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bution to  the molar Kerr constant might be particularly 
sensitive to chain expansion in some polymers. 
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Introduction 
A number of vinyl monomers possessing one carbonyl 

group such as acrylates and vinyl ketones can be polym- 
erized with appropriate anionic initiators and the polym- 
erization mechanism of such monomers has been studied 
quite intensively and ~ystematically.'-~ Some vinylidene 
monomers having the 1,l-dicarbonyl substituted or similar 
structure such as methylene malonates are also known to 
be easily polymerized with the initiators of low b a s i ~ i t y . ~ , ~  
However, for the anionic polymerization of vinylene mo- 
nomers having a 1,2-dicarbonyl substituted structure, no 
detailed study has been carried out until 1985, not only 
on the mechanism of polymerization but also even on the 
polymerization reactivity of monomers to the initiators, 
because only a few vinylene monomers can be polymerized 
with basic Dialkyl fumarates, for instance, 
are reported to give no polymer with typical anionic ini- 
tiators such as butyllithium.1° In previous papers"-14 we 
first reported some new results that  various anionic 
initiators-alkali-metal tert-butoxides, Grignard reagents, 
ate complexes, and organozinc compounds-as well as 
butyllithium, can polymerize N-phenylmaleimide (N-PMI) 
and N-ethylmaleimide and give corresponding homo- 
polymers which are soluble in THF, 1,4-dioxane, di- 
chloromethane, DMSO, and DMF, though an early report 
indicated that  poly(N-PMI) produced with butyllithium 
could not be dissolved in any solvents. The polymerization 
of N-PMI initiated with potassium tert-butoxide in THF 
was suggestive of an extremely stable propagating species 
and afforded poly(N-PMI) in quantitative yield. Good 
agreement between the degree of polymerization and initial 
monomer/initiator molar ratio was also observed for al- 
kali-metal tert-butoxides. 

On the basis of these results, i t  seemed to be valuable 
to investigate the mechanism of anionic polymerization of 
N-PMI initiated with alkali-metal tert-butoxides in detail. 
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Experimental Section 
Reagents. N-PMI (from Japan Catalytic Chemical Ind.) was 

purified by recrystallization several times from purified cyclo- 
hexane and dried in vacuo at room temperature. It was further 
dried at 80 "C in vacuo before use. THF was purified by dis- 
tillation under purified nitrogen atmosphere after being dried by 
refluxing with sodium benzophenone ketyl before use. Potassium, 
sodium, and lithium tert-butoxides were purified by sublimation 
under reduced pressure. Sodium tert-butoxide and lithium 
tert-butoxide were synthesized from 2-methyl-2-propanol and 
sodium or lithium metal, respectively. THF solutions of N-PMI 
and alkali-metal tert-butoxides were prepared under purified 
nitrogen before use. 

Procedures. The polymerization reaction was carried out in 
a sealed glass ampule under purified nitrogen atmosphere. After 
appropriate time intervals polymerization was terminated with 
hydrochloric acidlmethanol and then the reaction mixture was 
poured into a large amount of an etherlmethanol (volume ratio 
311) mixture. The white precipitate was collected by filtration, 
washed with ether, methanol, water, and methanol again, and 
dried at 110 "C in vacuo to constant weight. 

Measurements. Vapor pressure osmometry (VPO) was carried 
out with a Corona 117 vapor pressure osmometer, using THF as 
solvent. Gel permeation chromatography (GPC) was measured 
with a Toyo Soda HLC-802A apparatus at 38 "C with TSK gel 
G4000HXL-G3000HXL-G2000HXL column series, using THF 
as eluent (flow rate 1.0 mL/min). Molecular weight measured 
by GPC was calculated from the calibration curve which was 
corrected15 by referring to the data of M,'s with low-angle 
light-scattering photometry and of &f,,'s with VPO for four 
poly(N-PMI) samples with different molecular weights. Low-angle 
light-scattering photometry was measured with a Toyo Soda 
LS-8000 light-scattering photometer. 'H NMR was recorded at 
279.05 MHz on a JEOL JNM-GX270 at 40 "C using deuteriated 
dichloromethane as a solvent and dichloromethane as an internal 
reference. All chemical shifts given in parts per million were 
transformed to the TMS scale (6 scale) by employing 5.30 ppm 
as the chemical shift of dichloromethane from TMS. 13C NMR 
was measured at 67.80 MHz on a JEOL JNM-GX270 at 40 " C  
under proton decoupling conditions using deuteriated dichloro- 
methane as a solvent and an internal reference. Chemical shifts 
of each carhon in parts per million were transformed to the TMS 
scale ( 6  scale) by employing 53.6 ppm as the chemical shift of the 
central peak of deuteriated dichloromethane from that of TMS. 

Results and Discussion 
Reaction Mode of the Polymerization. Figure 1 

shows lH NMR (A) and 13C NMR (B) of poly(N-PMI) 
obtained with lithium tert-butoxide as initiator in THF 
at -72 "C. In Figure 1A the signals observed from 6 to  8 
ppm are assigned to  phenyl protons. The broad and 
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Figure 1. ‘H NMR (A) and NMR (B) of poly(N-PMI) ob- 
tained with lithium tert-butoxide at -72 “C in THF. Measured 
in CD2C12. 

slightly splitting peaks from 3 to 5 ppm are assignable to 
methine protons in the polymer main chain. The splitting 
of the absorption is probably caused by spin-spin coupling 
and the difference of the configuration of two methine 
protons (cis or trans) in the five-membered ring of poly- 

The intensity ratio of phenyl protons to methine protons 
is observed to be 5:2. The absorption appeared a t  1.61 
ppm is assignable to the protons of tert-butyl group in- 
troduced from the initiator a t  one end of the polymer 
chain. The signal intensity ratio of this absorption to 
phenyl protons is in good agreement with the value cal- 
culated from the number-average molecular weight of 
poly(N-PMI), assuming one initiator yields one polymer 
chain. A signal assignable to methylene protons a t  the 
other end of the polymer which may be introduced by the 
termination reaction with an acidic proton is not clearly 
observed, presumably because of their relatively low con- 
centration, signal broadening, and/or overlapping with the 
broad methine signal. 

Four kinds of carbon signals are observed in 13C NMR 
(Figure 1B). The signals assigned to carbonyl and phenyl 
carbons of poly(N-PMI) are observed a t  6 176.9 and from 
6 132.0 to 127.2, respectively. The broadened signal from 
40 to 50 ppm is assigned to methine carbons in main chain. 
The broadening of methine carbons may reflect the dif- 
ference of configuration or microstructures of poly(N-PMI) 
main chain. The absorption of carbons of tert-butyl group 

(N-PMI). 
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Table 1 
Anionic Polymerization of N-PMI with Alkali-Metal 

tert -Butoxidesa 
Mn x 10-3 

obsd tert- temp, time, conv, 
butoxide “C h % calcdb VPO ‘H NMR‘ GPCd 

Li -72 192 58 5.0 5.3 5.1 5.1 
0 1.5 89 7.7 7.5 7.9 

Na -72 1.5 100 8.7 8.9 9.1 
K -72 1.5 100 8.7 8.9 9.1 9.3 

O[tert-Butoxide] = 5.6 X mol/L, [N-PMI] = 2.8 X lo-’ 
mol/L, in THF. bMn = [N-PMI]/[tert-butoxide] X conv/100 X 
(mol wt of N-PMI). cMn obtained by the signal intensity ratio of 
phenyl group to tert-butyl group. dM,, obtained by GPC with the 
corrected calibration curve (see Experimental Section). 

is observed at  41.6 ppm. The absorption of the quaternary 
carbon of the tert-butyl group and methylene carbon a t  
the end of the polymer are not detected probably for the 
same reasons as described above with respect to the ter- 
minal methylene group in the ‘H NMR spectrum. 

Similar spectra were obtained for the polymers produced 
with other alkali-metal tert-butoxide initiators. No ad- 
ditional signals except those due to the solvent are ob- 
served. These results indicate that polymerization of 
N-PMI with alkali-metal tert-butoxides is initiated at  
carbon-carbon double bonds of N-PMI and propagates 
through opening of the double bonds without any re- 
markable side reactions such as abstraction of hydrogen 
at  the double bond, carbonyl addition which can be de- 
tected in the anionic polymerization of methyl meth- 
acrylate, and ring opening of the cyclic imide group; i.e., 
the anions of initiators and propagating species react ex- 
clusively with vinylene group of N-PMI (Scheme I). This 
is probably because the electron density on the carbon- 
carbon double bond should be strongly reduced by the 
electron-withdrawing effect of two carbonyl groups and the 
electrophilicity of carbonyl carbons becomes lower due to 
the cyclic imide structure. 

“Living” Character of Anionic Polymerization of 
N-PMI. Table I shows the results of the anionic polym- 
erization of N-PMI with alkali-metal tert-butoxides. &&‘s 
of poly(N-PMI) obtained are in good agreement with those 
calculated from the initial monomer/initiator ratios and 
the conversions. These data imply that propagating 
species of the polymerization systems of N-PMI initiated 
with tert-butoxide anions in THF may have a “living” 
characteristic. Figure 2 shows the relationship between 
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Figure 2. Relationship between conversion of N-PMI and Mn 
of poly(N-PMI). (A) Initiated with lithium tert-butoxide (O) ,  
sodium tert-butoxide (m), and potassium tert-butoxide (A) at -72 
"C in THF and (B) lithium tert-butoxide at 0 "C in THF. 

the conversion of N-PMI and &fn of the poly(N-PMI). 
This figure clearly demonstrates the living character of 
anionic polymerization of N-PMI with alkali-metal tert- 
butoxide. The molecular weights of the polymers are in- 
creased in proportion to the increase of the monomer 
conversions in the polymerization systems of three kinds 
of tert-butoxides a t  -72 "C (Figure 2A) and of lithium 
tert-butoxide a t  0 "C (Figure 2B). The experimental re- 
sults are also in good agreement with the theoretical ones 
expected from the ideal living polymerization system, 
which is represented by the solid lines in the figure. The 
slightly upper deviation from the theoretical line of the 
ideal living polymerization system in the very early stage 
might be due to rather slow initiation of the polymerization 
reaction. Although the molecular weight distributions of 
poly(N-PMI) with lithium tert-butoxide are fairly narrow 
(Mw/Mn = 1.26-1-36), these values of polydispersity are 
not small enough compared with those obtained with the 
fast initiation polymerization system such as anionic po- 
lymerization of styrene initiated with sodium naphthal- 
enide in THF.16 This may be also caused by the slow 
initiation of the polymerization. 

The living characteristic was also confirmed by a so- 
called "monomer-addition" experiment in which additional 
monomer was fed after the first-stage polymerization re- 
action was completed. The results of monomer-addition 
experiments are shown in Table 11. The monomer added 
in the second stage is polymerized. Mn's of the polymers 
obtained in the second-stage polymerization are increased 
and in good agreement with those calculated from the 
amount of initiator (in moles) and the amount of the 
monomer consumption in the initial and second stages (in 
grams). The GPC eluogram of the polymer produced in 
the monomer addition experiment (Figure 3) clearly dem- 
onstrates the increase of the molecular weight after ad- 
ditional monomer is fed. 

It may be concluded that the anionic polymerization of 
N-PMI initiated with alkali-metal tert-butoxide anion in 

Table I1 
Results of Monomer-Addition Experiments in Anionic 

Polymerization of N-PMI 
initial stagen second stageb 

conv of conv of 
tert- temp, N-PMI, 10-3.4~~ N-PMI, 10-3.4Tn 

run butoxide "C % obsdc % d  calcde obsd' 
1 Li 0 100 3.8 50 5.6 5.9 
2 Na -72 100 4.0 50 5.6 6.0 
3 K -72 100 4.0 70 6.3 6.8 

mol/L, [N-PMI] = 1.2 X lo-' 
mol/L, polymerization time 3 h, in THF, total volume 10 mL. 
bAmount of added N-PMI is 0.21 g in 10 mL of THF solution (1.2 
x IO-' mol/L solution), polymerization time 1 h. CDetermined by 
lH NMR. Based on the amount of newly added N-PMI. e Calcd 
&fn = (amount of polymerized N-PMI in g) X (mol w t  of tert-bu- 
toxide)/(amount of tert-butoxide in 9). 

[tert-Butoxide] = 5.6 X 

J' - A L- 
Molecular weight 

Figure 3. Molecular weight distributions of poly(N-PMI) pro- 
duced in the first stage (- - -) and the second stage (-) of the 
monomer addition experiment initiated with lithium tert-butoxide 
(see Table 11, run 1). 

THF takes place only at  the carbon-carbon double bond 
and propagates in the living polymerization mechanism 
without appreciable termination and chain-transfer reac- 
tions, although the monomer possesses carbonyl groups. 
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Introduction and Review of the Avrami 
Treatment 

The kinetics of crystallization of polymers is often fitted 
to the Avrami treatment.’ Identical treatments were 
proposed earlier than the one by Avrami,2 by Kolmogoroffj 
and Johnson and Meh14, and later, by Evans.5 All can be 
related to the problem of impinging waves, first solved by 
Poisson.6 The solution can be briefly stated for the case 
of three dimensions by saying that the probability of a 
point not to be overrun by expanding spheres, Po(t), is 
equal to exp(-E), where E is the expectation volume 
fraction for interpenetrating spheres expanding unhin- 
dered by impingement. The value of E increases from zero 
a t  time zero without limit to values beyond one as time 
increases. 

For the application to crystallization of macromolecules, 
a number of specific modifications are usually made. First, 
nucleation is assumed to lead to negligible amounts of 
crystal formation and is either athermal (ie., all N nuclei 
per unit volume are preformed and active at  time zero) or 
thermal (i.e., the number of nuclei in the uncrystallized 
volume increases as a function of time N(t) = at). Second, 
the linear crystal growth rate, u, is assumed to be constant 
from nucleation to impingement, and the impingement 
leads to a negligible volume fraction of interface. These 
two assumptions lead to the following expectation volume 
fraction (also called the free growth approximation of the 
crystallization kinetics) 

E = 4.xNu3t3/3 (1) 

E = .xav3t4/3 (2) 

for athermal nucleation,’ and 

for thermal nucleation.’ The corresponding Avrami 
equation is usually cast in the form 

(3) 

where 1 - uc is the volume fraction of polymer outside the 
spherically expanding crystal, K is the collection of con- 
stants that can be evaluated by comparison with eq 1 and 
2, and n is the “Avrami exponent”, in the present cases 3 
and 4, respectively. In this paper, both assumptions will 
be modified to account for a crystallization that approaches 
the case of “cold cry~tall ization”,~~~ a case of crystallization 

1 - uc = exp[-Ktn] 

t Mailing address: Department of Chemistry, The University of 
Tennessee, Knoxville, T N  37996-1600. 

from a highly viscous state that permits only minimum 
rearrangement of the crystallizable units. A similar model 
of crystallization ha5 been proposed as  an 
“Erstarrungsm~dell”~ and has also been fitted to the com- 
putation of the statistics of crystallization of macromo- 
lecular anisotropic melts.1° 

Further assumptions that are implied in the use of eq 
3 for the description of crystallization of macromolecules 
are an isometric crystal morphology so that the probability 
PJt)  does not depend on direction from the nearest nu- 
cleus. The spherulitic crystal superstructure often seen 
in macromolecules” ideally fulfills this condition but needs 
a special correction for partial crystallization within the 
spherulite boundaries, usually effected by normalizing the 
crystallinity a t  infinite crystallization-time to one. A 
frequent complication is continuing an approach to crys- 
talline perfection within the spherulite. I t  has been cor- 
rected for the case of slow rates by additional term in eq 
3.’ Additional complications such as those due to volume 
change on crystallization, different crystal geometries, and 
different crystal branching have been described in detail 
and can be added to the modification proposed here when 
necessary. 

All of these modifications have led to Avrami exponents 
of one or larger. Recent experiments have, however, shown 
an increasing number of cases of very small Avrami ex- 
p o n e n t ~ , ~ ~ - ~ ~  in some cases even approaching zero. It will 
be shown in this paper that these low exponents could find 
an explanation in large nuclei numbers followed by rather 
limited growth slowed down by the production of rigid 
amorphous  portion^'"'^ between the microphase-separated 
crystals (soft impingement, see below). 

Crystallization with Nonnegligible Volume 
Fraction of Nuclei 

Usually, one does not take the volume fraction of nuclei 
into account since it is often very small and less than 1% 
of the total crystallinity in a polymeric system. However, 
when the volume fraction of nuclei increases up to 10% 
or more, the influence of such a large volume fraction of 
nuclei to overall crystallization becomes obvious. 

Recent observations of the kinetics involving condis 
crystals show that a nonnegligible volume fraction of nuclei 
does exist and plays an important role in their overall 
crystallization behavior. For example, in the cases of 
thermotropic copolyesters produced by Celanese [with 
different 1,4-hydroxybenzoic acid (HBA) and 2,6- 
hydroxynaphthoic acid (HNA) compositions], a fast soli- 
dification process can be found within seconds during 
quenching the materials from their anisotropic melts. 
About 0.5-0.8 kJ/mol of heats of transition is formed. This 
corresponds to at least 5 1 0 %  or more of the total (condis) 
crystallinity.12s20.21 It is also found that these earlier grown 
crystals grow slowly a t  later times and hamper further 
crystal growth under isothermal conditions.12 It indicates 
that the earlier crystals as nuclei of further growth are 
being exhausted, and the number of active nuclei decrease 
with increasing time. Assuming that such a decrease can 
be cast in the form 

N ( t )  = Not“ (4) 

where a is negative [a = 0 if a constant number of nuclei 
(athermal) are considered], the Avrami equation (eq 3) can 
now be written as 

log [-(ln (1 - u C ) ) ]  = 
log g + log No + n log u + (n  + a )  log t 

(5) log [-(ln (1 - uc)) ]  = log K1* + (n  + a)  log t 
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