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Copolymerization
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Synopsis

The fast and living ring-opening polymerization of lactones by bimetallic u-oxoalkoxides in ho-
mogeneous organic phase has led to successful block copolymerization. The catalyst is coordinatively
associated in organic media; however; interaction with lactones can induce, following their nature,
different rearrangements of the catalytic aggregates; depending on the nature of these lactones.
Consequently, e-caprolactone and g-propiolactone block copolymers are quantitatively obtained
only in the presence of a completely dissociated catalyst.

: INTRODUCTION

In previous papers,1-7 the catalytic behavior of bimetallic u-oxoalkoxides in
lactone-opening polymerization has been analyzed. These compounds have the
general formula I:

(RO)p-1—MYP—0—M{"—0—MF'—(OR)p—s

where the nature of metals M{ (Zn, Co, Mo, Fe, Cr, Mn), M{’ (A1, TilV) and
alkoxide groups (practically any n-, sec- or tert-alkoxy group) can be easily
modified. The principal characteristic of these compounds is their high solubility
in different organic media due to their coordinative association.?%7 The mean
size of these aggregates is largely controlled by the catalyst composition, the
temperature variations, and the presence of an additional organic ligand; for
example, a stoichiometric amount of alcohol is sufficient to dissociate the catalyst
completely.

The bimetallic u-oxoalkoxides are highly active catalysts in the lactone-opening
polymerization; the chain growth process obeys a very simple coordinative in-
sertion of the monomer into the M(zp)—OR bond, due to a selective acyl-oxygen
cleavage of the lactone ring.2356 The propagation step has a perfectly living
character, which is the required condition successfully to prepare block co-
polymers. Furthermore, the number of growing chains per trimetallic unit may
vary between 1 and 2 (p — 1), depending on the main degree of catalyst associ-
ation; the more aggregated the catalyst, the lower that number. On the contrary,
in a completely dissociated catalyst, all of the 2(p — 1) M(Qp)—OR bonds are
available for chain initiation,3.6:7
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The ease with which the lactone-opening polymerization initiated by bimetallic
u-oxoalkoxides is achieved has led to several attempts to preparé well-defined
block copolymers. In addition to their technological interest as both pure and
additive materials, well-defined block copolymers are highly sought as model
compounds in fundamental studies of polymers morphology. 1tis well known
that the sequential arrangement encountered in these block copolymers is re-
sponsible for unexpected and very interesting behavior in relation to the heter-
ogeneous character of these materials 5!

On the other hand, it may be worthwhile to determine the influence of the
heterophase structure of such a block-type product on the general behavior of
its own sequences, in particular on the crystallization of a semicrystalline block.
To undertake such a basic analysis, it is necessary to control accurately the co-

polymer composition (proportion, length, and polydispersity of the sequences), -

which is responsible for the environmental conditions in which the crystallization
will take place.

In this report, the sequential polymerization of two different lactones by
metallic p-oxoalkoxides will be described. It will give an example of the broad
potentialities of these catalysts in the field of block copolymerization since, unlike
simple alkoxides, they are able to polymerize several other types of monomers.'?
Using e-caprolactone (CL) and pB-propiolactone (PL), both sequences are semi-
crystalline, and the corresponding block copolymer can be used as a model
compound for studying the crystallization phenomena in sequential struc-

tures.

EXPERIMENTAL

Reagents

Lactones were commercial reagents (pure grade), dried over CaHg at room
temperature and purified by distillation under reduced pressure {ca. 10~2 mm
Hg). Benzene (or toluene) and n-butanol (analytical grade) were dried by re-
fluxing over LiAlH, and CaHg, respectively, and distilled under argon atmo-

sphere.

Copolymerization Procedure

The catalyst was prepared by a condensation reaction between aluminum
isopropoxide and zinc acetate ina 2:1 molar ratio at about 200°C in decalin. By
refluxing the (i-C3H70)4A1202Zn so obtained in decalin in the presence of a
sufficient excess of n-butanol, replacement of the isopropoxy groups by n-butoxy
groups takes place quantitatively while the 9-propanol is continuously distilled
off. The catalyst preparation has been detailed elsewhere.®1?

Copolymerizations were carried out under gtirring in a flask previously dried,
flushed with argon, and kept at constant temperature (£1°C). Solvent (benzene
or toluene), e-caprolactone, and catalyst were ‘added successively through a
self-sealing device. Once the first lactone was completely polymerized, -pro-
piolactone was similarly added and the inlet tube then sealed off.

The copolymerization reactions were stopped by adding an excess (relative
to the catalyst) of 2N HCl solution. The catalyst residues were extracted re-
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peatedly with dilute HCI solutions, and the organic phase was then washed with
i

water t ; y i
o neutral pH. The crude polymeric product was isolated from its benzene

or toluene solution b initation i
y precipitation in heptane; . £ < )
24 hr at room temperature under Vacuumr.) ane; after filtration 1t was dried for

Fractionation of the Crﬁde Copolymer

Th . . .
tOlueIelefr:I(ig(;r}llthzz (I))ff‘ofl(;durfe is based on the selective solubility of PCL in
’ chloroform as

COI';}IID on nonsolvent of PCL and PPL_Common solvent and petroleum ether as

The ig:;ilu(}slé’OIYTerlc product was stirred overnight in the presence of tolu

toluene_CH(jlpar‘ was sepgrated by centrifugation, and similarly treated epti

R Cls r.nlxtures of increasing CHCl3 content. The PPL content o

s slaiagtlog increased for each extraction, and finally pure PL homf)n i)f the
ed. On the other hand, the polymeric product, which is solublé) ;)ny;lliz

toluene, was fractionall ipi
, y precipitated by successi iti
the last isolated fraction consisted of gure ;eé‘sll,ve additions of petroleurm ether;

Molecular Weight Determinations

E
’ g Y /

chromatography (Waters mod )
perature, odel 200) on 0.25% solution in THF at room tem-

RESULTS AND DISCUSSION

Ch _
aract;ri)stlc Features of Polymerization of e-Caprolactone and
-Propiolactone with Bimetallic u-Oxoalkoxides

Befor i
s :1 ;cr;gflzte(li;lﬁ)g t;,clllle l;llock copolymferization of e-caprolactone (CL) and
e it ,1 e omopolyme.rlzation of these two lactones by (n-
Catig0)s A dg ) tot;llene was systematically compared. Two main differences
rere o ZOOC. andsf(,) e lrilltg cS)I}stant of the 8-PL polymerization is definitel
lower; at 30°C a3 andrlzz) ] ml_i;lal monomer concentration, the rate constan}‘;
while the polymerization Ir>1<e](;(l)1anlirslll’r11] _(llnf (;)ral;tli‘call]d CtI}JlrelSPGCtiveIY- g
o . : ular, the living char
Sat Eﬁz;g:ﬁz?tséegi)f;emalfxs unchanged, the mean number of gfowinga zfle;ir?i t}::
e erent; . 1 for CL apd 2 for PL.5 That difference in behavgor
i ron Core; y expiia.lned, knowing that neither the addition of CL nor the
e aiey ;lei]i)lon ing polyester chains has a measurable effect (by cryo-
scopic analysis) on 1e mean degree of catalyst association,®57 while the latt
reduced. alf o 1t§ or.lglnal value by the presence of PL.14 .
s evident that this discrepancy in the interaction of thé two lactones with

the catalyst may b i :
y be responsible f i teg 1 :
polymerization. or difficulties in their controlled sequential
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TABLE I ' .

Block Copolymerization of €-CL and $-PL WIth—(i(Eing—Of)l,Alei%EH‘l )
S T ¢-Caprolactone ﬁ-PropiolactOT—a«—'—##—
T M1, mole/l. 1 1; ,1308

M]/(C] 140 ;

Time 4 hr 63 gys
re, ° 20

Temperature, °C o8 o

Conversion, %

T o

aSolvent, benzene; total conversion, 81%.

TABLE I1 '
Composition of the Product Obtained from Copolymerization of CL and PL with
(11-C4H90),,A1202Zn

o oM _
Weight % Calculated? Observed

PCL 40.56 16,000 16,000

PPL 27 4,600 4,000

Block copolymer 32.5 20,600 16,000 + 5,500

omer conversion, assuming (as verified in-

i the measured mon ;
aCalculations based on the o eapoctively.

dependently) 1 and 2 growing chain(s) per catalyst unit £

TABLE II1 . ‘
merization of CL and PL with Completely Dissociated

(n-C,H,0),A1,0,Zn

Block Copoly

o e-Caprolactone B-Propiolactone
1 1.1
[M],, mole/l.
[M],/[C] 200 287
Temperature, °C ved
Time, hr 13 o
Conversion, Yo 98
M)
nCalculated 5700 . 283?
Observed #5_ @_0—'_##-###_—* ##########
P’:l;lﬂe;_s-;red before PL addition.
TABLE IV
Fractionation of CL/PL Block Copolymer
Fraction Nature Weight % M, Mpey/Mppr? Myy/Mp
PCL before
PL addition — — 5600 — 1 g
1 PCL 5 5400 — .
I PCL + PPL 48 8200 6500/1700 1.3
11 " 24 7800 4900/2900 1.4
v " 19 7600 3600/4000 —
v " 4 7100 2800/4300 —

aCalculated from the ]T/I_n and elemental analysis of block copolymer fractions.
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Block Copolymerization of e-Caprolactone and §-Propiolactone by
(n-C4H90)4-A1202Zn

A first block copolymerization attempt® was realized under the conditions
summarized in Table I. Taking into account the slower PL polymerization rate,
the CL was polymerized first, under conditions where ifs catalytic degradation!®
can be practically avoided. /

The crude product resulting from the block copolymerization was separated
into three principal components; the expected block copolymer and the two
corresponding homopolyesters (Table II).

These results clearly indicate that all of the CL polymerization sites are not
able to polymerize the second monomer, and that, after addition of the latter,
new Al-n-butoxide bonds are now available for its conversion.

Consequently, this second monomer seems to be responsible for a rearrange-
ment of the catalytic aggregates. This conclusion is still speculative, however,
and requires a more detailed analysis of the polymeric catalyst behavior.
However, the small difference between the calculated and observed molecular
weight value of pure PPL (Table II) indicates that the mean number of two
growing PPL chains per catalyst unit is not profoundly modified by the presence
of polyester chains (PCL) on some catalytic sites. On that basis, the difference
between the chain length of the PL homopolymer (4000) and the corresponding
block sequence (5500) could be attributed to a kinetic effect in relation with the
replacement of a n-butyl group by a polymeric one.

Block Copolymerization of e-Caprolactone and g-Propiolactone by
Completely Dissociated (n-C4Hq0)4Al,02Zn

The prececfing experiments showed that better results could be obtained by
the complete dissociation of the catalytic aggregates before the first monomer
addition. Indeed, every Al-n-butoxide bond having now initiated a PCL chain,
the formation of PL homopolymer should be avoided. To confirm this as-
sumption, CL and PL were sequentially polymerized by adding, before any po-
lymerization, a stoichiometric amount of n-butanol to the Al-Zn n-butoxide
catalyst solution;® Table ITI summarizes the conditions of ‘this copolymerization
experiment.

After catalyst hydrolysis, the product obtained is resolved into five fractions
which have been characterized as indicated in Table IV. As expected, a com-
pletely dissociated catalyst allows the quasi-quantitative formation of block
copolymer (the presence of a low amount of CL, homopolymer may be tentatively
attributed to a partial hydrolysis of catalyst when the second monomer is added).
It is also apparent that the longer the PCL sequence, the shorter the PPL block
associated with it; the crude fractionation of the copolymer results essentially
from its heterogeneous composition rather than from its molecular weight dis-
tribution (MWD). The relative composition of the successive fractions indicates
the coupling of a shorter PCL chain with a longer PPL one and vice versa. It
could be assumed that the shorter the PCL living chain, the easier the second
monomer (PL) initiation is. It is experimentally observed that PCL sequence
and block copolymer have practically the same MWD; such an observation could
be explained by the particular linking of the two sequences observed (Table V).



1040 HAMITOU, JEROME, AND TEYSSIE

Freyss!6 and Kotaka!” suggest indeed that the M,,/M,, ratio of a block copolymer
is always smaller than that of the more polydisperse sequence and often can be
even smaller than either of the two sequences; these results are apparently due
to a random linking of the two sequences in the block copolymer.

Several CL/PL copolymers with different sequences lengths (PCL/PPL =
92900/4800, 3800/4200, 14000/3500) have been also synthesized with completely
dissociated Aly/Zn u-oxoisopropoxide and n-butoxide catalysts.18 The physical

properties and the crystallization behaviour of these block copolymers will be

reported elsewhere.
As described in reaction scheme (1), the block copolymer chains are capped
with a hydroxyl group at the end of the PPL sequence.

C=0 +p(CH,),
_ )
—Al/ + n(CHys — -—Al/
SOR >0 ~
+O(CH3)5—(|f—};OR (1)

0

—a’ )
—[—(0—(CHZ)Z——(ﬁ-éﬁ—O—(CHQ)s—(Ii%;OR X H+0—PPL—PCL-OR

0

By a coupling reaction with a diisocyanate or a dichlorosilane compound, it
is now easy to prepare the triblock copolymer PCL-PPL-PCL. Furthermore,
by three successive lactone additions, the synthesis of triblock copolymers
PCL-PPL_PCL and PPL-PCL-PPL could be considered. On the other hand,
it is easy to exchange the alkoxide groups of the catalyst in an alcoholysis reaction
using a less volatile (or less basic) alcohol and, in particular, an alcohol carrying
an acetal end group. With the resulting catalyst, dihydroxylated homopolymers
or block copolyesters are obtained after catalyst and acetal hydrolysis. The
coupling of these diol PCL/PPL block copolymers could be used to synthesize
the corresponding multiblock copolymers.

In conclusion, the bimetallic oxoalkoxides are very attractive lactone polym-
erization catalysts. Their easily controlled structure and composition, together
with the living character of the corresponding propagation reaction, make pos-
sible facile block copolymerizations, with good control of the relative lengths and
arrangement of the sequences in the copolymers obtained.

The authors are indebted to the Institut Frangais du Pétrole as well as to Union Carbide Corp.
for support and discussions. One of them (A.H.) is also grateful to 0.C.D.E. for a fellowship.
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