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We have measured the molecular weight distributiddWD) in a case of equilibrium
polymerization. We have studied the time development of the MWD of “living” bifunctional
poly(a-methylstyreng in tetrahydrofuran after a quench to 21 K below the polymerization
temperatureT,. We see an intermediate Gaussian distribution evolving toward a final exponential
distribution, as expected from theoretical considerations. We see a longer equilibration time for the
number average molecular weightl() as well as for the weight average molecular weig¥t,j

than for the monomer concentratigiM)], whereas theories predict thit, and [M] will relax
together and thaw,, will take much longer. We attribute the delayed equilibration and a second
peak at aboul /4 to the effects of ionic aggregation of the living polymers. We have also studied
the equilibrium MWD of this system as a function of the temperature bélgwand thus as a
function of the number average degree of polymerization These measurements and the time
study discussed above are the first experimental evidence that the equilibrium MWD for an organic
polymer in a state of equilibrium polymerization is an exponential/Flory—Schulz distribution, and is
consistent with scaling predictions. Ned@p, and at lowL, we observe a deviation from the
exponential distribution, which may be evidence of the effect of a chain-length dependence of the
equilibrium constant for polymerization, or of the effects of polydispersity on correlations due to
excluded volume. In addition, the measuted@ about two times less than that expected from the
initiator concentration; this could result from ionic aggregation or from chain transfer reactions.
© 1999 American Institute of Physids$0021-960809)50844-1

I. INTRODUCTION AND THEORETICAL BACKGROUND ki
21+2M= "M, (1)
“Living” polymerizations, in which the polymer re- ki
mains chemically active, have become a mainstay of poly- K’
mer synthesis, becausg#) they can produce narrow molecu- v -
lar weight distributions, and2) the living ends permit the wherel, M, ~M, stand for initiator, monomer, and acti-
synthesis of various polymer architectute3In order to un-  vated dimer with two living ends, respectively, algdandk/
derstand living polymerizations, we need to understand th@re the forward and reverse rate constants. The initiation step
time development of the molecular weight distribution a@n sometimes be viewed as essentially complete and irre-
(MWD), from initiation to true equilibrium. versible, as in the case of interest here, and thus the number
The literature on molecular weight distributions in poly- ©f Polymer molecules is fixed by the number of initiator
mers is vast, including considerations of various reactiofnelecules. The second step is a reversible propagation step,

mechanismé> We confine our discussion here to a bifunc- kp
tional anionic polymerization to form a flexible linear poly- “M; +M="Mj, 2
mer in a batch process in a solvent, with two stejphe first ka
is an initiation step, or, in general,
kp
dAuthor to whom correspondence should be addressed; electronic mail: "My +tM="M,,,, ()
sg28@umail.umd.edu kg
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wherex is the number of monomers in the polym@r the  proximation, implicit in BS, the Flory—Schul@&S) number
degree of polymerizationDP), andk, andky are the rate distribution is expected when the depropagation also pro-
constants for propagation and depropagation. ceeds and equilibrium is established. For all sites equally
This basic mechanism does not include scission, reconlikely to react,
bination, chain transfer, or termination. The rate constepts
. .. . . FS_ x—1/14 _
andky can, in principle, depend upon the chain length, in N =p" “(1—p), )

addition to the expected dependence on solvent, initiator, and _ .
temperature. In addition, the cationic counterion can bé/vherep— 1—-(11). The PDI for the Flory—Schulz distribu-

closely associated with the polymeric anion as an ion pair, of" IS (11 p), which becomes 2 at high degrees of polymer-
less closely associated as a solvent-separated or even frigglion, Wherel is large andp—1. Whenp—1, Eq. (5)
ion.” These different states of the ion pair can have differenpecomeg

rate constants that contribute independently to the kingtics. nE= (1L )exp(—x/L) ®
We will assume that the states of the ion pair interconvert X ’

sufficiently rapidly that they need not be considered as indeand thus the Flory—Schulz distribution beconi@sd is often
pendent species. called the “exponential distribution.” The exponential dis-
The issue of the time development of the MWD for a tribution is also predicted from chemical kinetiésind from
reversible living polymerization was first addressed in 1958 Flory—Huggins lattice modét. Szward® argued that the
by Brown and Szwar¢BS).” BS studied the kinetic equa- Flory—Schulz number distribution for a polymer with two

tions, assuming the rate constants to be independent of chaii¢tive sites differs from that for one active site, and should
length, and recognized three stages of the MWD developpe:

ment.

SZ_ X(1_ )2
A. Stage 1. When k,>kg, the initial MWD is expected "= (x+DpHl=p)%, @)

. . . . 4
to be a narrow, Poisson distribution which gives a narrower MWD with a limiting PDI of 1.5.

In this stage, all initiated sites are equally likely to react, However, others *®°argue that thegmean-field equilib-
and the initiation and propagation are much faster than theum MWD is given by Eqs(5) or (6), regardless of whether
depropagation, so that the polymerization is “temporarilythe polymer chain is monofunctional or bifunctional.
irreversible.” In this case, the number fraction of polymers  The equilibrium MWD for this basic mechanism has
of sizex, n,, is>*® been addressed often since BS. The assumptions leading to

nP—e~(L-D x~1/(x—1)! @) Egs.(5) and(6) are (i) that the rate constant is independent

x " of degree of polymerization or that the free energy of poly-

where L is the number average degree of polymerizationmerization is independent of degree of polymerization
(counting the polymers and initiated monomer, but not the(“equal reactivity”), (ii) that the solution is ideal, angii)
free monomer) and the superscript “P” denotes the Pois- that a mean field prevails. These assumptions are neither
son distribution. The polydispersity indg®DI=M,,/M,,, entirely independent of one another, nor entirely equivalent
whereM,, and M, are the weight and number average mo-to one another. Various attempts have been made to calculate
lecular weights for the Poisson distribution ig1+ (1/L)], the MWD without these assumptions. The issue of nonideal-
which approaches unity only at high degrees of polymerizaity was addressed by Har8, who found that a

tion. Flory—Huggins® treatment of the nonideality gives the same
MWD as does as an assumption of ideality, but that a
B. Stage 2: The equilibrium concentration of Guggenheifi treatment of the nonideality broadens the
monomer, [M], is attained after the initial Poisson MWD significantly, especially at high concentrations.
distribution, but long before the final, equilibrium Lundberd? later argued that the final MWD depends on
MWD whether the entropy of polymerization of a pure homopoly-

M , will be established during this intermediate stage andner iS linear in chain length in the liquid state or in the
will remain nearly constant thereafter, whil,, will con- crystalline state. For the crystallize case, he found that the

tinue to increase until the equilibrium MWD is established. MWD is the FS distributiodEq. (5)]. For the liquid case, he

Thus the relaxation of the enthalpy is completed during thifound a broader distributiofthe “Lundberg distribution’),*
stage, but the relaxation of the entropy is not yet achieved.

ny=Lg* *(1-q)/x, ®)
C. Stage 3: The final, equilibrium MWD is expected to whereq=1—(M°/M,,) andM? is the molecular weight of
ggﬁgﬁgﬁl Flory--Schulz “most probable the monomer. EquatiofB) is broader than the FS distribu-

tion, and has a PDI of In,,/M°). Peeblestates(without
The final equilibrium MWD can be calculated from the referencesthat the “Lundberg distribution is also a result of

kinetic equations? or from statistical arguments;*®which  extreme deviations from ideality.”

will yield mean-field predictions. Non-mean-field predictions The issue of equal reactivity was addressed by

which take into account correlations due to excluded volumé<aufman?3 who considered the statistical mechanics of equi-

can be calculated from statistical mechanics via scalindibrium polymerization on the equivalent-neighb@nean-

and/or renormalization group theory. In the mean-field apfield) lattice and obtained the exponential distribution for the
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case of fugacities independenbgfbut obtained a “gamma” In 1984 Taganot addressed anew the issue of the time
or “Schulz”-like distributior?*?°for the case of the fugaci- development of the MWD in reversible polymerization, as-
ties with a power-law dependence gn suming that the polymer chains are long, the initiation is
instantaneous, and the rate constants do not depend on chain
nk=cd i(x+1)R"1, 9 b

length. His analysis also predicts a Poisson distribution in the
wherec is a normalization constand,is a number less than beginning and a Flory—Schulz distribution at equilibrium,
unity and related to the fugacity, arlis the “Schulz in-  with a Gaussian distribution convoluted with the Poisson dis-
dex.” For R=—1, the distribution reduces to the FS distri- tribution for the intermediate stage.

bution; equa] reactivity Corresponds F=1. ForR=ox, it In 1997, Milchevet a|.19 studied the relaxation kinetics
reduces to the Poisson distribution. o< — 1, there exists  of a living polymer system both by numerical solution of rate
a critical polymerization line. equations like Egs(1)—(3), and by Monte Carlo simula-

Scaling arguments lead to the exponential distribution irfions. They focused on a system for which the number of
the mean-field limi€® However, for the non-mean-field case, polymers is determined by an initiation step that is not com-
scaling arguments predi¢h) the exponential distribution in  plete and not irreversible, but argued that there is no signifi-
the semidilute regime, an@) a Schulz—zimm-like distribu- cant difference if the number of polymers is fixed. They
tion (i.e., a power law times an exponentiah the dilute  considered the changelinas a function of time for eithe(d)

regime?’=2° an initiated system of dimers subjected to a temperature
jump, or(2) an equilibrated system of polymers subjected to

SCALING _ —

Ny =[yILT (7)](IL)7" Vexp(— yx/L), (10 3 temperature jump. They confirmed Taganov’s results on

where y(=1.16 is the susceptibility exponent for the uni- the time evolution of the functions for the MWD. Irj addi-
versality class with a dimension of the order parameter ofion. they found that the response curves scale with relax-
zero(n=0).3° ation times that depend on the equilibrium valued.pfind

In 1991, Bouchauckt al3! proposed a “semiphenom- that the time required for stage 3, the r.elaxation to the final
enological” distribution to include the effects of correlations MWD, scales a4.°. Recall that MS predicted that the relax-
on the MWD, a form which was used in 1998 by Rou¥ult ation time for step 3 scales &. Marqueset al.** also stud-
to describe the MWD of a micelle system, which is similar to1€d the relaxation of a polymer chain after a temperature
a living polymer system in that the polymeric entities are injumpP by the gain or loss of monomers from the ends, and
equilibrium with one another and with the monomer. RouaultPredicted that the time required scqlesl.ﬁs
suggests that the polydispersity of such systems allows the There has never been an experimental test of these theo-
smaller polymers to swell the larger ones, causing a differerfi€s. We present here such a test. We consider the anionic

form for the MWD of a living polydisperse system, polymerization ofe-methylstyrene in tetrahydrofurdiHF),
boLy , with sodium naphthalide as the initiattf We have previ-
Ny =cX “7exp(—x/L), (1) ously studied other properties of this system near the ceiling

temperature: the mass densttythe structure by small angle
neutron scatterinff the extent of polymerization as a func-
tion of temperaturé® the shear viscosityf the heat

a computer simulatiof? : . -
Non-mean-field effects were also studied by Sehi# capacity?> and the chemical kineti¢&We have also re-
giewed the issues in the physical chemistry of such

by renormalization group methods. He assumed that th toms46-48
chemical potential is linear in chain length; i.e., that the enSYStems.
ergy of polymerization is independent of chain length. His

wherec is a normalization constant and the exponenits
found to be 0.25 both in a very indirect experinérgnd in

analysis excludes the gamma/Schulz distribufign. (9)], Il COMPUTER MODEL
and produces a complicated distribution function which in "
the semidilute limit “reduces to an exponential distribution, In a previous papet?® we have described a numerical

modified by power-law prefactors in the extreme wings.” Onsolution of the kinetic equations for the mechanism shown in
the other hand, he notes that this theory is valid only up to 1&gs. (1)—(3). We take the case in which the initiation reac-
weight per cent polymer and foe=5003 tion has been allowed to proceed to completion above the
The full time development of the MWD has also beenceiling temperature, so that the concentration of initiated spe-
reconsidered since BS. First, in 1965, Miyake and Stockcies is constant, and E@l) above does not enter. We assume
mayer(MS)%® assumed, andky to be independent of chain that the initiated dimer is the smallest propagating species
length, solved numerically the kinetic equations for a batchand does not revert to mononf@r® The propagation reac-
polymerization, and plotted such parameterfM§ the PDI,  tion is then begun by quenching to a temperature below the
M,, and M,, as functions of time. Their results confirmed ceiling temperature. For this situation, we can then solve
the three stages listed by BS. In addition, they treated deprdzgs. (3) numerically. We use values &f, andky from our
pagation in the middle stage as a small perturbation on thewn experiment§,and we take those rate constants to be
propagation, and predicted that, for long chains, the timendependent of the degree of polymerization.
required for the crossover from the Poisson MWD to the In Fig. 1, we plot the expected relaxationlofandM,,,
Flory—Schulz MWD is proportional td_2. Further com- as obtained from this computer model, using the valuds, of
ments on the intermediate stages were made by Nanda amddky appropriate to the experiment to be described below
co-workers?637 (batch 111).6 This calculation predicts that (or M) will
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1200 4ot L e L of a-methylstyren€. The initiator solution was used within
— L . . .
e 7oL 24 h of preparation. The final samples were sea!ed mtq glass
1000 4 ., c e m / cells. The samples were never cooled belyduring their
] ’ | o9 preparation or storage; this ensured that no polymers had
800 ever been formed, and thus that no terminated polymers had
= ] o8 been formed. The samples discussed here were not even fro-
s 600 ] Lor S zen in order to seal the cells.
g ] - After sealing, the samples discussed here were aged for
400 ] - o6 3—4 months at room temperature, with the intention that any
] | os impurities present would be scavenged by the initiated
200 ] dimer. There is a likelihood that some of the initiated dimers
] L 04 were terminated on one end only by impurities, producing a
o ] o propagating species with one active end rather than two; we

will show below that there was no evidence of significant
partial termination. It is also possible that during such ex-
Log(k, [M,] t) tended aging, chain transfer to monomer could take place;

. . o . ) _we will show below that there is evidence that chain transfer
FIG. 1. Numerical solutions to the kinetic equations for the case in which

(1) the initiation reaction proceeds to completion above the ceiling temperaoccurred-
ture, and thus the concentration of initiated species is cong@rthe ini- The deliberate final termination must be accomplished in

tiated dimer is the smallest propagating species and does not revert to MoNgie absence of oxygen because oxygen forms polymer radi-
mer; (3) the propagation reaction is begun by quenching to a temperature !

below the ceiling temperaturé4) the rate constant is independent of chain Ca&lS Which can couple to make larger polym&rghus the
length. Herel is the number average degree of polymerizatidry, is the samples were terminate@s detailed previous‘f}f% via a

weight average molecular weight° is the molecular weight of the mono- glass break-seal to admit degassed wet tetrahydrofuran
mer,[M] is the initial monomer concentratiof] is the concentration of

free monomerk, is the rate constant for propagation, anid the time in (THF)' ) )
seconds. Table | shows the samples we discuss here. We studied

one batch of sampletatch Ill) as a function of reaction
time at constant temperature; this set of samples is the same
set used in our study of the chemical kinetics of this system
and is labeled the same in that papakie also studied one
batch(batch 1)) as a function of temperature at constant re-
IIl. EXPERIMENTAL TECHNIQUES action time; this set of samples is the same set used in our

We prepared batches of monomer-initiator-solvent miX_study of the extent of polymerization, but is labeled batch Il,

ture, made a number of identical, sealed samples from eaaiamples 4-9 in that pap%?r.

batch, put the samples into a temperature-controlled bath ata 1N cells were held in a water/ethylene glycol bath, the
temperature belowT,, terminated the living polymer tempera.ture of wh.|c.h was controlled to a few mikind mea-
samples at that temperature after particular reaction timesured with a precision of 1 mK and an accuracy of 10 mK
and analyzed the samples f) concentrations of residual Using a digital platinum resistance thermometétodel
monomer and(2) for molecular weight distributions. We 9540B, Guildline Instruments, Orlando, FL

have previously discussed the residual monomer concentra- Anionic polymerization is an exothermic chemical reac-
tion as a function of temperatdreand of time® Here we  tion, so there will be some “self-heating” by the sample as it
discuss the molecular weight distribution as a function ofpolymerizes® While the samples were not themselves
temperature and of time. stirred to dissipate heat, they were in a well-stirred bath. We
A. Sample preparation estimate that foa 2 mL sample of monomer, initiator, and

) o o ~ solvent, if all the monomer polymerized at once and if all
Polymer synthesis by anionic polymerization requireSy,a+ heat remained in the sample, then the sample tempera-

assiduous attention to technique. Our procedures for Prepafy o would increase by 23 K! However, for our experiments,

ing living poly(a-methylstyreng have been described S . )
641434951 Starting  materials  were  99% the polymerization is incremental, a maximum of 60% of the

previously. L . .
a-methylstyrene, 99.9% THF, and 99.5% sodigatl from pplymer '§ finally polymerized, and the heat '? allowed to
Aldrich Chemical Co, and 99% naphthalen@aker Ana- dissipate into the bath.. Eyen for the.case of instantaneous
lyzed). We follow standard practices to eliminate water and@nd complete polymerization, we estimate that less than 2
air from the reaction systefi?:*Materials were handled in a ™Min would be required for heat dissipation.

vacuum line or a high purity glove box. The monomer had a ~ Because of the time required for the bath to regain tem-
final drying over sodium mirrors; the solvent had a final perature equilibrium after the introduction of the cells, there
drying over sodium/potassium alloy. Sodium was the limit-was some ambiguity about the start of the polymerization,
ing reagent in the preparation of the naphthalide initiatorwhich introduced an uncertainty of about 8 min in the reac-
solution, since sodium can itself initiate the polymerizationtion time.

relax at the same rate @M], but thatM,, will require an
extremely long time.
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TABLE I. Samples of living polya-methylstyrengin tetrahydrofuran with sodium naphthalide as initiator. The
mole fraction of initial monomer in solvent i€),. The concentration of initial monome¥) o, is 1.7 mol/L for

all samples. The ratio of moles initiator to moles initial monomaer. i§; is the polymerization temperature for
that batch(Refs. 6, 43, and 47 its error is estimated at the 99% confidence interV¥ak the temperature at
which that cell was equilibrated. The time is the equilibration time; the uncertainty in the time is 4—8 min.
the number average degree of polymerization from the debroadenedMigtand M,, are the weight and
number average molecular weightandM,, were determined from the debroadened data and have uncertain-
ties of about 10%. The expected equilibration time BDI is the polydispersity indexM,,/M ), given for the
broadenedb) and debroadened datdb).

Sample x% r T, (K) T (K) Time(h) L M,x10* t(h) PDI(b/db)
111-65 0.146 80 0.0025 2862 266.961 05 211 333 1.49/1.33
66 +0.00002  +0.0001 266.961 1.0 214 386 1.62/1.53
67 266.971 08 223 383 1.63/1.46
68 266.973 20 296 567 1.57/1.62
69 266.959 40 300 6.3 1.82/1.73
70 266.957 80 333 716 1.94/1.82
72 267.063 200 339  7.46 2.02/1.86
11-44 0.144 50 0.0046 2862 264.642 20.0 137  2.88 14 211/1.78
45 +0.00002  +0.0001 268.149  20.0 80 174 5  2.05/1.85
46 271723 20.0 84 173 5  1.81/1.74
47 275.286  20.0 66 112 3 1.69/1.45
48 278.882  20.0 3 075 1 172178
49 282702 20.0 42 093 1 1.73/1.89
B. Sample analysis between the lowest points on either side of the largest peak.”

Samples were analyzed by size exclusion chromatograThe program corrects for the instrumental broadening of the

phy (SEQ. The samples were diluted with inhibitor-free peaks by using the proadening of a r_nonodispe(esg., )
THF and analyzed on a Model 150-C ALC/GPC Watersmonome} peak to estimate the broadening of other peaks;

chromatograph, using a Jordi mixed bed column and an uf?'"® broadening increases with molecular weight, this
traviolet detector at 275 nm method underestimates the broadening of the polymer peaks.

The raw chromatograms are shown in Fig. 2. Figua 2 The tabulated number distributions after debroadening

shows the time series; Fig(l® shows the temperature series. are available from AIP as electronic filE$.
The figures center on the polymer peak, with a peak due to
residual monomer shown to the right of the polymer peakjy. RESULTS AND DISCUSSION
For the time series, the polymer peaks are well resolved fro
the monomer peak, each peak is unimodal, and the peak
show evidence of a low molecular weigthbnger time side We consider first the MWD as a function of timeas
band(discussed beloy For the temperature series, samplesdetermined from batch Ill, samples 65—(&2e Table)lL This
lI-44 to 46 are well resolved from the monomer peak andexperiment was done at a temperature 21 K belgw
unimodal; samples 47 and 48 show some interference from Figure 3 shows, versus DP for all seven samples, as
the monomer peak, and sample 49 is considerably compraetermined from the debroadened data, and with the same
mised by the monomer peak. We note that the monomeabscissa scale for ease of comparison. Below=R¥®, the
peak is not constant for samples 44—-49, because the amouteita are very sensitive to the baseline correction and thus the
of residual monomer increases as the temperature figars “turn downs” in the data in that region should be considered
The SEC column was calibrated with nine p@lyrene  instrumental artifacts.
(molecular weightsMW) =640, 3300, 9400, 28 700, 66 000, For batch lll, there is a low molecular weight species
158000, 321000, 1028500, and 105000@&nd two evident in the chromatogranj§igs. 2a), at about 24 mih
poly(a-methylstyreng (MW =11 000 and 696 0Q0standard and in the number distribution@-ig. 3, at DP-100-150.
samples, and toluenéVi\W=98). A function cubic in the On first thought, one expects that this peak must be due to
elution time was fitted to the logarithm of the molecular partial termination of the bifunctional polymer. However, if
weights of the standards, using nonlinear least-squares fithere are unifunctional species present, then the bifunctional
ting techniques? In(MW)=(31+18)—(1.9+0.1)t+(0.069 species have at most twice the average DP of the unifunc-
+0.00Dt?— (1.19+ 0.008)x 10 3t%, wheret is the elution tional specie$*®® whereas our data show a species with
time/volume and the uncertainties are one standard deviabout 1/4 the average DP of the main species. Indeed, there
tion; residuals were random. is no evidence for either batch Il or batch Il of peaks due to
The chromatograms were then converted to moleculapartial termination. What can this low DP species be? By
weight distributions using the conversion procedures deeontrast, batch Il shows no such low DP pésée Figs. &),
scribed in the literaturg?=%° as implemented by the com- 6-11).
puter program of Ballarfi* The program automatically cor- Recall that these living polymers have anionic end
rects for the baseline difft by “drawing a straight line groups, with associated sodium counter i8%%. Ruiz-

. Time development of the MWD
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FIG. 2. Size exclusion chromatograms, ultraviolet) absorption versus
retention time, for polfa-methylstyrengsamples(a) shows the time series;

(b) shows the temperature series. For both cases, the figure centers on the
polymer peak, with a peak due to residual monomer at the right of the

polymer peak.

Garcia and Castilt§ (RG-O) report observations by dy-
namic light scattering of considerable Coulombic aggrega-
tion in these solutions of living poly-methylstyreng in
THF, analogous to that reported for living p@yyrene in
benzené’~"°Above T,, RG-C believe that the dimers form
“long, linear associatiofs),” and that these linear associa-
tions then dissipate when the temperature is lowered below
T,. They did not measure the time required for this dissipa-
tion, but do note that this required less than 3 h. Thus it
is possible that our assumption of complete initiation is
not entirely true, and that the initiated species are not
immediately free to propagate on cooling beloWw,.
Then some of the initiated species will start propagatingfI
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IG. 3. Molecular weight distribution as a function of time from samples
I-65 to I1l-72: Number fractionn, , versus degree of polymerization, DP,

later, and generate polymers O_f smaller DP, as SEEN gk seven reaction timefatch Ill, Table ). In (a), a transitional Gaussian
batch Ill. These low DP species do seem to dissipatelistribution is indicated for the 0.5 h sample.
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FIG. 4. L and (M,,/M?) as functions of reduced reaction time; also plotted FIG. 5. For sample 11I-72 at 20 h, the number fraction of polymers of degree

is the fraction of initial monomer remainingM], as reported previously ~Of polymerizationx, n,, versus degree of polymerization, DP, compared to

(Ref. . Compare Fig. 1. the various theoretical equilibrium distributions, as indicated in the legend.
The data are shown both before and after the debroadening correction.

slowly with time, and are not very visible at 20 h. Since
batch 1l samples were all equilibrated for 20 h, the effects ofime of 260 h. In Fig. 5, we compare the data at 20 h to the
such delayed initiation could have equilibrated away forvarious predicted equilibrium distributions. Here and in the
batch II. figures to follow, we plot the data both before and after the
Figure 3 is to be compared to Fig(® of Milchev  debroadening correction. Also here and in the figures to fol-
et al!® We do not have data at an early enough time to seéw, the exponentiglEq. (6)] and the scalin¢Eq. (10)] pre-
the initial Poisson distribution. However, we do see evidencelictions for the MWD are indistinguishable from the Flory—
[Fig. 3@] of a transitional Gaussian distribution, as pre- Schulz predictiodEq. (5)], so we plot only the Flory—Schulz
dicted by Tagano¥ and by Milchevet al.*® followed by the ~ prediction; all theoretical distributions are calculated using
slow dissipation of that intermediate state as equilibrium ighe experimental values fdr (see Table )l Figure 5 indi-
approached. cates that the data are not described by any of the theories,
Figure 4 showd. and M,,/M°) from the experiment, since equilibrium was not yet attained after 20 h at this tem-
whereM? is the monomer molecular weight, as a function of perature. However, the data are consistent with a final Flory—
reduced reaction time, whekg=0.20L/mol s and the initial ~Schulz distribution.
monomer concentration[My]=1.7 mol/L® L and
(M,,/M% were calculated by including all the data in the
MWD's; that is, all the data in each plot of Fig. 3. Also
plotted in Fig. 4 is the fraction of initial monomer remaining We consider now the equilibrium MWD as a function of
at each time, as reported previouSiWe first note that while  temperature, as determined from batch Il, samples 44—49
the monomer concentratiofivl], equilibrated fairly rapidly ~ (labeled 11-4 to 11-9 in Daset al*®* and listed in Table)l This
(about 4 h, bothL and (M,,/M°) required much more time experiment was done at temperatures from 3 to 21 K below
to equilibrate, even more than the 20 h over which measureF,, with a reaction time of 20 h for each sample. We expect
ments were made. This difference is not consistent with thequilibration times to be shorter at temperatures closer to
expectations of Brown and Szwdrand of Miyake and T,, where depropagation competes more effectively with
Stockmayer® who predicted that. would equilibrate at propagation to achieve the equilibrium MWD. We do not
about the same rate as the monomer concentration. This kow the rate constants at these various temperatures, so we
also not consistent with our own numerical solution of thecannot estimate relaxation tim&sHowever, we can use the
rate equationgSec. 1), as a comparison of Figs. 1 and 4 predictions(see Sec.)lthat relaxation times scale &< or as
shows. However, this delay in the equilibration of the MWD L®. For sample 72 in the time series, we estimatede
could be related to a delayed initiation and propagation du@above a relaxation time of 260 h; the appropridteis the
to Coulombic aggregation. equilibriumL, which we estimate as (2/ times the equilib-
Second, we emphasize thiatand M,,/M°) were not  rium extent of polymerization of 0.730 give L=600. If the
yet equilibrated after 20 h af,—T=21 K. Miyake and equilibration times scale ak?, then we obtain the times
Stockmayer estimated that the redistribution process woultisted in the last column of Table I, all of which are less than
require a time of 1/&4,r?, wherer is the ratio of initiator 20 h. If the times scale 4t°, then we get even shorter times.
concentration to monomer concentration. For our sample ( Thus we could expect that all these samples would be essen-
=2.5x10"3%, ky=0.085s%° this gives an equilibration tially equilibrated.

B. Temperature dependence of the MWD
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FIG. 6. Molecular weight distribution for sample 11-49: The number fraction 108
of polymers of degree of polymerization n,, versus degree of polymer-
ization, DP, compared to the various theoretical equilibrium distributions as * (b)
indicated in the legend. The data are shown both before and after the de- .o Il -48
broadening correction. % (T,-T=7K
L=36
In Figs. 6 to 11, we show the logarithm of versus DP
for each sample, as compared to the various theoretical pre- o 104
dictions. We note the following:
(1) The number average degree of polymerizatibn,for
each sample is derived from the molecular weight distri-
bution and has an uncertainty of 5%—10%, which ex- B aapd data
plains why L is sometimes smaller wherT{—T) is e e
larger (see Table)l \‘\.
(2) Recall also that at DP less than about 25, baseline errors 109 . . , e
can distort the datfsee Figs. {b) and 8b)], and that for 0 20 40 60 80 100
sample 1I-49, Fig. 6, the chromatogram in FigbRin- DP
dicates t.hat the MWD data a':e compromised by theFIG.7. Molecular weight distribution for sample 11-48: The number fraction
overlapping monomer peak, which would camgeo be  of polymers of degree of polymerization n,, versus degree of polymer-
increased above its true value, especially at low DP. ization, DP(=x), compared to the various theoretical equilibrium distribu-
(3) The data for 'Q_p—T)$ 18 K (FigS. 6—9 are closer to the tions as indicat_ed in the I(_ege_nd. Péat is the full data set, before and after
theoretical predictions than are the data fd'rp{—T) the debroadening correction; péb) shows the data for DR100.
>18 K (Figs. 5, 10, and 1)1 We assume that this is
because the data closerTg are better equilibrated. Fig-
ures 10 and 11 suggest that samples 11-44 and 45 were and “c” are allowed to be free parameters, the values
not equilibrated after 20 h, despite the calculation dis-  obtained foro are in the range 0.4 to 0.5, which do not
cussed above. Again, the delayed equilibration can be a correspond to earlier reporis.
result of the Coulombic aggregations discussed above.(6) The Flory—Schulz/scaling/exponential equati¢Egs.
(4) The Szwarc distribution, Ed.7), does not describe the (5), (6), and(10)] describes the data betterlagncreases
data at any temperature. Howeusee below, if there (Figs. 9 and 10 and also 5 and)1and as DP increases
were considerable chain transfer, the polymer chains for a givenL (Fig. 7). Figure 8 is anomalous in this
could have been converted from two active sites to one regard, perhaps becaukes at the cross over between
active site each, so our results do not disprove Szwarc’'s the Flory—Schulz regime and the polydisperse regime.
equation. (7) The Lundberg equation has the right behavior in every
(5) The best datdi.e., not compromised by the monomer case except foL=66 at high DP[11-47, Fig. §a)].

peak and seeming to be equilibratede for samples 46, (8)
47, and 48. The best descriptions of the best data are the
“polydisperse” distribution, Eq. (11), for L<66
(samples 47 and 48and the FS equation foc>66
(sample 46 The polydisperse equation is plotted with
fixed at 0.25 and with “c” as a free parameter; if bath

©)

Preliminary results indicate that the Kaufman distribu-
tion will also describe the data foif({—T)<7, but this
distribution has three free parameters and thus too many
degrees of freedom for a meaningful analysis.

We can calculate the expected value of the number av-
erage degree of polymerization: ,{T)=2¢(T)/r,
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FIG. 8. Molecular weight distribution sample 11-47: The number fraction of FIG. 9. Molecular weight distribution sample 11-46: The number fraction of
polymers of degree of polymerization n,, versus degree of polymeriza- polymers of degree of polymerization n,, versus degree of polymeriza-
tion, DP (=x), compared to the various theoretical equilibrium distributions tion, DP (=x), compared to the various theoretical equilibrium distributions
as indicated in the legend. Pa#d) is the full data set, before and after the as indicated in the legend. P48 is the full data set, before and after the
debroadening correction; patt) shows the data for DR200. debroadening correction; patt) shows the data for DR200.

(b) The assumptions that the solutions are ideal and that

where ¢(T) is the extent of polymerization at equilib-
rium at T.22" If many of the original initiators were
completely terminated, theh,,(T) as measured ex-
perimentally would be larger thah.,., since fewer
polymers would have developed. If many of the original
initiators were half-terminated, then,,,(T) should still
equall .., since the same number of polymers would
have been formed. We can calculatg,{ T) using the
¢(T) measurements made on these very sanfplEig-
ure 12 shows .y T) andLe,{ T) for batch I1.Ley,(T)

is about a factor 2 less thdn.,{T) for every sample!

How canL ,p(T) be less thath. ., T)? We can think of

the following reasons:

The system is not yet at equilibrium. Samples II-44 and
11-45 show evidence of not being equilibrated, but we
believe that 11-49, 48, 47, 46 are equilibrated.

the equilibrium constants for propagation are indepen-
dent of DP are not true, and these conditions lead to a
differentL(T).

Coulombic aggregationgsee Sec. IV A affect the
MWD. RG-C® see evidence of ionic aggregation in
this system belowrl ,, in the form of micelles made of
living polymers. It is conceivable that the equilibrium

is achieved by a combination of covalent and Coulom-
bic “bonds” which yield the appropriate equilibrium
% When the sample is terminated, the Coulombic
“bonds” are neutralized, yielding fragments of the
original “polymer.” We then measure the distributions
of these fragments. We expect the measured rate con-
stant for propagation to be smaller than in the absence
of such aggregation, but we might not recognize this
effect if the literature experiments also ‘“suffered”
from aggregation.
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of polymers of degree of polymerization n,, versus degree of polymer-
p (b) ization, DP(=x), compared to the various theoretical equilibrium distribu-
‘ I - 45 tions as indicated in the legend. Data are shown before and after the de-
\ (Tp STy=18K broadening correction.
L=280
1o volume fractions rather than mole fractions. This point
] of view results from considerations of a lattice model
of a living polymer solutiort>” and could lead to a
discrepancy of the order observed.
V. CONCLUSIONS
1o || @ Debroadened data D "‘m,. The study of the molecular weight distributighfMWD)
i \’\\ during equilibrium polymerization is a difficult task which,
— -+ Polydisperse ~ so far as we know, has not previously been attempted. There

FIG. 10. Molecular weight distribution sample 11-45: The number fraction
of polymers of degree of polymerization n,, versus degree of polymer-
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DP

are the complications of handling samples extremely sensi-
tive to air and water. There are the subtleties of the conver-
sion of chromatograms to MWD’s: column calibration, base-

line correction, instrumental debroadening correction, peak

ization, DP(=x), compared to the various theoretical equilibrium distribu-
tions as indicated in the legend. Péa} is the full data set, before and after
the debroadening correction; pdb) shows the data for DR200.

(d)

(e)

Our assumption of no chain transfer is not correct: Dur-
ing the aging of the samples aboVg, the initiated
dimers could each have transferred an active site to a
free monomer, resulting in twice as many activated
species and thus half the expectedlt is generally
assumed that chain transfer is not important for ionic
polymerizations? but the aging of our samples before
polymerization allowed much time for this reaction. A
system of 2 chains with one active site will have a
monomer reaction rate that is the same as that of a
systemn chains with two active sites, so we would see
no apparent effect on the rate constant. If chain transfer
were significant, it would be expected to afféctbut

not to affect the nature of the equilibrium
distribution!
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FIG. 12. For batch Il, samples 44-49, the valuelotalculated from

The expression L.ydT)=2¢(T)/r, where r

=[My]/[1], needs to be modified andexpressed as and the experimental valug(expt, as functions ofT.
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