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Representative spinodal curves and polymerization lines for the equilibrium polymerization of
linear polymers in a solvent have been calculated using a Flory—Huggins-type mean-field theory.
The calculations are primarily restricted to systems that polymerize upon cooling, but examples are
also given for systems that polymerize upon heating. In the former case, we find that an increase in
the magnitude of enthalpy of propagatiphh| (“sticking energy”) leads to an elevation of the
critical temperatur@ ;. and to a decrease of the critical compositignwhen|Ah| exceeds a critical
value|Ah.|. The shifts in the critical temperature and compositidf,=T.(Ah) — T,(Ah=0) and
A¢.=p(Ah)— p.(Ah=0), vary linearly withAh for |Ah|>|Ah.| over a large range of sticking
energiegAh|, so thatA T, is proportional taA ¢, for a sufficiently large sticking energy. Variations

in the phase boundaries withh are also evaluated for systems that polymerize upon heating, but
the presence afultiple critical points in this case renders a general description of these changes
difficult. The polymerization line is found to badependentof solvent quality § interaction
parameterwithin the simple Flory—Huggins model, but the phase stability is strongly influenced by
the magnitude of botly andAh. Similarities between living polymers and other types of associating
polymers (thermally reversible gels, micellessuggest that some of the thermodynamic
consequences of particle association in these self-assembling systems are insensitive to the detailed
nature of the clustering process. Thus, our results may have a much broader range of applicability
than living polymer solutionge.g., gelation in clay and other colloidal suspensions, polyelectrolyte
solutions, cell aggregation, and self-organization of biologically significant structures that exist at
equilibrium). © 2000 American Institute of Physids$0021-9606800)50102-0

I. INTRODUCTION temperaturd ;. of the associating fluid. These simple consid-
erations indicate that associative interactions can cause, de-
) S . pending on their strength, large changes in miscibility)(
assemble’ into clusters under equilibrium conditions has and can grossly influence the shape of the phase diagram for

many !mpl|cat|ons for understaqdmg the phase.s'[.ablllt.)/’living polymers and other systems where equilibrium particle
scattering, and transport properties of self-associating lig-

uids. Attractive interactions that are large relative to thermagssomltlon occurs. We anticipate that certain aspects of the

energies and that lead to particle association can be expect taermodynamms of associating polymers shouldrtsensi-

to strongly influence the phase stability of these particle dis.Ve to the mode of association, and this invites comparison

persions. In particular, the shape of the resulting phase di2€tWeen the different types of self-assembling systgtes-
grams should be affected by the relative positions of twgMoreversible gels, equilibrium living polymers, micelles
characteristic temperatures, the temperatlige at which The present paper considers, perhaps, the simplest ex-
clustering initiates(the temperature of thermally reversible @Mple of a self-associating fluid, the equilibrium association
gelation, polymerization, micellization, et@nd the “bare”  Of difunctional monomers into polymer chains. Chain growth
critical temperature for phase separatidp, of the same IS facilitated by annitiator that reacts with the monomer to
system in the absence of associative interactiove spe- form “living” polymer chains with a distribution of lengths
cialize our discussion mainly to the case where phase sepfioverned by the condition of equilibriuf. The present dis-
ration and polymerization occur upon coolintf. T, signifi- ~ cussion primarily restricts attention to living polymers for
cantly exceedsT., and leads to the formation of diffuse Which the enthalpy and entropy of chain propagation are
“polymerlike” clusters, then the phase diagram is antici- both negative, so that polymerization occurs below a “ceil-
pated to be distorted into the highly asymmetric form nor-ing temperature’(see Refs. 2 and 3 for revigwMany sys-
mally found for high molecular weight polymer solutions. tems[e.g., poly@-methylstyreng in methylcyclohexane or
On the other hand, the phase diagram should be more liketrahydrofurahexhibit living polymerization of this kind:®

that for the monomer/solvent systemTif, lies well below  The polymerization temperature depends on the initial mono-
T, since in this case little association exists near the criticaimer concentration, and the monomers associate into poly-

The tendency for particles to aggregatg'self-
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mers as the temperature is lowered below a line representingany studies involving associating polymers, of course, but
the monomer concentration dependence of the polymerizahey are usually phenomenological, or are oriented towards
tion temperaturé?® Under equilibrium conditions the poly- engineering applications or towards the chemistry of these
mers revert to their monomeric form when the temperature isystems. The work of Greet al??is notable for its attempt
returned above the polymerization temperature liakveit  to fill this gap in the case of living polymerization. On the
slowly, so that the observed transition temperature dependbeoretical side, we mention the recent simulations by Kumar
on the rate of temperature change as in glass forming ligjuidsand Panagiotopoul8%and the theoretical contributions of
and the system displays physical aging as it approaches equEoniglio et al??? and Tanaka and Stockmag&in model-
librium. ing thermally reversible gelation. There has also been no-
The polymerization transition clearly bears some resemtable progress in modeling and simulating micelle
blance to a critical phenomenérand this connection can be formation?*~2” An appreciation of the similarities between
established formally in the limit of a vanishing initiator con- different kinds of associating polymer systems has developed
centration. The existence of a nonzero initiator concentratio@nly rather recently:?°
r plays the role of an external field in spin models of equi-  The present paper avoids the simple adjustment ojthe
librium polymerization*® This fieldlike variable “rounds” parameter solely to “fit the data,” but rather focuses on
(strictly speaking, eliminat¢ghe second order phase transi- qualitative trendsin the miscibility of living polymer solu-
tion. Nevertheless, the polymerization “transition” for  tions that are associated with the variation of the sticking
>0 can bear some resemblance to a second-order phase tr&fergy and the mean-field theory interparticle interacgon
sition when the initiator concentration is “very smallsee  These general trends are derived from the Flory-type lattice
Paper ). One beneficial aspect of the presence of initiator isnodel and should be robust in comparison with experiment,
that its presence diminishes fluctuations and thereby impliegt least at a qualitative level. Quantitative comparison of our
that the application of mean-field theory to the description ofiattice model calculations to measurements on living poly-
polymerization should be especially accurate, regardless dPer solution phase separatfbiis deferred until the develop-
the temperature range. Excluded volume interactions are négent of an improved lattice model of living polymerization,
treated correctly by a mean-field lattice model, however, andncorporating fluid compressibility, monomer and solvent
deviations due to excluded volume interactions become imstructures, and correlations associated with chain connectiv-
portant in good solvents when the chains are long and th#y- The simple Flory-type model of the phase separation of
total polymer concentration is low. living polymer solutions is considered in some detail in the
Our microscopic model of living polymerization also in- Next section, while the subsequent section describes the in-
corporates nearest-neighbor monomer—mono@emwell as tricate interplay between self-association and phase separa-
monomer—solvent and solvent—solveitteractions which ~ tion.
allow us to study the interplay between the polymerization
and phase separation. Notably, phase separation in our re-
versible equilibrium polymer/monomer/solvent system is||. MODEL AND GENERAL THEORY
likewise described by a mean-field lattice approximation.
Hence, additional clustering processes associated with the Initially, the unreacted system is composecgfolvent
phase separation are neglectethis leads to some inaccu- moleculesng, monomers of speciel, andn, molecules of
racy in the estimation of the critical temperature and of othethe initiator which activates the monomers and thereby en-
thermodynamic properties in the vicinity of the critical point. ables them to propagate into polymers. We assume that po-
Despite the mean-field approximation, our model of phasdymerization occurs under conditions of chemical equilib-
separation in living polymer solutions provides many inter-fium and that the smallest propagating species is a
esting insights into the coupling between particle associatioRifunctional dimerM;l , involving two molecules of the ini-

and phase separation. tiator | (see Paper | and references therein
Apart from the theoretical motivations for studying liv-
ing polymerization summarized in our previous pafieaper 2M + 21—>Myl,, (1)

I), we emphasize that “associating polymers” have a wide
range of practical applications in material sciehié¢@(foods
and food processing, fluid “thickeners,” cosmetics, en-
hanced oil recovery, floor coverings and other coatings, drug
reducing agents, efcand in the formation and function of The equilibrium system contains no free initiator, but only
numerous biological systef1s*® (cellular movement, the unreacted monomer8, polymers Mil,, (i=2,3,... %),
action of muscles, transport processes within cells, mechanand solvent molecules, with numbaerg,, {n;}, andng, re-

cal properties of the cell as a whole, self-organization ofspectively. This equilibrium system is described by a mini-
numerous types of biological structures, disease and bioteclmal incompressible Flory—Huggins lattice model wiNhto-
nology processing applications associated with proteirtal lattice sites and with a single site occupancy constraint for
aggregatiort? etc). Given the practical importance of asso- the individual monomers of all polymers and for both solvent
ciating polymers, it seems surprising to us that quantitativeand initiator molecules. As showin Paper I, after imposi-
scientific investigations of living polymers and other associ-tion of the equilibrium constraint, the Helmholtz free energy
ating polymer systems have been so limited. There exiskF for the equilibrium system reduces to the form,

Mi|2+M\ﬁMi+1|2, i:2,3,...,00. (2)
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where the concentratios,,= n,,/N,; of unreacted monomers

is evaluated as

_B— VB’ 4(¢n— )G
m— 2G 1

(4)

with the parameters,
B=1+(¢5— ¢/2G, G=exp —Af/kgT)J,

J=[1+(z—2)exp— e/kgT)], (5)

explicit functions of the temperatui® initial monomer con-
centration ¢2,=n2/N,, initiator concentrations,=n, /N,

Erqsﬁq, and the free energixf of the polymerization reac-
tion in Eq. (2). The parameter = ¢,/¢%, plays the role of
the dimensionless initiator composition, akg designates
Boltzmann’s constant. As explained in Papérthe depen-
dence of¢,, and F on the “bending” energye (i.e., the

energy difference betweegaucheandtranspolymer confor-
mationg is contained in the factor & which varies almost

linearly with inverse temperaturéover the temperature

m

where the Helmholtz free enerdy is specified by Eq(3).
Equating the left-hand side of the inequal{8) to zero pro-
duces the constant volume spinodal curdies T(¢0) for
givenr andAf. The second derivatives of the free enefgy

with respect ofp, and ¢?n can be calculated analytically, but
these expressions are lengthy and are therefore not presented
here. The critical point is characteriZécby the following
equations:
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°F
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ranges of interegtleading simply to a renormalization of the ) N ) )
free energyA f. (Thus, the factod is dropped, and the value a}nd again all quantities may be obtalned_analyncally. Equa-
of Af~Ag is taken from the earlier works that ignore poly- tions (10—(12) correspond to Eqs(16.70 in Ref. 29, de-

mer chain semiflexibility. The quantityA(T,¢°m,¢, ,AT) of
Eq. (3) is given by

A= ¢, exp(—AflkgT)J, (6)
while the monomer—solvent interaction parameter
z
X= m(fmm"' €ss— 2€sm) (7)

is defined in terms of nearest neighbor van der Waals attrac-
tive monomer—monomer, solvent—solvent, and solvent—

monomer interaction energigs;; }. The lattice coordination

numberzin Eq. (7) plays the role of a proportionality factor

betweeny and{e;;}.

rived by Gibbs for constant pressure systems. The slight dif-
ferences between Egd.0)—(12) and(16.70 of Ref. 29 arise
from the fact that our system is an incompressible, constant
volume mixture.

Another important transition curve characterizing the
stability of living polymer solutions is the polymerization
line Tp=Tp(¢>%). As described in Paper |, we define the
polymerization temperature as the temperature at which the
specific heaCp,

, P[F/kgT]

CP%CV:_kBT (9_[_2

: (13

Ny b0 )

has a maximum. When=0, the above definition coincides

Equations(3)—(6) indicate that the living polymerization with the usual Dainton and Ivin expressith,
solution formally has the same number of independent com-

position variables <()°m,¢|) as a compressible binary poly-

mer blend with two independent volume fractions,(¢,).
This formal analogy implies that the existence of a stdbte

T(O):L (14)
p 0’
As+kg In ¢,

metastablehomogeneous phase, therefore, requires the stavhereAh andAs denote, respectively, the enthalpy and the

bility conditions,

entropy of the polymerization reaction in E&). The super-
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script (0) emphasizes that this result applies to the idealized o R = =S A B L IR
!|m|t of .r'—>0, and more generally we find thag, (maximum I Kifmol e ,
in specific heatdepends om (see Papen) We refer toT (" / —

as the “ideal polymerization temperature.” For systems that
polymerize upon cooling, the monomers remain largely un-
polymerized aboveT,, and significant polymerization oc-
curs forT<T,. The reverse situation exists for systems that
polymerize upon heating. It is convenient also to define the
“absolute polymerization temperatureT; by the limiting
value of T, for ¢°m—>1. For systems that polymerize upon
cooling, T; is an upper bound on the polymerization tem-
peratureT,, .

ereerere

e

“Ah=—60 kJ/mol

T(Ah=0)=153 K

0)

T/T (AR

-

S Ah=—20 kJ/mo\

Ah=-10 kJ/mol

IIl. PHASE STABILITY OF LIVING POLYMER 0'. Ah:o [P R R I\
SOLUTIONS 0.0 0.2 04 08 0.8 1.0
¢m

We begin the analysis by probing the influence of varia-
tions in the entha|p3Ah of chain propagation on the phase FIG. 1. Influgnce of sticking energih on the phase b_(_)undary of living
separation(spinodal curve of a living polymer solution Polymer solutions. Dotted lines denote polymerizatiteeiling” ) tempera-

h th ntro of polvmerizatiohs and the monomer— ture lines, and solid lines indicate spinodal curves. ®is mark the posi-
when e € p_y poly ) tions of the critical points. The monomer—solvent interaction parameter is
solvent interaction parametexy=c/T are fixed asAs x=302IT, while all the other model parameters have been fixed as the
=—105 J(mol K) and c=301.93 K, respectively. The en- values determined for poly(-methylstyrengexcept for the sticking energy
thalpy Ah is chosen to be negative unless otherwise speciAh which is varied from 0 to- 70 kJ/mol. The phase diagram is symmetric

. S . . and unchanged by variation @fh for small sticking energies, whereas a
fied, so that polymerization occurs upoooling The lattice strong sticking energy makes the polymerization line rise to higher tempera-

coordination number is taken asz=6, appropriate t0 @ tures and causes the phase diagram to become increasingly asymmetric. The
cubic lattice in three dimensions, and the stiffness fagtier  temperature scale is normalized by the critical temperafytdh=0) of
settounity since the contbutions flam sifiess are sUb- e o o e i
sumed intoAs andAh. The dimensionless initiator concen- e Koo, P P P

trationr = ¢,/ ¢,, is assumed to be 0.0044 as in the experi-

ments of Greeret al. for the living poly(a-methylstyreng
system in methylcyclohexan@r tetrahydrofurapwith so-
dium naphthalide as the initiatdf* The living polymeriza-
tion parameters correspond to those measured for pol
(a-methylstyrengexcept that thé\h is treated as a variable.
The experimental value akh for poly(a-methylstyrengis
Ah=—35 kJ/mol*

Figure 1 displays the spinodal curvésolid lineg and
polymerization linegdotted line$ for various values ofAh,
and the critical points are indicated by’s. (The calculation
of the critical point is described in the previous sectioie
observe that an increase in the magnitude of the “stickingt
energy” |Ah| causes a substantial shift of the critical tem-
peratureT; and critical compositiorp., relative to the criti-
cal temperatureT, , and critical compositiong. , of the
mixture in the absence of a sticking interactipm (Ah
=0)=T.,, and ¢.,(Ah=0)= ¢, ,]. Interestingly, there is
no shift of the critical temperature unled$ exceeds a criti-
cal valueAh,=—16 kJ/mol. The shift of the critical point
with Ah is quantified in Figs. @) and 2Zb). The changes Ah (r—0)=(1/2)c As , (17)
AT.andA¢. in T, and ¢, respectively, are defined as,

>16 kJ/mol and then decreases back towards zero as the
agnitude of Ah increases. The critical sticking energy
'Ah¢|=16 kJ/mol is the sticking energy for which the “ab-
solute polymerization temperatureTp(¢21—>1)=T;§ be-
comes equal to the critical temperatdrig, in the absence of
polymerization. If polymerization occurs abowg ,, then
the critical temperature is shifted upward. On the other hand,
if it occurs belowT, ,, then the critical point is unaffected
by the polymerization. The relative positions&f, andT;
an be adjusted experimentally through the choice of sol-
ents, sinceT, should be rather insensitive to solvent qual-
ity, while T, , is evidently highly dependent og. Further
physical interpretation ofAh, emerges in the —0 limit,
WhereT;(r—>O)=Ah/As and T ,(r—0)=c/2 with c de-
noting the coefficient in the temperature dependencg of
=c/T. Equality of these two temperatures leads to the inter-
esting result,

which demonstrates that the critical enthalpy of polymeriza-
AT.=T.(Ah)—T,(Ah=0) , (15 tion in the limit of a vanishing initiator concentration is com-
pletely determined by two quantities: the entropy of poly-
A= de(Ah) = ¢(Ah=0) . (16 merization and the interaction parametet c/T. Taking the
These shifts are nearly linear idh for |[Ah|>|Ah/=16 valuesAs=—105 J(mol K) andc=2301.93 K employed in
kJ/mol. The critical point for|Ah|<|Ah.| occurs for¢.  Fig. 1 producesAh.(r—0)=—15.9 kJ/mol which agrees
=1/2, appropriate to a symmetric fluid binary mixture whenextremely well with our estimation akh.=—16 kJ/mol for
the sticking energy is sufficiently weak, i.e., whéah|  r=0.0044 as deduced from Figsa@and 2b).
<|Ah¢|=16 kJ/mol. We observe that the critical composi- Previous studies of fluid mixtures indicate that bdth
tion ¢, appears to jump to a value larger than 1/2 [fah| and ¢, change in a response to a variety of applied
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(a) A¢c/¢c,o
T T rTT T FIG. 3. The shift of the reduced critical temperat&w€&_. /T ,(Ah=0) from
02— ] Fig. 2(a) vs the shift of the reduced critical compositidnp. / ¢.(Ah=0)
[ E ] from Fig. 2b). The shifts in the critical temperature and composition are
L ! i normalized by dividingA T, and A ¢ by the corresponding critical param-
L E i eter of the system without the “sticking” interactiorise., with Ah=0).
0.0 — |—a—a—i The slope is expected to be dependent on the stramgftthe monomer—
I b solvent interaction x=c/T).
< I ]
< (u]
—0.2 — ] . . I . . .
: . ine this possibility here. Figure 3 displays the variation of
i ] AT, with A¢. for the living polymerization data in Figs.
L _ 2(a) and 2Zb). A simple linear scaling,
-04—0O —
r 1 AT/ Teo=(=2)A¢c/ e o (18)
T T T describes the living polymerization data surprisingly well.
—60 _40 —20 0 (The constant of proportionality should more generally de-
(b) Ah  [kJ/mol] pend on the enthalpy and entropy of polymerizajioie

conclude that sticking energy appears to exert a similar in-
FIG. 2. (a) The shift of the critical temperatu®T.=T.—T.,(Ah=0) as a

; o> " i fluence on the phase boundary as an applied field of some
function of sticking energyAh. The critical point data correspond to the kind. This findi d furth h ical d .
X's shown in Fig. 1. No change in the critical temperature occurs for ind. This finding deserves further theoretical and experi-

|Ah| <16 k/mol. A shift in the critical temperature appears when the “ab- mental investigation.

solute polymerization temperatureTs =T, (¢p—1) exceeds the “bare” The influence of monomer—solvent interactions on the

gritical temperatgréi’c,0 (i.e.,. FheTC in the_apsence of the sticking interac- phase diagram of living polymer solutions is illustrated in

tion). (b) The shift of the critical compositio ¢.= ¢c—$(AN=0) asa i 4 The simple Flory approximation to the lattice model

function of sticking energyAh. The critical point data correspond to the . . L.

x's shown in Fig. 1. The shift\ ¢, also changes sharply foah|=|Ah,| makes no allowance for the details of chain connectivity and

~16 kd/mol. Wher{Ah| exceeds 100 kJ/mol, boff, andA ¢, saturate to  monomer structures and predicts that the interaction param-

constant values. eter y is a purely enthalpic quantity, i.ex=c/T. The pa-
rameter c=(z/2kg)(€mmt €ss— 2€mg  represents  the

“strength” of the effective van der Waals interacti¢eee

Eqg. (7)]. (More generally, it is possible to derive an explicit

have calculated the shiftsT, andA ¢, for fluid mixtures in ~ “entropic” contribution to y within a more general lattice

an applied electric field and have found that bathi, and  cluster theory'®*’see discussionThe remaining parameters

A ¢ are linear functions of the electric field energy and thatare chosen adh=—35 kJ/mol,As=—105 J(mol K), and

AT, is proportional toA ¢.. Jacob®® has suggested that a r=0.0044 based on the experimental estimates by Greer

proportionality betweer T, and A ¢, should hold for fluid et al>3! for poly(a-methylstyreng A higher value ofc im-

mixtures subject to a variety of “perturbations.” Our LCT plies that the effective interaction parameter has a stronger

calculationg® for polymer blends diluted by a diblock co- temperature dependence. Figure 4 demonstrates that a larger

polymer demonstrate, however, that this type of relation bee, of course, leads to an increase of the critical temperature

tween AT, and A¢, is limited to symmeteric diblock co- T, and to a more symmetric phase diagram. The dotted line

polymer additivegJacobs treats additives as a particular typein Fig. 4 depicts the “ideal polymerization IineTff’)( ¢%)

of “perturbation”), so that the proportionality betweexilT,  [see Eq.(14)], and the dashed line denotes the polymeriza-

and A ¢ is not universal. However, the linear relation be- tion line Tp(¢%) (for r=0.0044) corresponding to the oc-

tweenA T, andA ¢, seems to hold commonly and we exam- currence of a maximum in the specific heat. Notably, the

perturbations>3* For example, Voronel and Giternidn
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FIG. 4. Influence of the effective monomer—solvent interacfienc/T on 800 ——— 7 v ]
the phase boundary of living polymer solutiofslid lineg. The critical i
points are denoted by 's. The dashed and dotted lines indicate the true and k
ideal polymerization linesT,=T,(¢y) and T =T{)(47), respectively. 500 _
The living polymerization model parameters are takedhs- — 35 kJ/mol, b
As=—105 kJ(mol K), andr =0.0044. Phase separation is apparently sup- ]
pressed if the monomer—monomer interaction is made too wedlsQ K). - E
Recent simulations indicate that living polymer type structures form in di- 400 - ]
polar particle gase¢Ref. 57 and that condensation into a liquid is sup- E g
pressed in these systems when the dispersive erieegyc in the present = 7
papej is below a threshold valugRef. 58. 300 ]
polymerization linesT(”(¢p) and T,(¢p) areindependent 200 CE
of x, so the polymerization transition temperature remains ]
unchanged for all five systems presented in Fig. 4. For small 100 ]

¢, the differencesT=T,— T, is positive, but quickly dimin-
ishes with growing:, and finally changes its sign at the point
yvhereTq exc.eedsTp'. (This def",]es a critical \,/alu,e of ,the FIG. 5. (8 lllustrative example for phase boundaries of living polymer
interparticle interactiony.) The ideal polymerization line  soiutions that polymerize upon heating. The critical points are denoted by
Tf)")((j)gn) represents an envelope curve which the spinodak's. The dotted and dashed lines indicate the true and ideal polymerization
curves increasingly approach with growingThe deviation  linesT,=Ty(¢p) andT =T (¢p), respectively. The living polymeriza-
between the spinodal curve and the polymerization line belion model parameters are taken &h=35 kJ/mol,As=105 kJ(mol K),
. . . =302/T, andr =0.0044. The above values are identical to those employed

C_Omes mcrea;mgly Iarge as the. monomerl_sowem mtera(;(ﬁ Fig. 1, except that both the enthalpy and entropy of polymerization are
tion weakengi.e., ¢ decreases It is not possible for us to positive. (b) Another example of phase boundaries for living polymer solu-
determine a critical point for phase separation wicebe- tions that polymerize upon heating. All parameters are the same @ in
comes less than a critical Vam‘é‘rit’“ 60 K because numeri- except_ the}t the sticking energyh is_ now smaller_ Ah_:Z_O.IFJ/mo). This
cal instabilities appear for low temperatures and render th‘raeductlon inAh leads to a substantial decrease in miscibility.
exact determination o difficult. (The particular critical
value c.y=60 K depends on the enthalpy and entropy of
polymerization. However, it appears that the interparticle lutions that polymerize upon cooling. We expect rather dif-
sticking eventuallyoverwhelmsphase separation if the effec- ferent behavior when polymerization proceeds upon heating
tive monomer—solvent interaction is sufficiently weak. Thesince the extent of particle clustering due to polymerization
strong modification of miscibility by interparticle interac- diminishes as the temperature is lowered, while particle clus-
tions (see Fig. 4 is contrasted by thénsensitivityof the  tering due to interparticle interaction tends to increase upon
polymerization line to the interaction parameferThus, the cooling if x is still treated as a purely enthalpic quantity and
coupling of the polymerization and phase separation prois positive. Figure &) displays a representative phase dia-
cesses is then quite asymmetric between the relatively larggram for this complex situation where the phase separation
value of the “sticking energy”Ah driving polymerization and polymerization transition are competing with each other.
and the rather small monomer—solvent interaction parametéthe example of Fig. &) is generated fory=302T, r
x inducing phase separation. A similar asymmetry has re=0.0044,|Ah|=35 kJ/mol, andAs|=105 kJ(mol K) as in
cently been found by Guerin and Szlefféfor micelle form-  Fig. 1, but bothAh and As are taken now as positive. The
ing systems. ideal polymerization IineTE)")(qSOm) and the polymerization

The above discussion is restricted to living polymer so-line Tp(qﬁ?n) are very close as in Fig. 4, but the polymeriza-

0.4

(b) b’
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tion temperature nowdecreasesvith the monomer concen- (a-methylstyreng The critical initial monomer composition
tration ¢%. (Compare with the observed polymerization line (qb‘r)n)C approaches zero with increasirjgh|, but drops
of rabbit muscle G-actin in a salt solutigfY. The upper criti-  abruptly to 1/2 forlAh| below|Ah,|. Thus, the shifA T, in
cal solution temperature poifidlenoted byx at the bottom the critical temperature is directly correlated with the shift
of Fig. 5@)] is apparently unchanged from the caseAdf A, of the critical composition. Similar shifts have been
=0 where no polymerization occurs, but a new “moon- predicted for fluid mixtures in applied electric fields and un-
shaped” window of immiscibility, which “hugs” the poly- der other conditions (e.g., dilution of mixtures by
merization IineTp(¢>21) over a wide range ofb?n, opens up  solvents.3*%® The polymerization temperatuig, [at which
in this incompressibleluid. The immiscibility window has the specific hea€p(T) exhibits a maximurhsaturates to a
two critical points that are indicated by the's in the figure.  constant temperature at large initial monomer concentration
DecreasingAh leads to a lowering of the polymerization qﬁ‘r’n, and the intersection point between the polymerization
line, and Fig. §b) presents the phase diagram correspondingine and the spinodal curve switches from the monomer rich
to Ah=20 kJ/mol. The size of the moon-shaped region in-to the polymer rich branches of the spinodal curve when
creases adh is diminished, and its lower critical tempera- |Ah| is somewhat larger than the\h.| value mentioned
ture decreases significantly as well. The moon shaped regicibove. An increase of the interaction parametewith Ah
disappears entirely whekh is sufficiently large. The critical ~andr fixed) induces the monomer rich branch of the spinodal
value of Ah for the vanishing of this close Ioop phase dia- curve to approach the polymerization line over a |a¢§ﬂ$
gram is on the order of 40 kJ/mol for the polymerization concentration rangéWe takey=c/T where the parameter
parameters specified above. Thus, an increase of the magrjefines the effective “strength” of the monomer-monomer
tude of the sticking energih leads toenhancedniscibility  interaction) Phase separation apparentgases to exisin
of the living polymer solutionfand finally to the disappear- the living polymer solution ifc becomes too small.
ance of this ImmISCIblhty Window We then find that the The Coup"ng between phase Separation and partide
intuitive view that particle sticking induces a diminished cjystering found both experimentally and theoretically for
phase stability is not generally correct. Moreover, the comiyiving polymer solutions appears to be quite similar to
petition between particle stickingolymerization and phase  observatior& and previous mean-field calculatiGha®*>for
separation can produce a variety of other types of phasgther types of associating polymers. For example, gelation
diagrams}*“* and we presently find no organizing principle measurements for atactic polystyrene in various solvents
for characterizing the different types of phase diagramfjave been interpreted in terms of a “critical gelation
which can occur when clustering upon heating competegoncentration***® below which gelation does not occur.
with phase separation upon cooling. S&xind Wheeler and  Thjs “gelation line” has a similar dependence on polymer
co-worker§'“* present further discussion of the phase dia-concentratior(the analog of the initial monomer concentra-
grams arising for systems that polymerize upon heating.  tjon) as the dependence of the critical polymer concentration
'+I'he equwalencg _of the living po!ymerlzatlo(for ' of living polymer solutions onp?,. The gelation line is often
—07) to them—0 limit of the O(m) spin model of phase  t4ynq to intersect the phase separation binodal near the criti-
transition$** further implies that the mean-field model dis- 4 point for liquid—liquid phase separati6hNotably, the
cussed here is relevant to describing a wide range of otheje|ation curves exhibit a sensitivity to solvegpe and some
phase transitions within mean-field theory. This situationgensitivity of the polymerization temperature to solvent has
arises becguse the qrder parameter dimension is largely uQrsg peen observeéd?® We likewise expect the solvent type
important in mean-field theory. Thus, we can understandy eyert a small influence on the polymerization line of living
why the phase diagram of living polymers in solution is v merd® through, for example, an “entropic” contribution
similar to that of .diluteld Ising or Heisenber_g magnets;q the interaction parametgr=b-+c/T (i.e., through the pa-
(order paramegter dimensmm:‘lll and 3, respectivelyand 5 meterh). The emergence of the “entropic” contribution to
of mixtures of*He—"He (m=2). x can be understood within the lattice model by incorporat-
ing short range correlations, arising from monomer and sol-
vent structures and chain connectivity, into the lattice model
of living polymers® Models of this kind will be developed
Our calculations exhibit a strong coupling between po-in subsequent work.
lymerization and phase separation in living polymer solu-  Similarities also exist between the thermodynamics of
tions. Very large shifts occur in the upper critical solution living polymerization and other self-organizing processes in
temperature as the enthalpy of polymerizatiom (“sticking ~ which aggregates arise from particle association. The forma-
energy”) varies over a substantial range. The Flory—Huggingion of spherical micelles in solution provides a good ex-
Xx parameter is taken as a purely enthalpic quantity, consisample of this type of “organized aggregation” in which rela-
tent with the simple Flory model. When polymerization pro- tively ordered structures form through particle association.
ceeds upon cooling, the shiliT.=T.(Ah)—T.(Ah=0) of = Comparison of the phase stability of micelle forming liquids
the critical temperatur@.(Ah), relative to the critical tem- to living polymerization and thermally reversible gelation
peratureT.(Ah=0) in the absence of polymerization, is also displays many common features. The phase diagrams of
nearly linear inAh for |Ah|>|Ah.| over a large range, but micelle forming liquids tend to be highly asymmetric be-
AT, becomesnsensitiveto the sticking energy whej\h| is  cause of particle association into aggregatés,and ther-
smaller than a critical valuéAh,|~16 kJ/mol for poly mally reversible gelation in associating polymers leads to

IV. DISCUSSION
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