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ABSTRACT: We present a scaling theory of the living polymerization of material in a good solvent for
the case where the total number of chains is fixed by an irreversible initiation reaction and conclude
that excluded-volume interactions have only a very weak influence on the growth of the polymers. Our
estimate for the crossover temperature to the semidilute regime is in good agreement with more elaborate
calculations based on a mapping onto a magnetic problem and with experimental data. We find that the
polymerization temperature and the crossover temperature to the semidilute regime merge in the limit
of vanishing initiator concentration and discuss the implications this has for the nonclassical behavior of

living polymers in the vicinity of this limit.

I. Introduction

Living polymers are macromolecular or supramolecu-
lar materials subject to a reversible (equilibrium) po-
lymerization reaction. In solution, at least three classes
of living polymer can be distinguished, which we, for
later reference, denote as chemically activated living
polymers, thermally activated living polymers, and
equilibrium polymers. (These are equivalent to cases I,
I1, and 11l in the terminology of Tobolsky and Eisen-
berg.1) Of these three classes, perhaps the most diverse
is that of the equilibrium polymers, in which all the
monomers are in principle active, i.e., can bond with
each other and polymerize.2 The number of chains as
well as their mean length is in that case not fixed but
regulated by the external conditions such as the tem-
perature and the concentration of dissolved material.
Examples of equilibrium polymers include giant worm-
like surfactant micelles,® certain microemulsions,* and
supramolecular aggregates of discotic® and bifunctional
molecules.®

In systems of chemically and thermally activated
living polymers not all the monomeric material is active.
In chemically activated systems usually a fixed number
of monomers is activated through the reaction with
initiator molecules. The activated monomers react with
nonactivated monomers to form activated polymers, the
total number of activated species remaining fixed. The
living polymerization of poly(a-methylstyrene) conforms
to this class of materials.” Thermally activated polym-
erization involves inactive monomers which themselves
can become active through some equilibrium process
that we need not discuss here. Again, the active
monomers can bond with inactive ones to form activated
polymers, although their combined number is now not
fixed but determined by the equilibrium between active
and inactive monomers. The polymerization of sulfurl8
and that of the protein g-actin into f-actin fibers® are
sometimes seen as prototypes of this type of living
polymerization.

It is well established that excluded-volume interac-
tions qualitatively alter the equilibrium size distribution
of equilibrium polymers. As a consequence, their mean
degree of polymerization N has a different concentra-
tion dependence in dilute solution from that in semidi-
lute solution. Scaling theory,1° renormalization group
calculations,!12 and Monte Carlo simulations!* predict
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a growth law N ~ ¢* with the exponent o equal to 1/(y
+ 1) in the dilute regime, crossing over to (vd + y —
2)[2(vd — 1) in the semidilute regime. Here, ¢ denotes
the volume fraction of dissolved material, d the dimen-
sionality of space, y the critical exponent associated with
the partition function of a self-avoiding chain, and v that
of the end-to-end distance.’® For d = 3 we have y =
1.157 and v = 0.588, so o. = 0.46 in the dilute solution
and o = 0.60 in the semidilute solution.'* In the mean-
field approximation, the growth exponent is one-half in
both regimes. (Note that we have made the tacit
assumption that ring closure does not take place, which
seems to be true for most giant micelles.>1° We ignore
rings for reasons of simplicity.1®)

Although one would imagine that excluded-volume
interactions alter the behavior of chemically and ther-
mally activated living polymers in a similar way as is
the case for equilibrium polymers, the situation is not
at all clear. It appears that many aspects of living
polymerization can be as accurately described by mean-
field theory as by approaches that go beyond the mean-
field approximation. (See, e.g., the review paper by
Greer’ and work cited therein.) A plausible (but incom-
plete) explanation for this is that the limit where critical
fluctuations associated with the polymerization transi-
tion become significant is often not reached in experi-
ment. This is particularly true for chemically activated
systems of which the polymerization transition becomes
a true phase transition only in the limit of vanishing
initiator concentration.’® In actual experiment the
initiator concentration is typically not exceedingly small.'”
Note, however, that away from the critical limit one still
expects fluctuations arising from the polymeric nature
of the assemblies to give rise to deviations from the
predictions of mean-field theory. These fluctuations
should be important if the solvent quality is good and
the chains interact strongly.

Here, we show by means of a scaling theory that self-
avoidance only very weakly influences the self-assembly
of chemically activated living polymers, in part explain-
ing the accuracy of the mean-field theory for this type
of system. We find that the maximum in the isothermal
osmotic compressibility observed close to the polymer-
ization temperature is not caused by critical fluctua-
tions, as was suggested elsewhere,6 but by the crossing
over from an essentially monomeric regime to a regime
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dominated by strongly fluctuating semidilute polymers.
This causes the enhancement of the compressibility to
persist even when the initiator concentration is not
vanishingly small, and the polymerization transition is
not a true phase transition. Our arguments carry over
to thermally activated living polymers with a slight
modification that we intend to address in future work.

The remainder of this paper is organized as follows.
First, we discuss the free energy describing chemically
activated living polymerization in section Il and derive
an expression for the equilibrium distribution of the
chains. Our approach combines a non-mean-field (scal-
ing theoretical) treatment of the individual chains, and
a mean-field description of the living polymerization.
In section 111 we show that in the dilute regime the self-
interactions of the chains only weakly couple to the
polymerization transition. We repeat the calculation for
strongly overlapping chains in semidilute solution in
section 1V and find that in this regime the polymeriza-
tion is not at all influenced by excluded-volume interac-
tions. The conditions under which the crossover from
dilute and semidilute solution behavior takes place is
also evaluated in this section. Our predictions agree well
with the numerical calculations of Pfeuty and Wheeler
based on their “zero-component” magnetic theory® and
with the experimental data of Greer and co-workers on
the polymerization of poly(a-methylstyrene) in the
solvent tetradeuteriumfuran.® We find that for vanish-
ing initiator concentrations both transitions merge, a
circumstance which in our view leads to the special
nature of the polymerization transition in that limit.1®
In section V we discuss our results and give a simple
scaling Ansatz for the compressibility of living polymer
solutions that confirms our suggestion that the (“non-
classical”) enhancement of the osmotic compressibility
is linked with the crossing over from the dilute mono-
meric to the semidilute polymeric regime. The paper
ends with a summary and some concluding remarks in
section VI.

Il. Free Energy

We consider a solution containing a variable number
of inactive monomers in equilibrium with a fixed
number of activated linear polymeric chains. The sol-
vent quality is presumed to be good. Let p; denote the
(dimensionless) number density of all activated chains
and ¢, their volume fraction. The former is proportional
to the initiator concentration and a function of how
many initiator molecules are needed to produce an
active species, while the latter is not known a priori
since it depends on the state of polymerization of the
dissolved material. In the monomeric regime ¢a = pa,
while in the polymerized regime ¢, > pa. To avoid having
to specify the chemistry of the living polymerization, we
keep pa as a free system parameter.

For technical reasons, we assume that there are not
only inactive monomers in the solution but also inactive
chains that we suppress later on. The volume fraction
of inactive chains is ¢;. The relevant free energy density
Fdescribing our system of living polymers can (within
a saddle-point approximation) be written as

p7= 3 5 palNInp(N) ~ 1= InZ(N) +
ﬂFn(N - 1)) + IBFGXC (1)

in both dilute and semidilute solution, where 8 = 1/kgT
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with kg Boltzmann's constant and T the absolute
temperature. The dimensionless number density of
chains of type n =i (inactive) and n = a (active), and of
degree of polymerization N, is given by pn(N), while Z(N)
is the single-chain partition function. F,; < 0 is the free
energy change associated with the formation of a single
bond on an active chain, and F; > 0 is that of the
formation of a bond on an inactive chain, where we note
that a linear chain consisting of N monomers has N —
1 bonds. Below, we set F; — o in order to suppress
inactive dimers, trimers, and so on, but for now we
assume that inactive chains do form. The excess free
energy Fexc contains interaction terms that cannot be
absorbed into Z(N). Equation 1 generalizes an earlier
Ansatz for equilibrium polymers, which may be obtained
by putting ¢; = 0.1°

Before we minimize the free energy equation (1), we
need to ensure the conservation of the number of active
chains

Py = épa(N) (@)

as well as that of the overall mass dispersed in the
solvent

¢ = ¢i + ¢a (3)

where
bn = ;an(N) (4)
for n =i, a. It proves useful to introduce the Lagrange

multipliers ¢ and A, the former enforcing eq 4 and the
latter eq 2. The equilibrium concentrations of active and
inactive polymers then follow from the equality

A
=—uN — 10 5
5o (N) U na )

with Jn 4 the usual Kronecker symbol, equal to unity if
n = a and equal to zero if n = i.

The functional derivative of eq 5 is readily performed
because both Z(N) and Fe are (in principle) only
functions of ¢, making them invariants of the distribu-
tion functions (see also below). Note that of the inactive
chains only the monomers survive when the limit Fj —
o is taken and that for sufficiently long active polymers
the inactive monomers are such small objects that for
all practical purposes they may be viewed as part of the
(effective) solvent. From eq 5 we thus find for our
equilibrium distributions

Pn(N) = Z(N) exp(—uN — SF (N — 1) — 19, ,) (6)

where the Lagrange parameters u and A can be elimi-
nated with the help of eqs 2—4 provided we know Z(N).
The precise form of Z(N) depends on whether the
solution is dilute or semidilute. In the next section we
first specify Z(N) for conditions where the polymers, if
present, are so dilute that they are widely separated
from each other in the solution.

I11. Polymerization in Dilute Solution

If the number density of active chains is sufficiently
low and if these chains have not grown to the point
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where they start to interpenetrate, the chains are in the
dilute regime. In that case interactions between the
chains can be neglected, so we use the partition function
of a self-avoiding walk320

Z(N) ~ N" N 7)

valid in the long-chain limit N > 1, with y the afore-
mentioned critical exponent and z a nonuniversal
constant of order unity. We arbitrarily set this constant
equal to unity, as it merely renormalizes the binding
(free) energy Fn. As we shall see below, the mean degree

of polymerization N, of the active material

— ¢a
N, =— 8
a= o (8)

can be very large even before we reach the polymeri-
zation transition if r = pJ¢ < 1. (Note that this
definition for the parameter r is slightly different from
what is customary, allowing us to avoid specifying the
stoichiometry of the initiation reaction.”) This implies
that the asymptotic relation (7) can indeed be used to
describe the polymerization transition, albeit only if the
initiator concentration is sufficiently low.

If we introduce the shifted chemical potential i = u
+ PF4, insert eq 7 into eq 6, and eliminate 4, we find

¢ = exp(—i + fF,) 9)

in the limit F; — o where the mean degree of polymer-
ization of inactive polymers becomes equal to unity, i.e.,

ﬁi =1,and

b= ypuil (10)

where the latter equality was obtained by replacing the
summation in eq 4 by an integration, which is allowed
provided N, > 1. Again, this is justified if r < 1, except
very deeply into the monomeric regime. Equations 9 and
10 imply the following equation of state

A= rAyii* + exp(—f) (11)

where A = ¢ exp(—pF,). Focusing on small initiator
concentrations equivalent to r < 1, we find that polym-
erization takes place only if i — 0. It makes sense, then,
to Taylor expand the exponential in eq 11 to first order
in i, giving

A=1-j+rAyit (12)

This quadratic equation in j is readily solved to give

= %(1 “A+VA— AP FaprA) (13)

From eq 13 we find that, forr =0, 2 =1 —- Aif A <
1 and 2 = 0 if A = 1. In other words, the chemical
potential & exhibits a discontinuity for the value A =1
if r = 0, indicating that the polymerization transition
becomes like a true phase transition at vanishing
initiator concentration. For r > 0 the polymerization
transition at A = 1 is not sharp but rounded.'” This
means that for r > 0 the polymerization transition no
longer represents a true phase transition, as advertised
in section 1, although strong critical fluctuations may
persist if r is small enough. Within our mean-field
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treatment of the polymerization transition we neglect
the presence of these fluctuations. Had we in addition
ignored excluded-volume interactions, we would have
obtained eq 13 with a critical exponent y = 1. We recall
that y attains a value somewhat larger than unity if
the polymers are self-avoiding.1® Consequently, for r >
0 excluded-volume interactions influence the polymer-
ization transition by slightly enhancing its rounded
nature.

With & determined we find for the mean length of the
polymers N, = yii "t ~ y for A< 1, Ny = vy/r for A=1,
and N, ~ 1/r for A> 1. The result for small A should of
course read unity—the scaling theory is inaccurate in
this limit because the chains are then not large enough
for excluded-volume interactions to have an appreciable

impact. Exactly at the polymerization transition N, =

Vylr > 1if r < 1; i.e., around the transition the chains
can indeed become sufficiently long to experience the
effects of self-interactions, albeit only if the initiator
concentration is low. For large binding energies A > 1
the chain length levels off. In this limit, all the available
monomers are absorbed into the fixed number of chains.

For the fraction polymerized material we have n =
pald = yriiat, so that 5 ~ yr for A< 1, 5 = /yr for A =
1, and » ~ 1 for A > 1. We note that at the transition,
when A = 1, not a great amount of dissolved material
is in the polymeric state, because n = vyr < 1ifr <1.
This means that the degree of polymerization averaged

over active and inactive species N = ¢/(¢i + pa) = 1/(1 —
n + r) remains close to unity, except deeply into the
polymerized regime.

IV. Polymerization in Semidilute Solution

If we venture too deeply into the polymerized regime,
the chains may overlap and interpenetrate. From the
scaling theory of polymers we estimate that this can
only happen if ¢ > rvd=1,.20 Only then the polymerization
saturation does not occur until well after the chains
have interpenetrated. Assuming this to be the case, we
now evaluate how excluded-volume interactions influ-
ence the polymerization of the chains in the strongly
overlapping regime.

In the semidilute regime not only self-interactions are
important, but also interactions among different chains.
It is not self-evident that the free energy of a strongly
interacting, highly entangled polymeric solution can be
expressed in the way as is done in eq 1. One has to
realize, however, that according to the scaling theory
of polymers, the chains behave ideally in the semidilute
regime if viewed as chains of blobs.2? As is well
established, the size of a blob measures & & g, /(-1
with Ik the Kuhn length of the chains. Noticing that the
number of monomers inside a blob equals (&/1k)Y”, we
find that eq 1 can be used if the partition function of a
chain of degree of polymerization N is chosen such that

Z(N) ~ (&1, )0 D"2N (14)

in the semidilute regime. Equation 14 crosses over, as
it should, to eq 7 if the blob size becomes equal to the
radius of gyration of the chains at the crossover tem-
perature from the dilute to the semidilute regime. The
scaling relation (14) accounts for the screening of self-
interactions of a single chain beyond a blob length,
leading to a renormalization of the chain-end enhance-
ment factor. Our argument is slightly different from that
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of Cates for equilibrium polymers!®14 put in fact is
equivalent to it.

Repeating the calculations of the preceding section,
we find that the intensive part of eq 14 can be absorbed
in the Lagrange multiplier 4 that fixes the number of
chains in the solution. Consequently, the chemical
potential is found to obey the mean-field result, i.e., eq
13 with y set equal to unity. (Here, we tacitly assume

that N, > (&l1k)Y” and that only a relatively small
mass fraction of the polymers is smaller than the blob
size.) We conclude that in the semidilute regime the
growth of the chains follows mean-field behavior, al-
though that their statistical properties are still domi-
nated by fluctuations that do not conform to a mean-
field picture. Note further that the difference between
dilute and semidilute behavior is very subtle and may
be very difficult to observe experimentally.

An important question is how close the crossover
temperature to the semidilute regime is to the polym-
erization temperature. This is easily calculated using
standard arguments from the scaling theory of poly-
mers.2% The crossover to the semidilute regime occurs
when the overall volume fraction of (active) polymers
¢a equals the internal concentration of segments of a
single chain. For the latter we use the average degree

of polymerization Na divided by the volume of an
average chain, which scales as N;d. Thus, the crossover

occurs roughly when the equality ¢, = N;”d holds, in
which we insert the previously derived relations ¢, =

ypait ! and N, = yi~1. This gives for the chemical
potential of the monomers at the crossover to the
semidilute regime i* = ypy"® — 0 if p, — 0. In other
words, this crossover moves arbitrarily close to the
polymerization transition if we let the initiator concen-
tration go to zero.

From eq 12 we find that the crossover value A* of the
control parameter A obeys

1/vd

1 —
pr=— P (15)
1-—rp, :
which in the limit 1> ¢ > rd-1 simplifies to
A* =1 + p{rd iyt 4 | (16)

to leading order in a Taylor expansion. Hence, A* — 1+
if pa — 0. To make the connection with experiment, let
T+ denote the crossover temperature to the semidilute
regime and T, the polymerization temperature, where
A(T+) = A* and A(Tp) = 1. We next Taylor expand the
quantity A(T) = ¢ exp(—pFa(T)) to linear order in T —
Tp, insert T = T+, and combine the result with eq 16 to
give

2

kBTp
_ ~ (vd=1)vd , -1
T Ty= 17)

where Ah, = —kgT? 83Fa/0T|r, is the enthalpy associ-
ated with formation of a bond at T = Tp. In Table 1 we
compare the prediction of eq 17 with the values deduced
from the numerical evaluation of the magnetic theory
of Pfeuty and Wheeler,1® where we identify T~ with the
temperature at which the correlation length given in
Figure 4 of their paper exhibits a maximum.?? The
model parameters were chosen such as to be able to
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Table 1. Comparison of the Crossover Temperature
Obtained from the Magnetic Theory of Pfeuty and
Wheeler,!8 T2, and That from Eq 17, T2 2

¢ rx 10 Tp [K] T K] T K]
0.05 5.00 266 262 263
0.12 2.08 282 280 280
0.20 1.25 292 291 291
0.05 50.0 266 255 257
0.12 20.8 282 278 278
0.20 12.5 292 289 289

a T, is the polymerization temperature, ¢ is the volume fraction
of polymerizable material, and r is the ratio of the number of active
chains and the number of monomers in the solution.

describe the polymerization of poly(a-methylstyrene) in
the solvent tetrahydrofuran, which has an enthalpy of
polymerization equivalent to about —35 kJ/mol.” The
agreement with the predictions of Pfeuty and Wheeler
is remarkably good, considering that in our scaling
analysis we have dropped all unknown prefactors of
order unity. It follows that under many practical condi-
tions T+ — T, is no more than a few Kelvin.

V. Discussion

Excluded-volume interactions influence the molecular
weight distribution of chemically activated living poly-
mers in a way similar to that of equilibrium polymers

(if we suppress the formation of rings®). For N, > 1
the molecular weight distribution of both types of
polymerization takes the form

_ Pa u Y . E
pa(N)—Nr(y)( Na) EXD( yﬁ) (18)

a,

with T' the usual gamma function. For chemically
activated living polymers p, is set by the initiator
concentration, while for equilibrium polymers it is given
by the equilibrium value pa = ¢a/N, = ¢/N,. Equation
18 holds in dilute and semidilute solution, provided we
set y = 1.157 in dilute solution and y = 1 in semidilute
solution (at least for the majority of the mass polymer-
ized into chains).

Despite the similarity of the shape of the distribution
functions, the first moments of the size distributions of
chemically activated living polymers and equilibrium
polymers respond rather differently to the effects of
excluded volume. As we have seen, the concentration
and temperature dependence of the mean degree of

polymerization N, of living polymers is only very weakly
influenced by interactions. This is not so for equilibrium

polymers, for which N exhibits a qualitatively different
growth behavior in dilute and semidilute solution.* (See
section 1.) That there should be such a difference in the
response to interactions is perhaps not all that surpris-
ing, considering that equilibrium polymers can adjust
both their mean length and their number, while chemi-
cally activated polymers can only adjust their mean
length.

According to our scaling theory, the polymerization
transition approaches the crossover to the semidilute
regime with decreasing initiator concentrations. A
similar trend may be deduced from the work of Pfeuty
and Wheeler.1® Our scaling estimate for T+, eq 17,
compares favorably with that work, as in fact it does
with the experimental data of Greer and co-workers'®
on poly(a-methylstyrene) in tetradeuteriumfuran that
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Table 2. Comparison of the Experimental Values of the
Polymerization Temperature T;‘ and the Crossover
Temperature to the Semidilute Regime T2 for
Poly(a-methylstyrene) in the Solvent
Tetradeuteriumfuran!® and the Crossover Temperature
T Obtained from Eq 17

¢ [g/cm?3] r x 104 T3 K] T2 [K] T [K]
0.16 8.3 282 279 280
0.072 19 266 259 261
0.076 18 266 260 262

aAs input, we used the experimental value for T, and a
polymerization enthalpy Ah, equivalent to —35 kJ/mol. Results
are shown for three concentrations of polymerizable material ¢ in
units of g/cm3 and different values of r, the ratio of the number
active chains and the total number of monomers in the solution.

we compiled in Table 2. Following the prescription of
the previous section, we deduced the experimental T«
from the maximum in the measured correlation length
shown in Figure 5 of ref 18. The volume fraction of
dissolved material was estimated using the known
molecular weights of the monomer and solvent involved
and their specific volumes.1® The table demonstrates
once more that T~ can be quite close to T, if the initiator
concentration is sufficiently low.

We put forward that the special character of polym-
erization transition in the limit of vanishing initiator
concentration r — 0, as discussed by Pfeuty and
Wheeler,16 is caused by the simultaneous approach of
a true (second order) phase transition and of a crossing
over of the polymerized phase to the semidilute regime.
In the semidilute regime, strong correlations between
monomers persist on scales below the blob size. As we
are going to make plausible next, the vicinity of a
crossover to a semidilute regime at least partly accounts
for the osmotic compressibility enhancement found both
in the non-mean-field version of the magnetic theory
and in experiment.16.18

To calculate the osmotic compressibility as probed in
scattering experiments, we first estimate the osmotic
pressure IT of the solution. In the monomeric regime,
the contribution from the monomers clearly dominates
the osmotic pressure, so for A < 1 the usual estimate
for a dilute lattice gas ITIS = kgT(¢i + Yopi2 + ..
should be applicable. On the other hand, if A> 1 and
r — 0, a significant amount of material is in the strongly
overlapping polymeric state. From the scaling theory
of polymers we know that for strongly overlapping
polymers IT = kg T£79.20 A natural interpolation formula
forces itself upon us, namely

1 vd/(vd—
HIKd/kBT = ¢, + §¢i2 + ¢, /a1 (19)

where we have again discarded a prefactor of order
unity. This expression is sensible, because for A < 1
almost none of the material is in the polymeric state
and ¢, — 0. For A > 1 an increasing fraction becomes
part of the polymers, ultimately crossing over to the
polymer dominated regime when A > 1 and ¢; — 0. Note
that eq 19 is obtainable from eq 1 with an appropriate
choice of Feyc (see also the discussion of ref 19).
Obtainable from eq 19 is the (scaled) osmotic com-
pressibility defined as y = ¢ksT ¢/dI1I%. In Figure 1
we have plotted for d = 3 dimensions y as a function of
temperature for various values of r = pa/¢. The volume
fraction was set at ¢ = 0.05, and for the dimensionless
free energy parameter we chose, following the choice of
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Figure 1. Osmotic compressibility y = ¢ksT 9¢/0I1lk® as a
function of temperature for the volume fraction ¢ = 0.05.
Indicated are results for three initiator concentrations, equiva-
lent to r = 1072, 103, and 10~4. See the main text for details
concerning our choice for the free energy of the formation of a
bond.

ref 16, fFa = —34.8 x 10°R~1T-1 4+ 106R~! with R the
molar gas constant. The curves shown in the figure very
clearly exhibit a maximum slightly below T, =~ 266 K.
The maximum in y shifts to higher temperatures with
decreasing values of r and becomes more pronounced.
For r = 0, the variation of y with T becomes singular at
T = T,. Our results are in qualitative accord with those
of Pfeuty and Wheeler, making plausible our suggestion
that the strong enhancement of the osmotic compress-
ibility y in the polymerized regime is not connected with
critical fluctuations but rather with the properties of
semidilute polymers.

It is in this context not difficult to explain why y
should indeed exhibit a maximum near the polymeri-
zation temperature T,. We now understand that if the
temperature is well below Ty, most of the material must
be absorbed in strongly overlapping, semidilute poly-
mers. Semidilute polymer solutions exhibit very strong
concentration fluctuations, with a compressibility that
is determined by the number density of blobs.?° If the
temperature goes up, the material depolymerizes, the
blobs grow, and their number density goes down. The
declining number of blobs in the solution gives rise to
an increase of y with temperature, as can indeed seen
in Figure 1 for sufficiently low temperatures.

The compressibility keeps on rising with increasing
temperature so long as this quantity is dominated by
the presence of the polymers. At some point, however,
the liberated monomers become so plentiful that these
significantly contribute to the osmotic compressibility
of the solution. Their release ultimately lowers y with
increasing temperature. The maximum in the compress-
ibility occurs when the decrease in the number density
of the blobs can no longer compensate for the released-
monomer effect. This happens close to Tp, when the
fraction polymerized material deminished rapidly with
increasing temperature.

We finally note that a maximum in y cannot be
rationalized within a mean-field treatment of the in-
teractions between the various species.”

V1. Concluding Remarks

The chemically activated living polymerization of
material in a good solvent is characterized by two types
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of fluctuation that are, at least in principle, coupled. One
type of fluctuation is associated with the conformational
properties of the chains and the other with the polym-
erization transition. In a mean-field treatment of the
problem one suppresses them both. The scaling theory
presented in this paper ignores only the latter type of
fluctuations through the use of an ideal entropy of
mixing, but not the former since the effects of nonideal
chain statistics are explicitly accounted for in the single-
chain partition functions. Hence, the scaling theory
should provide an accurate description of the state of
affairs for conditions where the initiator concentration
is not exceedingly small. The fluctuations of the distri-
bution of material over the monomeric and polymeric
state that occur around the polymerization transition
are in that case relatively weak.

We find that excluded-volume interactions have only
a very weak impact on the growth of chemically acti-
vated living polymers in dilute solution and that they
have no impact at all in semidilute solution. This
explains why a mean-field treatment of chemically
activated living polymerization is often more accurate
than expected.”17 (This contrasts with the behavior of
flexible equilibrium polymers, for which a mean-field
treatment is always inaccurate.9-1214) Although the
growth of chemically activated living polymers may be
mean-field-like, the vicinity of the polymerization tran-
sition to the crossover to the semidilute regime does give
rise to a nonclassical behavior of the osmotic compress-
ibility. In qualitative agreement with the more elaborate
calculations of Pfeuty and Wheeler'® and with experi-
ment,'8 we find that this quantity is strongly enhanced
even when the initiator concentration is not very small.

Acknowledgment. | thank C. van der Veen and M.
A. J. Michels for a critical reading of the manuscript.
References and Notes

(1) Tobolsky, A. V.; Eisenberg, A. J. Am. Chem. Soc. 1960, 82,
289.

Macromolecules, Vol. 35, No. 7, 2002

(2) Cates, M. E.; Candau, S. J. J. Phys.: Condens. Matter 1990,
2, 6869.

(3) Buhler, E.; Munch, J. P.; Candau, S. J. J. Phys. 11 1995, 5,
765.

(4) Schurtenberger, P.; Cavaco, C.; Tiberg, F.; Regev, O. Lang-
muir 1996, 12, 2894.

(5) Brunsveld, L.; Zhang, H.; Glasbeek, M.; Vekemans, J. A. J.
M.; Meijer, E. W. J. Am. Chem. Soc. 2000, 122, 6175.

(6) Hirschberg, J. H. K. K.; Brunsveld, L.; Ramzi, A.; Vekemans,
J. A. J. M.; Sijbesma, R. P.; Meijer, E. W. Nature (London)
2000, 407, 167.

(7) Greer, S. C. J. Phys. Chem. B 1998, 102, 5413.

(8) Scott, R. L. J. Phys. Chem. 1965, 69, 261.

(9) Oosawa, F.; Kasai, M. J. Mol. Biol. 1962, 4, 10.

(10) Cates, M. E. J. Phys. (Paris) 1988, 49, 1593.

(11) Schafer, L. Phys. Rev. B 1992, 46, 6061.

(12) van der Schoot, P. Europhys. Lett. 1997, 39, 25.

(13) Vanderzande, C. In Lattice Models of Polymers; Cambridge
University Press: Cambridge, 1998.

(14) Wittmer, J. P.; Milchev, A.; Cates, M. E. J. Chem. Phys. 1998,
109, 834.

(15) Ring closure dramatically alters the self-assembly of equi-
librium and living polymers. See: Wheeler, J. C.; Petschek,
R. G.; Pfeuty, P. Phys. Rev. Lett. 1983, 50, 1633. In many
cases of chemically activated living polymerization ring
closure is suppressed, e.g., by the presence of charges on the
active ends.”

(16) Wheeler, J. C.; Pfeuty, P. M. Phys. Rev. Lett. 1993, 71, 1653.

(17) Dudowicz, J.; Freed, K. F.; Douglas, J. F. J. Chem. Phys. 1999,
111, 7116.

(18) Ploplis Andrews, A.; Andrews, K. P.; Greer, S. C.; Boué, F.;
Pfeuty, P. Macromolecules 1994, 27, 3902.

(19) Milchev, A.; Wittmer, J. P.; van der Schoot, P.; Landau, D.
Europhys. Lett. 2001, 54, 58.

(20) de Gennes, P. G. In Scaling Concepts of Polymer Physics;
Cornell Unversity Press: Ithaca, NY, 1979.

(21) Using the enthalpy and entropy of the polymerization reac-
tion used in the calculations of Figures 2 and 3 of ref 16, it is

straightforward to verify that the temperature scale of these
figures should read Kelvin instead of degrees Celsius.

MAO0114461



