbed theta temperature which
satisfies an equation y(©g) = +. In terms of r, the y pa-

gl Ag=0005

FIG. 2. Phase diagrams on the temperature-concentration
plane. The solid (dashed) curves correspond to the binodal
(spinodal) curves. See text for details.

rameter and A(7) can be expressed as z=% —y,7 and
A7) =roexply(1 — )], respectively, where y=Ae/kpO,.
We then have five parameters characterizing the system:
functionality f of a polymer, number n of the statistical
units on a polymer chain, entropy parameter A for a sin-
gle bond formation, dimensionless bonding energy 7, and
unperturbed polymer-solvent interaction .

Figure 1 shows the second virial coefficient 4, plotted
against the reduced temperature z. We have fixed P=1,
v, =1, and y=3.5 for a typical example. The entropy
parameter Ag is varied from curve to curve. The temper-
ature for which 4, =0 is the © temperature. The region
where A, <0 corresponds to a poor solvent condition and
the region where 4,>0 to a good solvent condition.
The second virial coefficient exhibits a maximum and a
minimum as a function of the temperature. Since the
curve for Ao =0.003 has three © temperatures, a closed-
loop coexistence curve appears in the poor solvent region
at the higher-temperature side, as shown in Fig. 2(b).

Figure 2 shows the phase diagrams on the tem-
perature-concentration plane. The entropy parameter Ag
is changed from Fig. 2(a) to Fig. 2(c). The segment
number 7 is varied from curve to curve. The critical
solution points are indicated by the open circles. The
solid (dashed) curves correspond to the binodal (spino-
dal) curves. The temperature of the maximum of each
coexistence curve corresponds to the upper critical solu-
tion temperature (UCST) and the temperature of it is
minimum to the lower critical solution temperature
(LCST). As shown in Fig. 2(a) we have, for lower
molecular weights, closed-loop coexistence curves (CLC)
showing a UCST and a LCST, and the lower coexistence
curves showing a UCST. For larger values of the seg-
ment number n, we have an hourglass shape of the phase
diagram such as observed for polyethylene glycol in ¢-
butyl acetate. ' Figure 2(b) shows the phase diagram for
A0=0.003. As the segment number n increases, the
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FIG. 3. Comparison of the theoretical calculation with the
observed phase diagram for polyethylene glycol (PEO) in wa-
ter.

343



VOLUME 65, NUMBER 3

PHYSICAL REVIEW LETTERS

16 JULY 1990

PEO/water

«m/n

0 A
50 150 250
TleC]
FIG. 4. Average number (m) of the solvent molecules (wa-
ter) bonded to a polymer chain (PEO) shown against the tem-
perature.

LCST of the CLC is lowered, while the UCST of the
CLC and of the lower coexistence curves are raised. The
hourglass phase diagram, however, does not appear since
we have three © temperatures. The CLC is absent for
n=100. As the entropy parameter Ao increases further,
the CLC disappears as shown in Fig. 2(c), and we have
the coexistence curves with the UCST only. These phase
diagrams appear as the results of the co-occurrence of
solvation and phase separation.

Figure 3 shows the comparison of the theoretical cal-
culation with the observed phase diagram for poly-
ethylene glycol (PEO) in water.* The number-average
molecular weights of the PEO were estimated* to be
2170-10%10°% open circles, 2180; solid circles, 2270;
open triangles, 2290; solid triangles, 8000; vertical half-
filled circles, 14.4x10% horizontal half-filled circles,
21.2%x10°% open squares, 1020x10°. The solid curves
show the calculated binodals. The segment number n in
our numerical calculation is varied from curve to curve.
The following values of the parameters are used to fit the
experimental data: y, =1, ©,=730 K, y=6, P=1, and
A0=1.66x10""°. The fit of theoretical curves to the ex-
perimental data is very good.

Figure 4 shows the average solvation number (m)
versus the temperature. The volume fraction of PEO is
varied from curve to curve. Near the LCST, the value of
(m) rapidly decreases with increasing temperature.
These analyses demonstrate that the hydrogen bond for-
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mation between the ether oxygen molecules of PEO and
water molecules causes the LCST. When temperature is
increased, the hydrogen bonds break and water becomes
a poorer solvent for the polymer.®

In conclusion, a simple theory presented here can de-
scribe the lower critical solution point as the results of
the co-occurrence of solvation and phase separation. The
mixing entropy produced by solvation is the main cause
of the LCST. The concept of solvation (hydration) is of
central importance in other aqueous polymer solutions,
and also in nonionic surfactants’ and nonionic gels'* in
water.
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