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ABSTRACT We present small-angle neutron scattering measurements on the system living poly(a- 
methylstyrene) in deuterated tetrahydrofuran, using sodium naphthalide as the initiator. We study three 
samples, differing in the ratio, r,  of the number of moles of initiator to the number of moles of initial monomer 
and differing in the mole fraction of initial monomer. We compare the data to a theory for the Scattering 
which treats the polymerization as a phase transition in the mean field approximation and also to a theory 
based on the dilute n - 0 magnet model (where n is the dimension of the order parameter) in which no mean 
field assumption is made but in which an assumption of no solvent interaction is made [Wheeler, J. C.; Pfeuty, 
P. M. Phys. Reu. Lett .  1993,71,16531. We compare the measured concentration structure function, S(q,T) 
(where q is the wavenumber and Tis the temperature) and S(O,?3, the extrapolation to q = 0, to the theoretical 
predictions. We find that both the mean field theory and the dilute n - 0 magnet model are able to account 
qualitatively for the general features of the scattering data. However, the mean field theory does not predict 
the maximum observed in S(0,T) at temperatures below the polymerization temperature. The maximum in 
S(O,?3 is predicted by the dilute n - 0 model in its zero solvent interaction limit. We determine also the 
characteristic length, ((T), which increases as the living polymers form and grow, reaches a maximum at the 
temperature at which overlap begins, and then decreases as the polymer mesh develops. Both the mean field 
theory and the dilute n - 0 model are in qualitative, but not quantitative, agreement with the measurements 
of .&n. 

I. Introduction 
“Living” polymers-polymers for which the reactive 

ends of the molecules remain unterminated13-offer 
interesting phenomena for study. First, one can view the 
onset of polymerization at  the ceiling temperature, Tp, as 
a phase transition and treat it either with a classical mean 
field theory415or with the n-0 limit of the n-vector model 
of a magnetic phase t r a n ~ i t i o n . ~ ~ ~  The application of such 
theories to the prediction of thermodynamic and transport 
properties of living polymer solutions is an object of active 
investigation.gl0 Second, since below Tp the average 
molecular weight of a living polymer system increases as 
the temperature is decreased, one can vary the average 
molecular weight simply by changing the temperature, 
and then one can conveniently vary and study the nature 
and structure of the living polymer solution. Small-angle 
neutron scattering (SANS) is an especially appropriate 
tool for studying living polymer solutions. The scattering 
intensity a t  zero angle is a measure of the concentration 
susceptibility, and the scattering intensity as a function 
of angle reveals much about the microscopic structure of 
the living polymer solution. SANS does not present the 
problems of absorption by the colored solution, scattering 
by dust in the solution, and radiation-induced reactions 
of the living polymer which would be encountered in light 
scattering from these solutions. 

The impediment to working with solutions of living 
polymers has been the difficulty of preparing samples 
which will remain unterminated for long periods of time. 
We have learned how to make samples which are essentially 
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stable.8-14 We have presented16 preliminary SANS mea- 
surements on samples of living poly(a-methylstyrene) in 
deuterated tetrahydrofuran, using sodium naphthalide as 
the initiator16 and compared the experimental data on 
the intensity of scattering at  zero scattering angle to a 
mean field theory for the scattering intensity of a living 
polymer solution as a function of temperature. 

We present here much more extensive SANS measure- 
ments on the same system: living poly(a-methylstyrene) 
in deuterated tetrahydrofuran, using sodium naphthalide 
as the initiator. We note that tetrahydrofuran is a good 
solvent for poly(a-methylstyrene), with a Flory interaction 
parameter17J8 x - 0.4; we assume that the value of x is 
nearly the same for living poly(a-methylstyrene) in 
tetradeuteriofuran. We study three samples, differing in 
the ratio, r ,  of the number of moles of initiator to the 
number of moles of initial monomer and differing in the 
mole fraction of initial monomer. We compare our 
measurements to two theoretical models: (1) amean field 
model and (2) a non-mean field model, the dilute n - 0 
magnet model, where n is the dimension of the order 
parameter and “dilute” refers to the allowance of the model 
for the presence of solvent.’ The application of the dilute 
n - 0 model to these experiments is made possible by a 
recent development by Wheeler and Pfeutylg in which the 
assumption of no interaction between the monomer and 
the solvent permits a calculation without making a mean 
field assumption. We compare the measured concentra- 
tion structure function, S(q,T) (where q is the wavenumber 
and T is the temperature), and S(O,T), the extrapolation 
to q = 0, to the theoretical predictions. We find that the 
mean field theory is able to account for thegeneral features 
of the scattering data but does not predict the maximum 
observed in S(0,Z‘) for temperatures below Tp’ The dilute 
n - 0 model in the approximation of no solvent interaction 
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does predict the maximum in S(0,T). We also determine 
the characteristic length, t( r), which increasesas the living 
polymers form and grow, reaches a maximum at  the 
temperature a t  which overlap begins, and then decreases 
as the polymer mesh develops. Both the mean field theory 
and the dilute n - 0 model can describe qualitatively (but 
not quantitatively) the measured behavior of [(T). 

11. Theory 
In 1980, the limit n - 0 (where n is the dimension of 

the order parameter) of a dilute n-vector model of 
magnetism in a small external magnetic field was intro- 
duced to describe equilibrium polymerization in a solvent, 
with applications to sulfur solutionsa and to living polymer 
~olut ions.~ This view of equilibrium polymerization as a 
“magnetic” phase transition followed from the treatment 
of polymer solutions in the language of magnetic critical 
phenomena by de Genneszl and by des Cloizeaux.22 

The neutron scattering experiments reported here have 
stimulated an extension of the dilute n - 0 magnet theory 
to the study of the concentration structure function, S(q,T), 
directly related to the neutron scattering intensity, I(q,T),  
where q is the wavenumber and Tis  the temperature. We 
first consider the model in the mean field approximation, 
which corresponds to the Flory-Huggins theory of polymer 
~ o l u t i o n s . ~ ~  We use the n - 0 magnet formalism, rather 
than the Flory-Huggins formalism, because the n - 0 
magnet model can be extended beyond the mean field 
approximation. We then proceed to such an extension, as 
recently developed by Wheeler and Pfeuty.19 

A. Concentration Structure Function, S(q,T), in 
the Mean Field Approximation. We start from the 
dilute n-vector lattice modeP of magnetism in a small 
magnetic field, h, and in the limit n - 0, with Hamiltonian 
H (eq 2.5 of ref 20b). Following the method of Furman and 
Blume,% we calculate the concentration structure function, 
S(q) = ( v ( q )  v(-q))H, by applying the fluctuation-dis- 
sipation principle; this corresponds to the well-known 
random phase approximation (RPA).25 Here v is the spin 
variable a t  position r on the lattice of N total sites, and 
v(q) = (l/N)Cexp(iqr,)v(r,), where the s u m  is from n = 1 
to N and ~ ( r , )  is 1 for a monomer and 0 for solvent. We 
add to H an oscillating chemical potential to get the new 
Hamiltonian, H’: 
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function f ( q )  = (l/z)Cexp(iqr,), where the sum is from n 
= 1 to z ,  depends on the lattice, the terms in the sum 
corresponding to the z nearest neighbors with coordinates 
r, on a three-dimensional lattice. For a simple cubic 
la t t i~e?~f(q)  = (1/3)[cos(q,a) + cos(q+) + c.os(q,a)l, where 
“a” is the size of a monomer molecule, which determines 
the lattice parameter. For a body-centered cubic lattice,28 
f (q )  = [cos(q,a’) cos (qya’) cos (qta’)l, and “a” i s ~ / 3 l / ~ .  For 
a face-centered cubic lattice, f ( q )  = (1/3)[cos(q,a”) cos- 
(qya”) + cos(q,a”) cos(q,a”) + cos(q,d’) cos(qza”)l and, 
“a“ is a/21/2. For small q, we can expand f ( q )  and get for 
all three lattices f (q )  - 1 - aq2/6, where “a” is the same 
“a” as above and f (0)  = 1. 

The quantity J(0) can be identified’sm as J(0) = Kp(T) 
= exp(-AHpO + TAS‘,O)/RT), where Kp(T) is the equilib- 
rium constant for polymerization, AHpo and ASPo are the 
enthalpy and entropy of polymerization of the monomer 
in the standard state, andR is the gas constant. Likewise, 
the quantity K(0) can be identified as K(0) = 4Tl/T, a 
measure of the solvent-monomer interaction energy, 
related to the Flory interaction parameter,17 x. The 
variable 2’1 can be considered as the mean field tempera- 
ture of the upper critical solution point of the solvent- 
monomer solution. 

The magnetic variables m and h are related7v20 to the 
mole fraction of polymer, xp, which is, in turn, related to 
the mole fraction of initiators, xi. For the a-methyIstyrene/ 
sodium naphthalide system under study here, in which 
two initiator molecules are used to initiate each polymer 
molecule, xp = xJ2. From equation 3.13 of ref 7 

(4) h = 2xJm = xi/m 

m2 = 2x,(xm* - xm) 

From eq 5.28 of ref 20b 

(5 )  

From eqs 6-8 of ref 20a 

x, (T)  = x,* - x J U -  Kp(T) x, (T) )  (6) 

a quadratic equation for x m ( T ) ,  the mole fraction of 
unreacted monomer at  equilibrium at  T. Equation 6 is 
derived for a system in which one initiator molecule reacts 
with one monomer molecule to form the smallest propa- 
gating species. For the system we consider here of 
a-methylstyrene initiated by sodium naphthalide, two 
initiators react with two monomers to form the smallest 
propagating species, and the equation for xm has a slightly 
different form:l3$29 

where the sum is again for n from 1 to N ,  from which we 
find 

The first term on the right-hand side of eq 2 is S(q). The 
left-hand side is obtained from the linearization in p of a 
mean field c a l ~ u l a t i o n ~ ~  of the average (v(q))~#. After 
rearrangement, we get the final result in terms of initial 
mole fraction of monomer, xm*, and of the “magnetic 
quantitie~”7~~0 h (the external magnetic field), m (the 
magnetism), J (the spin-spin coupling), and K (a mixing 
energy): 

S’(q,T) = -K(q) + [x,*(1 - x,*)I-’ [J(q)(J(O)m + h)31/ 
[(1+ ‘/&I(O)m + h)’) ( (J(0)m + ‘/&)(J(O)m + h)’+ 

h + m(J(O) - J(qM1- ‘/,(J(O)m + h)2))1 (3) 

The functions J(q) = 40) f (q)  and K(q)  = K(0) f (q )  result 
from the use of the Green’s function representation.26 The 

x,(T) = x,* - xp[2 - Kp(T) xm(T)l/[l - Kp(T) x,(T)l 

(7) 

but is still just a quadratic equation in xm. 
Equation 3 has been used previously to interpret the 

neutron scattering from polymerizing sulfur solutions.~0 
In the unpolymerized region, for the limits h - 0 and 

m - 0, Kp(7‘) < Kp(Tp). In this region, S(q,ZJ-l has an 
Ornstein-Zernike form (as expected from a mean field 
approximation) : 

Sm(q,T)-’ = (-4T1/T) + [xm*(l- x,*)]-~ + (4T1~2q2/6T) 

(8) 

Likewise, in the polymerized region for h - 0, Kp(T) > 
Kp(Tp), but m # 0. When Kp(T) - Kp(Tp), m - 0 as 
(Kp(T) - Kp(Tp))1/2 - (Tp - T)1/2. Then we get 
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Sp(q,T)-' = (-4T1/T)(1 - a2q2/6) + (1 - x , * ) -~  + 
[ ~ ~ q ' ( ' / ~  + l/m2~(0))/6x,*l (9) 

(a) StructureFunctionat q=O,S(O,T),in theMean 
Field Approximation. In the limit q - 0, we obtain 
from eq 3 the concentration susceptibility, S(0,T),30 

S(0,n-l = (-4T,/T) + (l/xm*(l - x,*)) - 
[Kp(T)(Kp(T)m + h)31/t(1 + ' /2 (Kp(T)m + 

h)2)((Kp(T)m + h/2)(Kp(T)m + hI2 + h)l (10) 

which can be shown to be exactly the eq 1 of our previous 
paper.l5 

T > Tp, Kp(7') < Kp(Tp), h - 0, m - 0: 

We get the two limits for the case h - 0: 

S,(O,T)-' = (-~T,/T) + [I/x,*(I - x,*)I ( I la)  
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In the limit h - xi - 0, the T1 = 0 limit of the dilute 
n - 0 model predicts that S(0,T) has a renormalized, weak 
singularity near Tp: 

S,(0,7')-1 = (-4T1/T) + [ l / ( l -  x,*)] ( l lb )  

Thus in the limit h - 0, S(0,T) has a discontinuity a t  Tp, 
jumping from Xm*(I - Zm*)/[I - (4Tl/T)Xm*(l- Xm*)I to 
(1 - xm*)/[l- (4T'/T)(1- x,*)]. The effect of increasing 
TI is to increase S,(O,T), while Sm(O,n remains nearly the 
same. When h # 0, which corresponds to xi = rx,* # 0, 
there is a rounding effect of S(0,T) near the transition. 

(b) Correlation Length from S(q,T) in the Mean 
Field Approximation. From eq 9 for h = 0, we compare 
to the Ornstein-Zernike form S-l(q) = S-l(O)[l + q2t21 
and define a correlation length, 5,  such that 

t2(T) = (a2/6)[(4T1/n + ( U X ~ * ) ( ' / ~  + 
l/m2JL(~))~/[(-4Tl/T) + ( ~ ( 1 -  x,*))I - m-' (12) 

when m - 0. Close to the polymerization transition, we 
recover the classical theory result:31 

5 - m-' - (Tp - T)+ with v = (13) 

For h # 0, for the limit q - 0, we write eq 3 in the 
Ornstein-Zernike form and obtain 

t2(T) = S(0,T)(a2/6)[4T1/T + A(mJ(O))(mJ(O) + 
h)2/(rrn*((mJ(0) + h/2) (mJ(0) + hI2 + h))l (14) 

where 

A = 1 + [mJ(O)(l- li2(mJ(0) + hl2)I/[(mJ(O) + 
h/2)(mJ(O) + h)2 + hl (15) 

B. Structure Function at q = 0, S(O,T), and the 
Correlation Length, [ (T ) ,  from a Non-Mean Field 
Approach. The theories discussed above for S(q,T) for 
a living polymer solution assume a mean field environment 
and neglect fluctuations in concentration. We know that 
such fluctuations are important and can lead to behavior 
not included in mean field calculations, but we cannot do 
the statistical mechanics of the n - 0 magnet model for 
the general case, including the fluctuations. Recently, 
however, Wheeler and Pfeutylg have shown that calcula- 
tions of S(0,n and E ( T )  can be done for the special case 
in which the energy of mixing between the solvent and the 
monomer is set at zero. That is, 7'1 = 0 in this special case. 

where a is the critical exponent for the specific heat.31 
The correlation length diverges with the renormalized 
critical exponent, v: 

for T < Tp (polymerized region). There is no singularity 
in [ (T) for T > Tp because its amplitude is zero. The 
critical exponents a and v are those of the n - 0 magnet: 
a = 0.235 f 0.005 and v = 0.5885 f 0.0025.s2 

Values of S(0,T) and [(T) for h - xi # 0 may be 
calculated using eqs 5 and 12 in Wheeler and Pfeuty,Ig 
solving numerically for the parametric variables, from 
which the variables of interest may be ~alculated.'~ The 
calculation of S(0,Z') fromeq 13 of ref 19 requires a function 
F(@) which was not given in ref 19 but which was provided 
to us by the authors: 

F(62) = [2p6(1 - e2) - (1 - a)(.l - 3e2)]/[(1 - 
P O 2 ) (  1 - 36') + 2@6b26'( 1 - e')] (18) 

where the symbols are various critical exponents and 
parameters, as defined in ref 19. The calculation of [ (T)  
from eq 14 of ref 19 requires a function to(6'); following 
Wheeler and Pfeuty, we will take t o  as a constant. For xi 
# 0, there is a rounding of the divergences of S(0,Z') and 
[ (T )  as compared to the case Xi = 0. However, if xi is not 
too large, S(0,T) is predicted to have a maximum in the 
temperature region below Tp' This maximum is not 
obtained in the mean field treatment of S(0,T) discussed 
above. 

C. Predictionsof S(0,T) and [(T) from theTheories 
of Dilute and Semidilute Polymer Solutions. We have 
considered above the predictions of theories of living 
polymer solutions which are based on models of equilib- 
rium polymerization as a phase transition. Living polymer 
solutions may also be considered in the context of the 
models of polymer solutions in general. Just below the 
polymerization temperature, a living polymer solution can 
be viewed as a dilute solution of noninteracting, polydis- 
perse polymer molecules. As the temperature decreases 
further, the living polymer molecules grow larger, and 
eventually the largest polymer molecules will begin to 
interpenetrate. Then the living polymer solution can be 
viewed as a semidilute solution of polydisperse, linear 
polymer molecules. Other complications can arise because 
the living polymer molecules are carbanions, having 
negative electrical charges at the active ends and associated 
with counterions in the polar organic so1vent.l~~ We note 
also that neither the temperature nor the volume fraction 
of living polymers in the solution is held constant in our 
experiments. 

At  equilibrium, the living polymer molecules are ex- 
pected to have a broad molecular weight d i~ t r ibu t ion .~~ 
We are aware of no published experimental study of the 
equilibrium molecular weight distribution of this living 
polymer solution. We have made preliminary measure- 
ments's of the time development of the molecular weight 
distribution at a given temperature for the same a-me- 
thylstyrene system we study here, and we have more 
extensive experiments underway.34 
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Table 1. Samples of Living Poly(a-methylstyrene) in 
Tetradeuteriofuran, Initiated by Sodium Naphthalide 

The models of terminated (“dead”) polymer molecules 
in solution fall into the same two categories discussed above 
for living polymer solutions: mean field models and non- 
mean field (“scaling”) models. These ,models provide 
equations for the power law behaviors*of various ther- 
modynamic properties of interest. These models are 
expected to be perfectly consistent with the models in 
parts A and B above, mean field with mean field and non- 
mean field with non-mean field. 

For a dilute solution of “dead” polymers, the correlation 
length, 4, as obtained from the scattering of radiation in 
the regime qf << 1, i s  a measure of the radius of 
RG. From the scaling approach to polymer s0lutions,3~ 
the expected behavior in a dilute solution of monodisperse 
polymer molecules is 

( - R G  - M” = DP” (dilute; good solvent) (19) 

where M is the number-average molecular weight, DP is 
the number-average degree of polymerization (the number 
of monomers in a polymer), and Y is the same critical 
exponent given above. For such a dilute solution, f does 
not depend on the concentration of the polymer molecules, 
since they are not interacting. However, eq 19 holds only 
for large, flexible polymer molecules (DP > 30(1).37 The 
exponent describing the dependence of RG on DP is 
expected to be larger (as large as 1) for stiffer or shorter 
chains.38 In the case of a living polymer solution in the 
dilute regime, f should increase as the temperature falls 
below Tp and the average molecular weight of the polymers 
increases. However, as we shall see below, DP in our 
experiments reaches only about 100 before the transition 
to a semidilute regime. Thus, we do not expect eq 19 to 
hold because of the small DP of the living polymers in the 
dilute regime of our experiment. Moreover, a proper 
calculation of RG from scattering data requires an ex- 
trapolation to zero concentration at  fixed M, which is not 
possible for our experiments, in which M depends on T 
and on the volume fraction of polymer. Finally, solutions 
of living polymers are not monodisperse, as discussed 
above. Thus we will not attempt to apply eq 19 to our 
measurements. Likewise, S(O), the measured structure 
function at  q = 0, for a “dead” polymer in the dilute region 
is a measure of the dependence of the osmotic pressure on 
concentration and of the average molecular weight;39 we 
will not analyze our data in these terms, for the same 
reasons listed for 4. 

As either the concentration of polymer molecules or the 
average molecular weight of the polymer molecules in a 
solution of “dead” polymers is increased, the molecules 
will eventually overlap, a t  which point the polymer solution 
enters the semidilute regime. For this regime, there is a 
macroscopically uniform distribution of chains in the 
solvent and the system can be viewed as amesh of polymer 
chains.36 The correlation length, 4, as obtained from the 
scattering of radiation such that q [  = 1, will be the size 
of the mesh.39 Experiments on “dead”, monodisperse 
polymer chains in solution confirm the theoretical predic- 
tion that the correlation length depends on the volume 
fraction, &, of polymer as21722736939 

V (semidilute; good solvent) 4 - qh +/(3~-1) - 
(20) 

Earlier mean field calculations predicted f - & 4 5  for a 
semidilute polymer solution in a good solvent.25 For a 
solution of “dead”, monodisperse polmer chains in the 
semidilute region, S(O), the structure function at  q = 0, is 

91-1 0.12 f 0.01 0.16 3.9 f 0.5 282 2 0.51 
91-3 0.049i 0.004 0.072 1 O f  1 266 f 2 2.0 
92-1 0.0526 i 0.0003 0.076 9.3 * 0.3 266 i 2 2.2 

The mole fraction of initial monomer is zm*, the total number 
of grams of monomer per cm3 of solution is cm*, the ratio of moles 
of initiator to moles of initial monomer is r,  and the experimental 
polymerization temperature is Tp (taken as the temperature at which 
scattering begins). The maximum possible degree of polymerization 
is pmar: the number of monomers per polymer if all the monomer 
were fully encorporated into polymer;p, = 2r1. Uncertainties are 
given at the 99% confidence interval. 

expected39 from scaling arguments to vary as $ J ~ ~ * ~ ~  and 
to be independent of molecular weight. Mean field 
arguments predict39 S(0) to be independent of both 
concentration and molecular weight. 

For the living polymer solutions we study here, we expect 
E(7‘) to begin to increase as the temperature is lowered 
through the polymerization temperature and polymers 
start to grow. When the largest polymers begin to overlap, 
[(ZJ will begin to decrease as the mesh is formed and 
becomes “finer”. Thus the maximum in f (7 ‘ )  for a living 
polymer solution will indicate the point of overlap and the 
onset of the semidilute regime; we will indicate the degree 
of polymerization at  overlap as DP* and the volume 
fraction of polymer at  overlap as &*. We see that the 
situation will be complicated by the polydispersity: the 
first chains to interpenetrate will be the largest ones. 

111. Experimental Methods 
A. Sample Preparation. The startingmaterials were99.5 % 

deuterated tetrahydrofuran (TDF) from Sigma Chemical Co., 
99.9% pure hydrogenated tetrahydrofuran (THF) from Aldrich 
Chemical Co., 99 5% pure a-methylstyrene from Aldrich Chemical 
Co., 99 % pure naphthalene from Baker Chemical Co., and 99.95% 
pure sodium from Aldrich Chemical Co. 

All materials were rigorously degassed and dried to prevent 
water and oxygen from terminating the polymer molecules. Our 
purification and handling techniques are described in detail in 
refs 8-14, In these techniques, all manipulations are carried out 
on a vacuum line or in an argon drybox (at <5 ppm oxygen or 
water). In the present work, the TDF and THF were first dried 
with PZOS. The subsequent drying and distillation procedures 
for TDF and THF were the same as those reported previously 
for THF. The sodium naphthalide initiator was prepared by 
placing massed quantities of sodium and naphthalene (with a 
slight excess of sodium) in a flask in the drybox, adding clean 
THF to the flask, and swirling the flask every 15 min for 2 h. This 
THF solution was diluted with TDF before use, and then only 
a small amount was used in the sample, so the amount of THF 
in the final sample was insignificant. 

The quartz neutron scattering cells (made by Hellma Co.) were 
quartz disks with a sample thickness (neutron path) of 2.5 mm, 
a wall thickness of 0.5 mm, and a diameter of 21.5 mm. 

The three samples are described in Table 1. Samples 91-1 and 
91-3 were prepared in 1991 by one of us.13 Sample 92-1 was 
prepared a year later by another of us.14 Samples 91-3 and 92-1 
are very similar in xm* and in r. Sample 91-3 was made by putting 
the required volume of clean THF into a reaction vessel attached 
to the neutron scattering cell,’* adding the required volume of 
clean a-methylstyrene, and then adding the required volume of 
initiator solution. This solution was not degassed by freezing, 
pumping, and thawingI3 because we now believe that it is 
important that the samples never be cooled below the polym- 
erization temperature before we begin studying them, so that no 
metastable or dead polymers can possibly be present on the first 
experimental cooling run (see below). The solution was then 
poured from the reaction vessel into the cell, and the cell was 
permanently sealed. Sample 91-1 was made from residual mixture 



3906 Ploplis Andrews et  al. 

from sample 91-3: a quantity of sample 91-3 was transferred to 
a new and clean reaction vessel (attached to a neutron scattering 
cell), and an appropriate quantity of clean a-methylstyrene was 
added to it. Sample 92-1 was prepared in essentially the same 
way, except that the procedure was simplified no reaction vessel 
was attached to the cell, but instead the cell was sealed with a 
septum, through which the materials were injected. 

Sealing the neutron cells was a delicate task: the sealing had 
to be done at  a Pyrex section of the cell neck-not on the quartz 
part because quartz requires very high temperatures to melt and 
seal; the cell (still attached to the reaction vessel) was evacuated 
very slightly to make sealing easier; the cell and the reaction 
flask were held in cold water just above the polymerization 
temperature to prevent sample loss during sealing. 

B. SANS Apparatus and  Temperature Control. The 
SANS experiments were performed on the spectrometer PACE 
in the reactor OrpheB at  the Laboratoire LBon Brillouin (CEA- 
CNRS), Saclay, France. The incident wavelength, A, obtained 
by a mechanical selector, was 6.5 A f 10% for samples 91-1 and 
91-3, and 6.0 A f 10% for sample 92-1. The q range of the 
collimated beam was9.6 x 109to0.10A-1. Thestandarddeviation 
of the measured intensity was about 0.025 cm-I. 

The cells were held in the neutron beam in an aluminum block, 
the temperature of which was controlled to k0.1 K by circulating 
an ethylene glycol-water mixture. The temperature was mea- 
sured by means of a platinum resistance thermometer, placed in 
the aluminum block. 
C. Procedures. As noted above, the samples were never 

allowed to cool below the polymerization temperature, Tp, before 
being placed in the spectrometer and deliberately cooled, in 
temperature steps of 0.1-1 K. For sampIes 91-1 and 91-3, a t  each 
temperature on the initial cooling runs, three spectra were taken, 
each with a collection time of 10 min. Since the temperature was 
not yet stable for the first spectrum, only the latter two spectra 
at each temperature of the cooling run were summed and analyzed. 
Those two spectra agreed with one another, indicating that, for 
the initial cooling run, equilibrium was attained in the polymer 
solution within the collection time of the f i t  spectrum. 

For sample 91-1, the first heating run did not reproduce the 
initial cooling run. For the heating run, the intensity a t  any 
particular temperature was always higher than had been recorded 
for the same temperature during the initial cooling run, and the 
intensity continued to decrease with time, even after periods as 
long as 2 h, never reaching the value recorded on the initial cooling 
run.lS Then the sample was inadvertently heated to 313 K. This 
“annealing“ had a very interesting effed: the scattering intensities 
measured on the initial cooling run were then reproduced on the 
second cooling run! The data from the f i i t  (initial) and second 
cooling runs of sample 91-1 are included in our analysis. 

For sample 91-3, the cooling run was likewise followed by a 
heating run, during which data were taken at the same time and 
temperature intervals as for the cooling run. As for sample 91-1, 
the data taken on heating had higher scattering intensitiea than 
the data taken on the initial cooling.1s We conclude that data 
taken after the first cooling for sample 91-3 do not represent 
equilibrium data, and we do not analyze those data here. 

For sample 92-1, spectra were taken at  5-min intervals and for 
time periods up to 11 h, in an effort to understand better the 
equilibration times required.“ The sample was f i i t  cooled slowly 
from 292 to 268 K, at which point the scattering intensity began 
to increase and we began collecting spectra. In contrast to the 
procedures for samples 91-1 and 91-3, for which the temperature 
was steadily decreased in steps for the initial cooling run, for 
sample 92-1, the temperature was alternately decreased and 
increased in small steps (0.2-0.7 K). Thus the sample was 
alternately heated and cooled on the initial “cooling” run. Our 
intention was to collect spectra for both heating and cooling steps 
on the initial “cooling” run, in order to observe any differences 
in the equilibration kinetics between heating and cooling. After 
the initial cooling to 250.9 K, the sample was then warmed to 
room temperature over 5.5 h; data were not collected during the 
warming. As shown in Figure 1, the spectrum taken at  291.2, 
taken 4.4 h after the spectrum at  250.9 K, is virtually identical 
to the spectrum taken at the start of the run at  282.9 K (over 3 
days earlier), indicating complete reversibility of the polymer- 
ization. All the data from this initial run are analyzed here. 
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Figure 1. Representative coherent neutron scattering intensity 
I(q,T) spectra for sample 92-1 of living poly(a-methylstyrene) in 
TDF as a function of wavenumber, q, and temperature, T. The 
polymerization temperature, T , is 266 f 2 K. Note the absence 
of scattering above T and %e increased scattering as the 
temperature decream ‘below T, and the living polymers grow. 
The dashed lines represent the predictions of the mean field 
theory, using eq 3 and the parameters described in the text. 

Spectra were collected at 66 temperatures for the initial cooling 
of sample 91-1, a t  41 temperatures for the second (annealed) 
cooling of sample 91-1, at 93 temperatures for the initial cooling 
of sample 91-3, and at lo0 temperatures for sample 92-1. 
D. Data Reduction. Two or more Scattering spectra at each 

temperature were combined“ to obtain the “raw intensity”, 
I,(q,T). Zr(q,T), was corrected in a standard way1z14 for the 
scattering from the empty cell walls and scaled by the scatterin 
cross-section of 1 mm of water (taken& to be 0.87 cm-I at 6.5 1 
for samples 91-1 and 91-3 and taken to be 0.85 cm-1 at  6.0 A for 
sample 92-1) to obtainZ’(q,T). This corrected and scaled Z’(q,T) 
still contains incoherent background scattering. We correct for 
this background by subtracting from Z’(q,T) the value of the 
background scattered intensity, Ib(q,Tb). For samples 91-1 and 
91-3, Ib(q,Tb) was taken as the Scattering spectrum for a ‘blank” 
solution-a solution containing monomeric a-methylstyrene in 
TDF, but with no initiator present-at 269 K. For sample 92-1, 
Zb(q,Tb) was taken as the scattering spectrum for the sample 
itself a t  284.3 K, before it had ever been cooled below Tp’ Thus 
we obtain 

I(q,T) = I’(q,T) - Ib((l,Tb) (21) 

where we note that the background spectrum was recorded at  
only one temperature but was applied at  all temperatures. 
Ratherthancovertthedatafromthecorrected intensityspectra 

into spectra of the concentration structure function, S(q,T), we 
convert the theoretical calculation of S(q,T) into I(q,T) using 
the constrast,” K: 

(22) I(q,T) = K(S(q,T) - sb(q,Tb)) 

where &(q,Tb) = Sm(q,Tb), as given in eq 8, and where 

K = (1/V)[b2(Vl/V) - b1(Vz/V)l2 (23) 

in which VI (52.18 X 10-22 cma/molecule) and V2 (=1.33 X 10-22 
cm3/molecule) are the respective molecular volumes for the 
a-methylstyrene and the TDF, Vis the mean molecular volume 
( V  = xm*V1+ (1 - x,*)V2), and 61 (-2.245 X 10-12 cm) and b2 
(=8.580 x 10-12cm) are the respective coherent molecular neutron 
scattering collision lengths. We obtain K = 0.83 cm-1. 

IV. Results and Discussion 
A. I(q,T). Figure 1 shows typical neutron scattering 

spectral(q,T) for asample of livingpoly(a-methylstyrene) 
in TDF, as recorded at several temperatures on the initial 
cooling run of sample 92-1. Note the lack of scattering at 
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Figure 2. Inverse of Z(q,T) plotted versus q2 for representative 
spectra for sample 92-1 of living poly(a-methylstyrene) in TDF. 
The solid lines are functions fitted to the Ornstein-Zernike 
function (eq 24). 

temperatures above the polymerization temperature of 
266 f 2 K. The scattering intensity then increased 
dramatically as the temperature was decreased, reflecting 
the growth of the living polymers. 

We have fitted eq 3 for S(q,T) in the mean field 
approximation to some representative I (q ,T)  spectra. 
These fitted functions are also shown in Figure 1. The 
values of the parameters used are ASp = -105 J/(mol K), 
AHp = -34.6 kJ/mol, TI = 37 K, and r = 0.010; these values 
were determined, as discussed below, from the best fits to 
the mean field expressions for S(O,T),. The only free 
parameter in the S(q,7') calculation was the monomer size, 
"a", which was adjusted to 10.19 A for the best fit. The 
comparison in Figure 1 of the mean field theory for S(q,T) 
with our experimental spectra shows relatively good 
agreement. 

B. I(0,T). Figure 2 shows l/I(q,7') plotted versus q2 
for some representative spectra for sample 92-1. The 
linearity of these plots justifies fitting the data to an 
Ornstein-Zernike type expression: 

I(q,7')  = I(0,7')/(1- q2t2(7')) (24) 

We also tested the addition13 of a term 47') to eq 24 to 
account for such contributions as multiple scattering, the 
thermal expansion of the solvent, etc.: Le., to adjust for 
the fact that we cannot completely determine the back- 
ground correction, Ib(q,T). We allowed 47') to be a free 
parameter; the resulting values of 47') were typically only 
about 5% of the intensity. The fitted values for I(O,7') 
and for [( 7') were not changed significantly when ~ ( 7 ' )  was 
set a t  zero, so we present our analysis without the term 
47'). 

We have fitted eq 24 to all the spectra I(q,T)  for all the 
samples, allowing I(0,Z") and [(!I") to be free parameters 
a t  each temperature and using a weighted least squares 
fitting routine which takes into account the correlations 
among free parameters.14 We report the errors a t  the 99% 
confidence interval. These fitted parameters are listed in 
ref 14 for all three samples. 

The solid lines in Figure 2 are represented of the 
functions fitted to eq 24 and confirm the validity of our 
use of eq 24. We note that eq 24 is derived from mean 
field  model^.^^^^^ Thus our use of eq 24 to obtain the 
physically interesting quantities I(O,7') and [( T )  could bias 
these quantities toward mean field behavior, when we wish 
to compare these quantities to both a mean field theory 
and a non-mean field theory. We know, however, that 

I -7 1.0 
6 

0.0 
A 91-1A 
'I 91-16 

91-3 1 0 92-1 
-0.5 I 

230 240 250 260 270 280 290 
Temperature (K) 

Figure 3. Intensity at q = 0, Z(O,!I'), for samples of living poly- 
(a-methylstyrene) in TDF. The symbols are the experimental 
values of Z(0,T) as obtained by fib to eq 24. The legend identifies 
the samples; A and B refer to the initial and second cooling runs. 

deviations from eq 24 are very small even at  critical points 
in fluids of small molecules,43 which are much more strongly 
non-mean field than are polymer solutions.4 We therefore 
assume that the use of eq 24 will not significantly bias the 
values of I(O,7') and [(n, and our discovery of behavior 
for I(O,7') which is clearly non-mean field (see below) 
supports this assumption. 

I(0,T) as determined from these fits is plotted as a 
function of temperature for all the samples in Figures 3 
and 4. Recall that sample 92-1 was meant to duplicate 
91-3 and was made and studied a year later by a different 
person. We note the good agreement between samples 
91-3 and 92-1: Tp is the same for both samples, and the 
transition is somewhat "sharper" for 92-1, due to the 
slightly smaller value of r (see Table 1). We note also the 
dramatic rise of Z(O,7') when the temperature falls below 
the polymerization temperature. For samples 91-3 and 
92-1, I(0,T) then levels off a t  lower temperatures. How- 
ever, for sample 91-1, 1(0,7') shows a maximum as the 
temperature decreases below Tp; this is a significant feature 
which we shall discuss below. 

We compare the experimental I(0,Z') data to the 
predictions of mean field theory (eq 10 above) in Figure 
4. The free parameters of the theoretical functions were 
obtained using the computer program MATLAB,* which 
provides a Nelder-Meade (modified) simplex minimization 
of the residuals between the data and a function of several 
variables.% We first set xm* and r at  their experimental 
values (Table 1) and allowed AHpo, ASPo, and TI to vary 
within the uncertainties of the literature v a l u e ~ ~ ~ ~ ~  (see 
Table 2) to obtain the best values of AHpo, ASPo, and TI 
which simultaneously described all three samples. We 
note that in the mean field calculation, Tp is determined 
by AHp', ASPo, and xm* and is not an independent 
parameter. Those best fit values are given in Table 2. 
The uncertainties given in Table 2 for the fitted parameters 
were determined by testing for the effect on the parameters 
of allowing the reduced x2 to increase by an amount 
corresponding to a 99 '% confidence interval.* The value 
of TI, the mean field upper critical solution temperature 
for the solution of monomer in solvent, seems reasonable, 
TDF being a good solvent for a-methylstyrene. Then these 
three parameters were fixed a t  their best values, x,* was 
set a t  the experimental value for each sample, and r for 
each sample was allowed to vary to optimize the fit of the 
theory to the data. The final values of r are also given in 
Table 2. The fitted values of r are in reasonable agreement 
with the experimentally determined values; we note that 
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The resulting predictions of the mean field theory for 
I(0,T) using the best fit values of the four fitted parameters 
are compared to the experimental data in Figure 4. Keep 
in mind in studying Figure 4 that sample 92-1 is essentially 
the same as sample 91-3, except that the data were taken 
over a smaller temperature range. Thus the apparently 
better agreement between the mean field theory and 
sample 92-1 is due to the fact that the temperature range 
is smaller. The mean field theory clearly predicts the 
correct qualitative behavior for I(O,T), but it also clearly 
is not quantitatively accurate. In particular, it fails to 
predict the maximum in I(0,T) below Tp, at  sufficiently 
low r ,  as is seen for sample 91-1. 

We next compare I(0,T) to the predictions of the dilute 
n - 0 magnet m0de1.l~ For these equations, the MATLAB 
Nelder-Mead simplex minimization routine failed to 
converge, so we were forced to vary the parameters stepwise 
to find the best fits. For the dilute n -.+ 0 magnet theory, 
the free parameters are r ,  AHp', and Tpo,  the polymeri- 
zation temperature of pure a-methylstyrene. Again, best 
values of AHpo and Tpo were found in common for all 
three samples, after which r was varied independently for 
each sample. Uncertainties were determined in the same 
way as for the mean field theory. The fits for the dilute 
n - 0 magnet theory are not very sensitive to AHp' or r 
but are sensitive to Tpo: a 1 % change in Tpo shifts I(0,T) 
by 10%. 

The best fit values are given in Table 2, and the functions 
are plotted in Figure 4. The dilute n - 0 magnet model 
clearly gives better agreement with the data for I(0,T) 
than does the mean field theory. In particular, the dilute 
n - 0 magnet model correctly predictslg the maximum in 
I(0,T) below Tp for sample 91-1 (the sample with thelowest 
r ) ,  a feature not predicted by the mean field theory. 

C. Characteristic Length, 4( T).  Our fits of theI(q,T) 
spectra to eq 24 also result in values of the characteristic 
length, or correlation length, [(T). Figure 5 shows [ (T )  
for all samples. We see for all the samples the expected 
increase in f as the temperature passes through Tp and 
the polymer molecules begin to grow, a maximum at f * ,  
and an ensuing decrease in [ (T).  The value of f* is about 
the same for samples 91-1 and 91-3 but higher for 92-1. 
The higher, sharper maximum for sample 92-1 is, in part, 
due to the fact that r is smaller for sample 92-1 (see Table 
1); there could also be some effect due to the different 
thermal history of sample 92-1, which was heated and 
cooled alternately. The maximum in [ (T )  is related to the 
interpenetration of polymer chains in the system, as we 
discuss below. 

We first compare f(T) to the predictions of the mean 
field RPA theory, using eqs 14 and 15. The parameters 
for the mean field theory (see Table 2) for I(0,T) were 
used for the calculation of E (  7'). The additional parameter 
"a" was allowed to vary for each sample to obtain the best 
fits; the value of "a" obtained should be the same for all 
the samples and is the same, within the large uncertain- 
ties: 8 f 3 A for sample 91-1,8 f 2 A for sample 91-3, and 
11 f 1 A for sample 92-1. If we calculate the predicted 
functions for the highest and lowest values of "a" allowed 
by the error bars, then we shift the predicted curves up 
and down vertically on Figure 6. The mean size of the 
monomer, as calculated from the density of unpolymerized 
a-methylstyrene, is a = 6 A, which is close to the fitted 
values for samples 91-1 and 91-3. The value of "a" for 
sample 92-1 is larger than those for 91-1 and 91-3 but is 
still within the combined uncertainties. This large value 
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Figure 4. Intensity at p = 0,1(0,7'), for samples of living poly- 
(a-methylstyrene) in TDF. The symbols are the experimental 
values of 1(0,7') as obtained by fits to eq 24. For sample 91-1, 
A and B refer to the initial and second cooling runs. The 
theoretical predictions for the mean field theory (eq 10) using 
the parameters discussed in the text are shown as dashed lines. 
The theoretical predictions for the non-mean field, dilute n - 
0 magnet theory's using the parameters discussed in the text are 
shown as solid lines. 
some of the initiator molecules could have been deactivated 
during the sample preparation, so that the experimental 
values of r must be upper limits to the fitted values of r. 

We also tested the sensitivity of the mean field theory 
to changes in the fitted parameters.14 The predictions 
are not very sensitive to changes in T1 or r. However, the 
fits are quite sensitive to changes in AHp. (a 1 % change 
in AHpo changes I ( 0 , n  by a factor of 2-3) and quite 
sensitive to changes in ASPo (a 1% change in ASPo changes 
I(0,T) by a factor of about 2). 
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Table 2. Values of Thermodynamic Parameters for the Living Polymerization of a-Methylstyrene in Tetradeuteriofuran AS 
Obtained from the Literature and from the Best Fits to Our Data Using the Mean Field Theory (Eq 10 and the Dilute n - 0 

Magnet Theory’s)* 

AHpo (kJ/mol) ASPo (kJ/(mol K)) Ti (K) TpO (K) 91-1 91-3 92-1 
literature -35 f l b  -110 f l e  34.9-37d 321 f 1Oe 3.9 f 0.5e 10 f le 9.3 f 0.3e 
mean field -34.6 f 0.5 -105 f 1 37 f 5 NA 4 f 2  7 f 2  l O f 2  
dilute n - 0 -35 f 1 NA 0 329 f 6 4.4 f 0.7 8.3 f 0.5 9.4 f 0.8 

a Uncertainties are given at the 99% confidence interval. Here AHpo is the enthalpy of propagation of a-methylstyrene in the standard state 
of pure monomer, ASPo is the entropy of propagation of a-methylstyrene in the standard state of pure monomer, 2’1 is the mean field upper 
critical solution temperature for monomeric a-methylstyrene in TDF, Tpo is the polymerization temperature for pure a-methylstyrene, and 
r is the ratio of initial moles of monomeric a-methylstyrene to moles of initiator. Samples are indicated as 91-1, 91-3, and 92-1 (see Table 
I). ‘NA” means not applicable. Reference 47. Reference 8. References 13 and 15. e Experimental value from Table 1. 
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Figure 5. Characteristic length, &T), for samples of living poly- 
(a-methylstyrene) in TDF. The symbols are the experimental 
values of t(T) as obtained by fits to eq 24. The legend identifies 
the samples. For sample 91-1, A and B refer to  the initial and 
second cooling runs. 

could also be related to the different thermal history of 
sample 92-1, in that this sample was subjected to heating 
steps while it was cooled and could have contained 
metastably large polymers. We see from Figure 6 that the 
predictions of the mean field theory for [(T) are in 
qualitative, but not quantitative, agreement with the 
experimental values of ((2‘)). 

We next compare [ (T) to the predictions of the non- 
mean field, dilute n - 0 magnet model, using the equations 
in ref 19, as discussed above. The parameters for the dilute 
n - 0 magnet theory (see Table 2) for I(0,T) were used 
to calculate [(T). The additional parameter Eo was allowed 
to vary for each sample. The parameter fo ,  which is 
difficult to relate directly to the dimension of the monomer, 
should, in principle, have the same value for all the samples 
and was found to be essentially the same within the 
uncertainties: 1.8 f 0.6 A for sample 91-1,2.1 f 0.5 A for 
sample 91-3, and 2.7 f 0.2 8, for sample 92-1. The 
comments about sample 92-1 in the previous paragraph 
apply here as well. Figure 6 shows the comparison of the 
predictions of the non-mean field dilute n - 0 magnet 
theory to the experimental values of [(T). As for the mean 
field RPA theory, the agreement with the measurements 
is qualitative but not quantitative. The prediction of the 
dilute n - 0 magnet theory could perhaps be improved 
if the assurnpti~n’~ of a constant f o  in place of a function 
,$o(Oz) were not made. 

We include also in Figure 6 the conversion of the 
temperature axes to the fraction of initial monomer 
converted to polymer at  each temperature, $(V, and to 
the number-average degree of polymerization at  each 
temperature, DP(T), where $ and DP have been calculated 
from the mean field theory, with the mean field values of 

the parameters as given in Table 2. We know from astudy 
we have in progress in which we are measuring DP( 7‘) for 
this system that the mean field theory is accurate to at 
least 10% at the lowest temperatures a t  which we took 
data; we believe it to be less reliable near Tp. We note 
that $(T) and DP(T) are not linear in T and are related 
to one another as DP = 2$/r. The maximum [* in E(T) 
occurs a t  $* = 0.2 and DP* ii: 100 for sample 91-1, at  $* 
ii: 0.4 and DP* ii: 90 for samples 91-3, and at  $* = 0.4 and 
DP* = 80 for sample 92-1. The maximum E* is about 20 
A for both samples 91-1 and 91-3 and is larger (about 27 
A) for sample 92-1. We interpret the maxima as occurring 
at  the onset of overlap, a t  the transition from the dilute 
regime to the semidilute regime. Sample 91-1 has over 
twice as much initial monomer and has less than half as 
much initiator relative to initial monomer as do samples 
91-3 and 92-1. Thus all three samples have about the 
same mole fraction of polymers (xp = xJ2 = rx,*/2 - 2.4 
X lo4). However, sample 91-1 will have larger polymers 
(because r is smaller), and thus a smaller $*, which is the 
case (i.e., 4* ii: 0.2 for 91-1 versus 0.3 for 91-3 and 92-1). 
The overlap concentration c* = 4*c,* (see Table 1) is 
about the same for all three samples (-0.03 g/cm3), and 
the value of DP* is about the same for all three samples 
( - 80-100). 

An equivalent solution of monodisperse “dead” polymers 
with a degree of polymerization of 80 should have a much 
larger overlap concentration, c*, and a much smaller 
correlation length at  overlap, E*.  For example, for 
polystyrene in benzene49 with DP = 80, we expect c* = 
0.23 g/cm3 and E* = 5.5 A. To get values close to those 
measured in our polydisperse solution of living polymers, 
DP for a monodisperse solution of “dead” polymers would 
have to be much larger: for DP = 1200, we get [* = 27 A 
and c* = 0.029 glcm3 for polystyrene in benzene. In a very 
polydisperse system like our living polymer system, the 
overlap is determined by the longest polymers, so that c* 
and [* cannot be obtained from the theory of monodisperse 
semidilute solutions with the same number-average degree 
of polymerization. A different averaged degree of po- 
lymerization must be considered, where the longest 
polymers are more heavily weighted. 

In Figure 7, we plot log([) versus log($) for all the 
samples, where again $ is calculated from the mean field 
theory. Since $ is proportional to DP and DP is 
proportional to the number-average molecular weight, M, 
a power law behavior E = Mz - DP* - $a would result (see 
eq 19) in a straight line on this log-log plot. Clearly, the 
behavior can be said to follow a simple law only in limited 
regions, a t  very low $ or at  high 4. The broad transition 
region (from dilute to semidilute behavior) does not show 
simple power law behavior a t  all. The large error bars a t  
low $ preclude the determination of a slope. At  the highest 
4, the slope is smaller than the -0.77 expected. 
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Figure 6. Characteristic length, [(T), for samples of living poly- 
(a-methylstyrene) in TDF. The symbols are the experimental 
values of [(T) as obtained to fits by eq 24. The legend identifies 
the samples; for sample 91-1, A and B refer to the initial and 
second cooling runs. The theoretical predictions for the mean 
field theory (eq 14) using the parameters discussed in the text 
are shown as dashed lines. The theoretical predictions for the 
non-mean field, dilute n - 0 magnet theory19using the parameters 
discussed in the text are shown as solid lines. The axes also 
indicate the fraction of monomer converted to polymer, 6, and 
the number-average degree of polymerization, DP, as calculated 
from the mean field theory. 

IV. Conclusions 
We report here the first extensive study by SANS of an 

organic living polymer system, evolving as a function of 
temperature and presenting a polymerization transition. 

A 91-1A 
91-18 
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Figure 7. Logarithm to the base 10 of the characteristic length, 
[ (T),  for samples of living poly(a-methylstyrene) in TDF plotted 
as a function of the logarithm to the base 10 of the fraction of 
initial monomer converted to polymer, 4, as calculated from the 
mean field theory. The symbols are the experimental values of 
[ ( T )  as obtained by fits to eq 24. The legend identifies the 
samples; for sample 91-1, A and B refer to the initial and second 
cooling runs. The quantity 4 is directly proportional to the 
number-average molecular weight of the living polymer. The 
solid line at the right of the figure indicates a slope of -0.77 (see 
discussion in text). 
As difficult as it is to make stable samples of these systems, 
we have been able to make consistent SANS measure- 
ments, using samples made by two different persons a 
year apart. The measurements of the structure function, 
S(q,T), of S(0,Z'j (its limit for q = 0) and of the charac- 
teristic length, [(T), are all in remarkably good qualitative 
agreement with two theories which model the onset of 
equilibrium polymerization as a phase transition. The 
first theory, an RPA mean field theory, is developed in 
this paper. The second theory, which was stimulated by 
the present experiments, is a non-mean field approach, 
based on the renormalization group study of the n - 0 
magnet model. For S(O,T), the non-mean field theory 
shows the maximum below Tp which we observe experi- 
mentally and which is not predicted by the mean field 
theory. For ((T), both theories predict a peak in [ (T )  
below Tp, which we clearly observe experimentally. There 
is still a lack of a quantitative theory to describe the 
experimental results. However, even the qualitative 
success of these theoreticalmodels is gratifying, given that 
the theories were developed for phase transitions in 
magnets and are applied here to equilibrium polymeri- 
zation and given the small number of free parameters in 
the models. 

These solutions of living poly(a-methylstyrene) seem 
to reach the point of overlap a t  smaller concentrations 
than do solutions of more nearly monodisperse, terminated 
polymers with the same number-average degree of po- 
lymerization. However, as discussed in section IIc, living 
polymer systems a t  equilibrium have a broad distribution 
of molecular weights.33 The presence of some very large 
polymers must affect strongly the concentration at  overlap, 
pushing the overlap concentration to lower values. The 
polydispersity could also have a rounding effect on the 
dependence of 6 on the concentration, so that the predicted 
power law behavior of -0.77 is difficult to see unless the 
concentration of initiators is smaller, so that the polymers 
are longer a t  overlap. Stable solutions with such small 
initiator concentrations are difficult to prepare. In 
addition, the exponent -0.77 is applicable at concentrations 
somewhat larger than those studied here.50 

It is also probable that the low values of the overlap 
concentrations for these living polymer solutions are 
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related to the ionic nature of the living polymer molecules. 
It is known that polyelectrolytes show low overlap 
concentrations, because the Coulombic repulsion causes 
stretching of the polymer  molecule^.^^ 

The observation that the samples did not reach equi- 
librium on heating within the same periods of time required 
for equilibration on cooling is consistent with our earlier 
observations that the “best” dataare the cooling data taken 
on the first cooling run for a sample that has never been 
cooled below the polymerization temperature.8~~ We do 
not understand why equilibration for depolymerization is 
so much slower than equilibration for polymerization. That 
the scattering intensity for the nonequilibrated heating 
runs was greater than that for the equilibrated cooling 
runs suggests that the polymer molecules persisted in a 
metastable state at degrees of polymerization greater than 
those of the equilibrium state. The remarkable observa- 
tion that a sample “annealed” well above the polymeri- 
zation temperature returned to the state of the initial 
cooling run supports the hypothesis of metastable polymer 
molecules. Comparison between samples 91-3 and 92-1, 
which were prepared with the same concentration of initial 
monomer and of initiator, is very interesting. These two 
samples had very different thermal histories: sample 91-3 
was cooled slowly, without any heating, while sample 92-1 
was successively cooled and heated by small steps and 
with an overall slow cooling. The value of Tp and the 
general shape of 1(0,7‘) were the same for the two samples. 
The characteristic length, [(n, rose to a larger value in 
92-1, with the position of the peak, [*, being the same. 
Perhaps the different behavior of &T) in samples 92-1 
was due to an out-of-equilibrium distribution of polymers, 
caused by the heating steps. These observations indicate 
the importance of kinetic problems in these systems. We 
plan to study the intriguing kinetics of these processes 
further. 
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