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1. INTRODUCTION

The ring-opening polymerization of allphatic cyclic carbonates
first was explored with K,CO, as Initiator In the melt. The polymers
suffered from severe decarboxylation and Instead of a poly-
carbonate a pol{)oxethane was obtalned. In the meantime other
Inltlators have been developed which allow a non-destructive
E;_olymerlzatlon of allphatic as well as aromatic cyclic carbonates.

he basls of this research Is a broad variety of cycllc carbonates
avallable from Bayer AG, Germany.

2. CARBANIONIC INITIATORS

Sec.~Bull was Investigated first as an Initlator for the anlonic
ring-opening polymerization of allphatic cycllc carbonates. In
partlcular, the polymerization of dimethyltrimethyiene carbonate
(DTC) was studled which results In a high molecular welght polymer
In the regime of kinetlcal control; this Is achleved In apolar solvents
and at low temperatures. |n the regime of thermodynamlc control,
aring-chaln equllibrium Is obtained which follows the concentration
dependence of the cyclic oligomers predicted by Jacobson and
Stockmayer (1). Beslde DTC, a serles of other six membered cyclic
carbonates may be used as monomers. Unless severe steric
hindrance occurs, a statistleal copolymerization of six membered
cyclic carbonates Is obtained with Bernoullian distrlbutlon (2).

Instead of sec.-Bull, polymeric carbanlons such as polystyryl,
polybutadienyl and polylsorrenyl anions may be used as an Initfator
to obtaln the respective blockcopolymers (3);

The reactlon of the actlve species with Cl:P{O)(OR); ‘and sub-
sequent “'P-NMR spectroscopy. proves the: alcoholaté being
operating (4). Consequently, alcoholates such as BuOK may be used
as Initlators as well as "living" poly-g-caprolactone obtained with
an anlonlc Inltiator,

3. ELECTRON TRANSFER REAGENTS

Instead of carbanionic Initlators electron transfer reagents such as
naphthalene potassium act as initlators for the ring-opening
polymerization of cyclic carbonates. investigation of oligomers
obtalned In the Initial stages of the polymerization by means of gel
permeation chromatography and a UV detector revealed the
naphthalene being incorporated Into the growing chaln (5). There
are Indlcatlons, however, that polymers may be obtained which do
not contaln any naphthalene, In this case, the inltiation has to be
considered to ocour via an eledtron transfer reaction,

4. INSERTION CATALYSTS

As Insertlon Initlators Sn(Bu), (OCH,),, Zn(C,H,),, and Al{OsecBuly
were applled (5). Whereas the tin ca{zalyst resulis In a ring-chain
equlllbrium with a relatively broad molecular weight distribution of
the&)olymers, the zinc and aluminium Initlators hardly result In any
back-biting reactlon; only traces of oligomers are observed and the
molecular welght distribUtion of the polymer is rather narrow. The
multifunctional Inltiators only act monofunctionally which is de-
duced from the molecular welght of the polymers obtained. Time
converslon curves show that tﬁe aluminium initlator as fast and a
100% converslon Is reached after about th. The Inltlal rate obtained
wlth the zinc catalyst In THF Is comparable with that obtalned with
the former Initlator; the maximum yleld reached, however, Is ca.
70%. In toluene, the zinc Initlator is much slower and with the tin
Inltlator even after 200 h no conversion was observed. This Is
rrobably due to the high covalent character of the bonds of the
atter inltlator.

Whereas the aluminum Inltiator does not show any transesterifica-
tion reactlons the proportion of these reactions Increases under

sultable conditions when zinc and even mare when tin Is used as

Inltlator. Under these conditions (100h, 80°C) sec.~-BuLl Is also a

perfect transesterification catalyst,
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{OPMENTS IN THE "LIVING" ANIONIC POLYMERIZATION OF
5. TETRAPHENYLPORPHYRENE ALUMINUM ORGANIC I (METH)AGRYLIC ESTER
The Inoue catalyst of the tetraphenolporphyrens | .
wlith an additional ligand R at thepalumlnplun’: rr{a actaa:rgl;?
initiator for the ring-opening polymerization og cyclic cap
If R 1s a methyl group, no polymerization occurs, If R | he
chlorine, a hlgé\ molecular weight polymer Is observed |
reaction at 50°C,
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Partlcularly sultable initlators are obtalned when:R is
methylene chloride as a solvent In high yield high

polymers are obtalned exerting a unlmodeiJ
distribution (5).

INTRODUCTION

. nt development of polyalkyl(meth)acrylate-
53:E:rgiring the gast decade™ has been due both to
th of well-established  general purpose polymers
ymethylmethacrylate PMMA,. and rubbery or adhesivi
acrylates. such as ethyl, butyl .and ethylbeﬁz
es), and. the surge of new mat?rials f?r h}g y
od technologies (f.i. optical fibers, microlitho-
iomedical . hydrogels). All of these products .are
:obtained by free radical polymerization, with all
acks inherently involved in that type of process

. of kinetic and structural control of the reaction
: and of the polymer architecture and m?lecular
L;( geveral .strategies have thus been envisioned to
t macromolecular  engineering challenge, ?nd up to
more efficient one. has been the appllcatlon.of Fhe
e assisted ."living" group transfer polygerlzatlon
unsatured: carbonyl-conjugated monomers. éltbougb
hnique offers obvious advantages, in partleular a
ation temperature above. room temperéture, it. does
. the combination with monomers laqklng a carbonyl
d group; .such as styrenes and dienes, Since. in
. the presence of.:a  stabilizing electron-with-
ubstituent on these (meth)acrylic esters make Fhem
An anionic polymerization mechanism, that possibi-
been dctively revisited during the laft.decade,
the already recognized difficulties arising  from
reaction of the carbanions with the carbonyl
nd acidic o -hydrogen present, Up -to now, the.best
answer to. that problem has been the use of d%ffe-
igands able to -control the electronic. and (mainly)
nvironmént of the growing ion-pair”’'™’ U -com-
h metal derivatives have proved to be.quite ?ffi—
lithium. chloride (LiCl) agppearing as a sp?c%ally
np candidate on practical grounds.® The efficiency
lipand: has  already . been convincingly : .demons-
197 in terms of controlling not only a perfectly
_homopolymerization of different methacrylates_ and
v or secondary acrylates in solvents of varla?le
but also the precisely tailored synthesis of dif-
lock copolymers™: including poly(meth)acrylate
hydrocarbon -blocks (styrenes, dienes).. The present
escribes  the extension of: the performances of the
i{fied initiators to the controlled: synthesis of mnew
lar architectures, including star-block:. copolymers
or u,wiend functionalized building blockS'guch.aS
nomers :: for polyaddition and polysubstitution
ns.

6. GROUP TRANSFER INITIATORS/CATALYS TS

Group transfer polymerization (GTP) Inltiators for th
merizatlon of cyclic carbonates are of particular: Inter
biockcopolymers with acrylic momomers are to be syn
Webster was the first to disclose the living polymer
methylmethacrylate with-a methy! trimethylsliylketene a
Inftlatar In conjunction with nucleophilic catalysts, Usinc
alcoholates: In” conjuncticn ‘with tetrabutylammoniuméfly
polymerization of cyclic carbonates Is achieved; with oy
a nucleophlle the ring-opening polymerization does ot ro
Is remarkable however, that even with hydrated r
yclle carbonates may be polymerized r
in a narrow molecular weight distribution. This inltlator, h
must not be used for the preparation of a blockcopolymer
first block being po|ymeth’y|methacrylate. In this case, a
free system has to be af_lp led and tris(dimethylamino)sulp
trimethylsiiyl difluoride (TASF) Is a sultable Initiator(6).

We were able to prove by NMR spectroscopy that the |
specles of the living poly-MMA chaln upon addition of D
carbanion which Is transformed to the alcohalate anlon
metal-freecounter ion (5),

In the same way as cyclic allphatic carbonates cyclle ar
carbonates may be polymerized (7). There are para- as
ortho-derlvatlves avallable. The active specles is a phenola
notable, however, that some derlvatives show a hl?h tendel
the formatlon of cyclic dimers and some are not e lglble fo
merizatlon at all.” Molecular modelling computatléns Indl
these cases that severe steric hindrance might be the reas
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EXPERIMENTAL

lvents and monomers were purified ‘and dried using
. techniques in anionic polymerization, in particular
nt of the esters with aluminum alkyls. LiCl .was a
sly dried.analytical.grade salt. All reactions were
_out under nitrogen, in flamed glass reactors, using
S steelicapillary and rubber ‘septums for injections
ansfers, Transalcoholysis and hydrolysis of €BA
was performed in thelgresence of p.toluene sulfonic
described elsewhere.

S were  characterized by usual procedures, using SEC
exclusion chromatography Hewlett-Packard 1090
! with ultraviolet detector, NMR spectroscopy
t 400), an automated dynamic viscoelastometer (DMA),
' testers, and transmission electron wmicroscopy

RESULTS AND DISCUSSTION

Star-block copolymers :

The possibility of closely: controlling the eﬁsent}_‘al
molecular parameters Si.g. number. mean: molecular weight Mn’
and a low dispersity M /M, = MWD) of homopolymers and block
copolymers of alkyl(meth)acrylates by using a molatr excess
of LiCl (ca. 10) versus the initiator . (usually sec.butyl
1ithium reacted with o~-methylstyrene' or diphenylethylene),
has already been demonstrated.” In particular, well-defined
diblock copolymers of tBA with both styrene or MMA have
been prepared in THF, and it must be stressed that the so
obtained PMMA blocks exhibit an essentially (70-80. %) syn-

diotactic structure providing for an appealing Tg value

close to 130°C., The block polymerization of tBA ?nd MMA can
be carried out in both directions, although slightly more
delicate in the one MMA —3tBA, due to a selective béck-
biting reaction which also prevents random copolymeriza-
tionEB'14 Since these reactions generally have to ?e per-
formed in the sequence of decreasing monomer reaFtlvities
(i.e. styrene first), and since potentiallx feasible cou-
pling reactions involve temperature conditlons' where the
anions might be killed, it appeared that the easiest ‘access
to multiblock structures might be through gddition l?f a
difunctional monomer, promoting the formation of ‘“arm-
first" core-star architectures. That t?chnique, developed
by Rempp et al. for styrenes and applied by.ngah in QTP
of (meth)acrylates, is indeed simple and efficient, using
for instance ethylemne(glycol) bismethacrylate (?BMA). Table
I lists the structural characteristics of a series of star-
block copolymers of different types obtained by that
approach, )
Table I : Characteristics of star block copolymers
' (AMSLi/10°LiCl in THF at -78°C, 99-100 % yield)

3 [Thwe T

EBMA ﬁn x 1072 % coupling ,3# x 10 n
1 for Arm for Star
(MWD) (MWD)
PS-b-PtBA
I 0.97-0.70 (1.12) 77 ca, 6 ca.. 3
0,97-0.80 (1.12) 98 35.5(b) . 20
10 0,97-0.80 (1.10) 99. 59 (b) 31
] 5.7°-6.8 (1,06) 92 35 (1,15) 2,8
5.2 -6.4 (1,10) 98 59 (1,15) 5.0
10 6.2 -6.8 (1.07) 98 73 (1.16): 5.6
4 19 - 47 (1.15) 80 225 -(1,25) 34
20 25 = 40" (1.18) 81 404 (1,20) 6.2
PMMA-Db-PtBA
10 24 - 97 (1,08) 73 630 (1325) 5.2

These first results call for a number of remarks

- for sufficient arm lengths (i.e., above ‘a few - thousands),
the products remain soluble even upon centrifugation:  a
1500 rpm; ;

- the polydispersity of the star-copolymers ‘remain :nearly
as narrow as the one of the starting arm; :

- expectedly, the coupling efficiency is«inversely depen-
dent upon H_ of the arm; however, it  remains acceptable
and can probably optimized;

- the apparent mean number of arms "n'", simply calculated
from the ratio of arm and star M;'s as determined from
SEC traces has of course no absolute meaning, since there
is no corresponding increase of the hydrodynamic volume
when increasing that number of. arms, Other in-depth
investigations will be necessary to solve that problem;

- it is worth mentioning that by GTP, stars with up to. 200
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arms per core could be produced (using a 4-fold/excess of
EBMAY, while in this case,

tely “limited to an asymptotic value of about 6 arms,

possibly indicating a more pronounced intramolecular pro- -

pagation within the core,

Remembering now that PtBA blocks can quantitatively and
selectively be converted into other polyacrylates by trans-
aleoholysis, the corresponding star-thermoplastic  elasto-
mers (TPE) including n.butyl or Z.ethylhexylpolyacrylate
sequences are in an easy reach, and their main physico-
mechanical properties have been investigated, DMA experi-
ments confirm very well the biphasic character of these s-
. TPE (maxima of tan § and sharp decrease in log E' at -19.5
and + 103°C respectively (at 1 Hz) for the P(S-b-nBA)
star), which has alsé been observed directly by TEM as ca.
20 nm domains. The tensile properties evidence the TPE cha-

racteristic behaviour, with o values ca. 1,0 to 1.5 Kg/mm2
and € 's comprised between 300 and 500 % confirming values
obtained on triblock copolymers of polyhexamethylene-

dimethacrylate with n-butylmethacrylate by GTP technique’
Finally, amphiphilic polyacrylic acid (PAA)-based stars can
4s easily be obtained by simple hydrolysis of the above
structures, providing for new materials pProne. to a number
of speecific applications. ‘

End-functionalized macromolecules
=aezsunctlonalized macromolecules

Obviously, the "living" poly(meth)acrylates mentioned
above, instead of being used in block copolymers, can also
be end-functionalized by reacting ' their = terminal carba-
nion(s) with appropriate compounds, A very broad array of g
-monofunctional - and &, w-difunctional macromolecules; which
can be useful: in polyaddition  and polysubstitution ‘reae-
tions, so become accessible: in'a” tather straight-forijard
manner, which will be illustrated here by. three specific
examples,

Starting from a difunctional initiator (1.e. naphthalene-
Li/10 LiCl) of tBA polymerization, and deactivating. the
resulting "livingt polymer with a large excess. of G0,, one
efficiently obtains (98 % yield, 90 3 efficiency) a dicar-
boxylic telechelic PtRa displaying a functionality of 1,95
and a MWD of 1.3 for a 16000 M_, Exactly neutralized with a
Batt it generates an ha atotelechelic polymer which
the first ion-containing polymers to ‘exhibit a
small and large scale regular organization

hyde, yielding mono- or difunctional hydroxyl terminated
polymers or oligomers, depending on the type and amount of
the initiator used .

eBA —RLE o onamLit Cellscmo

+

5710 vier + PtBA-C_H(cﬁns)o'Li“_"..,nnA-cn<c6H5>-ou
The corresponding hydroxyl telechelic structures, whatever
the nature of the monomer used, can obviously be used in
many  subsequent reactions, such f.i, in polyurethane
chemistry,

Last but not least,
readily obtained along

well-tailored macromonomers can be
the same lines;: as already ‘demons«
trated by Rempp et al., who synthesized W-styryl- and w -
methacryloyloxy-PtBA, using p.vinylbenzylchloride arid
chlorodimethylsilylpropyl methacrylate, ‘respectively.l8
These procedures have now been extended by the use of other
electrophiles, i.e. acid chlorides such ag methacryloyl- or
4-viny1benzoyl chlorides (preferably in conjunction “with
benzaldehyde as mentioned above), 4(chlorodimethylsily1)
styrene, p.vinylbenzylbromide, ete.., Such ‘macromonomers,
pased on methacrylateg ag well 'as on tBA, represent of
course a source of comb copolymers readily available from
radical initiation. In that case again, the post-hydrolysis
o? the PtBA branches may lead to very‘interesting amphiphi-
lic materials, remarks may apply to

networks formed from O, w difunctional (bis)macromonomers .
In all of the cases implied in these two last classes of
products, narrow Myp (below 1.2, often beloy 1.1, from
SEC), and high efficiency (functionalization between 90 and

the reaction seems approxima-
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DUCTION:

c..polymerization . of methacrylates  proceeds .-int an
a&:r‘;;mwhegl lyarger counterions: (e.g. Cs*) are Psed i\r; pc;ll::
ts (eigs THF) at  temperatures below ~60-°C. T 19 s
strated by first—order kinetics of monomer convere; on,r_
dependence of the number-average degree of poby;nie .
n on conversion and narrow molecular weight distribu olx;
12 It was shown. that the active species are externally

ed contact lon pairs,

Scientifique (Brussels),
assistance of Mrs 'M.C: Guesse and Miss N, Price.
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ence on: the MWD of the polymers: formed. Although: termi-
10.

d finally
h decrease . with: monomer  conversion: an
es of Mw/Mn 2 1.3, We assume that this is due:to

equently the MWD's. are very narrow (Mw/Mn <-1.05),9 ‘

14,

rstood- well.
mers :with narrow. MWD  for -a long: time,

ors suggested the formation of adducts,‘

Rempp P. and Gnanou Y., Polym ination or transfer reactions:

(tBMA), -and tert-butyl acrylate (tBuA),

pPresence: of LiCL

bairs and ion pair-ligand adducts.

dynamics -of the association equilibrium -has .a significant

on Is virtually: absent, the MWD for polymers formed -with

° i indices
counterion in THF at -65 °C show polydispersity nreach

a rate

nterconversion of associated and non-assoclated ion pairs
h is comparable to the rate of monomer. addition. ‘It v;as
n earlier' that this can lead to a considerable broaden r(tig
he MWD's.”® For tBMA association is much .less pronounced;

k : ism -has® not: been
_acrylates the - polymerization -mechan

ossible to reproducibly ‘prepare

on WD Only recent:ly,i

é frect .of: alkal

s1é and. coworkers!® reported on the drastic e i

genides. (especially LiCl). .on the . polymerization of tert:

rsity indices of ca. 1.2. The
1 acrylate, leading to polydispe y s preventing

wish :to report on kinetic experiments in: the anionic poly-—

te (MMA), tert—butyl methacry-
zation of methyl methacrylate ( Uty ey

We shall demonstrate how kinetics of

MWD are-‘controlled
agation-and termination as well as the 3
multiple -equilibria- between associated and non-assoclated

RESULTS AND DISCUSSION:

7 i ic -experiments of the anlonic polymerization  of
aﬁf\tliﬁdktgﬁff\ wer: performed in THF-at-=66°C in. the preser(llfj
of LICl, Methyl-a-lithioisobutyrate (MIB~Li), which 1si a rpome
of the active centre, served as the inltiator. The ratio. o e
concentrations of. lithium chloride to active ::centres,

{LIC1}/IP*], was varied from O to 12. I
A

iy
" \\
\

2
1

/(1 mo—is—1)

ki
pb’-
| .
::
./,
=

=
1

1

12 4
[Lici/ir*]
g f polymerization on
. 1 Dependence of the rate cor}st{mt o )
ltallze céncengration of LiCl in the anionic polymerization of MMA
with Li* Iin THF at -65°C.

ignificant effect on the

ig. 1 shows that LICl exerts a s

Eirgletics. In the polymerization olf MMAdth;)1 r:zire(;t;r;st?:t:
reagse for R < 1 and then gradually

?/lallgl}l\etlifht:;. 60% for R = 12. This result is consistent v;ithfthiz

formation. of adducts of the active centres with LiCl, the for

matioh of which competes with association: ;
Licl

Licl ;
Y% (P*)a 2 Py* » P*eLiCl === P*:2LiCl
Ka K Kz
+Mlka +Mlk: "'Mlk +Mlkc»2
? ?
’associated free 1:1 adduct 211 adduct
ion pair ion pair ‘

tcomplexes in order ‘to
necessary to ‘assume ‘two differen
fag(pilizin the maximum of kp for R=1, The 1%11 ei;icdl;)(;th;i/iifliUI;Z:
n
to have only a low:reactivity. The: same Lttt oty
ed upon addition of THF in the polymeriza
?:T:Xzenegl the monoetherate having a higher reactivity than

the dietherate.

"'l""l"','é'"'l""Bl'
' [ee/[P'
g | - les as determined by
. 2: Fraction of non-assoclated spec ¢ y
Izscametry of Illving and terminated polymer solution of PMMA
Li* as ‘a function 'of  LICI concentration.

0
z

301 -



