Macromolecule2006, 39, 8153-8162 8153

Pressure-Controlled Thermoreversible Gelation

Yukinori Okada and Fumihiko Tanaka*

Department of Polymer Chemistry, Graduate School of Engineering, Kyoteetsitly, Katsura,
Kyoto 615-8510, Japan

Receied January 26, 2006; Resed Manuscript Receeéd August 26, 2006

ABSTRACT: The effect of vapor pressure on the thermoreversible gelation in polycondensation reactions is
theoretically studied on the basis of the lattice theory of polymer solutions combined with the conventional Flory
Stockmayer theory of gelation. In polycondensation systems, concentration of the produced three-dimensional
branched polymers in the reaction bath changes as reaction proceeds due to the byproduct of the solvent molecules,
such as water, alcohol, etc., and hence it is not a controllable parameter. We calculate the polymer concentration
as a function of temperature and vapor pressure of the solvent, and we study how sol/gel transition interferes
with macroscopic phase separation in such reactive solutions. We find a new reentrant sol phase at high pressure
that is brought by a strong backward reaction. The thermodynamic conditions to reach the gel point without
phase separation are found. Gel point can be reached even for reactions in closed vessels where pressure changes
under a constant volume. The pressti@mperature phase diagrams for closed systems showing sol/gel transition
lines and phase separation lines are derived.

1. Introduction In contrast, in polycondensation of multifunctional monomers,

In polycondensation reactions, such as polyesterification from '€action easily reaches the gel point because the conversion at
carboxylic acids and alcohols, polyamidation from carboxylic the gel point is roughly estimated to be
acids and amines, water molecules split during the reaction are
immediately removed to prevent backward reaction and to reach a=1/(f—-1) (1.4)
high conversion with high molecular weight linear polyméts.
The condensation reaction is basically reversible, and hence wherefis the functionality of the monomer, i.e., the number of
backward reaction takes place when there is excess waterfunctional groups carried by a mononte¥? For example, it is
Consider, for instance, a condensation reaction of the type  0.33 for tetrafunctional monomers. In such a polycondensation
reaction of multifunctional monomers, the water molecules
—A+B—=-AB—-+H),0 (1.1) should not necessarily be removed from the reaction bath, but
instead, the system can be brought to the gel point by controlling
where A and B are functional groups. If we assume a complete the vapor pressure of water. In fact, in some extreme cases as

reaction equilibrium, we have the condition seen in polycondensation of tetraethoxysilane (TEOS) in water

and alcohol, gelation can be observed even in a closed Vessel.

[—AB—][H,Ol[—Al(1 — a,)[B—1(1 — o) = A(T) The purpose of the present paper is to theoretically study
1.2) thermodynamics of multifunctional polycondensation and to find

the condition to bring the system to the gel point by changing

where -FAB—] is the molar concentration of the-AB bonds, the vapor pressure of water with or without phase separation.

[H20] is the molar concentration of watexa andag are the In the conventional statistical theories of polycondensdtfeh,

conversions of A and B functional groups, ai(ll) is the  the effect of eliminant molecules have not been explicitly taken
equilibrium constant. For an equimolar reaction wher&] = into consideration. The molecular weight distribution, its

[B—] holds, we have the same conversion = o, Which we averages, and the condition for gelation were studied as

write aso.. From the equilibrium condition (1.2), the conversion fynctions of the conversion under the condition of simple
o is approximately given by =~ 1 — 1/v/h, and the average  bond formation between functional groups. In a series of our
degreeX[of polymerization, both number- and weight-average, preceding studie%,;? we have studied thermoreversible gelation

is given byX[(= 1/h, where of reactive solutions with the temperature and concentration as
controllable parameters. In polycondensing systems in open
h=[H,0)/A(T)y 1.3) vessels, the concentration of solute molecules is, however, not

a controllable parameter because of the evaporation of water
is an important dimensionless parameter to measure the effecimolecules. The main purpose of the present study is to find the
of waterl-2 Here,y is the molar concentration of the functional ~condition for the gel point in terms of the vapor pressure, and
groups. Hence, the concentration of water must be small, orto study the physico chemical nature of sol/gel transition
the reaction equilibrium constant must be large, to obtain long interfering with the phase separation.
chains. The parameten can be changed at will through The formation of cross-links with simultaneous solvent
experimental manipulation. Reaction is usually processed in anevaporation is the main processes that govern quality of a
open vessel, and water vapor is removed by the flow of inert majority of protective organic coating films. Thereby, the
gases. amount of evaporated solvent and increase in the conversion
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of reactive groups are interdependent. Formation of polymer
films by simultaneous cross-linking and solvent evaporation was P,
studied by combining the polymesolvent mixing free energy
with the elastic free energy of the networks due to sweflling.
The motivation of the present study is basically the same as . . .
this literature, but we focus more on the interference between v :
phase separation and thermoreversible gelation at reaction ety . " .
equilibrium, and attempt to find conditions for reaching the gel [ n Lt . e < s
. . . ) A
point without phase separation. We expect this problem to be|Ay « 4 H A YL Yy vy
. . . . . A & 3 Gl ‘*.('
important for the formation of homogeneous films. The kinetic YY A Ny Vo 1’1¢ e ||V
processes with time-dependent reaction will be reported in the "‘1'5 o
forthcoming paper. N

(@) (b)

2. Stoichiometric Definitions Figure 1. (a) Preparation of the polycondensing solution with the initial
. . . . volumeV, and vapor pressung, immediately after mixing. (b) Final
Consider polycondensing functional molecules A dissolved equilibrium state with a solution phase of volumand a gas phase at

in water. Letf be the number of functional groups (for example pressurep.
—OH) on an A molecule, and lat be the volume of an A
molecule measured relative to the molecular voluahef the
solvent molecule (kD). The present theory treats only the
extreme limit of complete hydrolysis. Ternary reactive system
of tetraalkoxysilanes in water and alcohol, Si(@R}O/ROH, GG GniG
popularly used in setgel processing? will be studied in the Q=N+ Z(I ~— DN+ AnPN” + anNl +n°N
forthcoming paper. We mix the numbed of primary A =1 =1 2.4)
molecules (referred to as A) with the numidéyof the solvent '
molecules, both in the standard reference state. The initial wherenG is the effective volume of an A molecule in the gel
volume of the solution isVo = (No + nN)a’. As reaction  npetwork andAn€ is the number of cross-links on it. The first
proceeds, the volume of the solution changes if the solvent is three terms gives the total number

allowed to evaporate. Léf be the volume of the solution at

equilibrium under the given temperatufe In what follows, N, =N, + Z(| — N, + ANRCNC (2.5)
we study our reactive solutions on the basis of the lattice theory

the gel point. LelN, be the number afmers, and IeNC be the
number of A molecules in the gel network, if it exists, in the
final equilibrium. The volume of the solution is then given by

of polymer solutior;1 13 so that the volume is measured in terms =1

of the total numbet2 of the lattice cells. Hence we ha¥g, = of water molecules in the solution. The volume fraction of the
No + nN for the initial volume, and? = V/a2 for the volume polymer in the sol part is given by

at final equilibrium. For reaction in a closed vessel, we have a

conditionQ = Q, but for reaction under a controlled pressure, ¢S = znlNl/Q (2.6)
the solvent molecules move between the solution phase and the ey

gas phase, and hence the volume of the solution changes (Figure
1). The volume fractionp of the polymers in the pressure- and that in the gel part is
controlled system changes as a function of the pressure and the

temperature, and is different from that of the initial solutibn ¢G = n®°N®/Q (2.7)
= nN/Qo.
We assume the reaction equilibrium The total volume fraction of the polymer is given by= ¢S +
¢C, and the volume fraction of water is
IA=A + AnHO (2.1)
o,=N/Q=1—¢ (2.8)

for polycondensation of A molecules, wheke, is the number
of water molecules produced when bmer is formed from
primary molecules by reaction. The volumeof the I-mer is
then given by

The gel fractiorw is defined by the ratig®/¢. The number of
water molecules moved from the solution to the gas phase is
given by

n=In—An (2.2) ANy = Qy(1 - ®) — Q1 - ¢) (2.9)

The numberAn, may change from the minimu— 1 (tree The total number of A molecules remains constant.

form) to fl/2 (complete reaction), but here we simply consider

tree forms only and neglect internal loops. We then employ the 3 Free Energy of the Reactive Solutions

classical theory of gelatioh3“ The effect of cycle formation

within polymers can be taken into consideration step by step  We apply lattice theory of associating solutibristo the

by the usual spanning-tree procedifrbut here we confine tree  present polycondensation system, and start from the free energy

statistics. We then havan, =1 — 1 and
BAF =N, In(1—¢) + ) N, Ing, + % (T RLp(1 — ¢)
n=In—(@-1) (2.3) v .Zl e
G
As reaction proceeds, the average molecular weight of the + ZAIN! TO(N” (3.1)
connected clusters grows, and eventually becomes infinite at 121
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wherefs = 1/kgT, x(T) is Flory’s interaction parameter, and is the number of monomers and clusters that possess center of
mass translational degree of freed®rh.
A= B — lus 3.2

(= Bl = lup) (3-2) 4. Equilibrium Polycondensation
is the free energy change in forming amer from the number In the final equilibrium state, reaction 2.1 reaches a chemical
| of separated primary molecules in the standard reference state€auilibrium, so that we have the condition
The volume fraction of thé-mers is given b

given by 1Ay = Ay + (1 = 1A, (4.1)
¢ =nN/Q (3.3)

Substituting the chemical potentials into this equilibrium condi-
tion, we find that the volume fraction of tHemers is given by
and its number density is given by
¢ =K 1oy 4.2)
v, =N/Q (3.4)
where

The last term in (3.1) describes the free energy of the gel _ = _ _

network in the postgel regime, whedéo) is the free energy Ki(9) = expl= A + (1 = DD — 29)] (4.3)
change per A molecule when it is connected to the gel. This js the equilibrium constant of the reaction, afds the volume

term is necessary as soon as the gel point is passed (in thgraction of the primary molecules that remain unreacted. In
postgel regime), because the macroscopic number of moleculesontrast to the simple association without production of the
(finite fractionw of the total number of molecules) belong to  ggvent molecules, the equilibrium constant depends on the
the gel part. However, how the postgel free energy has to be concentration through the interaction term with gaparameter.
approximated adequately is not a simple problem, and has beensych concentration dependence appears from the change in the
a matter of vivid controversies. Earlier papers by Veytsthan number of monomersolvent contacts during the reaction. It
and by Panayiotou et &t.neglected the gel fraction and studied  renormalizes the free energy of reactitn and leads to many

the hydrogen-bonding gelling polymers without the last term jnteresting new features. We can now rewrite (4.2) as
in the free energy. Later, Semenov and Rubindtestudied

gglation of polyfunctional molecules withqut taking into con- n(d)p = K,°[77(¢)¢1]' (4.4)
sideration the free energy of the gel fraction, and came to the

conclusion such that there is no singularity associated with whereKf= exp(~A)) is the “bare” (superscript) equilibrium
physical quantities. Erukhimovich et ® considered the effect  constant, and

of excessive loop formation, and reached the conclusion that

the sol/gel transition is a first-order phase transition. We n(p) = (1 — ¢) (4.5)
showed?® that there are several possible ways to treat the free . . ) .
energy from the gel fraction, and for theoretical study without IS & Néw important factor due to water production (denominator)
ambiguity, we need at least one unknown parameter specifying and to the change in the mixing enthalpy (numerator). We often

the relative probability of occurrence of intra- and intermolecular €ncounter the same factor when we consider adsorption of
reactions in the gel network molecules onto an attractive surface on which the nearest

. . . neighboring molecules interact with each other when adséed.
Quite recently, we studied the thermodynamic nature of the | \aa4s to an Ising model type phase transition. Here, we have
sol/gel tra_nS|g|on with a strong analogy to Besginstein a new phase transition driven by the combination of water
condensatiof? If we assume that the binding free eneryfy) roduction and the contact interaction between water and the
depends on the concentration, it corresponds to the smootheGnctional molecules. The conversion of functional groups
potential model of a BoseEinstein liquid studied in the  hecomes a nonmonotonic function of the concentration below
literature?! If it is a constant, it corresponds to the energy j certain critical temperature, so that we can find three possible
spectrum with a constant gapWe will, however, not discuss  y5jyes of the concentration for a given value of the conversion.
this subtle point here, and confine the present study to the pregel  The part due to the change in the number of molecular contact
regime and the gel point. Hence, in what follows, we assume can he seen as follows. Consider the mixing enthalpy
NC = 0 and discard the last term in the free energy.
We can find the chemical potential for each component by AL HIKgT = X(T)Nwzn,N,/Q (4.6)
taking derivatives of the free energy with respect to the I>1
corresponding number of molecules. We find
in the free energy (3.1), and find its change whenlaft m)-
BAm,=¢+In(1—¢) — v+ X¢2 (3.5) mer is produced as a result of the reaction betweehraer
and anm-mer. The numbeN, andNy, both decrease by 1, and
the numbeN,;n, increases by 1, resulting in the volume change
N+m — N — Nm. The numbeN,, of water increases by 1. This
gives the chang@nmixH/keT = —x(1 — 2¢) per single bond,
BAw =1+ A +1Ingy — (1 — ¢ +v) + yn(1 — ¢)? and hence the reaction free energy is renormalized oo
(3.6) A — (I — L)x(1 — 2¢) due to the contact interaction.
To find the bare part of the equilibrium constant, we now
for anl-mer, where split the reaction free energy into three parts: combinatorial,
conformational, and bonding terms As= Acomb 4 A conf
V= Zv, 3.7) A*°"d To find the combinatorial part, all clusters are assumed
= to take tree forms. Cycle formation within a cluster is neglecggv

for the water, and
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We consider the entropy change on combiningdentical
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Similarly, the total volume fractio of the clusters at final

f-functional molecules to form a single Cayley tree. The classical equilibrium is given by

tree statisticsgives ASo™° = kgln[f'w|], where

(fl — 1!

PIENE =2 + 2)! (.7)

is Stockmayer’s combinatorial factor. The free energy is given

by Alcombz _ Ascomqu_

For the conformational free energy, we employ the lattice

theoretical entropy of disorientati&h

(m—wj
e

Siis(n) = kgIn (4.8)

for a chain consisting af statistical units, wheré is the lattice
coordination numbekr the symmetry number of the chain. We
then find

A conf _ _ [( (g_ )Z)l l]
ST = Sl = 194s(0) = kgln| (7 Il (4.9)

with most probablys = 1.
Finally, the free energy of bonding is given by
APM= (1 — 1)BAT, (4.10)
because there afte— 1 bonds in a tree of molecules, where
Afq is the free energy change on forming a bond.
Combining all results together, we find

f —
e= T (M0) (4.11)
for the equilibrium constant, where
AT) = [0(C — 1)’ICelexpt-pAf) (4.12)

is the association constant.
Collecting all results together, we find that the numbeof

I-mers in a unit volume of the solution obeys the distribution

law
AMn(@)v, = o, X (4.13)
where

x = (fAM)/n)n (@), (4.14)

is the number of functional groups on the A molecules that

remain unreacted, with the renormalization faopp) arising

from solvent production during reaction. The volume fraction

of thel-mers is then given by
with n =In -1 + 1.

5. Reactivity and the Average Molecular Weight

Let us first consider the pregel regime where there is no

infinite cluster. We take the sum of (4.13) over all sides
and find that the total number of monomers and clusters is
given by

AMn(P)y = S(X) (6.1

AMn(@)¢ = (n — DS + ()

These are written in terms of the moments of Stockmayer’'s
distribution function defined by

(5.2)

S(X¥) = ZI X (k=0,1,2..) (5.3)
I=1
If we define a parametex by the equation
x=o(l—a)? (5.4)

we can express these moments explicitly in termswofor
instance

S = o1 — fo2)f(1 — )? (5.5a)
S(¥) = o/f(1 — a)? (5.5b)
S(¥) = a1+ a)f[l — (f— 1)o(1 — a)®> (5.5¢)

To see the physical meaning®flet us calculate the probability
for a randomly chosen functional group to be associated. Since
an |-mer carries the total dl groups, among which R 1)
are associated, the probability of association (extent of reaction)
is given by
2[S,(x) — SMVS,(%) (5.6)
by using the number distribution function (4.13). This agrees
with a, and hence, we find that in fact gives the conversion,
or the extent of reaction.
By usinga, eq 5.2 can be written as

AMn@)¢ = a(l — {21 —a)f  (5.7)
wheref; = f/nis the number of functional groups per monomer
unit on a primary molecule. This condition connects the
conversion with the polymer volume fraction. Similarly, the
number of clusters is given by

v=(1—fa/2)p/[n(1 — f,0/2)] (5.8)
Since an-mer contains the numbéof A molecules, the total
number of A molecules in the solution is given @p |v, which
must be equal to the numblr= ®Qy/n of A molecules mixed
when the solution is prepared. Hence we have
QIQ,

=(n—1+n/l)P/ng (5.9)

where
(5.10)

I,= Z|V|/ZV|

is the nominal number-average molecular weight of the clusters.
Similarly, we define

I, = zwl/zwl

for the nominal weight-average molecular weight. Theseéalrﬁ/

(5.11)
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different from the true ones stage. But for reactive solutions treated here, the concentration
is not directly controllable. Instead, we take the vapor pressure
L] = Znw /2y, (5.12a)  as a controlling parameter, and try to find how to bring the
2 solution to the gel point without phase separation. We therefore
[y [, = Zn"v/Znp, (5.12b) solve eq 6.5 with respect to the conversion and the concentration

for a given pressure and temperature, with the help of the
equilibrium condition (eq 6.1).

The gel point can be found from the conventional condition
for the weight-average molecular weidhi} to become infinite.
QIQ, = (1 — f,a/2)dl¢ (5.13) Ir';];scrzspcmgrgolapion ppint where the Iargest. cluster_growg to

pic dimensions and spans the entire solution. Simple
calculation givesx = 1/(f — 1) = a* as in the classical Flory
Stockmayer theory. We then find from eq 6.1 that the
concentratio* of the solution at the gel point is given by the

ANYNy =1 — (1 — f,a/2)d(1 — ¢)/p(1 — D) condition

(5.14)
AMEn(@*)¢* = (F— DL — f/2(F — D) — 2)° 6

which are observed in the experiments. Since we hawel/(1
— fa/2) andly, = (1 + o)/[1 — (f — 1)a] in terms of the
conversion, we find

The total number (eq 2.9) of evaporated solvent molecules is
given by

For a closed system, we have a constant volume of the solution
Q = Qq, and hence

6)

This equation must be compared with our previous result
¢=(1-f/2)® (5.15)  A(Mfg* = (f — 1)/(f — 2)? for simple pairwise association of
polyfunctional molecules without solvent production during
As reaction proceeds, the volume fraction of the A molecules reactionf The effect of solvent evaporation appears mainly in
monotonically decreases due to the solvent production. the factom(¢*). Since it is a nonmonotonic function gf when
x > 2, the gel phase turns back to a sol phase as the
concentration increases at low temperatures (reentrant sol phase).
Let us study eq 5.7, which connects the conversion with the  To study phase separation, let us derive the spinodal condition
volume fraction. It is rewritten in the form in the pregel regime. From the chemical potential (eq 3.5) for
water, and eq 3.6 with= 1 for a solute molecule, we find the
MM pin(1 - f0/2) = (1 — ¢)/(1 — (1)2(6 1 difference between the two components is given by

B(Aui/n — Aw,) = (1/n) Ing; — In(L — @) + x(1 — 2¢)
(6.7)

6. Vapor Pressure, Gel Point, and Spinodal Condition

This must be compared with conventional eq 1.2 under
equilibrium condition found in the literature. Obviously, 8]

= 1 — ¢ is the number density of water molecules, but there gy taking the derivative, we find that the spinodal condition is
are two differences. The first one is the volume change due to given by

reaction. The effective volume of A molecules is reduced from

nto n(1 — f;0/2). The second one is the interaction between A k(@p)ing +1/(1—¢) —2¢ =0 (6.8)
molecules and water. It gives rise to the exponential factor, and

renormalizes the reaction free energy frgify to fAfy — where a new functior is defined by

x(M(L — 2¢). The latter leads to a nonmonotonic conversion,

or reverse reaction when molecular interactjdit) is strong k(p) = a(In ¢,)/3(In ¢) (6.9)
compared with reactioifo. By solving eq 6.1 with respect to

the conversion, we find it explicitly as It is explicitly given by

o ={1+c(p) — 1+ (2 f)c(@)}/[f, + c(p)] 6.2 k(¢) =

) f [ 1 ][1+ (f— Do
1+ — 2¢p||—————1] (6.10
where 11 a-fydi-¢ [ 2n (6.10)
c(¢) = 2A(Mfn(e)d (6.3) In the phase diagrams presented below, we draw the sol/gel
transition lines and spinodal lines in the pregel regime. The
is the scaled concentration of the functional groups. spinodal lines lying inside the gel region (lines connecting the

Let us next consider reactive solutions whose vapor pressurepoint A and B) on the phase plane are drawn by thin lines, or
is controlled. The vapor pressure is given by the chemical broken lines, only for guiding the reader’s eyes.
potential of water in the solution under equilibrium condition.

We then find )
7. Numerical Results

In(p/po) = S, (6.4) For numerical calculation of the temperatuessure phase
diagrams, we fix the necessary parameters in the following way.
We first assume the conventional Shu&lory form y(T) =
_ _ _ _ 2 1/, — yrt for the y-parametef? wherer = 1 — O/T is the
In(p/pg) =In(1 = ¢) + (A-L@/(L — fr002) + X¢(6.5) reducg()j temperat)lCJre deviation measured from the reference theta
temperature® satisfying the conditiory(®) = /,, andy is a
In the usual polymer solutions without reaction, the concentra- material parameter of order unity. At the temperat@rethe
tion ¢ is a controllable parameter. It is fixed at the preparatory second virial coefficient of a hypothetical Fler{Huggins

From eq 3.5, together with of eq 5.8, we have

Ccbv
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Figure 2. Polymer concentration (horizontal axis) plotted as a function Figure 3. Conversion of the functional groups plotted against the
of the vapor pressure (vertical axis) of the athermal solvent. polymer concentration produced in the solution.
solution without chemical reaction vanishes. The equilibrium !
constant is then expressed/d3) = 1o exp(el/ksT) = Ao exp-
[y(X — 7)], where 1o gives the entropy part of the standard £ o
reaction free energy, and= |¢|/kg® the reaction enthalpy in CE

the unit of the thermal energy at the reference temperature. The
reference temperatuf® is not the true theta temperature where
the second virial coefficienfy(T) of the osmotic pressure
vanishes. The latter lies far beld®, becausé\; is renormalized

to

'
-

'
N

AT =, = 4(T) — A= UMADE72  (7.2)

TEMPERATURE 1

'
»

by reaction. Throughout the present numerical calculation, we
fix at ¢ = 1.0,40 = 1.0, and changes the reaction enthajpy

Fory > 1.0, for example, the reaction enthalpy is larger than 5 L L 1 1 1 1
the thermal energy at the reference temperature, we call the 012 -0.10 -0.08 -0.06 -0.04 -0.02 0.00
solution “strongly reactive”, and for < 1.0 we call the solution VAPOUR PRESSURE ' In(p/py)

weakly reactive”. The functionality and the molecular weight Figure 4. Sol/gel transition lines drawn on the temperattpeessure

of the primary molecules are fixed &t= 4 andn =5 as a phase plane. The enthalpy of reaction is changed from curve to curve.
typical example in attempting to apply the present study to

pressure controlled sol/gel transition in polycondensation of

silicic acid Si(OH), in water. larger, so that the population of the reacted functional groups
7.1. Athermal Solutions. We first study the simplest case relative to the total number of groups increases. This temperature
of athermal solutions where there is no solveslute interac- effect is opposite to the reaction rate, which is accelerated by

tion. We havey = 0. The only parameter we change in the heating. The latter is decided by the height of free energy barrier
calculation is the association consta(T), or the free energy  lying between reacted and unreacted state of a functional group.
Afo of the reaction. Even in such an ideal case, we can use a|t is modified by pH, catalysts, etc. In contrast, the equilibrium
certain appropriate reference temperat@reand measure the  conversion is larger when the reaction free enerdy is larger
temperature by the dimensionless parameterl — ©/T. The  compared to the thermal enerlyT. Study of reaction rate is
strength of the reaction is given by the dimensionless enthalpy peyond the scope of the present paper.

Figure 2 shows the concentration of the solution as a function Figure 4 shows the sol/gel _transmon line on the temperature .
of the vapor pressure, although the latter is taken as the verticalPf€SSure plane as a phase diagram for three different enthalpies
axis. The temperature is changed from curve to curve in the of reaction. They_ are found by condition 6.6. Unde_r a fixed
range —4.0 < 7 < 1.0. The concentration monotonically ~teémperature, for instance= — 1.0, we move from right to
increases with decreasing pressure, i.e., by removing solvent€ft as the pressure is lowered and hit the sol/gel line at/ In(
vapor, due to the promotion of forward reaction. The conversion Po) = — 0.04 for a weakly reactive solution= 0.5. Thus, we
is plotted against the polymer concentration in Figure 3. They can control the sol/gel transition by pressure drop. We can also
are monotonically increasing functions of the concentration. We stay on the transition line by keeping the pressure. Figure 5
first find the equilibrium concentration for a given pressure from shows the same result shown on the temperateoacentration
Figure 2 and then find the conversion under the pressure fromphase plane as usual. This phase diagram is, however, not useful
Figure 3. The conversion is uniquely found for a given pressure. because the concentration in the reaction bath cannot be
By cooling the solution, the equilibrium conversion becomes controlled. CDV
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Figure 5. Sol/gel transition lines drawn on the usual temperature Figure 7. Conversion of the functional groups plotted against the
ggr\/c:ntratlon plane. The reaction enthalpy is changed from curve to polymer concentration produced in the solution. At low temperatures,
' they are not monotonically increasing functions of the concentration

due to the backward reaction.
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Figure 6. Polymer concentration (horizontal axis) plotted as a function CONCENTRJ\TION il
of the vapor pressure (vertical axis) of the solvent for strong reaction ¢
of y = 1.0. Figure 8. Three-dimensional diagram in the temperaturencentra-

tion—pressure space (BakhwiRooseboom diagram) with the sol/gel

7.2. Strong ReactionWe next study solutions with a finite transition curve (thin black line) and the spinodal lines (thick black
. . line) for strong reaction of = 1.0. The vapor pressure of the solution

interaction parameter. Reaction competes with phase separations shown as the surface indicated by the gray thin lines. The broken
In the case of strong reaction where reaction enthalpy is largerline for the spinodal inside the gel region is just to guide reader’s eyes.
than the mixing enthalpy, and hence the parametisrlarge, The area on the surface indicated b %5 the unstable region.

the conversion increases sharply with the concentration. Figure |, Figure 8, we show fop = 1.0 the vapor pressure surface
6 shows the concentration as a function of the vapor pressure.hin gray lines), as a function of the reduced temperature
At high temperatures it is @ monotonic function. On cooling, and the polymer concentration, on which the sol/gel transition
however, the tendency for phase separation becomes strongelline (thin black line) and the spinodal line (thick black line) are
As aresult, the vapor pressure becomes larger than that of thejrawn. (The broken line indicates the spinodal line in the postgel
pure solvent, and shows a maximum at a certain concentrationregime for guiding the eyes of readers.) The surface is called
as in the usual phase-separating polymer solutibius,instance,  Bakhuis-Rooseboom space diagram in the literafdréle can

in the case ofy = 1.0 in Figure 6. Given a pressure higher obtain the pressureconcentration phase diagram and the
than that of the pure solvent at low temperatures, there are twotemperature concentration phase diagram by simply projecting
concentrations giving the same pressure. If the pressure isthis surface onto the corresponding plane.

gradually increased in the experiment by keeping equilibrium  The phase diagram projected onto the temperatpressure
condition, the lower concentration is realized. It easily reaches plane is shown for three values gfin Figure 9. Solid lines
=0.5 under Ing/pg) = 1.0 forz = — 2.0. Figure 7 shows the  show the sol/gel transition lines. The broken lines show the
corresponding conversion as a function of the concentration. It stability limit (spinodal line) inside which the solution becomes
reaches as high as 0.8 as is shown. There is a reverse reactiothermodynamically unstable. The part connecting the point A
in the regiong = 0.6—0.8 at low temperatures, but it is not and B lying inside the postgel regime is shown only for guiding
strong. the eyes of readers. Its precise location depends on ho%g@
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Figure 9. Sol/gel transition lines (solid lines) together with the spinodal Figure 11. Polymer concentration (horizontal axis) plotted as a function
lines (broken lines) drawn on the temperatupeessure phase plane  Of the vapor pressure (vertical axis) of the solvent for weak reaction of
in the case of strong reaction. The enthalpy of reaction is changed from» = 0.1.

curve to curve. The two curves (sol/gel and spinodal) cross each other

at the spike point of the spinodal region indicated ldy. Zhe reaction -0 T T T T
enthalpy is changed from curve to curve. 0.
1.
0.
3
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. . CONCENTRATION ¢
o0 0.2 0.4 0.6 0.8 Figure 12. Conversion of the functional groups plotted against the
CONCENTRATION ¢ produced polymer concentration in the case of weak reaction.

Figure 10. Sol/gel transition lines (solid lines) together with the energy is assumed to take the value within the rgnge0.05—

spinodal lines (broken lines) drawn on the usual temperature (15 |5 such weak reaction, the van der Waals type contact
concentration plane. The two curves cross each other at the top of the. t tion factor—y(1 — 2 d’ to the ch in th b
spinodal region. The reaction enthalpy is changed from curve to curve. INteraction factor—y( ¢) due to the change in the number

of monomerwater contact is more important than the reaction
reaction inside the gel network is treated, but nevertheless theenthalpy, in particular, at low temperatures. By giving pressure,
overall structure of the spinodal boundary remains the samethe condensation reaction is easily pushed back to reduce the
irrespective of the treatment. The reaction enthaljiychanged number of contact. The tendency to phase separation becomes
from curve to curve within the strong reaction regime. It has a stronger with lowering the temperature. As a result, a very
spike at a certain temperature, like a “spinning” tool as interesting reentrant sol phase appears at high pressure, which
etymological origin of spinodal line. If the solvent water is interferes with the phase separation.
evaporated on a substrate plane below such a spike point Figure 11 shows the polymer concentration (horizontal axis)
temperature, the solution is phase separated, so that homogeplotted as a function of the vapor pressure (vertical axis) of
neous coating of the substrate is impossible. In Figure 10, thewater as before. At low temperatures, the vapor pressure shows
phase diagram is mapped onto the usual temperature a positive shift, reaches a maximum and the sharply decreases.
concentration plane. The sol/gel transition line crosses the two-Such peaks indicate strongly repulsive interaction between
phase region indicated by the symbdb 2Gelation is interfered polymers and solvent molecules in the solution. It eventually
with phase separation. The phase behavior of coexistingleads to a phase separation. Figure 12 shows the conversion of
thermoreversible gelation and phase separation has been exthe functional groups plotted against the concentration of
plored in our series of study® For the present reactive polymers produced in the solution. At low temperatures, we
solutions, however, the concentration is not an independentnotice a strong tendency to low conversion after passing a
variable, but is decided by the vapor pressure. maximum with increase in the polymer concentration, or by
7.3. Weak Reaction.Figures 1115 show the results for  giving high pressure. For instance, for the lowest temperature
weak reaction. The reaction enthalpyelative to the thermal 7 = —4.0 in our calculation, the conversion is pushed bac%:ﬁ/
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RATION‘i’ Figure 15. Sol/gel transition lines (solid lines) together with the

Figure 13. Same as in Figure 8, but for a weak reactioryof 0.1. spinodal lines (broken lines) drawn on the usual temperature
concentration plane for weak reaction. The two curves cross each other
T T T T T T at the top of the spinodal region (phase separation region). The reaction
A =10 enthalpy is changed from curve to curve.
O - .

- cooperative phenomena between gelation (connection of mol-
- v=0.05,0.10,0.15 ecules by chemical bonds) and phase separation (coexisting two

different phases) by changing the vapor pressure indicate
potential applications of the pressure controlled sol/gel trans-
formation in polycondensing systems.

8. Reaction in Closed Systems

When reaction takes place in a closed vessel, the volume is
kept constanf2 = Q, so that we have the relation 5.13. The
polymer concentration is reduced by the fadiar2 as reaction
. proceeds due to the production of water molecules. The
conversion is then found from eq 5.7 as a function of the initial
concentrationd®. Explicitly, the equation foi leads to

TEMPERATURE 1 = 1-60/T

1
-0.5 0.0 0.5 1.0 15 2.0 25 3.0

VAPOUR PRESSURE In(p/p,) 2f,AP(1 — a)zeprg('D(fld)a +1-2®)] =[2(1 — @) +
Figure 14. Sol/gel transition lines (solid lines) together with the flq)a]a (8-1)
spinodal lines (broken lines) drawn on the temperatymessure phase
et S s swes (e e ety o gy The spinodal condidon remains the same s eq 6.8, but the
other at the top of the spinodal region. Thegreaction F()enthalpy is changedcon_Centratlon is replaced by the Closed_ system Cond!t'on 5.13.
from curve to curve. Figures 16 and 17 show the conversion as a function of the
initial concentration for a strong and weak reaction. Temperature

low as 0.25, which is lower than the gel point 0.33. The solution, iS varied from curve to curve. Compared to the pressure-
thus, goes back to sol phase. controlled open systems, the backward reaction is enhanced due

Figure 13 shows the Bakhui®ooseboom space diagram for  to the elevated pressure by reaction. The reentrant sol phases
the case of weak reaction. We can readily see the appearanc@ppear more easily.
of the reentrant sol phase at low temperature with high vapor ~ We finally show in Figure 18 a typical phase diagram of the
pressure. closed system for weak reaction. The horizontal axis is the

Projecting onto the temperaturpressure phase plane, we monomer concentration in the preparation stage, so that it is
have similar sol/gel transition curves and the spinodal curves Now a controllable parameter. The overall structure of the phase
to those in the strong reaction case as shown in Figure 14, butdiagram remains the same as open systems, but larger reentrant
there is a large difference at high pressure. (Three curves neassol regions appear because of the enhanced backward reaction.
the spinodal spike fall nearly on top of each other in this axis Spinodal lines fall almost on top of each other, so that three
scale, so that their difference cannot be seen clearly in this curves cannot be distinguished in this axis scale.
figure.) There appears a closed loop type sol region as we can
see in the figure, whose position depends on the reaction
enthalpy. These are the reentrant sol phases. Figure 15 shows We have shown the advantage to bring the polycondensing
more clearly these reentrant sol phases on the usual temperasystems to the gel points by controlling the vapor pressure. In
ture—concentration phase plane. We see two groups of sol/gela common case of primary molecules with 4 andn = 5, the
transition lines: one with the same shape as in the stronggel point can easily be reached by depressing the vapor pressure
reaction at low concentrations (sol/gel transition), the other with by 1 order of magnitude. In a weak reaction, we showed that it
dome shape at high concentrations (gel/sol transition). Such newis possible to move back to a sol from a gel by giving press&r&/

9. Conclusions and Discussion
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Figure 16. Conversion in closed system is plotted against the initial Figure 18. Typical phase diagram of a closed system with sol/gel
concentration of functional molecules in the strong reaction case. transition lines (thick lines) and the spinodal line (thin broken lines of
Temperature is varied from curve to curve. The strong backward dome shape) drawn on the temperature and initial concentration plane.
reaction can be seen at high concentrations. The reaction enthalpy is varied from= 0.02 (inner curve)y = 0.04
(middle curve), ang’ = 0.02 (outer curve). Large reentrant sol regions
1.0 T T T T appear.

T=-4.0 Y =0.1 functional groups—A and B— react with the byproduct being
0.8 3.0 Ao=1.0 - a solvent molecule. Thermodynamic study on such hetero-

: polycondensation in ternary mixture will be reported in our
'2-01 0 forthcoming paper.

0
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