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ABSTRACT: In the polymerization of c-caprolactone (tCL) initiated with (CH,CH,),AlOCH,, (CH,CH,),- 
A10CH2CH=CH2, or [(CH,),CHCH,],AlOCH, and carried out in THF solvent at 20 or 25 O C  linear poly(cCL) 
with 1.03 < Mw/Mn < 1.13 and free of macrocyclics was obtained. Comparison of Mn, calculated and mea- 
sured, indicated that each initiator molecule starts one macromolecule and that during polymerization 
transfer reactions, including cyclization, are practically absent. 'H and 13C NMR studies of the end-group 
structures revealed that only alkoxy groups (OR') from initiator (R2A10R) were directly involved in initi- 
ation. The described polymerization of tCL can be considered as the living process, yielding linear polyes- 
ters free from cyclics within the polymerization time required to reach 99% of monomer conversion. Cyclics 
are produced after much longer time from the linear polymer already formed. The ratios of propagation 
rate constant (k,(l)) to  the rate constants of back-biting, leading to the cyclic dimer (kb(2)), have been 
used as a measure of kinetic enhancement in linear polymer. For cCL polymerizations carried out in THF 
at 20 O C  and initiated with (CH,CH2),A10CH, and [(CH,)2CHCH2]2A10CH, kp(1)/kb(2) = 4.6 X lo4 and 
7.7 X lo4 Lsmol-', respectively. These values are substantially higher than for the anionic polymerization 
of cCL with Na+ counterion (kp(1)/kb(2) = 1.55 X lo3 Lsmol-'). 

Introduction 
In the anionic polymerization of t-caprolactone (cCL) 

propagation is accompanied with side reactions, namely 
intermolecular and intramolecular transesterifications (eqs 
1-3). These processes are shown below schematically for 
macroanions. The macrocycles, formed in the back-bit- 
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ing reaction, participate further in propagation in a man- 
ner similar to that of the monomer. Due to these side 

Faculty of Chemistry, Technical University, Koszykowa 75,OO- 
662 Warsaw, Poland. 

reactions MWDs of the polymers are above 1.3 and the 
product is a mixture of both linear and cyclic molecules. 
The total concentration of monomeric units, incorpo- 
rated into the macrocycles, is equal a t  equilibrium to 0.25 
mol-L-l.' As it is shown for initial monomer concentra- 
tions lower than this critical concentration, finally only 
cyclic oligomers are produced. When the initial mono- 
mer concentration is increased, fraction of cyclic oligo- 
mers in the overall product can be decreased but cannot 
be eliminated. Polymerization in bulk sets the limit. 

In our previous studies we found that modification of 
the structure of active centers, leading to the change of 
the mechanism of propagation and to decreasing of their 
reactivity, results in even more pronounced slowing down 
macrocyclization with respect to propagation.2 This extent 
of the relative enhancement of the rate of propagation, 
when compared with the rate of cyclization, has been 
expressed in our work by the ratio kp(1)/kb(2), where 
lz,(l) and kb(2) denote rate constants of propagation involv- 
ing monomer and back-biting with formation of a cyclic 
dimer, respectively. Variation of the nature of counte- 
rion in the anionic polymerization, although influencing 
the relative rate of cyclization, is not leading to elimina- 
tion of macrocyclization and other transesterification 
reactions. '~~,~ Recently, we found that polymerization of 
tCL initiated with diethylaluminum methoxide pro- 
ceeds with kinetic enhancement in linear p01ymer.~ Sim- 
ilar initiator was used by Cherdron, but cyclization phe- 
nomena were not studied at that time.6 Pseudoanionic 
polymerization of tCL with kinetic enhancement in lin- 
ear polymer, yielding polyester with low polydispersity 
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Table I 
Measured and Calculated Molecular Weights of Poly(cCL) 

GPC 

[cCL],, mol&-' [IlO, ~ 1 0 ~  mo1.L-l MJcalcd) Mn (osmometry) Mn MW MwIMn 
I = (CH,CH,),AlOCH," 

0.255 1.04 2790 3030 3140 3220 1.03 
0.984 4.10 2740 3010 3135 3220 1.03 
0.520 
0.925 
0.500 
0.510 
1.00 
0.520 
0.987 
0.510 
0.986 
1.22 
0.506 
3.00 
1.90 
3.00 
2.00 
1.94 

2.00 
2.00 
0.98 
1.00 
2.00 
2.00 

1.79 
3.37 
1.08 
0.894 
1.92 
0.999 
1.78 
0.578 
0.813 
1.00 
0.456 
1.08 
0.444 
0.500 
0.363 
0.229 

4.87 
2.83 
0.920 
0.560 
0.598 
0.242 

3330 3425 3370 3540 1.05 
3130 3840 3440 3580 1.04 
5280 3910 4110 4440 1.08 
6510 4130 4480 4810 1.07 
5950 4130 4790 5250 1.10 
6050 4850 4250 4560 1.07 
6330 6600 5300 5750 1.08 
9730 8450 

13800 9500 
13970 10200 
12420 10800 
31800 27100 
48960 45900 
68480 63770 
62880 62890 
96670 97900 

I = [ (CH,),CHCH,],AIOCH,b 
4690 7410 
8070 10390 

12210 13100 
20380 19500 
38170 39580 
94330 86010 

I = (CH,CH,),A~OCH,CH=CH,~ 
0.918 12.25 855 935 
0.499 
1.06 
0.974 
0.956 

2.12 
2.44 
1.75 
1.34 

2680 2680 
4960 3645 
6360 6510 
8140 7060 

' Polymerization temperature 20 "C. Polymerization temperature 25 "C. 

10 I 

7 
1 

I I  

1 2 3 L 5 6 7 8 9 1 0  
a, icalcd.)x 10.' 

6510 7350 
8780 9930 

15910 17640 
21030 23260 

1.13 
1.13 
1.11 
1.11 

1035 1150 
2980 3080 
5080 5760 
5680 6430 
6420 7090 

1.11 
1.03 
1.13 
1.13 
1.10 

In the present studies we applied dialkylaluminum alkox- 
ides related to the initiators already used by Teyssib? 
Hsieh: and Kricheldorf" as well in their studies of eCL 
polymerization. 

TeyssibEa4 and then other authors cited above indi- 
cated that a t  certain conditions polymerization initiated 
with (iC,H,O),Al or bimetallic initiators proceeds with 
an invariant number of the growing species. Moreover, 
Teyssib stated that for (iC&O),fil "...polymerization equi- 
librium is shifted to open chains to the extent more than 
99%...".8a,d Apparently, what is meant by this state- 
ment is not the equilibrium, which could hardly be affected, 
but the fact that the system is under kinetic control. 

In this paper, by using the enhancement coefficient 
(k , , ( l ) /k , , (2)  introduced by us earlier: we have been able 
to compare quantitatively the ability of various initia- 
tors (and, therefore, the active chain ends) to enhance 
formation of linear or cyclic poly(e-caprolactones). 

Figure 1. Relagionship between measured (M,,(osmometry)) 
and calculated (M (calcd)) molecular weights of poly(cCL). Ini- 
tiators: (0) (CHs& ) AlOCH ; (0) [(CH,),CHCH,],AlOCH,; 
(A) (CH,CH,),AlO&,CH=C%I2. 

Experimental Part 

eCL was purified according to the procedure described 
earlier.4 The known amounts of monomer were distilled on the 
vacuum line into ampules equipped with break-seals. Ampules 
were stored in a refrigerator a t  -12 "C. 

THF,  used as solvent, was purified in the usual way and was 
stored over sodium-potassium alloy in ampules equipped with 
Teflon stopcocks. The required portions of solvent were dis- 
tilled into the reaction vessel on the vacuum line. 

and essentially free from cyclics, has also been observed 
by Inoue when (5,10,15,20-tetraPhenYlPOrPhYrinato)alu- 

methoxide-methanol mixture was used for init- 
iation.' 
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Figure 2. GPC trace of the polymerizing mixture. Conditions of polymerization: [tCL], = 5.06 X lo-' mol.L-', [(CH,CH,),- 
AIOCH,], = 4.56 X lo-, mol.L-', THF solvent at 20 "C. Waters lo3. 5 X 10'. and 10' columns; eluent flow rate 0.9 mL-min-'. 
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Figure 3. 13C NMR spectrum of poly(cCL). Conditions of polymerization: [cCL], = 5.29 x lo-' mol-L-', [(CH,CH,),AlOCH,], = 
9.99 X mol.L-', in THF a t  25 "C. 

Diethylaluminum alkoxides were obtained in reactions of tri- 
ethylaluminum with the corresponding alcohols. All opera- 

,CH2CH3 
2(CH&H2)3AI + 2ROH - 2ROAI + 2C2H6 (5) 

~ H , C  H, 
b a  

C e 

d f 

tions were carried out under nitrogen using freshly distilled tri- 
ethylaluminum (Fluka) and dried toluene as a solvent. The 
organoaluminum compound (0.1 mol) was dissolved in 100 mL 
of toluene in a glass vessel equipped with a stirrer and con- 

nected through a liquid seal to a gas burette. An equimolar 
amount of the required alcohol in 50 mL of toluene was then 
slowly dropped in with vigorous stirring a t  -78 "C. When the 
evolution of ethane stopped, the reaction mixtures were slowly 
warmed up and kept a t  room temperature for about 1 h. After 
evaporation of the toluene solvent the diethylaluminum alkox- 
ides were isolated by distillation. 

Product Identification. Diethylaluminum methoxide: bp 
67-68 "C (0.4 mmHg); 'H NMR (toluene-d,) 6 1.25 (t, 6 Ha), 
0.21 (9, 4 Hb), 3.33 (s, 3 HJ; Ja-b = 8.93 Hz. Anal. Al: calcd, 
23.2; found, 22.8. 

Diethylaluminum allyloxide: bp 82-83 "C (0.3 mmHg); 
'H NMR (toluene-d,) 6 1.17 (t, 6 Ha), 0.04 (4, 4 Hb), 3.91 (d, 2 
Hc), 5.72 (m, 1 Hd), 5.05 (d, 1 He), 4.96 (d, 1 Hf); Ja-b = 8.19 

17.00 Hz, Jd-f = 10.20 Hz, Je-f = 1.35 Hz. Anal. Al: calcd, 
19.0; found, 18.9. Coupling constants were calculated accord- 

Hz, Jcd = 6.32 Hz, J ,  = -1.40 Hz, JCf = -0.95 Hz, Jda = 
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Figure 4. 13C DEPT 135O NMR spectrum of poly(&L). The 
same polymerization conditions as given in the caption for Fig- 
ure 3. 

ing to the LAOCN 3 method.’O Diisobutylaluminum methox- 
ide was obtained in reaction of diisobutylaluminum hydride with 
methanol. 

[(CH3)2CHCH2]2AIH + CH30H - 
c b  a 

Diisobutylaluminum methoxide: bp 108-110 O C  (0.3 mmHg); 
‘H NMR (toluene-d,) 6 1.23 (d, 12 Ha), 2.11 (9, 2 Hb), 0.33 (d, 

calcd, 15.5; found, 15.4. 
Polymerizations were carried out in dilatometers and/or in 

a glass apparatus described in our previous paper? Active cen- 
ters were deactivated by addition of acetic acid (3-4-fold molar 
excess with respect to the initiator used). Polymers were iso- 
lated by precipitation in the cold (ice-bath) heptane and dried 
at room temperature under high vacuum during several days. 

GPC analyses of the polymerization mixtures and of the iso- 
lated polymers were performed using an LKB 2150 HPLC pump, 
a set of Waters ultrastyragel columns lo3, 5 x lo2, and 10’ and/ 
or Toyo Soda columns G4000HXL and G2000HXL, and a Hewlett 
Packard 1031A RI detector. THF was used as an eluent. 

Molecular weight measurements were performed using a 
Hewlett Packard 302B VPO and Hewlett Packard 502 high- 
speed membrane osmometers. 
‘H and 13C NMR spectra of poly(tCL) were registered in 

CDCl, on Bruker MSL 300. ‘H NMR spectra of initiators were 
recorded with JEOL C-100H and Bruker AM 300. 

Results and Discussion 
Molecular Weights of Poly(€-caprolactone). Poly- 

merizations were carried out a t  20 and/or 25 “C until 
monomer conversion reached at least 99%. The extent 
of polymerization was determined from the dilatometric 
measurements or from the polymer and monomer peaks 
in GPC chromatograms of the withdrawn samples of the 
polymerization mixture. Propagation was terminated by 
mixing the polymerizing mixture with a T H F  solution 
containing CH,COOH. Polymerizations were per- 
formed for [ C C L ] ~ / [ I ] ~  ratios ranging from 8 to 850. Con- 
ditions of polymerization and results of molecular weight 
(M,) measurements are presented in Table I. For each 
experiment an has also been calculated, assuming that 
every initiator molecule (R,AlOR’) initiates the growth 

4 HJ, 3.42 (5, 3 Hd); Je-b = 7.74 Hz, J b  = 5.95 Hz. Anal. Al: 
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of one macromolecular chain 

[ 4 L I  &cCL 

[ R,AlOR’] ,, fi,(calcd) = (7) 

where MrcL = 114.14 (MW of the monomer). Plot of 
M,(osmometry) versus fin(calcd) is given in Figure 1. 

The linear relationship between fin(osmometry) and 
fin(calcd) with a slope of 0.964, i.e., close to 1, justifies 
an assumption that only one substituent a t  the alumi- 
num atom in (CH,CH,),AlOCH,, (CH,CH,),AlOCH,- 
CH=CH,, and [ (CH,),CHCH,],AlOCH, is involved in 
initiation. 

Molecular Weight Distribution of Poly(cCL). GPC 
measurements have shown that macrocycles could not 
be detected in the polymerization mixtures up to the mono- 
mer conversion approaching 99.9%. Thus, if any cyclic 
oligomers would be present in the system, they should 
constitute less than 0.1% of the linear polymer. On the 
other hand, isolation of poly(&L) by precipitation in n- 
heptane or methanol did not affect the shape and posi- 
tion of the polymer peaks, indicating that this proce- 
dure did not change the molecular weight distribution. 
The residue after evaporation of n-heptane (superna- 
tant) did not contain any cyclics, as evidenced from the 
GPC analysis of this fraction. 

Results of independent measurements of fin (VPO) 
were used for “self-calibration” of GPC chromatograms. 
The dependence of In fin on elution volume (V) gave a 
first approximation of the calibration curve qnd was used 
for calculating of Md, M ’, and 0’’ = M,’/M,’ (polydis- 
persity). The value of u’ was used for calculation of Mp 
= u’fid, where Mp denotes the molecular weights corre- 
sponding to the peak maximum. Eventually, the rela- 
tion between_ In Mp aqd V-was used for calibration. Val- 
ues of fin, M,, and M,/M, determined from the GPC 
chromatograms are collected in Table 1. The polydisper- 
sity (fiw/fin) of poly(tCL) samples with fin d lo4 equals 

The Poisson distribution indicates the living charac- 
ter of polymerization, additionally backed by the close 
proximity of measured and calculated fin’s. On top of 
these findings, an additional argument comes from the 
linearity of the semilogarithmic kinetic plots.” 

Determination of the End-Group Structure in 
Poly(tCL) by 13C and ‘H NMR Spectroscopy. 13C 
NMR spectrum of poly(&L), obtained with use of (CH,- 
CH,),AlOCH, as initiator and after the deactivation- 
isolation procedure, is shown in Figure 3. Signals in this 
spectrum were assigned in the following way. Chemical 

F 

1.03-1.13. 

0 0 
II II 

0 
II 

CH&CCH~CHZCHZCH~CH~O( CCH2CH2CH2CH2CH20),&CH~CH~~H2CH#l2OH 

a b  c d e f g h  i 

shifts in 13C(1HJ NMR: 6 = 51.47 (ca), 32.25 (cb), 173.49 
(CJ, 34.19 (Cd), 25.56 (CJ, 24.60 (CJ, 28.39 (CJ, 64.14 
(C,,), 62.63 (Ci). Assignment of absorption at  6 51.47 to 
the CH,OC(O)- ... end group was verified by a DEPT 135’ 
pulse experiment, giving spectra in which phases of CH,- 
and -CH,- signals were opposite. A 13C DEPT 135’ NMR 
spectrum of poly(tCL) is shown in Figure 4. In this spec- 
trum a signal at 6 51.47 is “negative” in comparison with 
signals of -CH,- groups. 

The CH,O- ... end group is derived directly from the 
initiator (cf. eqs 9 and 10). The second end group, namely 
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Figure 5. 13C NMR spectrum of poly(tCL). Conditions of polymerization: [ tCL], = 1.0 mol.L-', [ (CH,CH,),AlOCH,CH=CH,], 
= 6.62 X lo-' mol-L-'. THF solvent at 25 "C. 

4 3 2 1 
S (ppm) 

Figure 6. 'H NMR spectrum of poly(eCL). Conditions of polymerization: [cCL], = 5.29 X lo-' mol-L-', [(CH,CH,),AlOCH,], = 
9.99 X lo-, mol-L-', THF solvent a t  25 "C. 

the ...- CH,OH end-group, is a product of the reaction of 
the active centers with the deactivating agent, e.g.: 

...<(Cki,)5DAI/R + 3CWOOH - 
tor, and deactivated with acetic acid, were the same as 
for (CH,CH,),AlOCH,, indicating that in both cases poly- 
mers with the same end groups were formed. Signals 
from ethyl or isobutyl end groups, which would be formed 
by involving alkyl groups from the corresponding initia- 
tors, were not observed. 

In the 13C(lHJ NMR spectrum of poly(eCL), obtained 
in cCL polymerization initiated with (CH,CH,),AlOCH,- 
CH=CH2 (cf. Figure 5), besides those signals due to the 
main-chain atoms, signals of allyl end groups were also 

0 
II 

'R 
...-C( CH,)SOH + AI(OOCCH3)3 + 2RH (8) 

I t  
0 

Chemical shifts in 13C NMR spectra of poly(&L) syn- 
thesized by using [(CH,),CHCH,],AlOCH, as an initia- 
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Figure 7. 'H NMR spectrum of poly(tCL) (polymerization conditions given in the caption for Figure 6) after reaction with 
(CF,CO),O. 

I I 
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Figure 8. 'H NMR spectrum of poly(cCL). Conditions of polymerization: [ECL], = 5.0 x IO-' mobL-', [(CH,CH,)2A10CH2CH= 
CH,], = 2.12 X lo-' molSL-', THF solvent at 25 "C. 

observed. Chemical shifts in 13C NMR: 6 118.1 (Ca), 132.3 

0 
I I  

CHz=CHCH2OC- ... 
a b c  

(Cb), 65.0 (C,). 
The 'H NMR spectra of poly(&L) initiated with (CH,- 

CH,)&OCH, and/or [ (CH,),CHCH,],AlOCH, and deac- 
tivated with acetic acid contain signals with the same 
chemical shifts. In these spectra, in addition to the sig- 
nals of -CH,- groups of the main chain, the overlapping 
singlet (at 6 3.68) and triplet (at 6 3.65) are present. Chem- 

0 
II 

C H J O ( C C H ~ C H ~ C H ~ C H & H ~ ~ ) ~ C C H ~ C H ~ C H ~ C H ~ C H ~ O H  

a b c d e f  g 

ical shifts in 'H NMR: 6 3.68 (s, Ha), 2.32 (t, HJ, 1.66 
(m, H, + He), 1.39 (m, Hd), 4.07 (t, HJ, 3.65 (t, HJ. 

Absorption a t  6 3.68 (s) is due to the CH30C(0)- 
CH,- ... terminal end groups (Figure 6; for CH3- 
OC(O)CH, absorption a t  6 3.65 is observed). A triplet 
at 6 3.65 was assigned to the ...- CH,CH,OH end group. 
This has been confirmed by esterification of the 
...- CH,OH end groups, with (CF,CO),O leading to 
...- CH,CH,OC(O)CF,. After esterification a triplet a t  6 
3.65 disappeared and a new one a t  6 4.28, due to an ester 
end group, was formed (cf. Figure 7).  A triplet, due to 
the terminal ...- CH2CH,0H, was earlier observed for oligo 
eCL obtained by using aluminum triisopropoxide." 

'H NMR spectrum of poly(cCL) initiated with (CH,- 
CH,),AlOCH,CH=CH,, and deactivated with acetic acid, 
is shown in Figure 8. In addition to the signals due to 
the main-chain -CH,- groups and signals due to the ter- 
minal ...- CH,CH20H groups, the spectrum contains sig- 
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The absence of cyclics strongly suggests that the mech- 
anism of propagation does not involve ions. This is another 
indication of the already postulated pseudoanionic pro- 
cess. Thus, the following scheme of the polymerization 
initiated with R,AlOR' can be proposed: 

Initiation 

nals due to the allyl end groups: Chemical shifts in 'H 
a C 

H 

H' LH,- 
b d 

r L=c 

NMR: 6 5.16 (d, Ha), 5.21 (d, Hb), 5.83 (m, HJ, 4.49 (d, 
Hd). 

End groups from alkyl substituents at  aluminum are 
absent in the studied polymer samples. 

Formation of Macrocycles after Complete (99.9%) 
Monomer Conversion. When the living polymeriza- 
tion mixture was allowed to react further after the com- 
plete monomer conversion was reached, two phenomena 
were observed; the MWD of the linear fraction broad- 
ened (intermolecular reaction leading to scrambling) and 
peaks due to macrocyclics appeared (intramolecular back- 
biting). Formation of linear polymer and cyclic oligo- 
mers -.vas monitored by GPC for polymerizations initi- 
ated with (CH,CH,),AlOCH, and [ (CH,),CHCH,],- 
AlOCH,. In order to correlate the influence of the initiator 
structure, i.e., the structure of the growing species, with 
the rates of propagation and formation of cyclic oligo- 
mers, the ratio kp(1)/kb(2) (kp(l)  is the propagation rate 
constant involving a monomer, k,(2)  is the rate constant 
of back-biting leading to cyclic dimer) was estimated. For 
polymerization initiated with (CH,CH ),AlOCH, (all data 

[(CH,),CHCd,],AlOCH, kp(l) /kb(2)  = 7.7 X lo4 L-mol- 
1. In our previous studies of the anionic polymerization 
of d!L with Na+ counterion, we found kp(1)/kb(2) = 1.55 
X lo3 L~m0l- l .~  Thus, the kinetic enhancement in lin- 
ear polymer is highly pronounced for pseudoanionic poly- 
merization of tCL. On the other hand, formation of lin- 
ear polymer is more enhanced with more bulky (isobutyl 
compared with ethyl) substituents at  A1 atom. 

Conclusions 
Measurements of the molecular weights, molecular 

weight distributions, and determination of the chemical 
structure of the end groups in the polymer samples indi- 
cate the following: 

a. Each molecule of R,AlOR' initiates one macromol- 
ecule. 

b. Only CH,O- groups from (CH,CH,),A10CH3 or 
[ (CH3)2CHCH,],A10CH, and CH,=CHCH,O- groups 
from (CH,CH,),AlOCHCH=CH, are involved in initia- 
tion and transferred to the polymer chain quantitatively 
as the head end groups. 

c. Addition of the monomer molecules to the growing 
centers proceeds with acyl-oxygen bond scission. 

d. Side reactions, leading to macrocyclization and inter- 
molecular transesterification, are not important a t  least 
during the time required for almost complete (over 99%) 
monomer conversion. 

e. Kinetic enhancement in linear polymer is more effi- 
cient for initiator with bulkier alkyl substituents at  the 
A1 atom. 

for 20 "C), k (1) /kb(2)  = 4.6 x 10 4 Lsmol-', and for 

Propagation 

R' 

0 

The scheme above is a crude, tentative presentation. 
Further work on the elementary step of propagation should 
reveal mechanistic details, the role of the carbonyl oxy- 
gen atom (the strongest nucleophile in tCL molecule) in 
preliminary complexation, being or not being a compo- 
nent of an insertion. 
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