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ABSTRACT: Structure and coordinative association of the propagating species have been studied by 'H, 
27Al, and 13C NMR and viscosimetry in case of E-caprolactone (E-CL) and lactides (LA) polymerization 
initiated by aluminum alkoxides. In toluene, aluminum triisopropoxide, a commonly used initiator, forms 
tetrameric (AJ andor  trimeric (&) aggregates, which are dissociated upon the addition of the cyclic 
monomer. Actually, LA is responsible for the complete deaggregation of both & and & into single species 
(AI) trisolvated by the monomer (Al coordination number, CN = 6), whereas & is selectively deaggregated 
by E-CL. This behavior is consistent with the higher stability of & compared to &, Whatever the 
monomer, three chains are initiated by the active A1 species. When conversion of E-CL is complete, the 
active aluminum trialkoxide sites are solvated by one (CN = 4) and more probably three (CN = 6) carbonyl 
groups of the attached poly-6-caprolactone chains. At the complete LA conversion, only one carbonyl 
group of the polylactide chains is coordinated to Al (CN = 4). In THF, there is a competition between 
monomer and solvent for coordination to Al, which explains why polymerization is slower in THF than 
in toluene. In both toluene and THF, diethylaluminum monoalkoxide forms cyclic trimers that are solvated 
by the monomer (E-CL) at  least on the NMR time scale. Nevertheless, a fractional kinetic order in initiator 
is observed which gives credit to a fast reversible dissociation of the E-CL-solvated trimers. 

Introduction 
Depending on the initiator, the ring-opening polym- 

erization (ROP) of lactones and lactides is known to be 
living. In this respect, the commercially available 
aluminum triisopropoxide (Al(OiPr)3) has proved to be 
a very effective initiator for the living ROP of 6-capro- 
lactone (E-CL),~ lactides (LA),2,3 gly~olide,~ and cyclic 
 anhydride^.^^^ In agreement with kinetic and structural 
data, the ROP mechanism fits a "coordination-inser- 
tion" mechanism, consistent with the monomer insertion 
into an active "Al-0" bond of the initiator. Since the 
ring-opening proceeds through the scission of the acyl 
oxygen bond of the monomer, the final chains are end- 
capped with an ester group carrying the radical of the 
initiator (R = 'Pr for d(OiPr)3) and with a hydroxyl (or 
carboxyl) end group that results from the hydrolysis of 
the polyester (or polyanhydride) growing species, re- 
spectively (eq 1). The great versatility of aluminum 

[ I 1  

alkoxides, functional or not, has opened the way to the 
macromolecular engineering of polyesters and polyan- 
hydrides, as supported by the perfectly controlled 
synthesis of telechelic polymers, block copolymers and 
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macromonomers, i.e. promoters of graft 
Although ROP is under control, the actual structure of 
the pseudoanionic active species is still a pending 
question. Nevertheless, a study from our laboratory has 
recently focused on the coordinative structure and 
dynamics of Al(OiPr)3 in toluene, before and after the 
addition of a carbonyl-containing cyclic m ~ n o m e r . ~  Ac- 
cording to 27Al NMR, an aggregation equilibrium occurs 
between tetramers (&) and trimers (&) of Al(OiPr)3 in 
toluene. Upon the addition of a model nonpolymerizable 
lactone, i.e. y-butyrolactone (y-BL), this equilibrium is 
altered and ultimately leads to additional aluminum 
alkoxide monomeric species. Actually, single Al(OiPr)3 
species are solvated by the monomer with formation of 
a trisolvated six-coordinate "Al(OiPr)3(monomer)~ com- 
plex in which each monomer is assumed to be coordi- 
nated as a monodentate ligand through its carbonyl 
oxygen.1° This aggregation is in agreement with infra- 
red observations by Feijen et al." about the tomplex- 
ation of aluminum tribromide (or triisobutyl) with 
lactide (or glycolide) through coordinative interactions 
between Al and the acyl oxygen of the cyclic monomer. 

Cryometric measurements have confirmed that ROP 
of lactones does not start as soon as monomer and 
initiator are mixed together.1° This observation has 
been accounted for by the slow rearrangement of the 
coordinative aggregates of Al(OiPr)3 in toluene, as 
triggered by the addition of the polar monomer. The 
induction period of time for ROP of lactones and lactides 
( t i )  clearly depends on the ability of the monomer to 
coordinate to the initiator. Indeed, ti is much longer for 
lactides (40 min at 70 "C) than for 6-CL (4 min at  0 "C) 
in toluene, in good agreement with the weaker electron- 
donating capability of lactides. 

From kinetic data listed in Table 1, it is clear that 
the nature of the monomer (entries 1 and 2), solvent 
(entries 2 and 3, and 4 and 5), and initiator (entries 3 
and 5-8) has a deep effect on the activity of the 
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Table 1. Kinetics of the  r-CL ([e-CL], = 1 mol/L) and Lactide ([LA], = 0.6 mol/L) Polymerization Initiated by Aluminum 
Triisopropoxide and Distilled Dialkylaluminum Monoalkoxides 

entry monomer solvent temp ("C) initiator partial order in initiatop k (L mol-' min-') nodAl me 
1 LAd toluene 70 N(OiPr)3 1.0 0.60 3.0 1.0 
2 c-CLd toluene 0 Al(OiPr)3 1.0 36.6 1.0 1.0 

4 E - C L ~  toluene 25 Et2AlOCH2CHs 113 8.40 1.0 1.0 
1.0 -e 3 E-CL THF 0 4(OiPr)3 -e -e 

5 <-CLb THF 25 EtpllOCH2CH3 113 2.34 1.0 3.0 
6 E-CL THF 25 EtzAlO(CH2)z Br 113 1.68 1.0 3.0 
7 <-CLb THF 25 Et2AlOCH2CH-CH2 113 2.40 1.0 3.0 

The partial order in monomer is systematically 1.0. * Results reported by Penczek et al.,25*26 [E-CL], = 2.0 mom. m is the aggregation 
degree of the growing aluminum alkoxide species, as calculated from eq 7. The induction period of time for the E-CL and LA polymerization 
is 4 and 40 min, respectively. e Half-polymerization time ( t l12)  = 8.7 min ([E-CL],J[II = 200).20 

8 c-CLb THF 25 ( 'Bu)~ AlOCH3 112 2.52 1.0 2.0 

propagating species. Indeed, when aluminum triiso- 
propoxide is used as an initiator for the ROP of 6-CL 
and LA in toluene, the polymerization rate constant is 
60 times higher for E-CL at 0 "C compared to LA at 70 
"C, the partial  order in monomer and initiator being the 
same (Table 1, entries 1 and 2).12 

When the init iator of the 6-CL polymerization is a 
dialkylaluminum monoalkoxide, the partial order in 
initiator depends on the alkyl group of the dialkylalu- 
minum monoalkoxide (Table 1, entries 5-8). Again, the 
ROP proceeds faster  in less polar medium (Table 1, 
entries 4 and 5) whereas the nature of the alkoxide 
substituents has no significant effect on t h e  activity of 
the growing species (entries 5-7). 

In order to account for the aforementioned kinetic 
data, it is of prime importance to analyze the structure 
of the propagating species and to focus on  the coordi- 
native association of these species in relation to  the 
experimental  conditions: monomer, solvent, and initia- 
tor. lH, 27Al, and 13C NMR spectroscopy and viscosim- 
e t ry  have  been used as the main investigation tech- 
niques for this purpose. 

Viscosimetry allows the mean degree of association 
(DA) of the living chain: i o  be measured. Interestingly 
enough, comparison of DA with the aggregation degree 
of the propagating aluminum alkoxide species12 (m; see 
eq  7) can  give some information about the intermolecu- 
lar coordinative aggregation of these living end groups. 
27Al and 13C NMR are expected to  probe the possible 
coordination of the polyester chains to  Al, at complete 
monomer conversion. Actually, NMR and viscosimetry 
complement each other,  since NMR is suitable for short  
length chains,  in contrast  to  viscosimetry, which is 
sensitive to high molecular weight chains. 

An a luminum trialkoxide (Al(OiPr)3) and two dialkyl- 
aluminum monoalkoxides [ E t d O ' P r  and EtdO(CH212- 
Br] will be used as initiators for the E-CL and LA 
polymerization, in toluene o r  THF. 

Experimental Section 
I. Materials. Toluene and benzene-& were dried by 

refluxing over calcium hydride and distilled under nitrogen 
just before use. Tetrahydrofuran (THF) was refluxed over a 
benzophenone-sodium complex and freshly distilled before 
use. y-Butyrolactone and t-caprolactone (from Aldrich) were 
dried over CaH2, distilled under a reduced pressure, and then 
stored under a nitrogen atmosphere and dissolved, just before 
use, in toluene or THF (for 27A1 NMR or viscosimetry) or in 
benzene-& (for I3C NMR). D,L-Lactide (from Boehringer) was 
recrystallized three times from ethyl acetate (dried over CaC12) 
and dried for 24 h at 35 "C under a reduced pressure before 
polymerization. Aluminum triisopropoxide (from Aldrich) was 
twice sublimated and then dissolved in toluene under nitrogen. 
Diethylaluminum isopropoxide and diethylaluminum bromo- 
ethoxide were synthesized by reaction of a triethylaluminum 
solution in toluene with 1 equiv of 2-propanol and 2-bromo- 

ethanol, respectively. Synthesis and purification of the alu- 
minum alkoxides were detailed e l ~ e w h e r e . ~ J ~  The concentra- 
tion of their solutions was measured by complexometric 
titration of aluminum with a standard solution of EDTA. 

11. Polymerization. E-CL and D,L-LA were polymerized 
in solution under stirring, in a previously flamed and nitrogen- 
purged glass reactor. The reactor was charged with the solid 
lactide in a glovebox, under a nitrogen atmosphere. Solvent 
was then added through a rubber septum with a stainless steel 
capillary or a syringe and LA was dissolved at 70 "C. Since 
t-CL was soluble (in toluene or THF) at  25 "C, it was added 
as a solution into the reactor. A solution of the initiator was 
ultimately added, and the polymerization was carried out a t  
0 "C for t-CL and at 70 "C for LA, under vigorous stirring. 

After the complete monomer conversion, polymerization was 
stopped by adding an excess (compared to the initiator) of 1 N 
HC1 solution. The initiator residues were repeatedly extracted 
with an aqueous EDTA solution (0.1 mol L-') and then with 
water up to a neutral pH. Poly-waprolactone (PCL) and 
polylactide (PLA) were precipitated into cold heptane and 
methanol, respectively, filtered, and dried for 24 h at  room 
temperature under a reduced pressure. 

111. Measurements. 'H and 13C NMR spectra were 
recorded with a Bruker AM400 superconducting magnet 
system respectively operating in the FT mode at  400.13 or 
100.6 MHz with a deuterium lock (benzene-&). Quantitative 
I3C NMR measurements were carried out by using the "INV- 
GATE" sequenceI3 with a pulse width of 30", an acquisition 
time of 0.7 s, and a delay of 3 s between pulses. I3C chemical 
shifts were referred to the low field resonance of benzene-&, 
the chemical shift of which was measured to be 77.7 ppm in 
reference to (CH3)4Si. 27Al NMR spectra were recorded with 
a Bruker AM200 apparatus operating at  78.21 MHz with a 
deuterium lock (toluene-& or THF-d~).  27Al NMR were 
referred to a Al(acad3 solution in toluene-& or THF-da (27Al 
signal a t  0 ppm). 

Solution viscosity was measured with a modified Ubbelohde 
viscosimeter in a thermostated bath at  25 & 0.1 "C. The 
previously flame-dried and nitrogen-purged glass viscosimeter 
had caps to prevent evaporation of solvent and exposure to 
air. Measurements were repeated until the relative error of 
three successive measurements was less than 0.5%.14515 

Molecular weight and molecular weight distribution were 
measured with a gel permeation chromatograph (Waters 200) 
operating with tetrahydrofuran and calibrated with polysty- 
rene standards. The universal calibration method was used 
for P-D,L-LA and PCL using the previously reported viscosi- 
metric r e l a t i~nsh ips .~J~  

Results and Discussion 
I. Structure of the Propagating Species as 

Initiated with an Aluminum Trialkoxide. 1.1. 
Monomer Effect. Polymerization of e-CL and LA is 
perfectly living when initiated by Al(OiPr)3 in toluene 
at 0 and 70 "C, From the slope of the 
linear relationship between the mean degree of polym- 
erization (DP) at complete monomer conversion and the 
initial monomerhnitiator molar ratio, it appears  that 
each alkoxide group of A1(OiPr)3 participates in the 
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mean association degree of the living PLA chains (DA 
= 3) and the mean number of active alkoxide groups 
(nodAl E 3) per Al atom. In case of the c-CL polymer- 
ization, DA = 11.3 is substantially higher than nodAl 
= 1 when an aged Al(OiPr)3 solution is used, that 
goetains ca. 45 mol % A3 in the MA4 mixture. However, 
DA decreases down to 2.75 when Al(OiPr)3 is freshly 
distilled and thgn_contains ca. 90 mol % AB. It must be 
noted that a DA value of 1 has been erroneously 
reported by us in a previous paper.1° The origin of this 
problem is more likely a nonsuspected deactivation of 
the living PCL chains prior to or during the viscosimetry 
measurement. It is clear now that the MA4 equilibrium 
has a deep effect on the mean association degree of the 
PCL chains in toluene. Furthermore, intermolecular 
coordinative association in which the active aluminum 
growing species would be involved may be precluded on 
the basis of a kinetic study by Penczek and  colleague^,^^ 
who proposed the following linear relationships (eqs 7 
and 8): 

Tcb-le 2. Viscosity Data and Mean Degree of Association 
(DA) at 25 "C for Living and Deactivated PCL and PLA 

Chains Initiated by Al(OiPr)a (As/& mixture) in Toluene 
at 0 and 70 "C, Respectively 

PCL PLA 
MA4 (45155) MA4 (90110) MA4 (45155) 

living deactivated" living deactivatedb living deactivatedC 
[VI 0.875 0.26 0.51 0.305 0.28 0.16 
OA 11.3 2.75 3.1 

aMn=28000fiwlMn= 1.1 bMn=29000MwlMn= l.l:M,= 
25 500 MwlMn = 1.2. 

lactide polymerization (nOdAl = 3). This is in sharp 
contrast to the ROP of E-CL since only one alkoxide 
group is then active (nodAl= 1) (Table 1, entries 1 and 
2). As a result, three PLA chains are growing from each 
Al atom whereas, in case of PCL, there is either one 
PCL chain per Al atom or only part of the A~(O'PI-)~ 
molecules initiates and propagates three PCL chains per 
Al atom. In order to discriminate these two proposals, 
the intrinsic viscosity of the living PLA and PCL chains 
has been measured before and after deactivation, in 
toluene at  25 "C, which allows the average association 
degree of the growing chains to be ca_lc_ulated. 

The mean degree of association (DA) of the living 
chains has been estimated from the Huggins equation 
(eq 2):17 

where rsp is the specific viscosity, [VI the intrinsic 
viscosity, rred. the reduced viscosity, C the polymer 
concentration, and K' the Huggins constant. From the 
rred. vs C plot, [VI and K' have been calculated for the 
deactivated polyester chains. The value of K' has then 
been used in eq 3 in order to calculate the apparent 
intrinsic viscosity of the aggregated living chains, [VI,,, 
a t  various concentrations. This procedure implies that 
the molecular aggregates formed at  concentration C 
persists down to infinite dilution. [rlagg can thus be 
inferred to be expressed by eq 3.14J5 

-1 + (1 + 4RC?7red,)0.5 
(3) - 

[Vlagg - 2RC 

The association degree, DA, is expressed by eq 4: 

- - Magg D A = -  
MO 

(4) 

where Magg and M, are the average molecular weight 
of the living and the deactivated chains, respectively. 

According to Flory,18 the intrinsic viscosity depends 
on the polymer molecular weight, as follows (eq 5) 

( 5 )  

where K is the Mark-Houwink constant and a is the 
(viscosity) expansion coefficient. 

On the assumption that Kand a are the same for both 
the living and the deactivated chains, eq 6 results from 
eqs 4 and 5 

l/2 3 [VI =KM a 

DA = ( [rlag~[rlo)2 
The intrinsic viscosity and association degree data are 

compiled in Table 2. When LA polymerization is initi- 
ated by an A(O'Pr)3 solution in toluene, be it freshly 
prepared or not, there is a good agreement between the 

In kapp = l/m ln[All, + Cste (8) 

where k ,  is the propagation rate constant (L mol-l s-l), 
Km,l is the association equilibrium constant for the 
growing end group, and m is the aggregation degree of 
these active end groups. Plots of the left hand side of 
eq 8 as a function of ln[All, give the reciprocal aggrega- 
tion degree under the same polymerization conditions 
as for the viscosimetric study (7' ("C), [MI,, [Ml/[Il, and 
solvent and initiator). Value of m is 1 for both PCL at 
0 "C and PLA at 70 "C (Figure 1). It is thus clear that 
the living aluminum trialkoxide growing centers do not 
associctg in toluene whatever the monomer. The value 
of the DA = 3 for living PLA chains, as calculated from 
viscosity data, thus originates from three-armed star- 
shaped PPrO-PLA-013Al growing chains. The same 
conclusion may hold for the living PCL chains provided 
that the persistency of the unreactive tetrameric A4 
aggregates is taken into account. The much higher 
stability of the A~(O'PI-)~ tetramers compared to the 
trimeric A3 counterparts has been recently confirmed 
by semiempirical calculations,28 making reasonable the 
hypothesis that the trimers A3 are the active species 
and that three PCL chains are growing from each Al 
atom of these aggregates. So the estimated average 
association degree of 2.75 (Table 2) when Al(OiPr)3 is 
freshly distilled is consistent with a composition of 90 
mol % A3 for the initiator. Al atoms of the inactive 
aggregates could however be coordinated to carbonyl 
groups of PCL chains and be responsible for an ad- 
ditional interchain association. This effect might ex- 
plain the sharpincrease in the solution viscosity and 
the "apparent" DA (=11.3) when the & content of the 
aged initiator solution is as high as 55 mol % & (Table 
2). In order to assess the unreactivity of the & 
aluminum alkoxides, the living PCL chains have been 
precipitated into dried n-heptane and filtered out under 
an inert atmosphere, and the n-heptane filtrate has 
been evaporated to dryness. The solid residue has been 
dissolved in dry deuterated benzene for IH NMR 
analysis (Figure 2). In addition to a low amount of 
(unfiltrated) PCL chains, the unreacted [Al(OiPr)314 
tetramers are easily identified by the characteristic 
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of trisolvated single Al trialkoxide species [Al(OR)3.- 
(M)3] ,9J0 the question of the coordination structure of 
Al is addressed, particularly when the monomer conver- 
sion is complete. For this purpose, short living PCL and 
PLA chains (theoretical molecular weight of 2000) have 
been synthesized by using Al(OiPr)3 as an initiator, in 
toluene at  0 and 70 "C, respectively. Polymerization has 
proved to be complete after 30 min and 20 h for E-CL 
and LA, respectively. 

Figure 3a illustrates the 27Al spectrum of the active 
PCL chains in toluene and shows two types of aluminum 
atoms. In reference to the chemical shift of the Al(acac)3 
salt, the sharp line a t  high field (2.0 ppm) is due to 
hexacoordinated aluminum atoms (CN = 61, whereas 
the broad line a t  ca. 60.0 ppm is usually assigned to 
tetracoordinated Al atoms (CN = 4).9 Coordination 
numbers (CN) of 4 and 6 may not be attributed to the 
monomer coordination due to the complete polymeriza- 
tion. The solvent may also be precluded since toluene 
is not prone to solvate Al. The only way to account for 
the coordination numbers of the Al atoms is to accept 
an inter- andlor intramolecular coordination of carbonyl 
groups of the polyester chains on the metal. Indeed, 
although viscosimetry indicated the absence of inter- 
molecular association between the Al alkoxide end 
groups of living PCL chains, one cannot preclude fastly 
exchanging Al-carbonyl intermolecular interactions as 
well as interaction between the living PCL chains and 
the remaining unreacted & if present. Therefore, the 
single active aluminum trialkoxide sites appear to be 
stabilized by a coordinative aggregation with one (CN 
= 4) and more probably three (CN = 6) main chain ester 
groups. Equation 9 schematizes the situation that 

b 

I 
4 6 9 5 

- In [Allo (10 mol.11) 

I I ! 

6 3 7  

- - 
I 4 1  , I 

6 3 7  4 8 9 5 
- In [ A l l O  (10 rnol.11) 

Figure 1. Dependence of the polymerization rate on the initial 
Al(0Pr)S concentration in toluene. (a) E-CL polymerization at  
0 "C. [MI, = 1 mom.  (b) LA polymerization at 70 "C. [MI, = 
0.6 mom. 

chemical shifts at 4.69 and 4.41 ppm for the nonequiva- 
lent methine protons, and at 1.69, 1.40, and 1.33 ppm 
for the methyl protons.29 No trimeric [Al(OiPr)313 can 
be detected as supported by the complete lack of signals 
a t  4.38, 4.32, and 4.26 ppm, characteristic of the A3 
methine protons. This experimental observation con- 
firms that when a mixture of A3 and & is used to 
initiate the E-CL polymerization, the & component is 
completely consumed, in contrast to the & fraction that 
remains unreacted. In the light of these results, the 
original statement based on viscosimetric data that only 
one of the three isopropoxy groups of Al(OiPr)3 partici- 
pates to the E-CL polymerization has to be revised. 
Actually the A3/A4 composition of the aged Al(OiPrI3 
solution is such that the activity of all the isopropoxy 
groups of the & aggregates corresponds to a number of 
growing chains which by chance agrees with an average 
of one chain per Al when the whole amount of Al(Oi- 
Pr)3 is considered. It is worth point out that this 
conclusion completely confirms the very recent work by 
Duda and P e n ~ z e k , ~ ~  who reported about the much 
higher reactivity of A3 compared to & toward E-CL (kid 
ki4 x lo3, with ki3 and ki4 being the initiation rate 
constants of & and &, respectively). They also inter- 
estingly proved that the A3/A4 interconversion was very 
slow in dilute solutions (10.1 mol L-l) in CsDs with 
added E-CL or not. 

Polymerization of less reactive monomers, such as 
lactides, requires longer polymerization times and 
higher temperatures (70 "C), which may give & enough 
time to be completely consumed. - 4 1  the aluminum 
alkoxide functions are then active (DA = 3) as observed 
in the LA homopolymerization2~3 and in the random 
copolymerization of LA and c-CL,13 both in toluene at  
70 "C. 

Since 27Al NMR has shown that Al(OiPr)3 in toluene 
is solvated by the monomer (E-CL or LA) with formation 

CL 

I PCL* 
! -Y 

CL 

[C.N. = 41 

[91 

prevails in the presence and absence of monomer (M) 
for the living PCL chains (only intramolecular coordina- 
tion is shown for clarity). 

When LA is substituted for E-CL, Figure 3b shows 
that after complete monomer conversion, all the alumi- 
num atoms are tetrahedral (CN = 4). A slightly smaller 
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'6 H6 

* 

I 

0 
f t -  CH2- CH2-CH2 -CH2-CH2- 0 3 

a b c b d  

* 

I I 1 , I I 1 I , I I 1 I I I 

7.0 6 .O 5 .O 4.0 2 .o 1 .o 0 
PPM3'0 

Figure 2. 'H NMR spectrum of the initiator residue at the complete E-CL conversion. The original initiator is a A,&u mixture 
containing ca. 45 mol % &. Solvent = C6D6 (* and A correspond to residual toluene and n-heptane, respectively). 

electron density on the carbonyl groups of PLA com- 
pared to PCL, together with a higher steric hindrance 
around Al by the three growing methyl-substituted PLA 
chains, may explain why only one PLA ester group is 
coordinated onto Al and stabilizes the single Al trialkox- 
ide, as shown in eq 10. 

lOO%of 
conversion 

'A : .,+ QrpLA - 
-PIA &-Al---.-.-LA 

-4 : 

[C.N.= 4) 

These experimental observations are in direct line 
with the intramolecular transesterification reactions, 
known as back-biting reactions, that occur under well- 
defined experimental conditions (long polymerization 
time, high polymerization temperature,  et^.).^ 

1.2. Solvent Effect. Substitution of THF for toluene 
as the E-CL polymerization solvent does not modify the 
average number of active isopropoxide groups per Al 
(nodAl= 1) (Table 1).20,21 When kinetics is concerned, 

beyond the similarity in the partial order in monomer 
and initiator (1 in the two solvents),12 there is a deep 
discrepancy in the polymerization rate, which is sig- 
nificantly smaller in THF than in toluene. Indeed, the 
half-polymerization time ( t l l z )  is 3.5 min in toluene and 
8.7 min in THF when E-CL is polymerized ([E-CLI = 1 
moVL and [c-CL]d[Il = 200) at 0 0C.20 Multinuclear 
NMR has been used in order to account for this solvent 
effect on the activity of the living PCL end groups. 

In order to know whether substitution of THF for 
toluene perturbs the previously observed dissociation 
of Al(OiPr)3 by the monomer with formation of trisol- 
vated six-coordinate Al(OiPr)3*(c-CL)3 species, Al(OiPr)3 
has been dissolved in y-BL, a nonpolymerizable mono- 
mer analogue of C-CL, and analysed by 27Al NMR. 
Although y-BL is stable toward Al(OiPr)3 tetramers, it 
is opened by the trimers, as will be detailed in a 
forthcoming paper.31 The molar fraction in Al (FM = 
2.5 x has been kept small in order to mimic the 
polymerization conditions, whereas an Al concentration 
of 8 x M has been selected so as to avoid problems 
due to the limited sensitivity of Al NMR ~pectrometry.~ 
At this concentration, the & content is higher than 95% 
and y-BL is stable at 25 "C for more than 2 days. In 
the absence of solvent, three resolved 27Al signals are 
observed (Figure 4a). The two signals at 2.4 and 59.5 
ppm are characteristic of the tetrameric [Al(OiPr)& 
species, the central six-coordinate Al of which is ob- 
served at 2.4 ppm and the external four-coordinate Al 
atoms at 59.5 ~ p m . ~  The additional signal at 5.6 ppm 
has previously been attributed to single Al(oiPr)3 spe- 
cies, trisolvated with lactone molecules.gJO Addition of 
a small amount of toluene (25 wt %) to the Al(OiPr)3 
solution in y-BL (FA] = 2.5 is responsible for a 
sharp increase in intensity of the 27Al signal at 5.6 ppm 
(Figure 4b). In contrast, addition of a small amount of 
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I r l , l , l . I , I , 1 , 1 4 1  

120 100 EO 60 40 20 0 -20 
P PM 

Figure 3. 27Al NMR spectra (297 K) for the active aluminum 
trialkoxide end groups of (a) PCL chains, as initiated by Al- 
(OiPr)3 in toluene at 0 "C; (b) PLA chains, as initiated by Al- 
(OiPr)3 in toluene at 70 "C; (c) PCL chains, as initiated by 
Al(OiPr)3 in THF at 0 "C. 

THF (25 wt %) triggers a sharp decrease in the signal 
(5.6 ppm) intensity of the octahedral Al atoms charac- 
teristic of the single Al(OiPr)3 molecules coordinated 
with three cyclic monomers in favor of the aggregated 
[Al(OiPr)314 species (2.4 and 59.5 ppm) (Figure 4c). 
Undoubtedly, THF competes with y-BL for coordination 
to tetrameric Al(OiPrh. which is consistent with the 
longer half-polymerization time observed in THF (Table 
1). 

THF is a well-known solvating agent, the ether 
oxygen of which is able to compete with the carbonyl 
group of y-BL for coordination onto aluminum. These 
competitive interactions might account for the unfavor- 
able formation of the single Al(OiPr)s.(lactone)3 initiat- 
ing species, which agrees very well with the longer 
induction time for the E-CL polymerization in THF 
compared to toluene.20 All in all, the experimental 
observations confirm that the structure of the initiating 
species is independent of the solvent, although the 
solvent has a decisive effect on the kinetics of formation 
of these species. 

27Al NMR analysis of the living PCL chains formed 
when the monomer conversion is complete has con- 
firmed that the active species consist of tetracoordinated 
and hexacoordinated Al atoms (Figures 3a,c), whatever 
the solvent. In toluene, coordination numbers of 4 and 
6 have been attributed to intramolecular coordinative 
interactions between the polymer ester groups and the 
Al atom, rather than to a solvent coordination effect. 
This situation might however change when toluene is 

1 " " ' ~ " 1 ' ' ~ ' 1 ~ ~ ~ ' 1 ' ' ~  1 I " ' ,  I ' " ' l ' ' " l - ' ~  
8 0  73 61) 50 40 30 20 I n  0 

PFH 

Figure 4. 27Al NMR of the A~(O'PI-)~ (mainly & species)/y- 
BL system (FN = 2.5 (a) no solvent, (b) addition of 
toluene (25 wt %), (c) addition of THF (25 wt %). 

replaced by a more polar solvent and a well-known 
solvating compound, such as THF. It is thus important 
to know whether the coordination structure of Al in 
toluene persists in THF as a result of persistent coor- 
dinative associations or due to a solvation process. In 
this respest, living PCL chains have been prepared in 
toluene (M, = 1800) and recovered by solvent distilla- 
tion. Part of them has been dissolved in pure deuter- 
ated benzene and the second part in benzene-d6 added 
with 10 molar equiv of THF compared to the living Al 
sites. These solutions have been analyzed by quantita- 
tive 13C NMR spectroscopy by using a special "INV- 
GATE" sequence, as reported in the Experimental 
Section. The quantitative 13C NMR spectrum (Figure 
5) allows calculation of the percentage of the carbonyl 
groups in PCL chains that are free (F) and coordinated 
(C) to the Al atom of the active species, respectively. In 
benzene-&, which is representative of the living PCL 
chains in toluene, two signals are observed for the 
13C0 carbonyl resonance (Figure 5a). Resonance at  
172.6 ppm is characteristic of the free carbonyl groups 
(13CO~ signal) and largely predominates over the reso- 
nance a t  172.2 ppm, which corresponds to the coordi- 
nated carbonyl groups (13COc signal). This observation 
confirms the hypothesis-inferred from 27Al NMR 
analysis-that coordinative interactions stabilize the 
active AI sites (as shown in eq 9). When a small amount 
of THF is added to benzene-&, the two 13C0 resonances 
are still observed at the same chemical shift (Figure 5b). 
The relative intensity of these two signals is however 
modified in such a way that 2% of the carbonyl groups 
are coordinated to Al compared to 5% in the absence of 
THF (Table 3). It is thus clear that THF competes with 
the ester carbonyl groups for coordination to Al. This 
observation has been completed by recording the quan- 
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ethylaluminum alkoxides (Et2AlOCH2X, where X is a 
functional group) have been investigated as potential 
initiators for the ROP of E-CL and LA7,8,19-21 (eq 12). 

Figure 5. Quantitative 13C NMR spectra (297 K) for living 
PCL chains initiated by Al(OiPr)3 in toluene at 0 "C. Spectra 
recorded in (a) pure benzene-&, (b) a benzene-d$THF mixture 
(10 equiv of THF with respect to All, (c) pure THF-ds. 

Table 3. 13C NMR of the Carbonyl Signals forjhe Living 
PCL Chains, Initiated-by-Al(OiPr)3 at 26 "C W,, = 1800; 

MJM- = 1.1) 

relative intensity in % of the carbonyl signal 

T O  1 
L Jn 

solvent free at 172.6 ppm coordinated at 172.2 ppm 
CsDs 95.0 
C6Ds + THF" 98.0 
THFds 100.0 

5.0 
2.0 
0.0 

a 10 equiv of THF relative to Al. 

titative 13C NMR spectrum of the living PCL chains dis- 
solved in pure THF-ds. Figure 5c shows that the car- 
bonyl group is not coordinated anymore, since only the 
13CO~ signal at  172.6 ppm is observed (Table 3). Ac- 
cordingly, eq 11 schematizes that the living aluminum 

M ,OAPCL+ 
i p 100 56 

4 :  
ti 

VWPCLY.O-/?I-----M - 
Conversion 

*PCLY.O 

[C.N. = 61 

[C.N. = 41 

trialkoxide species are solvated by THF in competition 
with the monomer, which also explains why the half- 
polymerization time is higher in THF than in toluene. 

11. Structure of the Propagating Species As 
Initiated by a Dialkylaluminum Alkoxide. Di- 

The absolute propagation rate constant, k,, has been 
found to be independent of the functional alkoxy groups 
(R = CHS) ,  whatever the solvent: toluene or THF. 

Dialkylaluminum alkoxides (R2AlOR) are known to 
be coordinatively associated as dimers or trimers in 
apolar solvents and in the solid state.22 Actually, the 
alkyl substituent R affects the mean aggregation degree 
of these aluminum monoalkoxides. For instance, tri- 
mers are formed when R is an ethyl substituent, 
whereas formation of dimers is reported when R is a 
more sterically hindered isobutyl 

Whatever the monomer, E-CL or LA, the alkoxy group 
of each dialkylaluminum alkoxide participates in the 
ring-opening polymerization at 25 "C for E-CL and 70 
"C for LA (n = 1) in contrast to the alkyl groups that 
are inactive under anhydrous conditions (Table 1, 
entries 4-8).718 The monomer has only a minor effect 
on k, in relation to a different propensity to polymeri- 
zation.6,8 

Consistent with a "coordination-insertion" polymer- 
ization mechanism and in agreement with observations 
reported for aluminum trialkoxides, substitution of 
toluene by a more polar solvent, such as THF, is 
responsible for a decrease in the polymerization rate 
(Table 1, entries 4 and 5).20324 A first partial order in 
monomer and a fractional partial order in initiator have 
been reported when the E-CL polymerization is initiated 
by distilled R a O R  in toluene or in THF at 25 "C (Table 
1, entries 4-8).20>24125 

Penczek et al.19 have proposed a kinetic model based 
on an aggregation-deaggregation equilibrium of the 
dialkylaluminum alkoxides and on the hypothesis that 
only the nonaggregated species are active and contribute 
to  the chain propagation (eq 13). 

Km,, (P,*), e mP,* aggregation-deaggregation 

k (13) 

where Km,1 denotes the equilibrium constant of deaggre- 
gation of the growing end groups, k, the rate constant 

P,* + CL P,+~* propagation 
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monoalkoxide. Formation of trimers has been reported 
for ethyl substituents (m = 3).22 This 27Alc~=4 signal 
for the EtflO(CH2)2Br initiator in toluene has accord- 
ingly been assigned to the cyclic trimer, shown below: 

Figure 6. 27Al NMR of the active EtdO(CH&Br species at 
297 K (a) in toluene, (b) in y-BL (10 wt % toluene), (c) in THF, 
(d) in y-BL (10 wt % THF). 

AI Chemical ihift range 

I Alkyl AI I 

5 Coord. 

150 100 50 0 
PPM -50 

250 200 

Figure 7. Dependence of the 27Al chemical shift on the 
coordination number of aluminum. AI-C bonds are observed 
at low fields, on contrast to the bonding of Al to elements of 
the VA, VIA, and VIIA groups, which appears at high fields. 

of propagation, m the degree of aggregation, P,* the 
growing macromolecule. 

In order to explain the kinetic discrepancy between 
toluene and THF, the structure of the initiating and 
propagating dialkylaluminum monoalkoxide sites has 
been analvzed bv viscosimetrv and 27Al NMR in toluene 
andinTHF. " 

11.1. Viscosimetric and NMR Analysis in Tolu- 
ene. Diethylaluminum bromoethoxide (EtflO(CH2)2- 
Br) has been analyzed by 27Al NMR in pure toluene and 
in the presence of y-butyrolactone (Figure 6). 

In pure toluene (Figure 6a), the initiator shows only 
one 27Al signal centered a t  ca. 152 ppm. This chemical 
shift, which is related to the coordination number and 
to the chemical environment of Al (Figure 71, agrees 
with tetracoordinated alkylated aluminum atoms. 

As previously mentioned, the alkyl substituents ( R )  
have an effect on the aggregation of the dialkyl 

(m = 3) 

An equilibrium between cyclic trimers and dimers 
may however not been precluded because 27Al NMR 
cannot discriminate these two aggregated species that 
consist of identical tetrahedral (CN = 4) Al atoms. 

In a second experiment, freshly distilled E t f l0 -  
(CH2)2Br has been dissolved in y-BL and added with a 
small amount of toluene. y-BL has a deep effect on the 
structure of Et&lO(CH2)2Br since the signal observed 
in toluene at  152 ppm has completely disappeared in 
favor of a new 27Al signal a t  7.4 ppm (Figure 6b). This 
new signal is characteristic of octahedral (CN = 6) Al 
atoms, which might be attributed to (1) the solvation of 
each aluminum atom of the [EtzAlO(CHz)zBr13 cyclic 
trimers by two y-BL molecules (CN = 6) or (2) the 
complete dissociation of the cyclic trimers with forma- 
tion of single Et&lO(CH2)2Br species (m = l) solvated 
with three y-BL molecules (CN = 61, by analogy with 
the structure of aluminum trialkoxides under the same 
conditions. 

In order to discriminate these two hypotheses, the 
solution viscosity of the living PCL chains initiated by 
a diethylaluminum monoalkoxide in toluene has been 
compared to that of the parent deactivated chains. 
These viscosity data are summarjzpd in Table 4 and 
show that the association degree (DA) ofjhe living PCL 
chains is close to 3 in toluene. This DA value is in 
agreement with the number of active alkoxide groups 
per dialkylaluminum alkoxide molecule (nodAl= 3) and 
supports that the Al monoalkoxide remains associated 
all along the ROP in toluene. 

From 27Al NMR and viscosimetry, it may thus be 
concluded that the addition of lactone to the diethyla- 
luminum monoalkoxide cyclic trimers in toluene is 
responsible for solvation of the Al atoms (CN = 6 for 
all the Al atoms), as schematized by eq 14. 

CL 
toluene 
- 

Et 

(C.N. = 4) (C.N. = 6) 

The living PCL chains initiated by EtflO(CH212Br 
in toluene have also been analyzed by 27Al NMR (Figure 
8a). There is a complete similarity with the structure 
previously reported for the living chains initiated with 
Al(OiPr)3 (Figure 3a). Since the active aluminum alkox- 
ide end groups are kept aggregated, eq 9, which is valid 
for aluminum trialkoxide, may be extended to the 
structure of the living aluminum monoalkoxide species 
in toluene with formation of pentacoordinated (CN = 
5) and hexacoordinated (CN = 6) Al atoms. 
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Table 4. Viscosity Data and Mean Degree of Association 
’ (DA) for Living and Deactivated PCL Chains Initiated 
with Distilled Et&OiPr and EtdO(CH2)flr in Solution, 

at 25 “C 
(CH&CHOAlEt2 in toluene Br(CH2hOAlEt2 in T H F  

living deactivatedb living deactivatedC 
LvL 0.17 0.10 0.42 to 0.36d 0.24 
DA 2.85 3.0-2.od 

a Viscosity data are unchanged when 10 equiv of I/-BL (_corn- 
pared to Al) are addcd to_ PCL in THF. fin = 12 000 (Mw/Mn = 
1.2). M ,  = 25 000 ( M J M ,  = 1.1). [VI of PCL chains decreases 
with dilution. 

1.2. Viscosimetric and NMR Analysis in THF. 
27Al NMR analysis of diethylaluminum bromoethoxide 
in pure THF (Figure 6c) shows a major difference 
compared to the 27Al NMR spectrum recorded in pure 
toluene (Figure 6a). Indeed, in addition to the signal 
observed at  152 ppm in toluene, two new well-resolved 
signals are reported at  75 and 7.4 ppm. These three 
signals support that tetrahedral (6 = 152 ppm), penta- 
coordinated (6 = 75 ppm), and octahedral (6 = 7.4 ppm) 
Al atoms coexist, in possible agreement with an ex- 
change between the [EtzAlO(CHz)zBr13 cyclic trimers 
(CN = 4) and the same species solvated with one THF 
molecule per Al atom (CN = 51, i.e. [Et2AlORl3,3THF 
or with two THF molecules per Al (CN = 61, i.e. [Etz- 
AlOR] 3.6THF. 

Moreover, when freshly distilled Et2AlO(CHz)zBr is 
dissolved in y-BL and added with a small amount of 
THF, the 27Al NMR spectrum (Figure 6d) shows two 
27Al signals, the chemical shift of which agrees with 
pentacoordinated (CN = 5) (6 = 75 ppm) and octahedral 
(CN = 6) (6 = 7.4 ppm) Al atoms. The presence of only 
these two 27Al signals results from a higher electron- 
donating capability of y-BL compared to THF, since 
now all the original cyclic trimers are solvated. This 
certainly implies a competition between THF and y-BL 
for the solvation of the aluminum atoms of [EtzAlO- 
(CHz)zBr13 (eq 15). 

(m = 3) 

[Etz AI-ORI3 . 3 (or 6) THF [Et2 AI-OR13 . 3  (or 6) M 

(C.N.= 5 or 6) 

[I51 

(C.N.= 5 or 6) 

(m=3) (m=3) 

Now the question is whether the [EtzAlO(CH2)2Br13 
trimeric structure persists upon the extensive solvation 
by y-BL in THF. Table 4 shows that the degree of 
association (DA) of the living PCL chains (M, = 25 000) 
in THF decreases with the polymer concentration as 
previously reported by Penczek et al.24 Nevertheless, 
when the concentration of the living chains is higher 
than ca. 2,O_g/dL (i.e. [All, L 8 x lop4 mom for fin = 
25 000), DA = 3 which is in agreement with the 
aggregation degree of the active end groups as calcu- 
lated from kinetic data (Table 1, entries 5 and 6, m = 
3) in the investigated initiator concentration, i.e. [All, 
L 10-3 mom ([E-CL] L 1.0 m ~ m ) . ~ ~ ~ ~ ~  
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Figure 8. 27Al NMR spectra (297 K) for living PCL chains 
initiated by Et2A10(CH2)2Br at 25 “C,  in toluene (a) and in 
THF (b). 

It has also been observed (Table 4) that the addition 
of y-BL does not change the specific viscosity of living 
(and “dead”) PCL chains in THF [M, = 25 000, 25 “C, 
initiator EtflO(CH&Br]. The intermolecular coordi- 
native aggregation is thus not disturbed by the presence 
of the model monomer. 

So, the active aluminum monoalkoxide species in 
THF, in the presence or absence of cyclic monomers, 
would participate in a dynamnic aggregation equilibri- 
um. When the monomer (M) is added to the solution of 
diethylaluminum monoalkoxide in THF, a cyclic trim- 
eric (m = 3) monomer-solvated “[EtzAlO(CHz)zBr13*3- 
or -6 M” aggregate is expected to be formed, as sche- 
matized by eq 15. 

Again, and thus whatever the solvent, the E-CL 
insertion requires a fast reversible dissociation of the 
“[Et~AlO(CHz)zBr]3*3- or -6 E-CL” monomer-solvated ag- 
gregates (m  = 3) (&,I << l), in agreement with the 
fractional kinetic order in initiator (l/m). 

The 27Al NMR spectrum of living PCL chains initiated 
by Et2AlO(CH2)2Br in THF shows a major octahedral 
signal (CN = 6) at  2 ppm and a weak signal at  60 
ppm (Figure 8b). In reference to Figure 7 ,  a chemical 
shift of 60 ppm, for the living PCL chains initiated by 
EtzAlO(CHz)zBr, agrees with pentacoordinated alky- 
lated Al atoms. The actual propagating aluminum 
monoalkoxide sites should thus be stabilized by inter- 
molecular coordinative associations (cyclic trimers) 
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and an extra solvatation effect by THF, as shown by eq 
16. 

lrn = 3) 

ITHF 

f o-/il-(E‘h 

- PCL THF THF - PCL 

TH: \ ,O~H 111 A(- j ,.\* (El)> ) ~ ~ C l ~ ~ l A ~ ( E I ) ~  

1161 
O-PCL ..-., Wz;Al+ *O*PCL A 

THF ‘., 2 8 I E O r  AI,, 

Tk ,jo-Af-(E,,, 

‘YL THF I ’THF pc) THF 

[C.N.= 61 1C.N = 51 

Conclusions 
Although aluminum triisopropoxide is coordinatively 

associated in toluene, single trisolvated monomer spe- 
cies are formed in the presence of E-CL and lactide that 
all remain unassociated during the propagation step. 
At the complete monomer conversion, the single A1 
trialkoxide entities are solvated by carbonyl groups of 
the main chain, so that the coordination number of A1 
(CN) is 4 and predominantly 6 in case of PCL and only 
4 for PLA chains. In THF, there is competition between 
monomer and solvent for coordination to Al, which 
explains why polymerization is slower in THF than in 
toluene. Diethylaluminum monoalkoxide forms cyclic 
trimers in toluene and THF and remains associated all 
along the E-CL polymerization. A fast reversible dis- 
sociation of the monomer (or THF) solvated trimers 
would explain that a fractional order in initiator (1/3) 
is observed. 

Acknowledgment. l3C and 27Al NMR data were 
collected from the facilities at  the C R E W  Center and 
the Laboratory of Physical Organic Chemistry (Univer- 
sity of Liege). The authors express their sincere ap- 
preciation to Dr. J. Grandjean for his skillful assistance 
and discussions. They are also grateful to the “Services 
Federaux des Affaires Scientifiques, Techniques et 
Culturelles” (“Poles d’attraction Interuniversitaires: 
Polymeres”) and to FNRS (Brussels, Belgium) for f i -  
nancial support. The authors are also very grateful to  
0. Halleux for skillful technical assistance. 

References and Notes 
(1) Ouhadi, T.; Stevens, C.; Teyssie, Ph. Makromol. Chem. Suppl. 

(2) Vion, J. M.; JerBme, R.; Teyssie, Ph.; Aubin, M.; Prudhomme, 

(3) Dubois, Ph.; Jacobs, Ch.; JerBme, R.; Teyssie, Ph. Macromol- 

(4) Barakat, I.; Dubois, Ph.; JerBme, R.; Teyssie, Ph.; Mazurek, 

( 5 )  Ropson, N.; Dubois, Ph.; Jerbme, R.; Teyssie, Ph. Macromol- 

(6) Ropson, N., Ph.D. Thesis, University of Liege, 1994, Liege, 

(7)  Dubois, Ph.; Jerbme, R.; Teyssie, Ph. Polym. Bull. 1989,22, 

( 8 )  Barakat, I.; Dubois, Ph.; JerBme, R.; Teyssie, Ph. J .  Polym. 

(9) Ropson, N.; Dubois, Ph.; JerBme, R.; Teyssie, Ph. Macromol- 

(10) Ropson, N.; Dubois, Ph.; JerBme, R.; Teyssie, Ph. Macromol- 

(11) Kohn, F. E.; Van Ommen, J .  G.; Feijen, J. Eur. Polym. J .  

(12) Dubois, Ph.; Ropson, N.; JerBme, R.; Teyssie, Ph. submitted 

(13) Van Hoorne, P.; Dubois, Ph.; JerBme, R.; Teyssie, Ph. 

(14) Bodycomb, J.; Hara, M. Polym. Bull. 1988, 20, 493. 
(15) Hara, M.; Wu, J.; Lee, A. H. Macromolecules 1988,21, 2214. 
(16) Dubois, Ph.; Barakat, I.; JBrBme, R.; Teyssie, Ph. Macromol- 

(17) Huggins, M. L. J . A m .  Chem. SOC. 1942, 64, 2716. 
(18) Flory, P. J., Principles of Polymer Chemistry; Cornel1 Uni- 

(19) Penczek, S.; Duda, A. Makromol. Chem., Macromol. Symp. 

(20) Dubois, Ph., Ph.D. Thesis, University of Liege, 1991, Liege, 

(21) Jacobs. Ch.: Dubois. Ph.: JerBme. R.: Tevssie. Ph. Macromol- 

1975, 1, 191. 

R. E. Macromolecules 1986, 19, 1828. 

ecules 1991, 24, 2266. 

M. Macromol. Symp.  1994, 88, 227. 

ecules 1992, 25, 3820. 

Belgium. 

475. 

Sci., Polym. Chem. 1993, 31, 505. 

ecules 1993, 26, 6378. 

ecules 1994, 27, 5950. 

1983, 19, 1081. 

to Macromolecules. 

Macromolecules 1992, 25, 37. 

ecules 1993, 26, 4407. 

versity Press: Ithaca, 1953. 

1991,42/43, 135. 

Belgium. 
, I  , , ”  I 

ecules 1991, 24, 11. 

25, 862. 

Chem. 1983,22, 779. 

(22) Benn, R.; Rufinska, A. Angew. Chem. In t .  Ed .  Engl. 1986, 

(23) Benn, R.: Rufinska, A,; Lehmkuhl, H.; Janssen, E. Angew. 

(24) Duda, A,; Penczek, S. Makromol. Chem., Macromol. Symp.  

(25) Duda, A,;  Florjanczyk, Z.; Hofman, A,; Slomkowski, S.; 

(26) Penczek, S.; Duda, A,; Biela, T. Polym. Prepr., Diu. Polym. 

(27) Akitt, J. W. Prog. N M R  Spectrosc. 1989, 21, 1-149. 
(28) Parente, V.; Bredas, J. L.; Ropson, N.; Dubois, Ph.; JerBme, 

(29) Shiner, V. T.; Whittaker, D.; Fernandez, V. P. J .  Am. Chem. 

(30) Duda, A,; Penczek, S. Macromol. Rapid Commun. 1995, 16, 

(31) Duda, A,; Penczek, S.; Dubois, Ph.; JerBme, R. Manuscript 

1991, 47, 127. 

Penczek, S. Macromolecules 1990, 23, 1640. 

Chem., Am. Chem. SOC. 1994,35 (2), 508. 

R. submitted t o  Macromol. Theor. Simulat.  

SOC. 1963, 85, 2318. 

67. 

in preparation. 

MA9464027 


